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Édito
EditorialL

’innovation et l’ouverture sont aujourd’hui deux caractéristiques 
fondamentales de toute institution face aux grands défis de notre 
monde. L’École des Ponts ParisTech souhaite former des profession-
nels capables d’imaginer et de construire les mondes de demain, 
et pour cela une approche prospective et expérimentale est indis-
pensable. Depuis plus de 20 ans et à une vitesse grandissante, le 
numérique bouleverse les pratiques de la construction, de l’archi-

tecture et de la conception, et cette révolution technologique ouvre des 
champs d’exploration et d’application immenses pour le futur de nos bâti-
ments et de nos villes. Il est fondamental de comprendre, de maîtriser et 
de questionner avec intelligence et créativité les opportunités offertes par 
ces technologies de conception et de construction, afin d’en faire un levier 
majeur pour apporter des solutions aux nouveaux enjeux environnemen-
taux et sociétaux. Ces ambitions ont conduit l’École des Ponts ParisTech à 
créer en 2016 le Mastère Spécialisé® Design by Data en conception para-
métrique et construction numérique, une formation audacieuse et inédite 
en France. Deux ans plus tard, nous avons souhaité vous faire découvrir 
dans ce Yearbook certains des travaux les plus intéressants de ses élèves, 
qui démontrent la pertinence du positionnement de notre formation.

I
nnovation and open-mindedness are nowadays two primary characte-
ristics of any institution facing the major challenges of our world. École des 
Ponts ParisTech wishes to educate professionals capable of imagining and 
designing the worlds of tomorrow; this is why a forward-looking and expe-
rimental approach is absolutely essential. For more than 20 years and at an 
increasing rate, digital culture has revolutionized construction, architecture 
and design practices; this technological revolution has opened wide the 

door to investigation and application fields for the future of our buildings and 
cities. It is essential to understand, master and call into question with intelli-
gence and creativity the opportunities provided by these design and construc-
tion technologies, to make them a major driving force in bringing solutions to 
the new environmental and social challenges we face. These concrete aspi-
rations led École des Ponts ParisTech to create in 2016 the Design by Data 
Advanced Master® in Computational Design, Digital Manufacturing and Buil-
ding Technologies, a bold and unique program in France. Two years later, we 
invite you to discover in this Yearbook some of the most interesting projects 
from the students, which demonstrate the strategic relevance of this program.

Sophie Mougard

Sophie 
Mougard
Directrice de l’École 
des Ponts ParisTech

Ecole des Ponts 
ParisTech’s 
Headmaster
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L
e Mastère spécialisé® Design by Data forme des professionnels 
de l’architecture et de la construction capables de développer 
une relation intelligente et créative à la technologie et de formu-
ler des bonnes questions. Contrairement à d’autres formations, 
notre objectif n’est pas de fournir un ensemble de connaissances 
exhaustif, puisqu’il deviendrait obsolète au bout de quelques 
mois, mais plutôt de former à une stratégie d’apprentissage.

C’est pour cela que le cœur de la formation est le “projet de recherche” 
et plus particulièrement l’apprentissage par le projet. Nous considérons 
en effet que les concepteurs, architectes et ingénieurs doivent maîtri-
ser les technologies numériques pour pouvoir les mettre au service de 
leurs projets, leurs idées et leurs solutions créatives. Nous avons donc 
fait le choix d’un apprentissage par le faire et d’une méthodologie essai- 
erreur que les élèves développent et mettent en pratique dès le début 
de l’année dans le cadre du projet de recherche. Leur formation aboutit 
à la réalisation d’une thèse professionnelle sous forme de research paper 
qui peut, dans certains cas, être soumis à des conférences scientifiques.

Afin de définir ce sujet dès le début de l’année, les partenaires de 
la formation (laboratoires de recherche, fab labs, start-ups et bureaux 
d’études) proposent des axes de recherches  : ce sont des domaines 
plus ou moins circonscrits dans lesquels les élèves sont invités à déve-
lopper leurs propres approches et à tester leurs idées.

Vous pourrez donc lire dans ce Yearbook une sélection des research 
papers les plus prometteurs réalisés par les deux premières promotions 
de la formation. Ils rendent compte de la grande diversité des sujets 
touchés par les axes de recherches. De l’impression 3D grande échelle 
aux méthodes d’assemblage complexe et robotisé, en passant par les 
gridshells, l’urbanisme paramétrique, le design de performance et d’op-
timisation, le réemploi des matériaux, la réalité virtuelle, etc. C’est toute 
l’amplitude du champ d’application de la conception paramétrique et de 
la construction numérique qui est donnée à voir.

T
he Advanced Master® Design by Data was created to train pro-
fessionals of architecture and construction capable of deve-
loping an intelligent and creative relationship to technology 
and formulating the right questions. Unlike other programs, 
our objective is not to provide students with complete and 
exhaustive knowledge, since it will become obsolete within a 
few months: instead we want to train professionals to develop 

a good strategy for advanced knowledge and learning.
For this reason, the heart of our program is the research project and 

more specifically a project-based learning. We believe that designers, 
architects and engineers need to master digital technologies to be able 
to apply them to their projects, their way of thinking and their creative 
solutions. We have thus chosen learning by doing and a trial and error 
methodology that students develop and implement from the beginning 
of the year as part of their research project. The program leads to the 
realization of a professional thesis in the form of a research paper which 
in some cases is submitted and presented at scientific conferences.

Program partners (research labs, fab labs, start-ups and design offices) 
propose research lines to help students define their research topics at 
the start of the year. The students are encouraged to develop their own 
approaches and test their ideas in these wide-ranging research fields.

In this Yearbook, you can find a selection of the most promising 
research papers from the first two years of our program. They illustrate 
the great variety of subjects related to the research lines. From large-
scale 3D printing, gridshells, parametric urbanism, performance-driven 
design and optimization, material reuse, virtual reality, etc. to complex 
and robotized assembling methods, this Yearbook reveals the broad 
scope of application of parametric design and advanced construction.

Francesco CingolaniFrancesco Cingolani
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Francesco CingolaniFrancesco Cingolani

L
e Mastère Spécialisé®, lancé en 2016, est une des dernières 
créations en matière de formation professionnelle innovante de 
l’École des Ponts ParisTech. La formation a été pensée comme 
une réponse au besoin grandissant sur le marché profession-
nel de profils hybrides associant une sensibilité architecturale et 
des compétences en ingénierie créative, capables de maîtriser 
les outils de conception avancés (codage, approche algorith-

mique, intelligence artificielle) ainsi que les procédés de fabrication et 
de construction numériques (robotique, impression 3D, électronique et 
mécatronique) pour leur application dans des projets d’architecture et 
de construction.

Les élèves y apprennent les bases de la culture numérique, mais 
surtout les notions mathématiques et informatiques avancées qui sont 
indispensables pour une maîtrise scientifique des outils numériques, 
ainsi que la conception structurelle innovante, la modélisation et la ges-
tion des géométries complexes. En plus des enseignements fondamen-
taux, l’année est ponctuée par une introduction aux outils de conception 
paramétrique et par deux séminaires d’une semaine chacun (un sur 
l’imagerie et l’intelligence artificielle, l’autre sur l’approche agent-based 
design) ainsi que d’un research studio au sein duquel, une fois par mois, 
les élèves sont accompagnés dans la définition et le développement de 
leur projet de recherche.

Les élèves du MS® bénéficient tout au long de l’année de l’accès 
à un écosystème riche, constitué d’enseignants-chercheurs de l’École, 
de professionnels du secteur et d’experts de renommée internationale, 
venant de différents pays, en fonction des besoins pédagogiques de la 
formation et des projets de recherche des élèves.

Nos promotions sont à forte composante internationale (plus de 
15 nationalités sont représentées) et comptent une majorité de profils 
“architectes” et “ingénieurs”, mais nous accordons aussi une attention 
particulière à l’intégration de profils atypiques (artistes, designers et pro-
fessionnels de l’immobilier) qui contribuent à la richesse des interactions 
entre élèves.

Le réseau d’alumni est très actif et permet de maintenir un lien fort 
avec la formation, en animant des rencontres avec les nouveaux masté-
riens ou en participant aux présentations des projets de recherche.

This Advanced Master® was launched in 2016 and is one of the latest 
programs in innovative professional education at École des Ponts Paris-
Tech. The program was designed to meet the increasing needs of the 
professional sector for engineers combining architectural awareness and 
skills in creative engineering, who are able to master advanced design 
tools (coding, algorithmic approach, artificial intelligence) as well as digital 
manufacturing and construction processes (robotics, 3D printing, electro-
nics and mechatronics) applied to architectural and construction projects.

Students develop their knowledge in digital culture, and especially 
advanced mathematics and computational principles, a scientific mastery 
of digital tools and innovative structural design as well as modelling and 
managing complex geometries. In addition to the core curriculum, stu-
dent are also introduced to parametric design tools and participate in two 
weeklong seminars (the first on imaging and AI, the second on an agent-
based design approach) as well as a research studio during which, once a 
month, the students are tutored in defining and developing their research 
project.

The students in this Advanced Master® benefit all year long from an 
access to a rich ecosystem, including research faculty of École des Ponts 
ParisTech, professionals in the field and internationally renowned experts 
from other countries, based on the program’s educational requirements 
and students’ research projects.

Our Master’s classes have a strong international dimension (with more 
than 15 nationalities represented) and a majority of students with architec-
ture or engineering backgrounds, but we also pay particular attention to 
accepting atypical candidates (artists, designers and real estate professio-
nals) who contribute to enriching interactions amongst students.

The Alumni network is very active and allows them to maintain a strong 
link with this program by participating in meetings with the incoming class 
and in research project presentations.
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W ith the improvement of the 3D printing industry, the interest 
in additive manufacturing of largescale structures (AMLS) is 
rapidly increasing. Recent attempts at seeking solutions for 

3D printing of large-scale buildings demonstrate that the transition from 
conventional construction systems to automated robotic manufacturing 
workflows is evident. The advantages of supportless printing have been 
seen in NASA’s research for in-situ 3D printing of habitats on Mars. Inves-
tigations of large-scale 3D printing of concrete structures are mostly 
related to robotics, rheology and material mechanics. There is little 
research done on the application of architecture and form-finding in this 
field. This paper discusses solutions for supportless 3D printing of large-
scale compression shells with the focus on in-situ concrete 3D printing. 
The aid of special form finding and robotic trajectory generation is also 
reverse engineered ancient brick-laying techniques recognized in inter-
national vaulting precedents lacking formwork. Finally, a strategy for 
the generation of robotic printing toolpath to span any convex inscribed 
quadrilateral based boundary with no temporary support is yielded and 
tested with the simulation of 1:20 (15×15 cm) scale construction prac-
tice by a “3Doodler” pro pen as extrusion head (child) and ABB IRB 120 
six-axis arm as a parent.

Keywords: shell structures, persian vaults, robotic construction, tool-path 
generation, supportless printing, bricklaying techniques, in-situ

A vec le développement et les progrès réalisés par l’indus-
trie de l’impression 3D, l'intérêt pour la fabrication additive 
de structures à grande échelle (AMLS) ne cesse de croître. 

Les récentes recherches de solutions pour l’impression 3D de bâti-
ments à grande échelle démontrent que la transition des systèmes 
de construction conventionnels vers des workflows de fabrication 
robotisés et automatisés devient évidente. Les avantages offerts par 
l’impression sans support ont été mis en évidence dans des travaux 
de recherche de la NASA autour de l’impression 3D in-situ d’habi-
tats sur Mars. Les recherches sur l'impression 3D à grande échelle 
de structures en béton sont principalement liées aux domaines de 
la robotique, de la rhéologie et de la mécanique des matériaux. Peu 
de recherches ont été effectuées sur l'application de l'architecture et 
la recherche de forme dans ce domaine. Ce research paper traite des 
solutions pour l’impression 3D sans support des coques de compres-
sion à grande échelle, en mettant l’accent sur l’impression béton 3D 
in-situ. Le form-finding et la génération de trajectoires robotisées sont 
faites à partir de l'étude de techniques traditionnelles de maçonnerie, 
faisant référence dans les précédents internationaux en matière de 
voûte sans coffrage. Enfin, une stratégie de génération de parcours 
d’impression robotique permettant de couvrir des surfaces convexes 
inscrites dans des quadrilatères a été testée sans support tempo-
raire. Plus précisément, un prototype à l’échelle 1:20 (15 × 15 cm) a été 
fabriqué à l'aide d'un stylo professionnel « 3Doodler » comme tête 
d'extrusion (enfant) et d'un bras à six axes ABB IRB 120.

Mots-clés : structure en coques, voûtes persiennes, construction robotique, 
génération de parcours d’outils, impression sans support, techniques de 

maçonnerie, in-situ
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Introduction
The term "falsework" is defined by its self as "False-work" or redundant work. It has 
always been a primary concern in the construction field to reduce or omit the need 
for formwork due to its cost and time-consuming aspects. Implementation of addi-
tive manufacturing of large-scale structures (AMLS) in the construction industry can 
drastically reduce the cost of formwork by up to fifty percent in the construction of 
concrete structures [1]. Although the development of formwork-less concrete printing 
methods opens many thresholds into the future of construction technology, it is not 
entirely embedded in the industry. As Zhong Yang claims: ”most project fabrication data 
nowadays has been digitally produced, but the manufacturing and construction pro-
cesses are mostly done with manual methods, and conventional materials adopted 
centuries ago” [2]. In the last decade, a variety of methods encourage the bridging of 
the gap between design and construction (Refer to [3,4,5]). In 2004, Behrokh Khoshne-
vis suggested the pioneering method called “Contour Crafting” (CC). CC was based on 
mounting a concrete extruder on a gantry crane for its on-site fabrication benefits. The 
extruder moves along attached rails to reach different positions of the construction site 
to extrude layers of cementitious material on top of each other to shape the walls and 
the straight vertical elements. For roofing, another gripper head mounted on the same 
gantry crane installs the supports on pre-defined positions to make formwork for the 
extruder nozzle to cover the roofs by cementitious paste deposition [6]. The most si-
gnificant drawback to CC is the limitations of the vertical extrusion (called 2.5D printing). 
This is the vertical extension of a planar shape. Therefore, users cannot take the full 
advantages of a 3D printing system. This fact makes CC less able to achieve high can-
tilevers with consecutive layers of cementitious paste. This is due to the uncontrollable 
contact with the surface of each consecutive layer [7]. Figure 1 shows how 2.5 D and 3D 
printing differs from each other.

Figure 1: 2.5D Topology- The height of the layers is constant, but the contact location on the surfaces of the layers varies.  
3D Topology- The contact location on the surface is constant, but the layer height varies © Mahan Motamedi

B. Khoshnevis also mentioned another method for CC that is related to a support-
less way of printing that is inspired by ancient earth vaults and dome construction. This 
topic was not followed up by researchers in the field in an effectual way since, After 
the CC paper, most of the research done on 3D concrete printing (3DCP) focuses on 
the optimisation of the cementitious paste mixture to enhance the workability, pumpa-
bility, extrudability and other mechanical properties of paste; consequently achieving 
higher freedom for yielding more complex geometries with higher quality of these 
characteristics [8-9-10-11]. However, 3DCP is a multidisciplinary domain comprising 
of material science, robotic science, mechanical engineering, civil engineering, and 
architecture. So far, there has been less contributions from the architectural field than 
other fields in this domain.

This paper aims to take the aforementioned precedent of in-situ formwork-less prin-
ting of adobe-like structures further by delving into the seminal history of formwork-less 
vaulting systems found worldwide. This research will especially focus on brick structures 
constructed in Iran between 248 BC and 1736 AD. In addition, a workflow is proposed 
to provide the user the ability to generate any configuration of quadrilateral boundaries 
with a robotic path to produce 3D printed structure without formwork. The proposed 
method utilises an extruder mounted on a six-axis robotic arm, gaining the full feature 
of 3D printing with maximum contact surface between each layer of printed material. 
The prototypes are printed with wooden strands, but the method could be extended to 
other materials with the tuning of the printing parameters. The prospect of this paper is 
to address a solution for a variety of formwork-less AMLS.

1. Background

1.1. Formwork-less vaulting systems
Unlike the Middle Ages, gothic stone vaults and Roman masonry vaults, soil vault struc-
tures in the drylands (Persian, Nubian, and Catalan Vaults) of the Middle East, and Africa 
had to be built formwork-less due to the lack of wood resources for carpenters to make 
formwork. With the aid of suitable mortar, brick laying assemblies and geometries, ma-
sons built these soil and brick structures by hand.

Persian architectural history is well known for its contribution to the invention of 
sustainable types of vault structures. Masjed Jame Isfahan is considered as a museum 
of formwork-less vaulting techniques as 470 vaults were built with ten different vaul-
ting techniques. Due to the classification by  G.-H. Memarian و H. Safaei-Poor [12], there 
are fourteen types of Persian vaults. These vaults are mostly made of gypsum rib 
arches that act as the scaffolding for the vaults, before becoming a part of the struc-
ture. The other critical invention of the Persian vault system is the method of subdi-
viding square or rectangular spaces into smaller circular areas to cover long spans 
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without any formwork. Among these vaults, the Potkaneh vault is highly regarded in 
the construction process. The geometry and the bricklaying techniques in this vault 
inspired this research.

1.2. Concrete shells construction with formworks
In the 20th century, concrete shell structures began to emerge as significant long-
span structures. Thin parabolic shells stiffened with ribs were built with spans of up 
to 90  m. More complex forms of concrete shells were made, including hyperbolic 
paraboloids and saddle shapes, with intersecting parabolic shells less than 1.25 cm 
thick [15]. Nowadays, the demise of concrete shells is due to several main reasons; one 
of the most critical ones is the use of cumbersome formworks [16]. Concrete shells, like 
any other concrete element, was always done with a complete formwork [17]. After the 
World Wars and the Great Depression, the low cost of labour made the construction of 
concrete shells cost-effective, but then labour costs increased. In comparison to steel 
structures and membrane systems, concrete shells were not economical. Pioneering 
thin-shell designers included Felix Candela and Pier Luigi Nervi, designers of the im-
pressive Los Manantiales concrete shell [18]. Thanks to the hyper paraboloid surface, 
Candela constructed shells with straight elements. The economic benefits that resulted 
from this construction technique allowed Candela to significantly reduce construction 
costs [19].

1.3. Contemporary form-found shell construction with formwork
With the emergence of new computational tools, the interest of architects and de-
signers in contemporary application of shells and vaults has increased considerably 
[20]; Concrete shells and their derivatives are making a come back to the architec-
tural landscape [16]. Progress in robotics and autonomous systems (RAS), and more 
broadly computer science (CS), is unifying the activities of design and construction [21]. 
Contemporary projects such as the Rolex Learning Center by SANNA, pioneer design, 
but still rely on extensive use of custom formwork.

New form-finding tools such as “RhinoVault”, developed by Block Research Group, 
contribute to the design of mechanically efficient shells. The recent projects by Block 
exploit this tool for form-finding of optimized funicular geometries. Their recent 
workshop in Sydney revisits fabrication of form-found shells by reducing the need for 
formwork by utilising funicular ribs as supports for cladding [22]. The research group 
uses funicular ribs as temporary supports and, later, as a structural element, such as 
in Persian vaulting. Claddings, as used in Catalan vaulting, is performed by the dispo-
sition of thin tiles layered in a freehand manner.

Based on this knowledge, this research also examines ancient construction tech-
niques using modern digital fabrication tools for the construction of vaults and shells.

2. Computational Design for 3D printing of a vault with 
quad boundary

This section discusses how the research in this paper gains inspiration from different 
types of Persian vaulting systems without formwork in order to design a workflow for 
3D printing of shells without support. The initial idea is to convert brick laying patterns 
into printing layers and use bridging techniques to get target geometry for quad-based 
vault, such as the wall in figure 2. Quad boundaries are investigated with a similar pro-
cess that can be applied to other fully supported boundaries.

Figure 2: Transition from bricklaying by a human to the 3D printing of sequential layers by 6 axis robotic arms 
© Mahan Motamedi.

2.1. Patching a square

The initial idea for covering a quadrilateral boundary comes from the Filpoosh method. 
Following robotic trajectory generation, the method of La-Chasban is utilised to en-
sure maximum constant contact surface between each layer (shown in figure 1). Figure 
3 shows the steps for covering square boundary with squinches. Figure 4 shows the 
laying of the squinches.
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Step 0
Step 1

Figure 3: Steps to bridge by self supporting squinches © Mahan Motamedi.

Figure 4: (Top) generation of robotic routes on the target surface using geodesic coordinates.  
(Middle) Generation of robotic trajectories from yield routes. (Bottom) Printed Patch © Mahan Motamedi.

2.2. Patching a general quadrilateral

To have a strategy for spanning any quadrilateral configuration, we need to describe 
them more specifically. Only convex inscribed quadrilaterals are concerned. Therefore, 
to analyze a large variety of quadrilaterals, a circle with four random points on it is 
used for generating multiple configurations of quadrilaterals. Sequentially, four random 
points are located on a circle and sorted in a clockwise or counterclockwise order, to 
be connected as a polyline to generate the quad, as shown in figure 5. This method was 
used to generate 250 different types of the inscribed convex quadrilateral.
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Figure 5: Generating a quadrilateral by connceting four random points on a circle with a polyline © Mahan Motamedi.

This classification is done manually by observing 29 different quads out of the 250 
as a sample (close to 10% as a case study). It assumes that all other quads will fall 
into these four categories. In order to sort quads in an automated way, it is necessary 
to sort quadrilaterals in numerical ways by their configuration characteristics, such 
as skewness and standard deviation of segments (figure 7). This is an open discus-
sion because the results are not always reliable, as shown in figure 8, where adjacent 
similar quads do not have the same type.

Figure 7: Classification of quadrilateral by skewness and segments length standard deviation © Mahan Motamedi.

Figure 8: Magnified - Flaw in sorting diagram: a quad from type 2 is close to a quad from type 4 © Mahan Motamedi.

The main idea of spanning originates from the Filpoosh spanning observed in 
Persian vaulting systems without formwork for form-finding (which is directly used 
for quads in Type 2). The other types are following the previously described method 
with some changes. Figure 9 shows the four different strategies used for bridging with 
squinches.

A strategy for generating a vault for each quadrilateral is compulsory to clas-
sify quadrilaterals based on the strategy used to cover the spans (figure 8). The four 
strategies are identified below, addressing methods for covering spans of any convex 
inscribed quadrilateral.

Figure 6: (Left) Random quadrilateral generator. This circle is a space for 250 different types of quadrilaterals.  
(Right) Classification of inscribed convex quadrilaterals based on spanning strategy © Mahan Motamedi.

Type 1: Quadrilaterals with the high segment length standard deviation (superior 
to 0.8); these types of quads often have a segment that is too small in comparison 
with the other three segments, which makes them similar to triangles. Therefore, the 
strategy for covering them is the same as the strategy for covering triangle base vaults.

Type 2: These types of quads are closer to the configuration of squares or 
rectangles with a moderate aspect ratio (Segment length standard deviation of less 
than 0.5). Hence, they can directly follow the Filpoosh method for converting big spans 
into smaller ones.

Type 3: These sets of quads are the ones with a high aspect ratio and high 
skewness factor at the same time, which leads them to be in streched shapes. The 
strategy for covering the span of these types does not follow the main order of 
Filpoosh.

Type 4: These type of quadrilaterals are known as kite, and in some cases they 
become similar to Type 2 quadrilateral.
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Type 1 Type 2 Type 3 Type 4

QUAD TOP 

VIEW

QUAD TOP 

VIEW

QUAD TOP 

VIEW

QUAD 3D

QUAD TOP 

VIEW

Patches 3D

Patch 3D

Printed 

Layers 3D

Description 1-Eliminating the 
shortest segment. 
2-Extending two 
adjacent segments of 
the shortest segment 
in order to generate a 
triangle. 
3-Extracting generated 
inscribed triangle. 
4-Iteration of step 3 until 
yielding an inscribed 
triangle with eligible 
maximum span length.
Note: generated patterns 
are just for visualization 
of layers in 2D. In real 
practice, the patterns are 
generated from target 
surface (patches) with 
geodesic coordinates

1-Extraction of middle 
points for four segments. 
2-Connecting the four 
middle points by a 
polyline to generate the 
inscribed quad. 
3-Iteration of step 2 until 
yielding a quadrilateral 
with eligible maximum 
span length. 
4-Generating corner 
squinches. 
5-Generating squinches 
between corner 
squinches. 
6-Iteration of step 4 
and 5 to cover all the 
quadrilateral by patches

1-Extracting the middle 
points of the two longest 
segments. 
2-Generating arch 
between two generated 
middle points in step 1. 
3-Generating surface 
by initial quadrilateral 
segments and 
generated arch in step 2. 
4-Generating Geodesic 
lines.

1-Identifying three 
longest segments. 
2-Generating best-fit 
circle by three longest 
segments. 
3-Generating a tangent 
line by connecting one 
endpoint of the shortest 
segment of the initial 
quadrilateral to generated 
circle in step 2. 
4-From step 3 a new 
quadrilateral with a 
triangle is yield. Next step 
is to generate a squinch 
in the generated triangle 
from step 3 and iteration 
of the same strategy as 
type 2 quadrilaterals for 
the new quad.

Figure 9: Bridging strategies for four identified type of quadrilaterals © Mahan Motamedi.

2.3. Patching Algorithm
Four different bridging strategies are identified based on the configuration of quadrila-
terals. In this section, the algorithm for automating this process for quadrilateral Type 2 
is explained in figure 10. In order to make this process automated for the other types, it 
is compulsorily to devise a solution for sorting quadrilaterals in a numerical way such 
as figure 7.

Figure 10: Process of calculating target Geometry for Quadrilaterals Type 2 © Mahan Motamedi.
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The steps below explain figure 10:

1. The bimedians of quadrilateral are the line segments connecting the midpoints of the opposite sides. [25]

• Step a: take a quadrilateral;

• Step b: extract the middle points and generate bimedians1 ;

• Step c: generate arches with connecting bimedians endpoints;

• Step d: generate inscribed quadrilateral with connecting middle points of arches;

• Step e: iterate the previous steps until the final inscribed quadrilateral with an 
eligible span length is achieved;

• Step a’: take a quadrilateral;

• Step b’: extract the quadrilateral center point;

• Step c’: raise the quadrilateral centroid by λو factor;

• Step d’: generate the patch surface with the input quadrilateral and the raised 
centroid;

 λ Factor: this factor determines the height and curvature intensity of the archesو •
which shapes the squinches. This factor should be used for each quadrilateral 
separately and is based on their scale, max span length and their orientation 
within space.

2.4. Generation of robotic trajectories

After the creation of the target geomerty, the next step is to seek a robotic tool-path 
which steers the printing result very close to the target geometry while ensuring that 
squential layers are in the correct order. The potential of printing equipment determines 
the robotic trajectory strategy. For example, with conventional extrusion heads for 
concrete printing, the flow of extruding paste does not deviate, therefore the thickness 
of the layers is constant. Consequently, the robotic routes should ensure that the dis-
tance between layers is always constant.

2.4.1. Defining Geodesic Routes

To ensure a constant distance between robotic routes, the routes are derived from 
geodesic coordinates on the target surface. The process of generating geodesic lines 
on target surfaces are inspired by C. J. K. Williams and E. Adiels [26]. The method below 
is used to ensure equal spacing between the printing layers.

2.4.2. Defining non-Cartesian printing planes

The next step is to define the extrusion head orientation for the defined routes. This step 
is inspired by brick laying techniques in traditional dome construction. To ensure the 
maximum contact surface between each sequential layer, the orientation of the extru-
sion head plane should always be perpendicular to the geodesic coordinates planes. 

Figure 11 shows the process of defining non-Cartesian planes for a semi-sphere inpired 
by ancient teqniques.

Figure 11: defining non cartesian planes on a semi-sphere The density of the planes indicates the resolution of the 
robotic movements. The extrusion head is always aligned with the Z vectors of the planes © Mahan Motamedi.

In this diagram the Geodesic lines did not create the robotic routes and the 
distance between layers is not constant.

2.4.3. Defining robotic trajectories
Robotic trajectories define the exact behaviour of the robot while executing the print 
process. As solver the Hal-robotics [28] plugin is used in the Rhino plugin, Grasshopper, 
to define robotic trajectories from initial planes extracted from geodesic lines.

2. The normal thickness of concrete layers in large scale 3D printing is 20 mm. Since the thickness of wooden paste in this test 
is 1 mm, the scale of printed model is assumed to be 1:20.

3. Prototyping test with ABB 120 and 3Doodler Pro
A small-scale prototype of these theories is produced to simulate the large-scale 
concrete process at 1:202 scale. The ABB 120 (miniature robotic-arm) and the 3Doodler 
Pro as extrusion head are used with wooden strands as the extrusion paste. In order to 
mount the 3Doodler to the robot an individual gripper was designed and 2.5D printed 
to ensure the percision of the entire printing process. After runing a primary test with 
a proper setting for the robot, speed (12.5 mm/s) and doodler flow speed (number 
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3.2. Prototype of Squinch
This test follows the main strategy of this paper for bridging quadrilateral boundaries. 
Squinches are the main elements of this strategy. Two corner squinches of a square 
with a side length of 15 cm were continuously printed. The robotic routes were gene-
rated with geodesic lines; therefore, the thickness of layers was constant for the target 
geometry. Consequently, the model was successfully printed without any support (fi-
gure 16). Figure 15 shows a section of this prototype.

flow and robotic movement speed) with an approximate size of 15×7 cm and it was 
printed without any support.

3. In the diagram, the distance of robotic routes are increased for better visualization.

Figure 12: Prototype of "Posht-bar-zamin"3 Vault © Mahan Motamedi.

Although it’s more efficient to use geodesic coordinates to generate robotic routes, 
in this prototype they were the result of intersections of perpendicular planes of the 
main curve on surface (which is the intersection of the surface and the bisector plane) 
and the surface. Hence, the distance between layers is not constant and at the point 
that is highlighted by the circle in figure 12, the extrusion head collides with the printed 
model and the model was detached from the printing bed. This shows that conver-
gence between layers is acceptable to a certain amount (for wooden strands, it was 
up to 0.5 mm) and afterwards, the printing process will be disrupted by collosion or 
nozzle clogging.

3.1. A prototype of Ellipsoid Vault
As the second test, a semi-ellipsoid was tested. The robotic routes were again driven 
from the intersection of the main curve on surface perpendicular planes and the sur-
face. In comparison with Posht-bar-zamin vault, the ellipsoid surface has larger conver-
gence between layers, as it is depictecd in figure 13 by the circle. Consequently, the 
same problem occured as in the previous prototype test. This time it happened earlier 
because of the high curvature of the ellipsoid surface.

Figure 13 and figure 14: Prototype of ellipsoid was disrupted by the collision of the extrusion head with the printed model 
due to the convergence of layers © Mahan Motamedi.

3); the nozzle temprature yielded was 185ºC. The initial test was a prototype of a “Po-
sht-bar-zamin” vault with a 1 mm layer thickness (based on the size of doodler nozzle, 

Figure 15: With the help of six-axis robotic printing, the 
maximum contact surfaces of layers were yielded  

© Mahan Motamedi. Figure 16: Supportless 3D printing of two corner 
squinches of a square panel at Navier Laboratory 

© Mahan Motamedi.

4. Scaling the prototype

4.1. Discussion on scaling prototype

The maximum scale of quadrilaterals which can be fully bridged by methods descri-
bed in section 3 should be examined at real scale printing. Furthermore, to cover larger 
spaces, this method can be used to fill the quadrilateral voids of form-found gridshells 
with programs such as Kangaroo or RhinoVault. Figures 17 to 18 show target geometries 
generated by the process in figure 10. This method helps to cutdown on the usage of 
formworks, while formworks will be only used for the construction of shell elements 
(ribs), such as the project done by Block’s Group. The difference between this system 
and the single quadrilateral vault is that for the single quadrilateral, the assumption is 
that quadrilaterals are always planar and aligned with the XY plane. However, the grid-
shell quadrilaterals are not necessarily planar; they are oriented in different directions. 
This matter affects the final height and shape of target geometry for each quadrilateral. 
Figure 19 shows the result of the target geometry generation. This proposal can be 
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executed in two different ways; first, a six-axis robot prints the patches directly onto the 
gridshell. Secondly, the patches will be printed by the six-axis robot on a flat surface 
and, afterwards, they will be installed on the gridshell manually or with the robotic as-
sembly. In the first method, the formula used in figure 10 uses the angle of orientation 
of the panels in space because this affects the target geometry, making it more sui-
table for in-situ printing purposes. However, in the second method, the patches will be 
printed on flat surfaces and, therefore, the panel orientation angle does not affect the 
geometry because the cosine of angle zero is equal to one.

Figure 17: Calculating target geometries for gridshell voids-Max span length limit = 10 unit. (Kangaroo sample) 
© Mahan Motamedi.

Figure 18: Calculating target geometries for gridshell voids-Max span length limit = 10 unit. (Rhino Vault sample) 
© Mahan Motamedi.

Figure 19: Max span length / Inclination intensity table. (Top) Gridshell in figure 17. (Bottom) Gridshell in figure 18 
© Mahan Motamedi.

The gridshell in figure 17 has 16 quad panels and the one in figure 18 has 61 panels. 
These panels are sorted by their maximum span length and their inclination degree 
in diagrams shown in figure 19. Each circle shows the position of each quad in the 
diagram. The quads are classified in three different zones based on their وλ factor. The 
range وλ in each zone is: Zone 1: 0.3 < λ   and Zone 2: 0.15 < λ 1 >و  :and Zone 3 0.3 >و
0 < λ  .0.15 >و

The filled circles highlighted in tables in figure 19 show the quads with the highest 
and lowest λ  ,Factor. The highest one is the hardest quad for spanning. Accordingly و
they require higher curvature intensitiy for the arches of their initial squinches. The 
lowest one is easy to span, then they require less curvature for their constituitive 
squinches.
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4.2. Construction methods discussion
Based on the classification by R. Duballet, O. Baverel and J. Dirrenberger [24], the 
construction type of this proposal for the actual scale is :

4. Regarding proposal of filling gridshell voids with Filpoosh patches, funicular ribs need temporary supports for their construction.

• assembly type = a0 (no assembly) or a2 (for assembly of the patches on the grid-
shell);

• object Scale x²0 = object around 5-10 m (a living place or a house);

• extrusion Scale x1
e = (a thickness layer between 8mm and 5 cm);

• printing environment = е0 (direct printing onsite) or е¹ (printing in a controlled envi-
ronment);

• support type = s0 ( printing with no support - for cladding patches) and s4 (external 
support removed afterward – for ribs4);

• building system = r² (one six-axis robot with a rail at its base) or r³ (two collabora-
ting six-axis robots). Figure 20 and 21 show the two possible ways of covering the 
gaps in grid-shells. Figure 20 and 22 suggest direct printing of the patches on the 
ribs of the shells, while figure 23 depicts printing the patches on a flat surface in 
a larger scale.

Figure 20: Collaboration of two robots on the rail: a0 e0 x1
0 x

1
e s

0 r3 (in-situ printing of the patches) © Mahan Motamedi.

Figure 21: Printing patches on a flat surface and installing them on gridshell afterwards a² e0 x1
0 x

1
e s

0 r3 © Mahan Motamedi

Figure 22: Filling the quadrilateral voids of gridshell with a hanging robot. a0 e0 x1
0 x

1
e s

0 r1 © Mahan Motamedi

Figure 23: Printing a single patch on a flat surface with hanging robot a0 e0 x1
0 x

1
e s

0 r1 © Mahan Motamedi .

4.3. Classification of prototype
The method used in section 3 regarding prototyping squniches in figure 17 is x0

0 x
0

6 s
0 r1 

s0 .The proposal was tested by simulation at the 1:20 scale with an ABB 120 robotic arm 
and 3Doodler Pro as the extrusion head. The possibility of scaling up this process can 
be yielded by examination of actual practice with large-scale robots with concrete or 
clay extrusion head. Enhancing the rheology of extrusion paste by material scientists 
has a strong impact on improving this technique for fabricating larger shells 
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Conclusion
This paper demonstrates a new set of workflow from form-finding to the genera-

tion of robotic trajectory in order to yield a method for supportless in-situ 3D printing 
of shells. The strategies of this proposal are briefly explained below:

A.  Introduction to Filpoosh form-finding method which works on varieties of quadri-
lateral boundries.

B.  Utilizing geodesic coordination to generate robotic routes while ensuring the 
distance between the layers is constant.

C.  A method for yielding non-Cartesian plane orders for steering extrusion head 
orientation while passing routes.

This set of procedures enhances the chance of achieving higher cantilevers by:

• maximizing the contact surface between sequential layers of printing;

• ensuring the constant contact surface between sequential layers of printing;

• following the proper robotic order to generate self-supporting components 
(squinches) up to the stage of covering the entire boundary;

• yielding compression forms because the extrusion pastes, such as concrete and 
clay, do not have the high tensile capacity.

Further studies should be done regarding the examination of larger scale proto-
types in a concrete printing lab to understand the constraints and opportunities. 
Furthermore, studying different topologies, rather than quads, such as triangles and 
hegzagonals, which are historically addressed in Persian ancient vaulting systems is 
on the agenda.
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Introduction
The term “digital materiality” has been coined by Gramazio and Kohler [1] to define the 
advent of a new era of architecture in which information processed via digital tools du-
ring the design phase will permeate the fabrication process and allow materiality to be 
“informed” in a seamless process between data and material objects. The tools of digi-
tal fabrication and computational design allow for an integration of constraints and ob-
jectives deriving from each stage, from design to implementation. However, as Turunen 
notes in her 2016 paper Additive Manufacturing and Value Creation [2] , the benefits of 
digital fabrication are not yet fully understood by the architecture and construction in-
dustry. For example, additive manufacturing is often only considered as a material-sa-
ving option compared to traditional subtractive technologies. She posits that in order 
to evaluate the full potential of 3D printing technologies, one should look at the various 
ways in which it helps create value: for the designer, the constructor and the end-user. 
It is only when these multi-scalar value-creation potentialities are fully understood that 
this technology will be able to spread.

The present research paper proposes to experiment with a seamless design process 
incorporating multi-scalar objectives in the context of a double-skin façade; the outer 
layer consists of openwork 3D printed concrete panels. As Gerber and Pantazis [3] have 
noted, façade design is a good area on which to experiment a comprehensive multi-
scalar approach as it touches environmental, aesthetic, structural and construction 
issues. To highlight the need for an approach that truly goes through project scales and 
lifecycle stages, we propose to incorporate fabrication constraints, structural constraints 
and environment-based comfort objectives. The latter is used to demonstrate the 
added value of a design approach based on non-standard elements for the end-users 
of the building. The main driver for the design generation will be considerations of visual 
comfort that are based on the destination and purpose of the indoor spaces. Structural 
performance of the panels will then be considered, as well as the fluidity of the fabrica-
tion and implementation workflow.

We will start by recalling previous research and examples of daylight-filtering 
openwork façades and analyze their benefits and limitations. Then, we will study how 
previous projects in computational design and large-scale 3D printing can bring value 
to the openwork façade panels. We will then expose the experiments conducted with 
large-scale concrete 3D printing company, XtreeE and the generative design algo-
rithm designed by the author to reach the desired objective.

L es bénéfices de l’impression 3D pour l’architecture et la construc-
tion sont souvent quantifiés en termes de gains en matériau et 
en temps. Mais la fabrication digitale offre également un poten-

tiel pour une création de valeur plus large, profitant à toutes les parties 
prenantes, depuis le constructeur jusqu’aux futurs usagers du bâti-
ment. Grâce à la possibilité de réaliser des éléments non-standards, 
le processus de design peut être informé par des contraintes émanant 
de toutes les étapes de la vie du projet. 

Ce research paper a pour but d’illustrer cette proposition dans le 
contexte d’une façade ajourée composée de panneaux non-standards 
en béton imprimé en 3D. Le design des panneaux est informé par 
des objectifs d’ensoleillement liés au confort visuel des usagers, des 
contraintes structurelles et un impératif de rapidité dans le processus 
de fabrication. Ces objectifs sont intégrés dans un algorithme géné-
ratif, dont le résultat est un design à la fois esthétique et performant.

Mots-clés : design génératif, confort, façade, impression 3D, béton

T he benefits of additive manufacturing in architecture and 
construction are often considered to save material and time. 
Digital fabrication offers the potential for a more comprehensive 

value creation approach, creating benefits not only for the builder or the 
designer, but all the way to the end-users of the building. The opportu-
nity to fabricate non-standard building elements can inform the design 
process with constraints and objectives deriving from all stages of the 
lifecycle of the project. However, such a comprehensive approach needs 
to be streamlined into a viable workflow.

This research paper seeks to illustrate this proposition in the context of 
an openwork façade consisting of non-standard 3D printed concrete 
panels incorporating objectives based on end-users visual comfort, 
structural design and fabrication process. A generative design algorithm 
is built, which incorporates all constraints into a fluid process.

Keywords: daylight, comfort, façade, generative design, customization, 
digital fabrication, additive manufacturing, concrete 3D printing
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1. Previous Research

1.1. Daylight, shading and visual comfort inside buildings
In order to create value for users, daylight filtration appears as an interesting choice: 
touching basic human needs, as well as the functions of the building, while needing to 
be adapted to geo-localization and orientation data. Boubekri [4] recalls that the sun is 
the prime source of warmth, energy and lighting and that human habitat construction 
appears to have been influenced by sun path and orientation as early as pre-historical 
times. The positive impact attributed to sunlight continues in modern-day architec-
ture, especially following the energy crisis of the late 20th century. Given contempo-
rary concerns about the sustainability of buildings’ energy consumption, daylight can 
appear as a cheap and renewable substitute for artificial heating and lighting. Howe-
ver, despite most research focusing on the thermal and energy impact of daylight in 
buildings, studies have shown that substituting daylight with electric lighting has a ne-
gative (increasing) impact on the construction costs, creating negative value for deve-
lopers and builders [5]. Rather, the added value of using daylight should be interpreted 
in terms of benefits for human health and comfort [6]. Indeed, the world’s longest esta-
blished sustainability assessment for buildings, BREEAM, incorporates daylighting in its 
criteria under the “Health and Wellbeing” section [7].

Furthermore, Fontoynont [8] posits that daylighting cannot be evaluated similarly 
to artificial lighting, using simple uniform illuminance measures and that the uneven 
distribution of daylight and the patterns deriving from elements such as stained-
glass windows, shutter and blinds can become part of the visual comfort evaluation. 
Comfort metrics in buildings are hard to generalize as they differ depending on how 
the occupants of the building use the room. The BREEAM referential differentiates 
five types of building destinations for its Daylighting Requirements Guidelines [7], 
which it then refines depending on the purpose of each room. Regarding educational 
buildings, Zoromodian and Tahilsdoost [9] highlight the specificity of classrooms as 
spaces lit from the side and occupied by a large number of occupants facing in the 
same direction, in opposition to residential or office spaces. However, Winterbottom 
and Wilkins [10] highlight the need to address not only the luminance of pupils desks 
but also the contrast on a projection screen and/or interactive whiteboard, which can 
be negatively affected by ambient daylighting.

One could generalize this approach and try to build a daylight filtration strategy 
that not only accounts for the location and orientation of the building but also the 
purpose of the indoor space, as well as its interior planning; identifying in each room 
which areas should be lit and which should be kept dark.

1.2. Openwork façades
Perforated screens offer a simple way to filter the excess of light entering inside buil-
dings. A typical example is a mashrabiya, a traditional latticework known throughout 
Middle-Eastern and Mediterranean architecture. As described by Baker and Stee-
mers [11], the size of openings in the mesh pattern was meant to block high angle sun 
penetration (i.e. during the warmest hours) while allowing in some diffuse reflected per-
pendicular light. Furthermore, a typical mashrabiya consists of two parts: a lower part 
with a tight mesh pattern to filter light and prevent glare at eye level, and a higher part 
with a more open mesh pattern, aiming at letting the wind in to cool the indoor atmos-
phere and letting some light in towards the interior spaces of the building [11 and 12]. 
While preserving this function, craftsmen developed the mesh patterns into intricate 
decorative elements, often geometric or floral, which became symbols of oriental and 
Islamic architecture [12].

Contemporary architects have often drawn inspiration from these patterns to 
develop shading façade meshes at scales much larger than the traditional balconies 
and windows where mashrabiya were placed. As noted by Abdelkader and Park [12], 
famous examples include the façade of the Arab World Institute by Jean Nouvel in 
Paris and the Al Bahar Towers by Aedas Architects in Abu Dhabi, which both include 
kinetic elements that respond to sun exposure, filtering more or less light into the buil-
ding. While these offer exciting perspectives for natural indoor lighting and shading, 
the current cost of such technologies makes their proliferation to less prestigious 
programs currently unlikely.

Recently, large-scale, static perforated facades have been developed due to the 
availability of new materials and technologies. Stoeux et al. [13] describe the poten-
tial of ultra-high performance fiber-reinforced concretes (UHPFRC) for the develop-
ment of such façades, especially those with a large perforation ratio (percentage of 
void > 50%). Thanks to a compact cementitious matrix, UHPFRC is able to follow the 
geometry of the mold extremely tightly (precision up to 1 µm), allowing for thin and 
complex designs while preserving the strong structural and durability performance. 
The façade of the musée des Civilisations de l’Europe et de la Méditerranée (MUCEM) 
by architect Rudy Riciotti is an iconic example of the use of UHPFRC for façade 
lattice. The self-supporting façade of the museum rests on the building foundations 
and is linked to the curtain wall of the main building thanks to horizontal double-joint 
poles. The mesh consists of 6 x 3 m perforated panels, all identical, but juxtaposed 
according to a random rotation pattern that aims at avoiding visual repetition [14]. 
Another example, using a more moderate budget project, is the floral-shaped panels 
installed by the architect office Badia-Berger on an apartment building in the ZAC Rive 
Gauche (ZRG) in Paris [13]. The panels are perforated at 50% porosity in a floral pattern 
designed by the artist E. Guilhem. Each measures 15 m², weighs 1.8 ton and is hung 
to the slab of the balconies thanks to metallic supports developed by construction 
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company Betsinor. Again, all panels are identical but rotated to create an illusion of 
diversity.

The constraint of having a single panel topology per project derives from the 
fabrication process: making a complex mold for UHPFRC casting is costly. As a refe-
rence, the floral panel mold for ZRG required 1000 hours of work by a specialized 
company [13]. Few projects can afford to have variety in the shape of façade panels. In 
both examples, the aesthetic impact of repetition in the patterns has been somewhat 
mitigated by the rotation of the panels, which helps create an impression of variety. 
However, the constant size of the openings in the pattern has an impact on the ability 
to customize the façade to its environment and, therefore, limits its potential as an 
efficient light filtration tool.

1.3. Parametric and generative design for daylight-filtering façades
The literature review by Eltaweel and Su [15] highlights the volume of initiatives aiming 
at improving daylighting in buildings, thanks to the recent development of simulation 
softwares and computational design tools. Most projects focus on using the increased 
computation power to run simulation and optimization algorithms aimed at selecting 
the best performing variation on a given pattern principle. Some work with complex 
shapes, which they break down to extract parameters; such as flexagons, rings in the 
work of Elghazi et al. [16]. Other projects prefer simple pattern generation principles; 
such as the tilted extrusion in the work of Narangerel et al. [17]. Mohamadin et al. [18] use 
strict rules deriving from Islamic geometric patterns to densify a 2D façade mesh and 
create an optimal mashrabiya screen. In all cases, the geometric principles behind the 
patterns are modelled in a computational design environment, such as Grasshopper, 
and an algorithm is built to test for daylighting performance, thanks to solutions such as 
the plug-ins Diva or Ladybug, and then an optimization algorithm is performed.

This approach is interesting but does not yet fully exploit the potential of computa-
tional design. In a 2012 issue of Architectural Design dedicated to Material Computation, 
Achim Mendes laments that traditional architecture understands material information 
as “facilitative rather than generative” [19]. The same criticism could be applied to the 
use of environmental data and daylighting goals’ metrics. Instead of tweaking geome-
tric patterns to make them match the data, we could imagine a generative design 
strategy where the data itself generates the pattern. Regarding daylighting-oriented 
design, the generative process defined by Caldas and Santos for their project "Painting 
With Light" [20] is interesting because it starts with defining gradients of lighting objec-
tive to generate and adapt the geometry of a skylight.

1.4. Digital fabrication for daylight-filtering façades
Computational design tools facilitate the design of complex, non-standard shapes that 
are hard to make using traditional industrial methods such as concrete casting descri-
bed above. Digital fabrication technologies allow for renewed versatility in the fabri-
cation process: Carpo describes it as the overturn of the modern paradigm of mass 
production and the advent of mass customization [21].

There is an interesting example of how a perforated façade was customized to the 
purpose of indoor spaces: it is the outer skin of the façade of the Chiarama Spa buil-
ding in Bogota, Colombia, by plan:b and Mazzanti Arquitectos. It consists in aluminum 
panels, laser cut with a pattern of holes designed to recall rock strata [22]. The perfo-
rations create a relaxing atmosphere indoors thanks to the admission of natural light, 
but perforation density varies according to the use of the various rooms in the spa in 
order to accommodate for the need for privacy. Subtractive technologies, such as 
laser cutting, can appear an obvious choice for the digital manufacturing of perforated 
façades. However, their main drawback is the substantial amount of material waste 
generated, which makes them less attractive in the case of low-density patterns that 
have a high percentage of voids.

Additive manufacturing technologies such as 3D printing offer interesting alter-
natives for mass customization with limited material waste. Almerbati et al. [23] have 
evaluated the potential for using a sand-based 3D printing technique to revive the 
mashrabiya tradition in Bahrain, finding additive manufacturing an opportunity to 
reconnect with traditional craft and cooling techniques. In a more prototype-oriented 
work, students of the Digital Fabrication Course at ETH Zurich, working with senior 
researcher M. A. Meibodi, have recently unveiled a project called Deep Façade [24] 
which consists of a 3.5 m high wall made of 26 panels with geometry that vary 
three-dimensionally to allow for more or less transparency depending on the point of 
view. The panels are made of cast metal, for which 26 different molds were 3D printed 
in sand. This is an interesting approach to additive manufacturing, where it is not the 
object itself that is 3D printed but its negative matrix; thus the object retains all the 
material and structural properties of a direct cast [25].

1.5. Large scale concrete 3D printing for openwork façade panels
We have shown above the potential of concrete for perforated façade panels, as well 
as the potential of digital fabrication for non-standard elements. In a 2016 technical 
letter entitled Digital Concrete: Opportunities and Challenges [26], Wangler et al. list a 
few high potential innovations combining digital fabrication and concrete. The main 
limitation of direct 3D printing (extrusion) of concrete, they say, lies in the lack of rein-
forcement in the 3D printed object (rebar implementation, as well as steel fiber would 
conflict with the extrusion mechanism). However, great potential is identified in the 3D 
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printing of stay-in-place formworks, or 3D printing the outer shell of the object to later 
be filled with a reinforced concrete, including steel rebar or steel fibers, depending on 
the application. This technology allows for nearly unlimited customization and variation 
of the object, as it rids the process of the need to amortize the associated fabrication 
cost of a mold matrix.

Figure 1: Prototype of façade panel by company XtreeE © Célia Bugniot.

French company XtreeE has developed a 3D printing process using a UHPC 
formula with properties close to that of UHPFRC [27]. They recently unveiled proto-
types of non-standard façade panels made of a 3D printed outline and a cast concrete 
infill, to which the author of this paper contributed [28] (figure 1). The 3D printing 
process of the outline uses a 2.5D strategy or a vertical extrusion of planar curves, 
resulting in a short fabrication time of approximately 20 minutes for the stay-in-place 
formwork of each panel. For each panel, at least three steps needed to be conducted: 
(a) 3D printing, (b) infill casting and (c) finishing, which consisted in a sanding of the 
rough patches deriving from the layered extrusion process. Various types of designs 
were tested, some of which generated many defects during the extrusion phase, 
which consequently made the last step very difficult and time consuming. More details 
about the tests are given in section 3.1.1.

In order to evaluate the complexity of building processes involving concrete 3D 
printing, the classification of building systems developed by Duballet et al. [29] can be 
interesting, as it not only takes into account the 3D printing but also additional steps 
such as assembly.

2. Problem formulation
Thanks to 3D printing manufacturing of stay-in-place formworks, we can design a se-
ries of non-repetitive elements in concrete, benefiting from the geometric versatility, 
structural performance and durability of this material without having to accommodate 
the standardization deriving from traditional casting processes. This possibility of ha-
ving unique elements allows to inform the design of each of them with functional ob-
jectives. We wish to apply this strategy in the context of an openwork façade consisting 
of non-standard concrete panels, designed to filter daylight with indoor visual comfort 
in mind.

It appears obvious that such a project would not be economically feasible with 
traditional casting methods, when each panel variation would need the fabrication of 
a different negative formwork. However, observing that material gains from not having 
to produce, matrices can quickly be offset by design costs, should all panels need 
separate design, optimization, testing and fabrication preparation time. For this reason, 
we aim at developing a comprehensive algorithmic process for the generation of the 
panels design, integrating all constraints from the performance objective to fabrica-
tion.

3. Methods and results
The proposed methodology is to construct a generative design algorithm that faci-
litates the input of the building location and sun exposure data, the building indoor 
spaces destinations, with daylighting objectives and the façade geometry. The algo-
rithm will generate a pattern that will satisfy (a) daylight filtration performance, (b) sa-
tisfactory structural behavior and (c) easy fabrication workflow. The algorithm will be 
developed within the Rhinoceros 3D+Grasshopper (McNeel) environment.

3.1. Definition of constraints and objectives
3.1.1. Constraints linked to the fabrication process

The fabrication process for the panels is assumed to be similar to the one used by 
XtreeE for the prototype façade panels described above [28], with a concrete 3D printed 
stay-in-place formwork in which a concrete infill is cast.

The technology used by XtreeE consists in a 3D printing head (extrusion head) 
mounted on a six-axis robot, a concrete preparation unit connected by a pump to 
the extrusion head, and a controller [27]. At the time of writing, the XtreeE facilities are 
equipped with a six-axis robot ABB 8700. This robot has a reach of 3.50 m [31]. Due to 
the dimensions of the XtreeE printing head, this means that the working space for the 
3D-printer has approximately 3 m in horizontal radius. We will assume that the panels 
need to fit in a rectangle of 3.5 m × 2.5 m.
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The extrusion strategy for the stay-in-place formwork is a simple 2.5D design 
(vertical extrusion of a base curve). The minimal dimensions of the stay-in-place 
formwork system should be as described in figure 2 and in table 1:

H = extrusion height 50 mm

W = outline width 20 mm

C = casting width 30 mm

Table 1: Minimal dimensions of the panel stay-in-place

Figure 2: Profile of the stay-in-place formwork system © Célia Bugniot.

According to the classification established by Duballet et al. [29], the complexity of 
the process can be defined as x0

1 x1
0 e² a² a3 s0 r0, as explained in table 2.

Parameter Complexity

x01 Constructive element of size around 1-4 m

x10 Thickness layer less than 8 mm

e² Prefabrication

a² Handling of printed elements to be put in their final position

a3 Assembly of external elements after printing

s0 No support other than the ground

r0 One 3-axis robot*

Table 2: Complexity of the process according to Duballet et al.[29]

*XtreeE uses a 6-axis robot in their setup, but the vertical extrusion (2.5D) only makes use of 3 axes.

The complexity of the process (noted by letters with high exponent) stems mostly 
from the need to have several steps for fabrication. In order for the fabrication process 
to be as smooth as possible, and especially in order to limit the duration of the finishing 
step, the extrusion needs to generate the smoothest surface possible. The objective 
is a system that generates the least possible surface defects. Two constraints deriving 
from the specificities of the fabrication process need to be kept in mind, since they 
may hinder this objective:

(i) start-and-stop: due to the complex pumping system in the extrusion head, 
concrete expulsion usually starts slightly before the extrusion head moves to the 
toolpath start point, and stops slightly after the end of the toolpath;

(ii)  setting speed: the setting time of the concrete is accelerated in order to allow 
for vertical layer superposition. As a result, the exterior of a deposited layer of 
concrete will start drying as soon as it is expulsed from the extrusion head.

With this objective and these constraints, experiments were conducted within the 
XtreeE facilities to test different designs. Four types of base curves were generated for 
extrusion, all stemming from the same base pattern design. These four methods and 
the observations made during the scale 1:1 experiments are summarized in table 3.

Method n°1 worked on an offset principle. All the inner regions of initial pattern are 
materialized by closed curves. As a result, the base curves for the extrusion consist of 
a number of closed curves, which will generate several extrusions. This is interesting 
in comparing the fidelity of the panel geometry to the original pattern, but this creates 
many defects due to constraint (i), above. The transition from one extrusion to the other 
created bulging and imprecision due to the difficulty to control the moment when 
the concrete expulsion starts and stops (see figure 3). Furthermore, having several 
extrusions to handle for one single object made the hefting more complex, especially 
when moving the object towards the concrete casting workshop. This aggravated by 
the weight of parameters a² and a3 in the complexity evaluation of the process. These 
were considered valid reasons to disqualify method n°1 and to try and favor methods 
with continuous base curves.

Method n°2 aimed at minimizing the risk of defects coming from constraint (ii) by 
reducing the number of extrusions to two, with one outer base curve reproducing 
the hull of the panel, and one inner base curve following the geometry of the inner 
regions of the pattern. This was interesting in terms of fluidity of fabrication, but the 
lack of connection between members was creating structural weakness in the object.
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Method 

number
Description Source pattern

Extrusion base  

curve(s)

Stay-in-place  

formwork principle

1 Offset of all pattern 

curves

2 One outline curve 

around the pattern hull 

and one single inner 

curve going around the 

simplified regions of the 

pattern

3 One single curve going 

around the pattern 

outline and intersecting 

itself to create regions 

to be filled with a 2-co-

lour strategy

4 One single curve going 

around the pattern 

outline and folding itself 

to create contact points 

without intersections

Table 3: Experiments on fabrication of the stay-in-place formwork, depending on the method for generating the 

extrusion base curve.

Figure 3: Picture showing the lack of precision during the transition between 2 extrusions during the fabrication  

with method n°1 © Célia Bugniot.

Method n°3 aimed at creating a lot of connection points for structural stability, while 
simultaneously simplifying the toolpath by creating a single base curve. It consists 
in one single curve winding on itself, making several intersection points to generate 
enclosed regions, allowing a two-colour filling strategy for the casting. The intersec-
tions were thought to provide interesting structural performance for the contact points. 
However, due to constraint (ii) above, we observed during fabrication that the path 
of the extrusion head through the already drying concrete layer created defects and 
could potentially damage material cohesion (figure 4).

Figure 4: Defects affecting material cohesion at the intersection points during fabrication in method n°3  

© Célia Bugniot.
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Method n°4 sought to keep the benefits of the previous method (one single 
toolpath curve and contact points for structural stability) while eliminating issues 
stemming from intersections. It consists of a single base curve going around the 
pattern geometry, and getting close to itself in order to create contact points, which 
will create closed regions for the cast filling. We observed that due to the width of the 
3D printed concrete layer (w = 20 mm), the contact point should not be designed as 
a direct contact between the base curve folds, but rather a proximity with a diameter 
δ = w/2 = 10 mm (figure 5).

Figure 5: Proximity between the folds of the base curve creating structural stability through material cohesion  

in method n°4 © Célia Bugniot.

Method n°4 created satisfactory results in terms of fluidity of the process, structural 
stability and visual finish, as it created very few defects. It is therefore the preferred 
method for the base curve generation.

3.1.2. Structural design

The panels will be hung to the building façade. The supports will consist of metal fixa-
tion systems to be set in the concrete during the casting process, similar to those ela-
borated by French company Betsinor for supporting UHPC perforated panels [32].

The supports grid will be attached to the main façade of the building according to 
a regular grid (figure 6).

Figure 6: Location of supports on the façade © Célia Bugniot.

The material cast inside the stay-in-place formwork will be UHPFRC.
The properties of the cast filling are based on the properties of Lafarge Ductal® 

FO [30] (a ultra-high performance concrete formulation reinforced with organic fibers, 
commonly used for latticework and perforated façades) and summarized in table 4.

Density 2350 kg/m3

Compressive strength 130 – 160 MPa

Flexural strength (4 x 4 x 16 cm) 18 – 25 MPa

Tensile strength 8 MPa

Residual tensile strength (0.3 mm) 4 MPa

Young Modulus (E) 45 GPa

Poisson Ratio 0.2

Shrinkage 550 µm/m

Creep factor 0.8

Thermal expansion coefficient 11.8 µm/m/°C

Table 4: Material properties of Ductal® FO.

These parameters will be used for the structural analysis of the panels.

3.1.3. Daylight filtration objectives

The daylight filtration qualities of the openwork façade will be evaluated with a modeli-
sation of the building and the façade, simulating the daylighting inside the building. This 
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will be done using Rhinoceros3D, Grasshopper and the plug-in module Ladybug, deve-
loped by Mostapha Roudsari and Chris Mackey. This tool allows for a simple integration of 
environmental analyses based on geolocalised weather data in *.epw format (developed 
by US Weather Service and available on the Internet for a number of worldwide locations) 
into the design workflow. For daylight analyses, Ladybug works in connection with Ener-
gyPlus and Radiance software packages.

As discussed above, the focus of the study is on comfort, usage-based dayligh-
ting objectives. For this research, considerations of thermal comfort, energetic perfor-
mance, glare or view to the outdoors have not been addressed.

After downloading a site-specific weather file and inputting the cardinal orientation 
of the building in Ladybug, the sunpath curves and sun vectors can be generated for 
the required location during the considered period. Depending on the purpose of the 
building, the considered period can be yearly, daily or vary in length. For example, in 
the case of a school building, the summer holiday months can be discarded in order 
not to affect the average results with unimportant data.

The building is modelled in Grasshopper, including the schematic location of the 
main indoor spaces (rooms), which have windows to the façade, as well as the loca-
tion of these windows. For each window, the sunrays can be modelled; they enter the 
building through the window to bring daylight into the room. Depending on the desti-
nation of the indoor spaces, these sunrays will need to be blocked or let in.

In each room we can define the location of areas that should be kept dark for 
the comfort of users in the building. These dark areas correspond to zones in which 
sunlight should be absolutely minimized. For example, in a classroom or a meeting 
room equipped with a large projection screen, the direct sunlight on the screen wall 
should be minimized. In the dormitory room of a kindergarten the entire floor plane 
should be kept dark during naptime. Conversely, for comfort and vitamin D intake of 
the building users, a lunchroom can allow for maximum sunrays to enter towards all 
areas during lunchtime. For each volume representing a room in our 3D model, we 
identify the surfaces that correspond to the dark areas (figure 7).

Figure 7: Dark areas for a building consisting of classrooms (with projection walls) and one nap room on the fourth floor  

© Célia Bugniot, 2018.

The sunrays hitting these surfaces during the considered period need to be 
blocked. The intersection points between the façade and the sunrays (sunray points) 
represent the points where the façade should be opaque.

The density of sunray points per area of the façade can then be modelled into a 
gradient, which materializes the objectives of the façade in terms of daylight filtration 
(figure 8).

Figure 8: Gradient projected onto the façade surface corresponding to the density of sunrays  

that need to be blocked at each point © Célia Bugniot, 2018.

3.2. Algorithm construction

All constraints can now be assembled into a generative design algorithm.

3.2.1. Generation of a daylight filtering pattern

In paragraph 3.1.3 we have materialised the daylight filtration objective of the façade 
by a gradient corresponding to the density of sunray points to block. We use this gra-
dient as a tool to generate a geometric pattern that will serve as a base to design the 
openwork panel.

The density of sunray points to be blocked in each location of the façade can be 
interpreted as a function of the surface of the façade. We can define this function as d, 
where for each point (u,v) in the coordinate system of the façade surface, d(u,v) corres-
ponds to the number of sunrays to be blocked at that point.

It is then possible to plot the three-dimensional graph representing the function 
d in a coordinate system based on a Darboux frame for the surface plane (figure 10). 
For scaling purposes, a reduction coefficient can be applied to the function d. This will 
affect the steepness of the slopes observed on the graph.

Quiet room

Screen walls



56 57

Cloud slice pattern Cloud slice pattern

Figure 9: 3-dimensional graph representing the function d (density of sunrays to block)  

in the coordinate system of the façade plane © Célia Bugniot, 2018.

This three-dimensional surface shows high slopes in the locations of more intense 
density d. These peak points correspond to the locations where a lot of sunrays need 
to be blocked by the façade panels. By simply applying a contouring tool on this 
surface, a set of topographic curves can be generated, which will represent the profile 
of function d (figure 10).

Figure 10: Topographic lines applied to the 3-dimensional surface representing function d © Célia Bugniot, 2018.

Once projected back onto the façade panels, these topographic curves generate 
a pattern of intercontained curves, which will serve as base for the openwork panel 

geometry. In the zones where a higher density of sunrays needs to be blocked, the 
curves are closer to each other and behave like a dense screen, filtering less light into 
the building. The author chose to call this pattern principle “Cloud Slice” (figure 11).

Figure 11: Cloud Slice pattern, which will serve as base for the openwork panels © Célia Bugniot, 2018.

3.2.2. Panels generation and reinforcement

Based on the “Cloud Slice” pattern, the openwork façade is discretized into panels 
satisfying the previously defined size constraint (see 3.1.1). For the sake of preserving 
aesthetic consistency of the “Cloud Slice” pattern, the division is not to be made on 
a cookie cutter principle, but on a gauge principle: the panels need to fit within the 
3 m × 2 m rectangle, but do not need to be exactly rectangular in their shape (figure 12).

Figure 12: Discretization of the pattern into panels © Célia Bugniot, 2018.
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Due to the nature of the “Cloud Slice” pattern, these panels consist of disjoint 
curves. In order to connect them, additional curves will be generated where it best 
serves the structural resistance of the panels.

The structural analysis is done using the module Karamba, which is developed 
by Clemens Preisinger in cooperation with Bollinger-Grohmann-Schneider ZTGmbH, 
Vienna to perform Finite Elements Analysis (FEA) in the Grasshopper environment. 
For each panel, a FEA mesh is generated, making sure that the support points for 
the panel are located on mesh vertices. The cross section of the mesh is specified 
in table 1 and the material according to the characteristics of Ductal FO as specified 
in table 4. The supports are pinned supports located on a grid, as defined in para-
graph 3.1.2. The loads taken into account are the self-weight (gravity load) and a face 
wind load of 2 kPa.

A Bi-Directional Evolutionary Structural Optimization (BESO) of each panel is then 
launched, keeping the “Cloud Slice” curves as permanent elements. The target for 
material removal between these permanent elements is set at 95%. The result of the 
BESO shows that the cross section can be reduced and where material needs to be 
kept to ensure support of the object (figure 13).

Figure 13: Panel cross section after BESO © Célia Bugniot, 2018.

The medial axes of the added elements are added to each panel’s curve network. 
The pattern generation is now informed not only by the solar filtration behavior, but 
also by the structural performance of the object.

3.2.3. Extrusion base curve generation

The curve network resulting from the structural optimization of the “Cloud Slice” pa-
nel serves as a starting point to describe the panel geometry. For each panel, a path 

connecting all the curve segments is defined, based on proximity within the defined 
proximity diameterδ (see 3.1.1 and figure 14).

Figure 14: Connectivity network for the curves segments deriving from BESO © Célia Bugniot, 2018.

The resulting topology is then offset to generate the extrusion base curve 
(figure 15), satisfying the constraints defined through method n°4 described in para-
graph 3.1.1.

Figure 15: Extrusion base curve generated around the connectivity network according to method n°4 

© Célia Bugniot, 2018.
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Figure 16: Utilization analysis of the panel final geometry 

under combined self-weight and face wind (2kPa) loads  

© Célia Bugniot, 2018.

Figure 17: Displacement analysis of the panel final 

geometry under combined self-weight and face 

wind (2kPa) loads © Célia Bugniot, 2018.

Figure 20: Visualization of displacement (scale 

factor x 50) under self-weight load  

© Célia Bugniot, 2018.

Figure 21: Visualization of loads and displacement 

(scale factor x 50, side view) under face-wind 

(2kPa) load © Célia Bugniot, 2018.

Figure 18: Utilization analysis of the panel geometry 

under self-weight load © Célia Bugniot, 2018.

Figure 19: Utilization analysis of panel geometry under 

face-wind (2kPa) load © Célia Bugniot, 2018.

After extrusion and filling, the resulting geometry can be tested for structural resis-
tance using Karamba. As the pattern was generated with structural constraints, the 
results are satisfactory, as shown in table 5 and figure 16 to figure 21.

Load case Max. Displacement value

Self-weight 0.33 cm

Face-wind (2kPa) 1.11 cm

Table 5: Maximum displacement values post structural analysis.

3.3. Results and simulations
3.3.1. Algorithm summary

The above steps conducted in paragraph 3.2 summarize the applied generative design 
algorithm aiming at designing an openwork façade made of non-standard concrete 
panels which will satisfy:

• a satisfactory daylight filtering performance;

• a satisfactory structural behavior;

• a fluid fabrication workflow.

The algorithm flowchart is summarized in figure 22.

Figure 22: Algorithm flowchart © Célia Bugniot, 2018.



62 63

Cloud slice pattern Cloud slice pattern

3.3.2. Simulations

The geometries resulting from the algorithm can be tested for their daylight filtration pro-
perties using Ladybug in Grasshopper. We have tested the algorithm with a fictive scena-
rio involving a classroom building in Paris. The building is five floors high and is destined 
to be a primary school. Classrooms with blackboards are located on all floors; a quiet 
nap room is placed on the third floor. The dark areas are defined as the blackboard walls 
and the floor of the nap room (figure 7). The corresponding geometries for the openwork 
façade panels were generated as described in paragraph 3.2 above.

The panels are tested for daylight filtration using an illuminance analysis performed 
with Ladybug. The value is measured on the dark surfaces and compared to the 
surfaces let accessible to sunlight (figure 23).

Figure 23: Illuminance measures inside a classroom © Célia Bugniot, 2018.

The façade is tested for a simulation of sunny weather at 10:00 and 15:00 on sols-
tice and equinox conditions, in order to test the conditions most likely to generate 
discomfort for the building’s dwellers. The results are detailed in table 6.

Without the Cloud Slice façade With the Cloud Slice façade

Date: 21 June, 10:00

Dark Areas 1467 428 -71%

Lit Areas 2173 979 -55%

Date: 21 June, 15:00

Dark Areas 1261 465 -63%

Lit Areas 3043 1590 -48%

Date: 21 December, 10:00

Dark Areas 2818 1403 -50%

Lit Areas 1037 695 -33%

Date: 21 December, 15:00

Dark Areas 861 406 -53%

Lit Areas 2313 1490 -36%

Date: 21 September, 10:00

Dark Areas 4362 1454 -67%

Lit Areas 4663 2733 -41%

Date: 21 September, 15:00

Dark Areas 1855 651 -65%

Lit Areas 5659 3053 -46%

Table 6: Results of illuminance simulations (average illuminance values measured in lux at the given date)

These simulations show that the “Cloud Slice” façade does indeed have a filtration 
effect, favoring light reduction onto the designed dark areas while minimizing the light 
filtration onto the areas that need to remain bright. The impact of the façade on the 
illuminance of the indoor areas can be summarized as the average of the percentage 
of illuminance reduction thanks to the façade. The average impact is -61% for the dark 
areas, versus only -43% for the lit areas.

Thanks to its informed design, the Cloud Slice façade is able to serve the comfort 
of the users inside while having a pleasant aesthetic value.

4. Conclusion and ways forward
The openwork panels designed for this research paper currently focus on one type of 
objective: sunlight filtration. In order to complete a full comfort objective, the generative 
design algorithm could be developed to incorporate notions of thermal comfort, glare, 
and view to outdoor. Notions of building energy performance could also be added.

Interesting shapes and results could also stem from a design strategy making full 
use of the 3D printing technology used by XtreeE, and especially the six-axes robo-
tics [27]. Through non-linear extrusion and variable casting width, the profile of the 
panels openings could become more variable and act as reflectors for the sunlight. An 
evolution of the algorithm to incorporate three-dimensional design generation strate-
gies could therefore open new paths for the performance of the openwork panels as 
daylighting and shading devices.

Structural optimization is here used as a tool to generate additional members for 
each panel’s geometry. Another approach could integrate it as a part of the “Cloud 
Pattern” generation. Other load cases could be integrated on top of self-weight and 
wind, such as those deriving from transportation (lifting, anchoring) of the panels and 
storage (stacking) constraints.
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Through the example of concrete 2.5D-extruded openwork façade panels, this 
research paper ambitioned to demonstrate the potential of an integrated approach 
combining additive manufacturing and computational design to design a series of 
non-standard elements following a set of constraints both at the series (façade) scale 
and at the individual (panel) scales.

The author did not count the hours dedicated to the development of the genera-
tive algorithm, but believes that it can compare with the 1 000 hours of work allegedly 
required for the design and fabrication of one single silicon formwork for the ZAC 
Rive Gauche façade panels [13]. It is therefore allowed to imagine that in a non-expe-
rimental context, this non-standard digital approach could even mean a time gain. On 
top of the economy on the formwork and lack of material waste, this only does confirm 
the potential of digital fabrication for the productivity of the construction industry.

But more than a gain in productivity, digital fabrication marks a paradigm shift [21]: the 
end of standardization and the advent of mass customization. By putting the purpose 
of indoor space at the source of the generative design algorithm, this research aimed 
at demonstrating that additive manufacturing can help create value, not only for the 
constructors, designers, developers, but also for the end-users.
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N on-standard tiles of slate stone salvaged from roofs of buildings 
are extremely seasoned due to weathering processes that chip 
away the weaker bits of foliated rock and are highly variable in 

their geometry in an unprocessed state. With so much current atten-
tion being focused on free-form geometries and procedural methods 
for vaulting, this paper proposes a translation of building with found 
materials into a digital process. The waste pieces of slate stone are 
then scanned and a database is established wherein the found-forms 
of slate stone are catalogued and digital representations of the same 
are created. Organizing the found forms explores the nesting and conse-
quent stacking of the pieces together thus defining a boundary surface. 
The boundary surface is subjected to a form finding process using the 
particle-spring system to give rise to a funicular form. The pieces are then 
oriented from the boundary surface onto the funicular form without any 
overlap. The relationship of one piece to another is explored by means 
of milled timber connections in the form of a structural arrangement by 
triangulating the axes of connections using the centers of each indivi-
dual piece of slate stone ensuring the rigidity of the structure. Assembly 
of the prototype discusses ways in which these complex materials are 
brought together – informed by a 3D model, but performed manually. 
The resulting prototype shell structure (a base dimension of 4 x 4 m) 
is composed of randomly shaped planar pieces of stone connected to 
each other with wood joints. This exciting potential of architecture deve-
loped from a unique interaction of used materials with new technolo-
gies and traditional craftsmanship suggests that future application and 
research in reusing construction waste can be a sustainable as well as a 
pragmatic design approach.

Keywords: reuse, construction waste, scanning, nesting, milling, particle-spring 
system, stacking, funicular-form finding, shell structure, free-form geometry, 

vault, planarity, sustainability

L es tuiles en pierre d’ardoise non standards récupérées sur les 
toits des bâtiments sont extrêmement altérées du fait du climat 
qui écaille les morceaux les plus fragiles de la roche feuil-

letée et dont la géométrie est hautement variable dans son état non 
transformé. Dans le contexte actuel, on s'intéresse de plus en plus 
aux géométries non-standards et aux méthodes procédurales de 
conception des voûtes. Ce research paper propose un processus de 
conception numérique dans lequel les déchets de pierre d’ardoise 
sont scannés pour être répertoriés dans une base de données en 
fonction de leur forme, puis transformés en représentations numé-
riques afin de questionner leur utilisation en construction. La caté-
gorisation des formes trouvées suscite une réflexion sur l'imbrication 
- nesting - et l'empilement des déchets de pierre d’ardoise, définis-
sant ainsi une surface de contour. Cette surface est soumise à un 
processus de form finding pour générer une forme funiculaire. Les 
pièces sont ensuite orientées à partir des contours des surfaces en 
forme funiculaire, sans aucun chevauchement. La connexion entre les 
pièces est réalisée par des pièces en bois qui assurent la triangula-
tion des pierres, assurant ainsi la rigidité de la structure. L’assemblage 
du prototype - défini dans un modèle 3D et réalisé manuellement - 
pose la question des manières dont ces matériaux complexes sont  
(ré)assemblés. Le prototype en coque qui en résulte est composé 
d'éléments de pierre à géométrie variable connectés entre eux par 
des connections en bois. Ce formidable potentiel d’une architecture 
pensée grâce à une interaction unique entre les matériaux de récupé-
ration, les nouvelles technologies et les savoir-faire artisanaux tradi-
tionnels laisse entrevoir de futures applications et recherches dans 
la ré-utilisation de déchets de construction. Cela peut constituer une 
approche de conception durable et pragmatique.

Mots-clés : réutilisation, déchets de construction, scan, imbrication, fraisage, 
particle-spring system, empilement, recherche de forme funiculaire, structure en 

coque, géométrie libre, voûte, planéité, durabilité
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Introduction
Construction and Demolition Waste (CDW) is one of the heaviest and most voluminous 
of all waste types. CDW recovery rates are currently only 30-35% but should have at 
least doubled by 2020 if the targets of the Waste Framework Directive (2008/98/EC) 
are to be achieved. It accounts for 34.7% of all waste generated in the EU and consists 
of numerous materials. 75% is comprised of soil & aggregates with around 24% being 
concrete tiles, bricks & ceramics, whereas the remainder 1% accounts for gypsum, 
wood, glass, metals, plastic, solvents and asbestos, many of which can be recycled. 
CDW has been identified as a priority waste stream by the European Union. There is a 
high potential for recycling and re-use of CDW since some of its components have a 
high resource value. Technology for the separation and recovery of construction and 
demolition waste is well established, readily accessible and in general inexpensive. 
One of the objectives of the Waste Framework Directive (2008/98/EC) [14] is to pro-
vide a framework to move towards a European recycling society with a high level of 
resource efficiency. In particular, article 11.2 stipulates that "member States shall take the 
necessary measures designed to achieve that by 2020 a minimum of 70% (by weight) of 
non-hazardous construction and demolition waste excluding naturally occurring mate-
rial shall be prepared for re-use, recycled or undergo other material recovery." Despite 
its potential, the level of recycling and material recovery of CDW (European Commis-
sion, 2011) varies greatly - between less than 10% and over 90% - across the Union. But 
much of this waste can be reused - if we can identify and classify it [17]. In this era of big 
data, design in every field is driven by data. Architecture also follows this trend, in many 
ways, by using quantifiable environmental data to obtain optimal building performance, 
structural data for form finding and elaborate financial data for optimizing costs of the 
project; data is even used to develop creative complex geometric forms. Architecture 
as a field has embraced data and has intertwined its use within the design process at 
nearly every stage. However, decisions in design and construction regulating reuse of 
building waste has not still evolved to the level it should be at and relies on environ-
mentally impacting backfilling since its easy and cost-effective.

Figure 1: EU Construction Waste Recovery & Backfilling Rates, "Level of recycling and material recovery of CDW", 
European Commission, 2011, see online on : http://ec.europa.eu/environment/waste/studies/pdf/CDW%20

Statistics%202011.pdf

Also, buildings’ actual lifespan is often shorter than their design lifespan. Changing 
land values, lack of suitability to current needs and lack of maintenance of non-struc-
tural elements often leads to the demolition of the building, leading to a more signifi-
cant percentage of carbon emissions due to construction and demolition compared 
to emissions due to operation. Imagine if from the onset a building was designed to be 
able to undergo deconstruction such that a majority of its materials could be salvaged. 
Thus it would be designing not only from salvaged materials, but also for future disas-
sembly of built forms such that the constituent materials can be reused. Additionally, 
the main advantage of building with salvaged materials is that they benefit from the 
high technology used for their creation in the first place. So, it only makes sense to 
rethink how we reintroduce them into the product lifecycle chain.

Figure 2: Reuse VS recycle (Image – Mine the Scrap Project) © Zaheed Lokhandwala, made with Mine the scrap.

Adaptive reuse is a philosophy from which the creation of this project has been 
derived. This requires an inversion of the design process where you create from an 
available database of materials thus reusing waste and adding to its life cycle [1] rather 
than just recycling. It results in a design that reflects and heroes the material since the 
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design is adapted with respect to it. A source of inspiration is Architect Kengo Kuma 
who intrinsically weaves natural materials and their characteristics into the design and 
spatial fabric. Another inspiring artist who creates designs from salvaged material by 
creating intrinsic linkages between them is El Anatsui :

“[...] I have experimented with quite a few materials. I also work with material 
that has witnessed and encountered a lot of touch and human use… and 
these kinds of material and work have more charge than material/work 
that I had done with machines. Art grows out of each particular situation, 
and I believe that artists are better off working with whatever their environ-
ment throws up." – El Anatsui, 2003.

Moreover, a number of recent research projects have investigated the use of raw 
materials in digital design and fabrication workflows, such as the arrangement and 
positioning of irregular wood components through algorithmic techniques (Monier et 
al. 2013) [10]. Further studies show the possibility to physically scan and data process 
natural wood branches (Schindler et al. 2014) [27] and connect them by organizing 
the forms obtained within the dataset and optimizing their placement with respect to 
the global geometry [6]. Mine the Scrap Project [17] uses an enhanced stream from 
any webcam that identifies and classifies the scrap you have collected for reuse. The 
target design is dynamically adapted according to the available scanned material. On 
the opposite, robotic fabrication techniques for a material of unknown geometry consi-
ders an overview of all the above-mentioned workflows in order to produce a double-
story timber structure with hand split wood plates of varying dimensions (Eversmann. 
2017 [9]). These new design processes allow for greater complexity in the material 
stock, reducing the energy costs associated with recycling. A greater complexity in 
material stock can be tackled with far more ease with the help of the computational 
tools and data that are at our disposal.

With the advent of the above-mentioned digital tools, fabrication techniques into 
architecture and the building industry, it is well within the scope to scan potentially 
reusable waste materials and input them into a digital platform in order to be able to 
access its dimensions, material properties, physical characteristics etc. so as to reintro-
duce them in the design/construction process and make them available to designers 
and builders to facilitate new construction. Some current trends can be associated 
with material resources that deal with cataloguing and reselling materials/products for 
reuse. For example, Rotor Deconstruction [22] in Belgium is a pioneering company in 
the field of salvaged building components. The team dismantles, conditions and sells 
materials, as well as help building owners, contractors and architects on the subject. 
Matabase [19] & Resourcerie des Biscottes [21] in France, to name a few works on 
similar principles, focus on all kinds of day-to-day household products.

Thus, the aim of this research is to form a workflow wherein we can ease the 
process of linking salvaged materials of various shapes and sizes so as to form a cohe-

sive and systematic assembly process that can be tweaked with respect to different 
design iterations. The objective is to use the idea of a material resource, by identifying 
potential materials that can be re-inserted into the product lifecycle chain, initially not 
in a physical way but in the form of a virtual database that identifies all the charac-
teristics of the material such that it can be input into a digital modelling software to 
analyse, modify and reapply to a new design application.

Figure 3: Cycle depicting the 3 steps – Salvaged Material for Reuse, Creation of a Virtual Database of the Material and 
creation of a New Design Solution using Material from the Database © Zaheed Lokhandwala.

The paper has been further categorized into the following sections: section 1 
describes in detail the process for the envisioning and implementation of the design 
and construction of the prototype. Section 2 details the assembly process of the 
prototype. Section 3 presents the inferences from scanning, computation, and fabri-
cation of the prototype as well as problems faced in the process. It also includes a 
brief description of other observations with respect to the prototype. Section 4 delves 
into additional experiments carried out using the same principle but completely diffe-
rent strategies post the scanning of the pieces. Section 5 addresses the conclusions 
derived from this research and different paths for the way forward. Finally, section 6 
lists and describes all the tools and plugins used for this research.

1. Methodology
The process of design and digital fabrication of the prototype shell structure out of 
reused slate stone and wood connections can be broken down into seven essential 
steps from identifying the material to work with, scanning it, stacking the pieces to-
gether, defining a boundary mesh, giving rise to a funicular shape form the boundary 
mesh, orienting the pieces on the funicular form, designing and defining the connec-
tions to lastly, carrying out a structural analysis to check the displacement under load, 
if the stone pieces and connections are in compression or tension and if the pieces of 
stone can withstand said forces.
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Process - Pictorial Flowchart
Defined here (figure 4) are the iterations to each step of the process to configure the 
best possible design solution. Numerous iterations with respect to the stacking algo-
rithm for the pieces resulting in different funicular forms corresponding with respect to 
stacking boundaries, the orientation of the pieces on the respective funicular surface, 
design iterations for the connections and, finally, a structural analysis. Each iterative 
process will be covered in depth under its respective sub-heading further in the re-
search paper.

Figure 4: Pictorial flow-chart of the entire workflow depicting the numerous iterations within each step  
© Zaheed Lokhandwala.

1.1. Identify Materials
According to the statistics reported by the European Commission in 2011, soil and 
stones constitute 73% of the Construction and Demolition Waste. The highest amount 
of materials can be found in the horizontal layers (i.e. floors and roofs) rather than the 
columns and walls of typical buildings. The embodied carbon of buildings: typical floor 
and roof structures range around 440 kg CO2 e/m2. This is due to material extraction, 
manufacturing the market standard size tiles, transport to site, construction and de-
molition [24]. If these materials (e.g. slate stone widely used in the roofing industry) are 
reused instead of being recycled in the backfilling industry or creating slag for roads 
and pathways, the embodied carbon can be as low as 60 kg CO2 e/m².

Concrete, tiles, ceramics, insulation material -26%

Wood -0.1%

Metals -0.002%

Glass -0.05%

Soil and Stones -73%

Plastics -0.01%

Bricks, blocks, plaster -0.2%

Figure 5: Identify material – slate stone. "Bruchfläche eines Perlmuttstücks", 2007 © Penarc, CC-0. Source : Wikimedia 
Commons (https://commons.wikimedia.org/wiki/File:Bruchfl%C3%A4che_eines_Perlmuttst%C3%BCcks.JPG)

Therefore, in addition to the statistics provided above the material selected is slate 
stone for the following reasons:

• ease of availability - convenient to purchase off second-hand websites such as 
Leboncoin [20] and can be easily salvaged from construction sites;

• convenient to scan the standard sizes of stone available for reuse (approx. 
600 x 900 x 3 mm);

• slate can be used directly without any transformation to the original shape thus 
bypassing energy for conversion;

• high quality slate has a structural efficiency three times that of concrete [18], which 
makes it an ideal choice for building material of funicular forms.

7. Structural analysis6. Connections5. Orient pieces4. Funicular Form Finding3. Stacking Algorithms2. 3D Scan1. Identify waste
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1.2. 3D Scan
Initially, the outlines of the pieces of slate were obtained by building dense point clouds 
using photogrammetry with an advanced image-based 3D modelling solution aimed 
at creating professional quality 3D content from still images. A 3D reconstruction using 
arbitrary images wherein photos can be taken from any position, provided that the ob-
ject to be reconstructed is visible in at least two photos. But since this method resulted 
in a heavy and cumbersome model from the multitude of points obtained from all the 
pieces, it was much easier to just work with the boundaries and extrude the pieces post 
form finding.

Figure 6: Use of photogrammetry to ascertain outlines of the slate pieces © Zaheed Lokhandwala.

This was done by capturing an image of all the pieces together with a ruler placed 
beside it in order to provide a reference with respect to the size and scale of the 
pieces. The images are then transformed from bitmaps into vector graphics using the 
Grasshopper plugin, Trace [Section 6. Plugins Used (6)] (figure 7). The pieces are then 
extruded with respect to their thickness, thus forming a digital library of the pieces of 
slate within a 3D modelling software. Then they can be stacked or aligned together to 
find the best possible iterations on a 2D plane or they can be made to orient on doubly 
curved surfaces, making sure the planarity of the pieces is kept intact.

Figure 7: Embedding the Salvaged slate stone pieces from physical to a virtual database © Zaheed Lokhandwala.

1.3. Stacking
Once the slate pieces are embedded in the 3D modelling interface they are run through 
a nesting script which in turn nests the pieces together within a pre-defined rectangu-
lar bounding region using the Grasshopper plugin, Generation by Antonio Turiello. The 
spacing between the pieces can be edited by changing the nesting quality parameters, 
which in turn, ensures a tighter nest of the pieces within the bounding region. However, 
it is observed that this is not a very efficient method, as the pieces do not rotate about 
their center in order to ensure a tighter fit. Hence to make the process more intuitive, 
the nesting algorithm is only used as an initial means for placement of the pieces to-
gether within a rectangular region. After that, the pieces are run through a customized 
stacking script using particle spring systems1. Individual pieces are stacked through 
a sequence of three steps: discontinuities along the periphery of the slate pieces are 
extracted along with the center of the pieces. Lines are drawn within each piece by 
cross-referencing the extracted points from each piece. A high-length factor is ascer-
tained for these lines so as to ensure the slate pieces never lose their original shape 
when iteratively stacking together under a uniform force. (figure 8)

1. Particle-spring systems are made up of particles and springs. The particles are dimensionless points in space where all mass 
is concentrated. The springs connect particles to one another and are modeled as straight linear elastic bars. Each spring 
element is assigned a constant axial stiffness, initial length and damping factor. Typically, the mass of the particles represents 
the self-weight of the structural form. Once the form finding process is initiated, the initial shape of the particle spring network is 
not in equilibrium and the forces begin to impact the particles. These forces are generated by the displacements of the springs 
from their rest length and the forces applied to the particles. The system will begin to oscillate, extending beyond the equili-
brium shape and rebounding. The damping coefficients effectively damp the system so it can eventually come to a rest position 
that represents an approximate equilibrium position.

2. Delaunay triangulation for a given set of discrete points in a plane is a triangulation such that no point is inside the circumcir-
cle of any triangle herein. Delaunay triangulations maximize the minimum angle of all the angles of the triangles in the triangu-
lation; they tend to avoid sliver triangles. The triangulation is named after Boris Delaunay for his work on this topic from 1934.

Figure 8: Reinforcing each piece to make sure it does not lose its initial shape under the force of the stacking process 
© Zaheed Lokhandwala.

Similarly, a Delaunay Triangulation2 is drawn through the already extracted centers 
of the individual pieces of stone ensuring all the pieces are connected within this 
network of lines as indicated in figure 9. A low length factor is assigned to these line 
segments since we want these lines to shorten once the simulation starts running, in 
order to bring the pieces closer to one another, negating the gaps in between pieces 
so as to form a dense stacking.
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Figure 9: Triangulated movement of the slate pieces along their centers © Zaheed Lokhandwala.

Lastly, a collision radius is assigned for all the pieces so as to deliberately leave 
a slight gap between the pieces to ensure they don’t overlap once they are oriented 
onto a funicular form. This step allows some room for play for the wood connections 
in between the pieces that would form a network, ultimately leading to a compres-
sion-only structure.

Figure 10: Stacking process wherein slight gaps are left post simulation to ensure room for the wooden connections 
between the pieces © Zaheed Lokhandwala.

For the purpose of iterative form finding, several iterations of the stacking process 
on the XY plane were tested. There are several examples below.

(1) Stacking within a pre-defined boundary so as to be able to test compression only 
arches. It works on the same principle as the original process with the only difference 
being that the pieces always align and stack within a pre-defined boundary shape. As 
a result, a denser arrangement is observed, as there is an additional strength factor of 
the boundary acting on the pieces forcing them to always stay within figure 11.

Figure 11: Stacking within a pre-defined boundary © Zaheed Lokhandwala.

(2) Introducing circular openings within the boundary
In this method, we assess the regions where the stacking is inconsistent resulting 

in large gaps between the pieces.
Larger shapes are introduced herein so that the pieces do not cross over into these 

shapes while stacking, thereby allowing the prospect of introducing openings of diffe-
rent shapes within the global geometry post form finding.

3. Funicular Surface: they have axial forces only in either tension or compression for the loading case they have been designed 
for. Their shape is determined by the magnitude of horizontal thrust in it, which can be controlled in the force polygon, and the 
boundary condition.

Figure 12: Stacking around definite shapes © Zaheed Lokhandwala.

(3) Double layer stacking is made possible on two identical boundaries that are 
offset from one another by a specific value in the z-direction. The two stacks are supe-
rimposed on each other creating two layers of stacks which are then oriented on the 
funicular surface3 and an offset of it respectively, thus creating a double layer vault. 
It works on the same principle of the above stacking methods, but what this system 
does is that it completely blocks out all the gaps between the pieces that are visible 
with a single layer stacking system. It is quite obvious that this system is a much more 
complicated approach to solve problems but its advantages and perhaps a working 
solution is described further in detail towards the end of this paper as it serves a very 
promising domain (see figure 29).

(a)

(b)

Figure 13: (a) Superimposition of the 2 layers; (b) Double Layer Stacking © Zaheed Lokhandwala.
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(4) Overlap stacking carried out again to address the gaps post form finding. Results 
from this stacking process are not very conclusive, as it does not result in a uniform stack 
once oriented onto the funicular surface as observed in the last column in figure 16.

Figure 14: Overlap stacking © Zaheed Lokhandwala.

Shown below is an overview of all the stacking processes discussed above for 
comparison (figure 15).

Figure 15: The different stacking iterations with the first one being the Original Option.  
Simple Stack described in the prototyping process herein © Zaheed Lokhandwala.

1.4. Funicular Form Finding & Orientation
Particle-spring systems [23] are commonly used to develop compression-only form-fin-
ding systems. This paper proposes to use a particle-spring system in response to the 
desired form obtained from a boundary surface post the stacking of pieces in order to 
generate a compression-only structure. Thus, the aim is to generate, build, and test a 
compression-only vault composed of slate pieces that are stacked together using the 
Simple Stack process seen in figure 10 and are oriented from the XY plane onto the 
funicular surface by tracing the centers of the pieces onto the surface and then aligning 
the two sets of planes and orienting the geometry using these planes onto the shell 
surface. Figure 16 shows the form finding using the boundaries derived from the five 
separate stacking processes seen in figure 15.

                                                     (0)                  (1)   (2)  (3)         (4) 

Figure 16: Funicular form finding with the different stacking processes © Zaheed Lokhandwala.

Obviously, the remainder of the options do not give very consistent results as 
compared to the simple (0) and double-layer stack (3) refering to figure 16. For now, 
the paper focuses on a simple stack, addressing the advantages of the multi-layer 
stack later in the paper.

1.5. Connections
Once the pieces are oriented onto the vaulted surface, their centers are obtained and 
a Delaunay Triangulation is carried out using these centers so as to define the axes of 
connections between pieces.

Figure 17: The red lines denote the Delaunay triangulation to obtain the connection axes © Zaheed Lokhandwala.

 To further improve the rigidity of the structure, the axes are subjected to another 
triangulation so as to ensure that the pieces do not rotate about their axis under defor-
mation and hence give stability to the structure.

(0) (1) (2) (3) (4)
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Figure 18: Further triangulation of the axes to define rigid connections © Zaheed Lokhandwala.

The problem faced in the triangulation method is that the connections/joints are 
not on the same plane as the pieces. This is an obvious error, as the end arms of the 
connection will never be in the same plane as the edges of two consecutive pieces 
hence making it impossible to attach the connections with the pieces. The problem 
is solved by extruding the lines in either direction, thus forming a planar surface 
(figure 19). The points resulting from the intersection events between the slate pieces 
and the extruded line surface can now be extracted, providing the start and end points 
of the connections between the two adjacent pieces.

Figure 19: Extruded connection axes to help ascertain the intersection points at the edges of the slate stone 
© Zaheed Lokhandwala.

These points are used to generate one half of the arms of the connections. This 
geometry is then mirrored along the connecting lines between the pieces, thus 
forming a complete set of connections that hold the slate stone together. Their shapes 
are defined with respect to the thickness of the slate pieces attached to it.

Figure 20: Design and orientation of the final connections © Zaheed Lokhandwala.

Some exploration of design ideas ranges from a CNC milled pipe connection to 
connections that can be 3D printed. But for the sake of ease of fabrication a more 
two-dimensional approach is deemed feasible wherein both the arms of the connec-
tions are defined in a single plane (refer to figure 21) so as to make them easy to manu-
facture.

Figure 21: Planar connections that can be easily fabricated using a laser-cutter or CNC milling machine 
© Zaheed Lokhandwala.

The final arrangement of the connections with respect to the pieces wherein the 
change in angles at opposite ends of the connections are factored in by computing 
the average between the two end planes to define planar connections that can be 
easily fabricated by laser-cutting. Due to the numerous angles created to ensure 
planarity of the slate pieces, each connection is parametrically refined to fit its respec-
tive slate piece.

Figure 22: Visualization of the shell structure depicting final assembly using laser-cut planar wood connections 
© Zaheed Lokhandwala.

To counter the variation in thicknesses of slate stone, the connections designed for 
the 1:1 scale prototype is attached with adjustable arms (see figure 28).

1.6. Structural Analysis
This research follows an important body of work from the past decade, which focuses 
on the design of global surface geometries for compression-only structural behavior 
(M. Rippmann et al. 2016 [3]; Brandon Clifford et al. 2015 [4]). For example, studies in 
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thrust network analysis have made possible the design and computation of complex 
unreinforced freeform shell structures that work purely under compressive forces once 
they are completely assembled (Block, 2009 [11]). The structural analysis includes a 
global analysis that evaluates the equilibrium of the structure in its final state. The ana-
lyses are conducted with Karamba, a finite element analysis plugin for Grasshopper 
(Preisinger, 2013), and directly contribute to the design and distribution of the wood 
connections by coordinating different types of structural constraints: type, direction, 
and magnitude of reaction forces. Specifically, the analyses consider reactions gene-
rated at boundary conditions between elements and at the interface with the ground 
to determine the types and locations of necessary details.

(a)

(b)

Figure 23: (a & b) Structural analysis depicting axial stresses in connections and principal stresses in the slate 
© Zaheed Lokhandwala. Red areas denote compression whereas the blue regions denote tension.

A structural analysis under a load of approximately 4.5 kN/m² results in a buckling 
factor superior to 5. The load cases are defined by a combination of wind load (15 kg/m²) 
 and the self-weight (30 kg/m²) of the structure. The connections are defined as lines 

and input into the line to beam command and characterized as box sections for the 
purpose of structural evaluation and in order to ascertain their ideal depth to be able 
to withstand the above-mentioned loads. The majority of red areas seen in the image 
reinstate the fact that the plates are in compression and due to the geometry of the 
connections the structure is stable because of its self-weight. Moreover, slate has a 
Young's modulus4 ranging from 10-100 MPa (mega pascals) thus good quality slate 
has 3 times better structural efficiency as compared to concrete - this can be attri-
buted to the fact that used slate has undergone weathering process over the years 
which results in it breaking away parts of lesser structural integrity. Therefore the 
stone that is salvaged is very durable and perfectly suited for the form finding process 
described in this paper. Furthermore, since it is a vaulted structure, it is highly efficient 
due to the use of axial loads instead of bending loads.

4. Young's modulus is a mechanical property that measures the stiffness of a solid material. It defines the relationship between 
stress and strain in a material in the linear elasticity regime of a uniaxial deformation. SI unit: pascal

2. Assembly
Two prototypes were assembled for the sake of this research. The first model (figure 24) 
was built using actual pieces of slate stone that are scanned using the workflow above 
and input into the digital modelling interface. The connections are tagged and baked 
in rhino after which they are laser-cut. As depicted in the figure 24, the connections are 
not very rigid and glue has to be applied in order to hold the pieces together. This is due 
to the fact that the exact locations where the connections fit onto the pieces are not 
marked and the variable thicknesses of the stone pieces are not considered, resulting 
in a poor interpretation of the final digital design.

Figure 24: First cut prototype and future triangulated connection assembly © Zaheed Lokhandwala.

The second prototype is carried out on a 1:100 scale so as to assess through a 
live model the behavior of the connections with respect to the pieces. The assembly 
process requires an efficient naming and tagging system of all the pieces as well as 
the connections in order to be able to able to build it with ease and follow a specific 
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order so as to negate or minimize the use of falsework in order to support the pieces 
during construction. The slate pieces are first numbered and assigned a tag at all the 
points on the edges of each stone.

These are the precise positions where the connections will be fastened in order 
to connect the adjacent pieces. All the connections are then numbered from first to 
last and similarly assigned a tag at the end of each arm corresponding to the number 
of the slate piece they are going to connect to. Consequently, as mentioned above, 
a similar tag denoting the main identifying number of the connection is assigned on 
the edge of their respective slate pieces. The anchor pieces at the base are simi-
larly numbered and tagged. Once the tagging process is complete, all the pieces are 
oriented onto the XY plane on the Rhino canvas in three separate groups; namely the 
slate pieces, the connections, and the base pieces. These items are then baked into 
the Rhino interface from Grasshopper and finally cut using a laser-cutting machine. 
The cut pieces are then laid out in chronological order in their respective groups.

Figure 25: Laser cut pieces for assembly © Zaheed Lokhandwala.

The assembly is carried out starting from the topmost piece and slowly worked 
downwards towards the base. This ensures that there is no use of supports or 
falsework in order to hold the pieces at the top in their place as the lower ring of 
connections and being lifted higher as the assembly is carried out and is, conse-
quently, always supporting them.

Figure 26: Assembly order © Zaheed Lokhandwala.

Once the entire model is assembled, including the horizontal base pieces, it is 
attached into pre-defined grooves onto a base plate. These grooves match the 
exact boundary periphery conditions as defined in the digital model. Thus, in order 
to snugly fit into the groves, all the connections and pieces have to be fit precisely in 
their denoted positions thereby maintaining the exact design shape and ensuring the 
global geometry is always in compression.

(a)

(b)

(c)

Figure 27: (a) The complete model; (b) design details; (c) a load test is carried out by placing an object on the shell 
© Zaheed Lokhandwala.
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A 1:1 scale wood connection shows the adjustable arms that incorporate the 
various thicknesses of the salvaged slate stone. The arms can be adjusted along their 
vertical axes perpendicular to the direction of the arm by means of a screw that can be 
forced inwards or outwards depending on the thickness of the slate stone.

Figure 28: 1:1 scale connection prototype.

3. Inferences

Figure 29: Double Layer System offset from the pre-existing layer © Zaheed Lokhandwala.

The following inferences are derived from the computational workflow and fabri-
cation of the prototype described in the research paper:

• planarity of pieces is maintained due to the excellent behavior of slate stone 
under compression, coupled with the wood connections;

• a well-defined and systematic numbering/tagging system ensures the prototype 
is very easy to assemble even though it has a complicated form and connection 
arrangement;

• a top to bottom assembly of the prototype is favored due to ease of fixing the 
connections with the pieces;

• the wood connections can be easily milled or laser-cut; excellent properties of 
wood under compression and tension;

• the adjustable connection arms factor for the varying thicknesses or broken 
edges of the slate stone and fit precisely. Hence, avoiding the use of glue as 
compared with the first prototype;

• the connection axes are triangulated a second time (see figure 18) in order to form 
a more rigid assembly system;

• the structure can withstand heavy loads as observed with the placement of a 
book on the vault;

• the arrangement of the connections for the prototype is designed so that it is easy 
to attach multiple layers of stone assemblies offset from the original one, in order 
to replicate the multiple layer stacking systems (figure 29);

• with so much attention being paid to slate stone being the primary reused mate-
rial, it is interesting to point out that most of the wooden connections have been 
fabricated from salvaged wood planks from the lab the prototype was being 
fabricated in.

4. Additional tests

4.1. Multi-Layer System
If we look towards nature for the most commonly occurring stacking processes, a prime 
example is the cross-section of a pearl. When observed under an electron microscope 
it reveals a complex network of multilayer stacking. What this does is it not only gives 
high rigidity but also an ability to span surfaces with a double curvature at the same 
time as making it very resilient.

Figure 30: Multi-layer stacking seen in the cross section of a pearl that is very similar to the stacking seen within Slate 
stone too. "Bruchfläche eines Perlmuttstücks", 2007 © Penarc, CC-0. Source : Wikimedia Commons (https://commons.

wikimedia.org/wiki/File:Bruchfl%C3%A4che_eines_Perlmuttst%C3%BCcks.JPG)
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Based on these observations, a double layer stacking was carried out within a 
predefined boundary. The only difference being that instead of defining wood connec-
tions between adjacent pieces, here the two pieces are glued together with a wood 
spacer between them, such that the distance between the pieces is slightly greater 
than the thickness of the pieces. Each double layer joint is then slid into the gap of 
the next one thus forming a four-layer system. It works on the principle of one joint 
supporting two other ones and being supported by two separate ones. It's easy to 
form global curved surfaces with this form of stacking. The only drawback is that the 
stone pieces are subject to shear loads, which might result in the pieces giving way.

Figure 31: A multi-layer stacking system devoid of connections © Zaheed Lokhandwala.

4.2. Chitosan Infill
Another test was carried out where a chitosan mix was poured over a simple stack and 
then allowed to dry for 24 hours (Bornaz, 2018 [28]). This allows the stack to retain its ori-
ginal shape but lends it an additional layer of flexible chitosan which not only fills up the 
gaps between the pieces, but also lends the whole stack with a malleability of fabric, as 

a result allowing it to take the form of complex curved shapes just like a piece of cloth, 
but with an added stiffness to be able to hold its shape once defined. It reinforces the 
idea that it could serve as a secondary skin in roof or facade design.

Figure 32: Additional tests using Chitosan as an infill layer between the stacked pieces © Zaheed Lokhandwala.

5. Conclusion and way forward
The research applications successfully show the marriage of two salvaged materials to 
give rise to a complex form. This is achieved by understanding the respective inherent 
material properties of both the elements. Consequently, it links the two so that they 
give rise to a unique synthesis in terms of design and structure. Reinforcing the fragi-
lity of slate stone using rigid wood connections, as illustrated in the compression only 
prototype, provides an interesting premise for future research. Furthermore, the system 
is designed while keeping in mind future disassembly so that these materials can be 
reintroduced into the product lifecycle chain. The prototype, inspired by the multi-layer 
stacking system, takes inspiration from, and highlights, the inherent stacking within a 
range of biological forms found all around us and mimics naturally occurring pheno-
mena. Though it does not prove very successful with slate stone, applications of these 
ideas with denser and stronger materials could prove very fascinating. Similarly, appli-
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cations with bioplastics such as chitosan replacing the wood connections offer an enti-
rely new premise to work with. During the course of prototyping, it was deduced that if 
slate stone was replaced with a material that behaves well under tension, applications 
of this workflow could be carried out on a wider range of possibilities such as facades 
of buildings, and anticlastic surfaces where the connections can be aligned on asymp-
totic, geodesic or principal curvature lines (figure 33).

Figure 33: Applications on façades and doubly curved surfaces © Zaheed Lokhandwala.

To sum up, this research successfully demonstrates a new method to design, 
analyze and build complex geometry shell structures, which address a myriad of 
architectural concerns, without the need for extensive formwork or templating. 
Through computation, digital fabrication and the adaptation of detailing strategies, 
this method points to a possible application of design in synchronous feedback with 
the constraints of assembly. While the potentials of such a method accommodate an 
endless number of possible geometries, the analysis points to a series of constraints. 
These constraints exist primarily in the structural and material properties of the 
salvaged stone pieces and the wood connections, the geometric constraints of fabri-
cation and the problematics of compounding errors during assembly. Future research 
seeks to further evaluate the capabilities of assembly simulation and sequential fixing 
in the fabrication of full-scale structures constructed entirely out of salvaged materials.

6. Plug-ins used
• Kangaroo Physics (Daniel Piker): Kangaroo is a Live Physics engine for interactive 

simulation, optimization and form-finding directly within Grasshopper;

• Karamba (Clemens Preisinger in cooperation with Bollinger-Grohmann-Sch-
neider ZT GmbH Vienna): Karamba is a parametric structural engineering tool 
providing accurate analysis of spatial trusses, frames and shells. Karamba is fully 
embedded in the parametric design environment of Grasshopper, a plug-in for 
the 3D modeling tool Rhinoceros. This makes it easy to combine parameterized 
geometric models, finite element calculations and optimization algorithms like 
Galapagos;

• RhinoVault (Dr. Matthias Rippmann, Dr. Lorenz Lachauer, Prof. Dr. Philippe Block): 
the Rhinoceros® plug-in Rhino-VAULT emerged from research on structural form 
finding using the Thrust Network Analysis (TNA) approach to intuitively create and 
explore compression-only structures;

• WeaverBird (Giulio Piacentino): Weaverbird brings mesh editing, subdivision and 
mesh transformations to Rhino and Grasshopper users;

• Ngon (Petras Vestartas): Mesh NGon Methods for Grasshopper and Rhino 6. NGon 
Create, Vertex, Edge, Face Adjacency queries, Subdivide, Planarize, Transform, 
Utilities;

• Trace (Gerard): transforms bitmaps into vector graphics;

• Anemone (Mateusz Zwierzycki): plug-in enabling to create loops in Grasshopper;

• Galapagos (David Rutten) - Evolutionary computing for Grasshopper;

• WombatGH (Andrew Heumann and Brian Ringley): a series of miscellaneous 
utilities aimed at improving modeling processes by streamlining common tasks. 
It includes components for operating on geometry, lists, files and folders, and 
visualising the geometric properties of surfaces and meshes;

• Generation (Antonio Turiello): provides additional components to explore, animate 
and fabricate generative shapes with Grasshopper.
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T his research attempts to define an innovative methodology 
to conceive light, fast, easy to build, yet structurally efficient 
structures. We decided to take advantage of both actively 

bent principles and segmented shell structures as a starting point 
to develop the research. As a general principle, we aim to use initially 
flat plate elements that we bend by fixing them to their support 
and neighbours to finally reach our expected design. We are using 
the deformation of developable surfaces as a structural principle. 
As we are trying to use an actively bent arch system, the paper defines a 
process that is able to generate a collection of hypar shell-like designs 
made out of segmented arches. From a simple topological approach, we 
apply a form-finding method using Catmull-Clark and Laplacian smoo-
thing to generate variations. For each variation, we apply a data visuali-
sation system, in which we extract data (bending stiffness, developability, 
curvature, scale, etc.) that will allow us to deploy a data visualisation 
analysis and optimise the approach to the design that will best fit our needs.  
This principle might open new perspectives in fabricating doubly curved 
shells in an easy, cheap and efficient way for conceiving lightweight shel-
ters, temporary structures, as well as flexible formworks and concrete-
wood composite shells. Using the perspective of minimising the amount 
of materials, while maximising the structural efficiency and the speed of 
construction of complex structures can be achieved thanks to compu-
tational methods. As a more general proposition, this paper can also be 
understood as a general methodology on fabrication-aware design and 
optimisation.

Keywords: active-bending, developable surfaces, segmented-shell, timber-shell, 
elastic bending, generative design, computational design.

C ette recherche tente de définir une méthode innovante pour la 
conception de structures légères faciles et rapides à construire 
et structurellement efficaces et économes en matériaux. C’est 

à partir de cet objectif initial que nous avons décidé de tirer profit de 
deux techniques constructives : le cintrage actif, plus largement connu 
sous son nom anglais « active-bending » et les coques segmentées. Le 
principe général consiste à utiliser des bandes plates, de les mettre en 
flexions en les positionnant sur des supports et de les joindre chacun 
bords à bords afin de reconstituer une surface à double courbure. 
Afin de pouvoir décrire la discrétisation de la coque en un système 
d’arches positionnées bords à bords, une approche topologique a 
été choisie en utilisant une maille initiale simplifiée, permettant de 
fixer les paramètres invariants, puis de subdiviser la maille en utili-
sant deux algorithmes Catmull-Clark et un lissage Laplacien. Cette 
technique permet l’utilisation d’une maille simplifiée qui sert de 
guide à la description de la forme finale, réduisant ainsi les temps 
de calcul tout en garantissant le respect des contraintes initiales. 
Il est ainsi possible pour chaque itération du modèle d’extraire une série 
de données, telles que la courbure gaussienne et moyenne, la sollicita-
tion ou la résistance à la flexion. Ces données permettent de faire une 
étude comparée et de sélectionner des solutions dans un domaine 
défini par nos objectifs structurels et nos contraintes de fabrication. 
Une première méthode est ainsi exposée, présentant une association 
entre l’optimisation de l’épaisseur d’une coque en béton et la généra-
tion du coffrage associé. Cette étude bénéficie largement des études 
réalisées à l ’ITKE de Stuttgart et propose une stratégie simplifiant la 
fabrication de coque à double courbure grâce à l’utilisation de bandes 
développables structurelles. Les prototypes associés démontrent une 
simplicité et une rapidité de fabrication prometteuses pour la concep-
tion de structures temporaires légères aux formes complexes, telles 
que les coffrages flexibles, ainsi que les structures en bois et en béton 
composite.

Mots-clés : cintrage actif, surface développable, double-courbure, déformation 
élastique, coque, fabrication digitale
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Introduction
With the rise of computational tools, architects and engineers have the opportunity to 
develop new methods, and ways of thinking and designing. This new paradigm has a 
direct impact on design aesthetics. It opens possibilities to think about design, structure 
and fabrication at the same time, as well as the best compromise between these cri-
teria. The term “bending-active” was introduced by Julien Lienhardt to describe curved 
beam and surface structures that base their geometry on the elastic deformation of ini-
tially straight or planar elements. Therefore, bending-active structures rely on the inex-
tricable relationship between force and form. This paper aims to define an iterative com-
putational method to interactively design a hyperbolic concrete shell and its formwork 
 by using a form-finding strategy to define the geometry, and a series of data analysis 
to control the design and material performances.

In our scenario, four criteria are taken into account:

• geometrical properties;

• structural behaviour;

• cost and material;

• fabrication constraints.

The process will control the final design and the fabrication constrains at the same 
time. In a final attempt, we will propose to a apply our process to the development of 
a concrete structure taking care of the concrete form while taking into account the 
structural behaviour of the wooden formwork.

1. Previous work
Hyperbolic paraboloid shells are doubly curved shells with negative Gaussian curva-
ture. Shell morphologies are very common structures in the natural environment. In 
fact, they are a very good compromise between structural efficiency and quantity of 
matter. Despite the advantages, these shapes are generally avoided in design and ar-
chitectural construction as they can be very complex to fabricate.

The utilisation of flexible design processes, such as form-finding and fabrica-
tion-aware modelling in the early design stage, opens a new window of research for 
these geometries. The apparition of reinforced concrete able to resist to compression 
traction and shear forces has led numerous engineers to investigate this type of struc-
ture until the second half of the twentieth century: Toroja, Candela, Nervi, Maillard, 
Freyssinet etc. are examples of architect that have dedicated their life to the studies 
of these structures. Looking back at their work provides information on interesting 
strategies to build them.

Airship hangars in Orly, conceived by E. Freyssinet in 1923, are an interesting 
example of a segmented shell. It presents a very interesting construction strategy 
using a movable formwork to reduce the amount of material used during the 
construction of the juxtaposed parabolic vault.

Cnit in la Défense (Paris), designed by Jean de Mailly Bernard Zehrfuss, is 
composed of two 60 mm concrete shells for a 218 m span. It is known to be the 
largest unsupported concrete structure in the world. Prefabrication was widely used, 
especially for the moulded stairs and first floor. Placed before the cover, they were 
used to reach the top of the vault by reducing the scaffolding. The vault, made up of 
18 spindles, spread out from each abutment. It was built in three phases: from the first 
waves, around the crest of the valley to the edges of the facades. At each stage, the 
formwork of the lower shell was put in place, then the concrete was poured to 6.5 cm 
thick, then the operation was repeated for the upper shell. The stripping of the spin-
dles was carried out using ten jacks of 300 tons, placed between the faces of the two 
hulls. The vault has since held unsupported, on its large glass facades designed by 
Jean Prouvé, that let the structure expand freely.

Candela used the geometrical properties of a ruled surface to build the formwork 
of this hyperbolic paraboloid shell. Ruled surfaces are surfaces described by straight 
ruling lines and transformed onto narrow boards fixed on a stiff structure before 
pouring the concrete on.

In the past, these geometries have been widely explored by the teams of Jan 
Knippers and Achim Menges, and the Block Research Group, where bending-active 
systems, computational form-finding, and digital fabrication processes have been 
explored through different pavilions and it has opened a very promising direction of 
research.

Figure 1: Nest HiLo, Block research group © ETH Zürich / 
Michael Lyrenmann.

Figure 2: Bending-active system © Ricardo La Magna.
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2. Form-finding Strategy
Instead of using a classical dynamic relaxation method, we take advantage of classical 
computer graphic techniques and their smoothing algorithms: we use Catmull-Clark 
and Laplacian smoothing as a topological tool to generate our design. This method 
presents the great advantage of being precise and effcient in calculation time. This 
method allows the generation of a variety of forms that share the same topology and 
data structures, and to compare their geometries and performance. In our case, the 
initial goal is to define a hyperbolic paraboloid geometry made out of bent arches. To 
guarantee it fits in all cases, we use a very simple initial mesh, where each branch is 
made from two adjacent quads laying on a common level.

2.1. Branches Topology/planar variables
Create a domain D1 = (Pi/Bn)

Each branch is made of two symmetric quads Q1 et Q2 where R1 = D1/2 and each 
quad is made of four vertices (V0, V1, V2, V3):

• (V0;V1) is the symmetrical axis and the edge shared by the two quads of the B0 is 
the half-span of the structure;

• (V0;V3) is the edge connecting the centre (singularity) of the structure to the 
ground and is the border of the first arch of the branch;

• (V1;V2) is the edge connecting the top of the branch with the support;

• (V3;V2) is the edge defining the support of the structure (ground level).

Figure 3: Branche topology measurement © Thomas Sicouri.

2.2. Curvature Control / variables
• V0 is the singularity of the mesh. We can control its altitude;

• V1 is the top of the branch. We control its altitude;

• V2 is on the ground and can be situated anywhere on D1/2;

• V3 is on the ground and is situated on the external radius of D1/2.

Figure 4: Results variation © Thomas Sicouri.

2.3. Arches system
• the number of branches;

• the length of (V0;V1);

• the length of the support (V3;V2);

• the number of subdivisions we apply to the mesh.

2.4. Catmull-Clark Subdivisions and Laplacian Smoothing

The Catmull–Clark algorithm is a technique used in computer graphics to create smooth 
 surfaces. It is a generalisation of bi-cubic uniform B-spline surfaces to arbitrary topolo-
gy. This recursive algorithm is used here as a technique to create a smooth saddle-like 
surface from the minimum quantity of parameters.

v1

v2

v2

v3

v0 v3
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Figure 5: Mesh variation © Thomas Sicouri.

The Laplacian Smoothing is an algorithm that smooths a polygonal mesh by repo-
sitioning its vertices based on local information. Basically, it used the barycenter of 
the neighbour vertices to give a new position to the vertex. In our case, we observe a 
kink that appears in a particular situation at the singularity, V0. In order to reduce the 
error, we apply a Laplacian algorithm that will find a better position for this point. The 
height of the point, V0, is determined by the initial height we provide and the number 
of iterations we apply to the Laplacian algorithm. Because of those two operations, it 
is necessary to compare the variables we input in the algorithm and the measurement 
we have from the smoothed mesh.

Figure 6: Relation between smoothed an initial mesh © Thomas Sicouri.

3. Data Analysis

Figure 7: Design method / Active bending: wooden formwork for complex concret structure 
© Thomas Sicouri.

3.1. Curvature identification
The two principal curvatures determine the local shape of a point on a surface. One 
characterises the rate of the maximum bending of the surface and the tangent direc-
tion in which it occurs, while the other characterises the rate and tangent direction of 
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minimum bending. Rmin and Rmax are respectively the minimal and maximal radius at a 
local point of the shell.

Let κk1 and κk2 be the principal curvatures of a surface patch σ κ (u, v). The Gaussian 
curvature of κσ is

K = κk1 kκ2 = 1/Rmin x 1/Rmax

and its mean curvature is
H = 1/2 x (κk1+kκ2)

A shell typology is defined by its Gaussian curvature (K):
K = 1/Rmin x 1/Rmax

Rmin and Rmax are the minimal and maximal radius, respectively, at a local point 
of the shell.

• If K > 0 we are confronting a spherical geometry can be called synclastic surface;

• If K = 0 we are confronting a cylindrical or flat surface;

• If K <0 the surface has a negative curvature and is called an anticlastic surface.

To guarantee the fabrication of the structure, we need to take care of the Gaus-
sian curvature to guarantee the developability of each arch. Since there is a strong 
relationship between planarity (mesh) and developability, we can have a first intuition 
on the developability of the design space by measuring the number of planar quads 
that constitute each solution. The advantages of this mesh construction are that each 
branch is geometrically very close to conical surface and have a Gaussian curvature 
close to zero (0) and are therefore quasi-developable.

This paper aims to measure and control the curvature of different shell typologies. To 
discretise a shell into developable segmented arches and control the fabricability, mate-
rial choices, and performances are directly linked to the geometry (La Magna. Knippers).

From equations proposed by Ricardo La Magna, we are able to put in relation force 
and form.

K = dt/dx=Mb/EI do/dx=Mt/GJ

Tmax = Mb/W Tmax=Mt/Wt

Kmin= 1/Rmax=(Tmax x W)/EI do/dx = (TmaxWt)/(GJ) = Tmax/(Gh)

k  curvature (1/m)

Mb  bending mment 

E  Young modulus (n/mm²) 

I  Moment of inertia (m4)

o  angle of twist (rad)

Mt  torsional moment

G  shear modulus 

J  torsional constant

W=bh²/6  resistance moment (m3) Wt=(bh3)/3  torsional resistance

Tmax  strength Yield  

h  Height Section  

b  Section width

Tmax  max shear stress 

h  section heigt

From the classical equations of the Euler Bernoulli model for bending and 
Saint-Venan torsion model for beams, we are able to analyse our design parame-
ters to link the structural performances and fabrication possibilities for each itera-
tion of our model. The material properties and cross-sections can be chosen 
according to certain design criteria, such as the allowable stress under loading 
or the actuation force necessary to put the system in tension. By considering 
an approximately constant bending moment, it is possible to use an optimi-
sation algorithm to navigate through the design space and select the geome-
tries that share our goal properties: Gaussian curvature around zero and a mean 
curvature that allows an actuation force as close as possible to the yield strength. 

EI = Mb/K=Ph/K h= 12PH/(KEB)3

For each bending-active arch with one pinned and one roller support, the bending 
moment can be calculated directly from the actuation force. This allows deriving an 
exact stiffness gradient to bend the member into the designed geometry.

h = (12 x P x H)/(K x E x B)3

Figure 8:Mean curvature analysis © Thomas Sicouri.

Figure 9: Gaussian curvature analysis © Thomas Sicouri.



110 111

hyper bassh hyper bassh

Figure 10: Planerisation analysis © Thomas Sicouri.

Applying this formula gives us a variable section, depending on the Young 
Modulus, the width of the strip and the curvature at the chosen parameter. For fabri-
cation constraints, we return the lowest thickness that will be at the highest curvature. 
We now understand that different parameters are in competition. Fabrication requires 
a low actuation force and a low curvature, and the bending stiffness that is asking for 
high curvature and an actuation force close to the yield strength.

3.2. Toward bending-active formwork
For the last step in optimising the feasibility of the structure we apply a planarisation 
force to the mesh. From the mesh that we deconstructed in strips, we interpolate a b 
spline to the edge point sand loft them, pair by pair, using an algorithm that will opti-
mise the developability of each one by finding the best ruling direction of the surface. 
This process will reduce the difference between the unrolled and the initial geometry, 
and helps to find a more accurate result.

Figure 11: Cross section thickness © Thomas Sicouri.

Figure 12: Utilization. (Left) Bottom view; (right) Top view © Thomas Sicouri.
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Figure 13: Displacement © Thomas Sicouri.

Shape optimisation is the process of calculating a geometry that minimises the 
assigned fitness. In our case, the shape optimisation requires two goals, one is to 
determine a space that responds to the fabrication constraints.

As the research aims to develop a system of formwork with flexible members. For 
that we use a shape from the collection that we previously selected and perform a 
Finite Element Analysis. In our case, the span is 7 m, we choose a maximum displa-
cement of 1.5 cm - approximately 1/500 of the total span of the structure. The support 
is locked in all the directions, and we apply a gravity load and the self-weight of the 
structure, with a point load around 250 N / m².

The optimisation provides a variable thickness of concrete at different points. In 
our example, it gives 7 cm of concrete at the top of the branch and at the center, and 
16.5 cm at the support of the structure. We are now able to generate two models, 
control the spacing between them and approximate the cross-section determined by 
the FEA.

Figure 14: Thickness control © Thomas Sicouri.

4. Prototyping analysis and further experiments

Figure 16 : © Thomas Sicouri.

For the purpose of prototyping, we wanted to verify the structural efficiency of the 
speed of fabrication and the influence of the number of self-locking joints on the stif-
fness of the structure. In order to avoid failure, we used 1mm plywood and a solution 
that proposed a high curvature range, while each branch was having a range of Gaus-
sian curvature very near to zero. The construction of the model was done in one hour, 
and the structure, that weighed approximately 400 grams, was able to support 15 kg 
in its centre - the top of the branch remained very flexible.

Further experiments could be to use thicker plywood and develop a custom 
joinery system, and a stiffening solution to reinforce the system and make it suitable 
for concrete casting experiments. The joinery and stiffening system could be the first 
glimpse to scale up the model and be able to build arches with discrete elements. In 
contrast to other construction techniques, bending-active structures are limited by 
material strength and bending curvature since they need large deformation potential 
(Jan Knippers. al). Taking care of axial forces in the measurement of the geometrical 
stiffness might open interesting strategies in the further development of the scaling 
strategy.

Figure 15: Strips labelling and unrolling before laser cutting © Thomas Sicouri.
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Figure 17: Prototype pictures © Thomas Sicouri.

Conclusion
A hyperbolic paraboloid made out of bending-active segmented shells shows an in-
teresting compromise between material cost, and structural and fabrication efficiency. 
It provides an opportunity for the use of light shells for temporary building structures, 
such as emergency shelters. Since formwork represents 2% of the total waste pro-
duced by humanity each year, developing new systems for casting strategies might 
significantly reduce the amount of falsework.
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Introduction
The building industry causes substantial environmental issues, and buildings are de-
signed to last roughly 50 years. Thus, we need to consider producing not only more 
sustainable lightweight structures, but also structures that are reversible, in order to 
reduce the carbon footprint of the building industry. An interesting approach to achieve 
this is to include the erection and the dismantlement of the structure as a condition for 
its design.

Thanks to the digital turn of the architecture and engineering realm, new design 
and production tools and processes have emerged. Calculation power and software 
innovations take advantage of this new framework to offer the designer a new compu-
tational approach to deal with more complex systems and problems. This approach 
leads to a bottom-up method, instead of a classical top-down one: the process of 
construction and assembly inform the structural system in a new parametric setup of 
data.

The digital turn also transformed the manufacture processes, extending CNC 
technologies and bringing robotic fabrication to the building industry. It is currently 
transforming the practices and opens up a new field of construction experimentations. 
Beyond this, it also allows the reconsideration of traditional know-how[1] and poten-
tially improve them, making possible low-tech solutions with high-tech implementa-
tion. Thus the digital materiality bridges traditional craftsmanship and cutting-edge 
technologies enhancing it.

These digital transformations lead to structural innovations that may an answer to 
the environmental crisis: non-sequential joints. Non-sequential joints aim at producing 
robust connections for easy assembly and to dismantle interlocking systems, which is 
a benefit in terms of life cycle analysis and reuse or recycling.

Non-sequential joints are a structural connection type where all the elements have 
to be assembled and locked in a simultaneous kinematic along different assembly 
directions. They have reciprocal structure behaviour, but instead of having each piece 
resting on each other, they interlock like a traditional Japanese joinery system. The 
advantage of this kind of joints is that each element is built-in in the other components 
in a dry connector free connection, so it is fast to erect, and more sustainable.

The objective of this study is to determine what is the geometric logic behind this 
assembly system in order to apply it to surface design at the node scale. It has been 
conducted with the help of assembly simulations in a computational framework taking 
into consideration solid interferences, and checking intersections and conflicts. The 
paper is divided into two parts: first, the study of traditional joints and their assembly 
logic, but also the contemporary digital-manufacturing processes. In a second step, 
the morphogenesis logic of these joints is detailed.

C et article présente les opérations géométriques qui condi-
tionnent la formalisation et l’assemblage d'un joint non 
séquentiel. Grâce à un nouveau cadre de production digital, 

tant logiciel que matériel, ces joints peuvent être facilement produits. 
L’avantage de tels joints est que leur conception découle de leur mise 
en œuvre et de leurs vecteurs d’assemblage. Ainsi, ils permettent de 
construire des bâtiments plus soutenables car leurs structures sont 
réversibles tout en étant relativement résistantes. L’auteur a tiré profit 
de simulations dynamiques pour évaluer et décrire ces joints mais 
aussi pour trouver et en détailler les singularités.

Mots-clés : assemblage réciproque, joints non séquentiels 
cinématique d’assemblage, fabrication digitale, queue d’aronde

T his paper details the geometrical operations that condition the 
shaping and assembling of a non-sequential joint. Thanks to a 
new computational design framework and new robotic manufac-

turing techniques these joints can easily be produced. The advantage of 
such joints is their buildability, as they are designed according to their 
assembly condition. Thus, they allow the erection of more sustainable 
buildings because they are easily reversible, while being relatively robust. 
The author took advantage of dynamic simulation software and was 
able to evaluate and describe these joints, but also find and describe 
singularities.

Keywords: interlocking system, non sequential joints, assembly kinematic 
assembly, digital manufacture, dovetails
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1. Interlocking to Non-Sequential Joints

1.1. Interlocking joints categories
Discrete building structures have been connected with interlocking elements for cen-
turies. The joint details required at each node of such structures can be divided into 
two categories: on the one hand keyed-joints, that require one or more extra pieces 
to be slotted into a final assembly step in order to lock the node (figure 1). Generally, 
these keys are oriented in a perpendicular plane to the one defined by the axis of the 
connected elements and transfer load through shear force as a dowel. The integrity of 
such joint relies mainly on the keys. Also, they require more on-site operation, which 
means more time, as the keys have to be slotted in a second step. Secondly, the in-
terlocking-joints rely on the friction of the contact surfaces of the connected elements 
to lock the node (figure 2). Properly designed they can prove themselves to be really 
tight and robust. However, due to their structural behaviour, and to a more complex 
design and kinematic assembly constraint, only a few basic solutions have been used 
in traditional architecture. Such joints often rely on a multi-step assembly approach, 
that allows the interlocking of several pieces in an ordered sequence, like a 3D puzzle 
(figure 3). Further examples and extended designs can be found in cabinet making.

Figure 1: Keyed-joint © Thomas Gandolphe, 2018.

Figure 2: Interlocking-joint © Thomas Gandolphe, 2018.

Figure 3: Multi steps interlocking-joint © Thomas Gandolphe, 201.8

1.2. Manufacturing discrete structures

Both types of joints are deeply rooted in traditional carpentry and joinery crafts. All 
those crafts have been sidelined since the development of concrete and steel struc-
tures during the Industrial Revolution. These joints required a bespoke solution to be 
implemented depending on the morphology of the structures and required more ma-
nual labour in prefabrication than the structure designed for new construction mate-
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rials. The new materials led to the standardisation of the building industry, thus gaining 
savings in labour and time. However, thanks to the new tools of production available 
in recent years (algorithmic design software and computational power, robotic fabrica-
tion) and a new computational framework of design (which lead to production-oriented 
processes: a feedback loop between design, material, tool and construction with si-
mulation) [2] [3], the use of these complex joints may be reconsidered. Furthermore, 
the development of recent additive manufacturing processes for the building industry; 
3D printed concrete (XtreeE) [4] or steel (MX3D) [5], and the new possibility offered by 
robotic manufacturing for timber (Blumer Lehmann, Simonin) [6] [7], allow designers 
to delve into a new design space of structural connection expression and geometry, 
improving traditional joints behaviour. Lastly, the need to design more sustainable and 
reversible structures, with a low carbon footprint, can only encourage innovations in 
the building industry. These low-tech connection details may be an excellent option 
considering these environmental and long-term requirements.

1.3. Limits of traditional jointing methods
The robustness of both previous types of joints rely on the snug fit of the interlocked 
elements (eventually the keys). However, the keys used to lock keyed-joints can be 
popped out only by pulling the key along its assembly axis, thus compromising the 
structural integrity of the connection for discrete structure. Steel plate, or connectors 
and a multiplication of nails, or a bolt and nut design, appeared as the solution to this 
issue, which result in a larger carbon footprint and more on-site labour. Regarding inter-
locking-joints, elements are positioned sequentially and can have multiple assembly 
directions. Figure 4 shows classical examples of interlocking-joints and their corres-
ponding diagram of assembly vectors. These translational directions are both the direc-
tions that need to be followed to join one piece to the other, but also represent degrees 
of freedom to unlock the connection. Therefore, we can assess that by minimsing the 
assembly direction to a single translational vector we get more versatile joints, dove-
tail and mortise-and-tenon designs that present such features and are best suited for 
robust interlocking-joints. As Christopher Robeller and Yves Weinand stated: if we mini-
mise the assembly direction to a single translational vector and use dovetails, the “geo-
metry blocks all relative movements between the jointed parts except for this single 
insertion vector. The joints can, therefore, transfer various stresses between parts, such 
as in-plane and out-of-plane shear forces, and traction or bending moment” [8]. No-
netheless, the connected parts can still be unlocked if a force’s direction matches the 
opposite of the assembly vector’s direction. In order to design a connection without any 
key but taking advantage of the interlocking-joints properties, we need to use a mix of 
both categories of joints to create a new type of structural connection: non-sequential 
joints.

Figure 4: Traditional joints and assembly diagram, the arrows and the blue areas represent the assembly direction, 

i.e. degree of freedom to unlock the structure © Thomas Gandolphe, 2018. 

a) Half lap joint 

b) Finger joint 

c) Mortise and tenon joint 
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1.4. New structural connection
Non-sequential joints have a similar behaviour to the connections we can find in reci-
procal frames. In the latter, each single element joining to a node has to be connected 
at least to two other elements from the same node, so the parts interlocked as sub-
groups within the system (figure 5a).

Figure 5: Reciprocity between arrangement of beams 

a) Reciprocal frame structure 

b) Non-sequential subgroups (beam A andB are connected so they form a subgroup. But beam A is also part of 

another subgroup which is the C and A subgroup) 

c) Beam A acts as a key for beam B and C in a non-sequential joint 

© Thomas Gandolphe, 2018.

However, as opposed to reciprocal frame, which are complex and tedious to 
assemble, and for which extra connectors are usually required to lock the pieces 
together, non-sequential joints take advantage of the interlocking-joints properties in 
terms of buildability (i.e. the degree to which the design of a planned system facilitates 
its execution), acknowledging assembly constraint into the process of formalisation 
of the geometry. Non-sequential joints’ geometry is informed by movement, which is 
related to the assembly vectors, thus buildability. Hence, in order to design a non-se-
quential joint, we need to work with at least three pieces. Every single piece acts both 
as a key to the surrounding parts and as an element from two subgroups, which is 
held in place by a key (figure 5 b, c).

Non-sequential joints have the unique property of being simple to assemble, but 
also to disassemble under a complex, yet easy set of simultaneous translations that 
we can compute and predict. More importantly, if the friction between the pieces is 
strong enough, these joints are difficult to unlock unless all the part are dissembled at 
the same time; this may not happen under a regular load situation. The connection is 
then highly robust, yet sustainable, and reversible.

2. Non-sequential joints design

2.1. Local plane and silhouette generation
In order to design a non-sequential joint; firstly set an orientation for the node that will 
order the beams. For the following examples we will use a counter clockwise orien-
tation. If the beams form a 3D structure, we need to use a local reference plane to 
assess the orientation of the joint. This reference plane can easily be found by finding 
the average plane of points located on the beams axis from an equal distance to the 
node centre (figure 6).
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Figure 6: Beam order 

a) Set arbitrary for planar arrangement 

b) Local plane analysis 

c) Generation of a projected planar representation of the joint on the local plane 

© Thomas Gandolphe, 2018.

The second step is to generate the silhouette of the beams lying on the previously 
found local plane of the joint. These silhouettes are easy to draw, accounting the width 
of the beams; we can use the bisector angle between each consecutive axis to split 
the beams (figure 7).

Then we need to design interlocking details at the end tip of each element in order 
to connect them together. To do so, we need a connecting part as a tenon that fits into 
the next beam of the node. Its shape should take advantage of the assembly-aware 
properties of interlocking-joints.

This can be challenging because both parts are supposed to move at the same 
time during the assembly phase, so the tenon / connecting-part of each element has 
to fit in the mortise-part of the next beam of the joint consistently while assembling 
the elements as a dovetail joint does; in a diaphragm-like kinematic.

Figure 7: Beam split according to bisector angle © Thomas Gandolphe, 2018.
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As we are working in 2D, we can design a 2D silhouette of the tip. The bigger the 
connecting parts are the better, however since they also represent a 3D void in the 
following beam, we don’t want them to split the next beam and its tenon in two disjoint 
parts. So we can fix as a constraint that the dovetail connecting part of a given beam 
cannot spread beyond the axis of the beam it is connected to.

There are three different cases to generate the dovetails: if we name the angle 
between two consecutive beam axis α α, it can be either smaller than 180°, equal to 180° 
and larger to 180°; we also assume that the α α value is linked to a bar. Figure 8 shows 
that for beams with an αα value smaller than 180° we just need to seek the intersection 
between the interior edge of the beam we are currently working on and the axis of 
the following beam. The result is a triangular-shaped polygon, so we can name the 
points that generate the polygon as follows: 0 is the exterior point of contact of the 
current beam and the following, 1 is the target point and 3 is the node centre. Beams 
with αα=180° and αα>180°, we use the same properties to get Point 0 and 2. However, 
when α α equals 180° Point 1 is found by translating Point 0 along the axis of the beam 
by half the width of the beam. Finally, when αα is larger than 180° we just need to trans-
late Point 2 along the axis, again with half the width of the beam to find the location of 
Point 1. The methodology to find the target point (Point 1) varies depending on α, and all 
these processes allow the generation of valid polygon silhouettes.

These polygons are dovetail-shaped in another step, described later, because the 
geometry of the 3D dovetail will be the result of the simultaneous movement of the 
beams so we first need to identify them.

2.2. Movement One - Assembly direction
In order to get the assembly vectors of each bar, we again have to refer to the α value. 
Indeed, if all the αα are lower than 180° we can do as follows to identify the assembly 
vectors: first we need to offset each beam axis toward the exterior of the connection.

Figure 8: Connecting polygon generation process accoding to α © Thomas Gandolphe, 2018

The intersection of the current axis and the next for a given beam result in a 
point relative to each beam. If we fit a circle through the cloud point, we get the valid 
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assembly vectors for every beam by computing the vector from the intersection point 
towards the centroid of the circle (figure 9). If αα is equal to 180° we can use the exact 
same process, except that the axis we will use for the beam following the αα=180° will 
be the axis of the segment defined by the (1,2) segment of the connecting polygon 
defined for the beam for which we measured αα=180° (figure 9a). Depending on the 
valency of the node and the α values, the assembly vectors may have different lengths; 
we can visually see them on the assembly diagram (which takes into consideration the 
geometry arrangement of the pieces, but also their assembly vectors, and their rela-
tive speed) (figure 9b). It means that the pieces have relative speed to each other that 
may be different. Fortunately, these relative differences are stored in the amplitude of 
each vector and can thus be calculated.

Finally, when αα is larger than 180° we have to use a completely different strategy 
as the axis’ offsets don’t intersect in a proper way. When dealing with a joint where an 
αα value is larger than 180° we consider that movement for the beam following the one 
with αα>180° is along its axis. From this point on we can use the segment (0,1) of the 
connecting polygon defined for the beam for which we measured α α>180° and place 
it at the start of the axis of the following assembly vector on the movement diagram. 
The point to which this axis intersects the circle gives us the start of the assembly 
vector for the beam with α α>180°. Lastly to generate the assembly vector for the other 
beam of the joint we can simply intersect the bisector between the beam axis and the 
previous bar in the node with the circle to get the start of the vector (figure 9c).

These processes only generate flat movements relative to the local plane we work 
on.

2.3. Movement Two - Check for assembly symmetry
Now we have geometries and assembly vectors, there is one last condition that must 
be checked. The point of designing non-sequential joints is to generate structural 
connections for several beams that is robust without the need of extra a key to lock the 
pieces. This means that if we push or pull one or more beams, they should not move, 
as they are being locked by the rest of the system. However, with the previous rules, 
despite there is only one unique set of assembly vectors when we move all the beams 
at the same time, the process may sometimes also generate symmetry of assembly. 
Symmetry of assembly refers to a case where assembly vectors are opposed in direc-
tion and amplitude. Thus, the sum of two vector equals zero. It means that if we take a 
subgroup of the joint, and pull it away in a certain direction, the rest of the system will 
not hold it back (figure 10).

Figure 9: Simultaneous movement generation © Thomas Gandolphe, 2018.
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Figure 10: Simultaneous movement generation © Thomas Gandolphe, 2018.

These cases are easy to check: we first have to determine how many subgroups 
of two or more elements there are given the valency of the node. For any valency can 
find how many tests we have to do with the following formula, where V is the valency :

number of combination to test 
= 

[V * ((V+1)-4) ] /2
We divide the number of test by two, because from all the subgroup division 

possibilities we actually encounter the same case twice in accordance with how we 
study the joint subgroups (figure 11). Thanks to this number of tests, we can now test 
the assembly vector of the last beam of each sub group and check if the sum of those 
vectors equals a null vector, we can also set a threshold value from which we consider 
symmetrical, even if they are not purely symmetrical. If the sum of each subgroup 
equals a null vector, then we need to correct the assembly direction.

Figure 11: Subgroups division to test for a valency 5 node and valency 6 node For valency 5, the subgroups we find in 

the first line, first row (2 beams : n.0 and n.1 + 3 beams : n.2, n.3 and n.4) is the same group we can find by looking at 

the node in a 3 beams + 2 beams © Thomas Gandolphe, 2018.
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An easy way to achieve this is to rotate one of the vectors of the pairs of symme-
trical assembly vectors we found. We can measure the angle between a beam axis 
and its corresponding assembly vector on the assembly diagram, this angle is called 
α β. So if we rotate the assembly vectors by half α we break the symmetry and still get 
valid set of assembly vectors (figure 12). 

Figure 12: Assembly symmetry correction based on ββ value © Thomas Gandolphe, 2018.

2.4. Movement Three - Rule of one static

Now that we have valid geometries and assembly vectors, there is one final piece of 
information required prior to generate the 3D dovetails. For a given beam the dovetail 
slides along the assembly vector of the current beam, but it interacts and fits into the 
following beam’s void which moves along a different assembly vector. Therefore, the 
dovetail needs to be shaped according to the interpolation of the current assembly 
vector and the next beam’s assembly vector.

Furthermore, we can also affirm that knowing the interpolation of two consecutive 
assembly vectors reduces the number of hands needed to assemble the joint, thus 
facilitate on-site operations. Indeed, the way the joints are assembled allows to have 
one static beam and to move all the beams according to a new principle. To compute 
the assembly vectors of a joint with one static beam, we have to subtract the previous 
vector to current assembly vector for every still moving beam (figure 13).

Figure 13: Generation of assembly vector for non-sequential joint with V-1 hands © Thomas Gandolphe, 2018.

2.5. Volumetric operations
As mentioned above, the dovetail needs to be shaped according to the interpolation 
of the current assembly vector and the next beam’s assembly vector, these vectors are 
called V (beamID)’, and they lie on an axis. Each prime axis is located on Point 1 of every 
connecting polygon, as it is the most protruding point of the tip (figure 14). These axis 
define an infinite number of planes that we can use to generate the dovetails as they 
do not intersect with the axis: it means geometry laying on theses planes are suitable to 
generate the dovetail faces because they originate from the interpolation of the assem-
bly directions. Furthermore, we can pick any configureration depending on structural 
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needs and manufacture processes, but also potentially optimize the geometry of each 
dovetail by adjusting the chosen planes (figure 15). Nevertheless, the planes used to 
generate the dovetail faces cannot be parallel to the plane of reference of the system, 
as they would then form only finger joint, which have many assembly vectors.

Figure 14: Assembly vectors interpolation for dovetail design © Thomas Gandolphe, 2018.

To finalize the modeling of every individual the beam section has to be extruded 
along the axis of each beam (whether it is a 3D or flat one). If the joint forms a 3D 
structure, the dovetails need to be split according to the geometry in which they fit 
in. Finally, we also need to make each dovetail to be a void in the following beam. 
Figure 16 shows different configurerations of joints, both opened and closed, with their 
corresponding assembly diagram. With this design we can generate valid beams, 
dovetail and assembly vectors that will satisfy the non-sequential properties of the 
joint, but also maintain friction and contact all along the assembly process. This means 
even when partially unlocked, the node is still a structural connection, transferring 
load from a beam to another.

Figure 15: Planes for dovetail based of the V’ axis © Thomas Gandolphe, 2018.

Figure 16: Dovetail subdivision according to multiple planes © Thomas Gandolphe, 2018.
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3. Conclusion
All the previous geometric rules have been tested and implemented in an algorithm 
that can automatically generate valid geometries and assembly vector for any beam 
configureration. This algorithm also assists the author to detect all the singularities and 
test them by simulating the assembly process. 3D printed small-scale models also 
helped understand constraint and limitations of the design, but also confirm that the 
digital model was valid once the final rules were found.

The design field explored and the method applied open the path for future impro-
vement of the system. In order to go beyond a 2D approach to concentric non-se-
quential joints based on manifold geometries, we may also consider study geome-
trical relationships and operations to generate:

• Eccentric non-sequential joints to stiffen the connection;

• Assemble the beam according to a 3D kinematic;

• Propagate the system on a mesh, and find a way to close a single cell (which 
requires working on two nodes at the same time);

• Work with non-manifold geometry in order to generate standard structures or 
double layer grid-shells.

The implementation of such systems at an industry grade also require more 
research: firstly, we have to study how to effectively produce these beams with proper 
building materials, and actual dimensions, and study how the transformation of matter 
according to the available tools will inform the design and geometry. Secondly, we 
have to check the structural viability of such joint when designing for buildings; consi-
dering all loads cases that they have to withstand. Finally, due to the precision required 
for the assembly of such joints, we have to implement on-site collaborative robots.

The paradox of non-sequential joints is that their design originates from tradi-
tional craftsmanship knowledge, they embody the idea of using as little as possible 
elements to connect the beams in an almost low-tech approach. However, their 
full-scale manufacture and execution may require cutting edge technologies, which 
make them very high-tech. A full embodied-energy analysis must be run to check the 
carbon footprint.

A second paradox emerged through the production of physical models: this 
system requires a substantial friction to be considered ‘locked’, so a very low tolerance 
between the beams. However, during the assembly phase we need a bit of tolerance 
to be able to assemble the beams. A problematic arises - how to add tolerance in a 
building system that requires an almost zero tolerance approach?

One of the most exiting features of non-sequential joints is how the joint itself 
disappear when assembled in a continuity of elements. The module and the joint tend 
to merge. Non-sequential joints offer the opportunity to create effective, sustainable 

and reversible structures. These structures are the expression of a new tectonic with 
strong emotional potential.
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Figure 17: Valency 3,4,5 Non sequential-joints 

Axonometry, Assembly diagram, Elevation of a piece © Thomas Gandolphe, 2018.
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Introduction
Architecture and engineering are usually seen as two separate entities, working on the 
same project but at different stages of the process. The architect starts the concept, fol-
lowed by the engineer who validates the structural aspect and hands the project over 
to the construction company responsible for the building. Thanks to computation and 
parametric design, we have learned that we can merge the work of the architect and 
the engineer in order to create new, more complex and innovative structures.

In our project, we decided to combine two very different kinds of structures: an 
elastic gridshell made of composite material and characterized by its lightness, trans-
parency and ease of installation. On the other hand, we use a funicular stone vault, 
which gives an impression of strength, opacity and elegance. The combination of 
the two creates an interesting and quite efficient hybrid structure: the gridshell helps 
during both the installation stage, replacing temporary formwork usually necessary 
for the erection of a vault, and during the life of the structure itself - acting as reinfor-
cement in a way similar to the role of steel bars embedded in concrete. Those two 
aspects are the focus points of our research which started by the study of different 
surface geometries within the design space of both types of structures, and conti-
nues with the structural analysis and constructability assessment. Prototyped models 
provide a proof of concept. All this is done using parametric design, computation and 
rapid prototyping of small-scale models to identify, analyze and, eventually, solve all 
the issues met during the development.

1. Background
Developing a hybrid structure is a way to solve the issue of having a temporary for-
mwork to build a stone vault. In the solution described in this paper, the elastic gridshell 
acts first as support for the construction of the stone vault, and stays in place afterwards 
to be part of the structural behavior of the final hybrid structure.

In his essay [1], Auguste Choisy describes the existing method to build a vault in 
masonry without the help of a temporary support. The solution is to use an already 
installed layer of bricks as support for the next layer. The layers are inclined in a way 
that the friction is sufficient to keep them in place. The first layer is set up onto a gable 
wall. So the vault is decomposed in a series of arches in a plane built one after the 
other.

In the light of the digital turn in architecture introduced by Mario Carpo in [2], new 
digital fabrication methods are being introduced researchers got the opportunity to 
reinvent old knowledge, crafts and even materials. A recent research by Giuseppe 
Fallacara [3] is introducing computation to stereotomy – the art of cutting stone (solids) 
– in an effort to reintroduce stone and its aesthetics to modern architecture. There is 
also compelling ongoing research by the Block Research Group (BRG) at the Institute 

C et article examine deux typologies de structures très diffé-
rentes afin d’en créer une nouvelle, hybride, qui mette à profit 
les caractéristiques de chacune. D'un côté, nous avons une 

voûte en pierre de forme libre, non renforcée, présentant des qualités 
tant esthétiques que structurelles mais ayant le défaut de nécessiter 
un coffrage temporaire, aussi complexe que la structure, onéreux et 
non réutilisable, dont le seul but est de disposer les voussoirs avec 
précision pendant la phase de construction. Un des objectifs ici est de 
remplacer cette structure temporaire par un gridshell élastique, struc-
ture qui se caractérise par sa légèreté et sa facilité de mise en place. 
Une fois la voûte montée par-dessus le gridshell, ce dernier n’est pas 
démonté, mais est, au contraire, solidarisé à la voûte afin que les deux 
typologies de structures créent une hybride composite présentant un 
meilleur comportement mécanique que chacune des structure prise 
séparément, sous sollicitations dynamiques notamment. L’approche 
computationnelle présentée dans cet article met en avant le procédé 
de conception d’un nouveau type de structure, dimensionnée par 
son comportement mécanique final, mais aussi sa mise en place et la 
fabrication de ses éléments.

Mots-clés : voûte en pierre, gridshell, structure hybride, recherche de formes, 
stéréotomie, fabrication numérique, analyse de distribution d'efforts, structure 

sans coffrage, prototypage

I n this paper, we will be considering two very different types of struc-
tures. We think the differences between them can be exploited by 
designing a hybrid structure in a way that each one gets its tailored 

role. On one side we are considering freeform unreinforced stone vault 
with its unparalleled aesthetics that is purely utilizing geometry to resist 
gravity. One of the major drawbacks of this structure is usually complex 
and expensive formwork needed for the vault to be built, that cannot be 
recycled. Conversely, we consider a composite gridshell, a structure that, 
contrary to the stone vault, is characterized by its lightness and easy 
installation. It works well in the doubly curved language of modern archi-
tecture and its key issues include covering and bracing for structural 
stability. Our intent is to use a composite gridshell instead of temporary 
formwork to install a stone vault and keep it to reinforce permanently the 
final hybrid structure. Therefore, issues we are directly addressing here 
are expensive temporary formwork and structural performance under 
dynamic loads of stone vault, covering and bracing of gridshell struc-
ture. We intend to address these issues by using computational tools 
and methods in hope to achieve a certain degree of design freedom and 
to end up with a structure that can be both attractive and structurally 
efficient.

Keywords: stone vault, gridshell, hybrid structure, form-finding, stereotomy, 
digital fabrication, thrust network analysis, formwork free structure, prototyping
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of Technology in architecture at ETH Zurich on Digital Stereotomy, developing new 
computational tools [4] and methods in the field of unreinforced masonry vaults [5].

In the meantime, new computational tools helped to develop and improve the 
promising new type of structure known as elastic gridshells. One of most famous grid-
shell structures, the Mannheim Multihalle [6] erected in 1974, presented the innova-
tive use of timber and aesthetic potential of gridshell structures. There is extensive 
research on gridshells carried out at Laboratoire Navier and École des Ponts ParisTech 
that introduce composite materials in an effort to find a profitable solution for large 
span gridshell structures [7].

Additionally, research has recently been carried out on hybrid structural skin made 
of an elastic gridshell braced with a concrete envelope [8] and the prototype they 
made is still visible at École des Ponts ParisTech.

2. Objective of the study
Our paper presents the conception of a hybrid structure made of an elastic gridshell 
and a stone vault. The first objective is to understand the conception process. Merging 
two different types of structures into a singular one means that the final geometry must 
be in the design space of both typologies of structures. Today, sophisticated and pre-
cise computational tools are available to design vault for masonry on one hand, and 
to bend active gridshell on the other hand. But no tools exist that combine those two 
types simultaneously. The correct process needs to be elaborated to successfully use 
in the right order the different tools available to design a hybrid structure.

Following that, a model of the structure is built in order to study at a smaller scale 
the fabrication issues, the constructability and the behavior of the structure, as well as 
gather information with the final objective of building a large scale model of the hybrid 
structure.

Apart from combining these two structures to carry out specific roles, throughout 
the process, we will try to find the difficulties in bringing in both structural modelling 
and analysis and digital fabrication of full-scale model. The primary objective is to 
better understand the structural benefits of joining these two structures, which we 
think are crucial in exploring this topic further.

3. Conception
This paper describes the conception and fabrication of two different models of a hybrid 
structure composed of a stone vault and an elastic gridshell. In the early explorations, 
we have defined two different approaches to design this hybrid structure. Between 
these two approaches, the difference is the relationship of alignment of the gridshell 
and tessellation of stone vault. We have found that this has a profound influence, not 

only on every stage of the design process, but also on fabrication, specific properties, 
design intent, and expected structural performance. One of the first findings was that 
this difference meant that there is no better approach as both had compelling diffe-
rences and ensued different uses. That is the main reason why we decided to follow 
both approaches from conceptual design to fabrication and try to develop strategies to 
understand and overcome the challenges they bring.

Both models represent a shape with three supports and are 3-symmetrical in 
plan view. This choice allows to have both a good control of the structural behavior 
and an interesting architectural esthetic. The behavior of a completely free-formed 
shape would be difficult to analyze due to the complexity in anticipating the behavior. 
A critical problem of this subject is to conceive and predict a good bonding between 
the gridshell members and the stone voussoirs. It was decided to study two different 
configurations of the structure where the voussoirs and the gridshell don’t interact in 
the same way. In the first structure, the orientation of the gridshell is completely inde-
pendent from the tessellation of the voussoirs. This approach emphasizes the stone 
vault structure, as it does not constrain the tessellation of voussoirs. In the second 
structure, the gridshell and the voussoirs share the same mesh; there is one voussoir 
per face of gridshell. Though constraining, this could bring easier design, assembly, 
and structural analysis. The following part describes the conception of each of the two 
structures.

Figure 1: Hybrid structure © Babic Mladen et Paul Carneau.
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3.1. First approach
The first approach for the conception of this hybrid structure starts with a form fin-
ding process of a funicular shape. This is done using RhinoVault [4 and 9], a plug-in for 
Rhinoceros3D using the Thrust Network Analysis method [10] to create stable funicular 
shapes in 3 dimensions for masonry in particular. The process starts by creating the 
footprint (plan view) of the final structure with the anchoring points and supports. The 
2D shape is meshed, then computation generates automatically the form diagram and 
the force diagram, which are in equilibrium. The last step is to generate the 3D shape 
from the footprint with the desired maximal height. The given structure is funicular by 
the construction method (figure 2).

Figure 2: RhinoVault result on the first model “The Frog” © Babic Mladen et Paul Carneau.

The second step is to generate the grid of the gridshell from the surface in three 
dimensions previously created. A characteristic of the gridshells is the ease of installa-
tion given that the correct grid has been chosen beforehand. A gridshell can be lifted 
from a perfectly planar position if the mesh of the grid is a Chebyshev net. On that 
condition, the gridshell can be assembled on the ground on a flat surface, and then 
lifted in place in its final shape.

Figure 3: a. Footprint surface of the vault. b. Meshing of the surface and relaxation in 2D. c. Vault forming in 

RhinoVault. d. Surface patch of the vault mesh. e. Meshing on the surface of a Chebyshev net. f. Generation of the 

gridshell. g. Tessellation of the voussoirs. h. Visualisation of the Vault and the gridshell. i. Generation of the 3D 

voussoirs. j. Modelling of the supporting structure © Babic Mladen et Paul Carneau.

To do so we implemented in Python for Grasshopper the ‘compass method’, which 
allows for generating a Chebyshev net on a non-planar surface from a generatrix and 
a directrix [11]. The orientation and size of the mesh can be chosen freely. At this stage, 
the gridshell mesh is untrimmed, which means it covers the openings of the original 
shape.

Figure 4: Detail of Chebyshev net generation process on a patched surface of the vault 

© Babic Mladen et Paul Carneau.

At this stage, the gridshell mesh and the funicular vault have identical geometry. 
The following part consists in finding the real physical geometry of the gridshell 
according to the elastic properties of the material. To do so, we operate a dynamic 
relaxation [12] and [13] directly onto the gridshell mesh. This is done with Kangaroo for 
Grasshopper and Kangaroo 2 Engineering [14].

This last plugin allows for computing the relaxation using the proper physical 
characteristic of the material used (Young Modulus, member section), figure 5. This 
operation gives the final gridshell geometry, the displacement from the original shape 
and the stresses in all members.

Figure 5: Dynamic relaxation of the gridshell with Kangaroo 2 Engineering © Babic Mladen et Paul Carneau.
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To limit the difference in shape between the original vault and the relaxed mesh, 
we set an iterative process between steps a. and c., by changing the final height 
parameter for the form-finding shape in RhinoVault until a reasonable gap is achieved. 
The objective is to have the top layer of the gridshell inside the stone voussoir.

The next step is the tessellation process of the funicular shape to create the diffe-
rent stone elements. In this approach, the gridshell mesh and the voussoirs tessel-
lation are independent of one another. A hexagonal shape has been chosen as a 
pattern for the stones allowing a staggered arrangement for a better interlocking of 
the stones. The tessellation of each leg of the vault is identical. The tessellation is 
computed in Grasshopper from a rectangular mesh in which we removed one edge 
out of two on every line.

Figure 6: Detail of the tessellation process of the stone voussoirs © Babic Mladen et Paul Carneau.

The voussoirs are generated from the hexagonal tessellation. For each voussoir, 
every vertex is offset in the direction normal to the surface (figure 8). This way, two 
faces in interaction from two adjacent voussoirs are perfectly parallel and they are 
perpendicular to the thrust lines. Then for a simpler fabrication of the voussoirs, their 
external and internal faces are flattened by trimming. This process is independent of 
each element and implies that the final intrados and extrados of the vault are not 
perfectly smooth. Due to the trimming process, the vertex of two faces interacting with 
the two adjacent voussoirs may not coincide.

Figure 7: Generation of the 3D voussoirs © Babic Mladen et Paul Carneau.

To create a physical bonding between the voussoirs and the gridshell, channels 
are created in Grasshopper on the intrados of the voussoirs, where the gridshell 
members are located. This is done with consideration of the eccentricity due to the 
gridshell members dimension and joint construction. The objective of this operation is 
to guarantee the stability of the voussoirs during the installation; when all the pieces 
are not in place, and to create a bracing of the gridshell with the stone, thus rigidifying 
the structure.

Figure 8: Trimming of the gridshell path in the voussoir for better bonding between the two structures 

© Babic Mladen et Paul Carneau.

Inversely to the building strategy, the final gridshell geometry is easily flattened (as 
a property of initial Chebyshev net grid), in preparation for digital manufacturing tasks.

Figure 9: Gridshell in flatened configuration © Babic Mladen et Paul Carneau.

Following the previous steps, we modeled a full-scale structure with the proposed 
material properties and dimensions, taking into consideration the digital manufactu-
ring tools needed for full-scale production. To make a full-scale model, it was decided 
to 3D print with PLA, to produce the voussoirs geometry that was intended, so that full 
scale is achieved with subtractive manufacturing - cutting stone pieces with five-axes 
CNC stone-cutting machine.

3.2. Installation process optimization
Here we consider installing a full-scale structure and show how to optimize strategy for 
installation process with the use of a few temporary posts.
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During the installation of the voussoirs, the vault behavior is not in action until the 
final element is installed. This means all the weight of the stones is supported by the 
gridshell. Due to its great flexibility and absence of bracing, the deformation at this 
stage is extreme. To avoid it, we use temporary posts to be placed under the vault 
to support the gridshell locally. Given the three-symmetrical shape of the structure, 
we choose to use three of these posts. The idea of the optimization is to find the best 
location for the supports in order to limit the deformation of the gridshell under the 
stone load.

Based on the previous vault design, we conducted the following optimization 
process.

3.2.1. Structural analysis and problem setup

The weight of 5 cm thick stone vault was given as a load scenario to the gridshell (figure 
10a), and analysis showed that 14 mm GFRR gridshell could withstand 200% of this 
load (so not considering that the assembled funicular vault will carry the load itself), 
that is if we consider that assembled vault is bracing gridshell structure (figure 10b). On 
the other hand gridshells collapse with around 50% of the load scenario without any 
bracing considered (figure 10c). As our aim is to optimize and focus on the gridshell 
assembly, not the structural performance of the finished structure, we have chosen to 
analyze the structure without considering bracing and to calculate displacements for a 
near-collapse load scenario in order to choose better positions of the three temporary 
supports.

Figure 10: a. Gridshell load scenario b. Structural analysis with bracing c. Structural analysis without bracingWe have 

chosen to measure displacement of the gridshell only on part of the structure that will be covered with the stone 

vault (figure 11a) as we have found that vertical displacement of outer parts can blur overall results and desired 

structure performance. In order to reduce computation time, and remove unwanted results, we have added a 

constraint : each of the support needs to be in a certain part of the structure (inside of circles), as seen in figure 11b. 

Instead of having 73 possible positions for each support, we have narrowed it down to 30 possible positions and 

have drastically reduced search space © Babic Mladen et Paul Carneau.

Figure 11: a. Displacement measuring objective; b. Potential position for temporary support constraints; c. Using 

Galapagos evolutionary algorithm © Babic Mladen et Paul Carneau.

The variables input for optimization process are the position of supports, given 
by an index of possible locations. Since the indexed location don’t mean anything in 
geometry and we have assumed that it is better to have a combination of supports, we 
have chosen the evolutionary algorithm of Galapagos plugin.

Note that for the purpose of optimizing we used Kangaroo 2 Zombie Solver, as it 
keeps iterations inside and gives results only when they converge. Even though we 
tried other algorithms, this choice has proven effective as it produces suitable results 
within a few minutes of computing.

3.2.2. Results Analysis, objective refinement and conclusion

We have tried a few different constructions, by measuring the largest displacement, 
the sum of the 10 largest displacements or the sum of the displacements of all points 
we are interested in. Interestingly, we found that after introducing penalisation in the 
form of calculating squares of displacement – or sum of square of largest displace-
ments, that should penalize irregular displacement in favor of regular distribution of 
displacement – we then have the same results for all three objective scenarios. The 
result given with this optimization process at the end turns out to be more or less what 
we expected (figure 12), with the three supports in the center of the vault. This is due to 
our objective and the whole process refinement, which included following decisions 
and model setup:

• measuring displacement relative to an already relaxed gridshell, while conside-
ring the material’s properties;

• accounting for the displacement of only the points that are carrying the vault;

• penalizing by taking squares of displacements;

• using near collapse load scenario;

• constrain possible support positions;

• using three objective scenarios.
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Before taking all this into consideration, there were also some illogical disposition 
solutions; including some scenarios where supports are almost on the edges of the 
gridshell structure.

Figure 12: Result given by evolutionary algorithm (blue: optimal position of supports, green: 10 largest displacements) 

© Babic Mladen et Paul Carneau.

The structural analysis results we gathered showed maximum displacement of 
only 6mm in optimal configuration of the three supports, compared to 90 mm when 
all the supports are removed. An optimized configuration found by the evolutionary 
algorithm performed considerably better and was an improvement when compared 
to the predicted solution before the optimization process (figure 13). The same optimal 
solution was found in different objective settings as described above with evolutio-
nary algorithm of Galapagos plugin in 15 to27 generations with the following default 
settings: Max Stagnant 50; Population 50; Initial boost 2x; Maintain 5%; Inbreeding +75%.

Figure 13: Structural analysis results on 3 additional support configurations Optimal solution and second best solu-

tion given by evolutionary algorithm and predicted configuration © Babic Mladen et Paul Carneau.

3.3. Second approach
For this approach, the starting point was a specific mathematical surface called a ‘tri-
noid’. This surface belongs to the family of constant mean curvature (CMC) surfaces 
and presents interesting characteristics from a structural and fabrication point of view. 
The principal stress directions on the surface follow the lines of curvature and it can 
mesh with planar quads when all edges coincide with the lines of curvature. This study 
only considers a piece cut from the Trinoid in order to build a vault (figure 14). The cut 
is made in a location that minimizes the maximal curvature of the remaining shape in 
order to limit stress in the future elastic gridshell.

Figure 14: (left) A full Trinoid. middle: the cut section of the Trinoid studied in this paper; (right) Perspective view of the 

studied shape © Babic Mladen et Paul Carneau.

A funicular model based on the footprint of the previously selected shape is gene-
rated in RhinoVault. The result is a surface with a positive Gaussian curvature k1 k2 > 0 
except in the support areas. This differs from the Trinoid that has a negative Gaussian 
curvature k1 k2 < 0 everywhere and by definition a constant mean curvature at every 
point on the surface. The direct consequence is that the Trinoid vault cannot be built 
as a simple masonry structure. Tension will appear at the top of the openings from the 
center of the vault to the opening. Thus the final structure needs to behave as a hybrid 
structure composed of the stone vault and the elastic gridshell.

Figure 15: RhinoVault result for the Trinoid footprint © Babic Mladen et Paul Carneau.
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A mesh is generated on the Trinoid surface following the lines of curvature with a 
singularity in the center. With this approach, the mesh will represent both the gridshell 
members in both directions and the stone tessellation. The size of the grid at this 
stage will give the final dimension of the stone voussoirs to be fabricated.

Figure 16: (left) Relaxed mesh with K2 Engineering. (right) Stresses in the gridshell members - higher stresses (red) 

appears in small curvature areas © Babic Mladen et Paul Carneau.

A relaxed mesh is then generated using a dynamic relaxation method with 
Kangaroo 2 Engineering for Grasshopper [14]. This operation takes into account the 
real characteristics of the final gridshell material and depicts the displacement from 
the original state and the stresses in the members. The computation of the relaxation 
is coupled with a planarization process, helping to keep the planarity of the quads in 
the mesh.

Figure 17: Principal stresses directions on the vault The resulting mesh is analysed in Karamba 

© Babic Mladen et Paul Carneau.

The resulting mesh is then analyzed in Karamba, a structural analysis plugin for 
Grasshopper using finite element method (FEM) [15]. This analysis shows the main 
compression lines on the vault are aligned with the lines of curvatures that describe 
the gridshell mesh (figure 17). The structure is a central vault with three anchor points 
and three adjacent arches for the three openings.

Figure 18: (left) View of the gridshell structure; middle: View of the hybrid structure (gridshell + voussoirs) ; (right): Detail 

of a trimmed area for bonding between the stone voussoir and the gridshell members 

© Babic Mladen et Paul Carneau.

With the geometry having been confirmed, the final step is the definition of the 
stone voussoirs. The process is similar as previously explained in the first approach. 
Every vertex of the face of the mesh is offset following the direction normal to the 
surface. Then the path of the gridshell members is cut onto the intrados of the vous-
soirs (Figure 18).

4. Fabrication
Two scale models were fabricated. They were developed in Grasshopper and the pro-
totypes were built using tools such as a computer numerical control (CNC) machine, 
3D printers and laser cutters.

4.1. The frog
For the first model, all voussoirs have been 3D printed with a Prusa i3 Hephestos printer 
in PLA (Polylactic Acid filament). The gridshell is made of a 2 mm diameter glass-fiber . 
The main support is a 2 cm thick plywood plate machined with a CNC machine (figure 
19). A circular reservation is made in the wood plate. The 3D printed support for the 
gridshell and the voussoirs is positioned in this reservation. This element is composed 
of six pieces, with holes for the gridshell members all around and three reservations to 
support the voussoirs. The 3D printed rail is screwed to the wood plate from below. For 
the installation, another wood plate is machined with the location of the gridshell in its 
flattened configuration. The connection between the members of the gridshell is made 
with a simple steel wire. The gridshell is lifted and installed in its supports (figure 20). 
Finally, the voussoirs are installed in position, creating a compression vault (figure 21).

Figure 19: Making supports - CNC milling and 3D printing © Babic Mladen et Paul Carneau.
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Figure 20: Preparation and forming of the gridshell from planar to 3D configuration 

© Babic Mladen et Paul Carneau.

Figure 21: Assembling of the 3D printed voussoirs and final model © Babic Mladen et Paul Carneau.

4.2. Full scale model
Additionally, we have manufactured part of the proposed hybrid structure to its full 
scale. The full-scale model is designed with curvature similar to smaller model. The 
dimensions of this model has a length and width of 90 cm. The gridshell is made from 8 
mm thick glass fiber rods. Supports are designed to allow simple installation and better 
control of the gridshell (figure 22). The position and direction of supports are defined 
by the CNC milling of the main support plate. Voussoirs have been designed with the 
same process and code applied in a smaller model. They are produced by CNC milling 
30mm thick MDF. Milling all seven pieces took approximately three hours. This struc-
ture was able to withstand a load of 0.9 kN applied to its center.

Figure 22: Installing custom supports and putting the gridshell in its designed form © Babic Mladen et Paul Carneau.

Figure 23: Digital design and final prototype © Babic Mladen et Paul Carneau.

4.3. The Trinoid
For the Trinoid vault, all voussoirs are 3D printed with a Dagoma Discoeasy200 printer 
in PLA. The gridshell members that are anchored on the base plate are made of glass 
fiber (diameter 2 mm). The other members are made out of PLA (diameter 2 mm). The 
main support is a 2 cm thick plywood plate milled with a CNC.

Three reservation are made for where the 3D printed supports are installed.
Since the gridshell mesh cannot be flattened for this model, the members are 

directly put in place. The glass fiber elements are positioned in their anchor points. 
Then the second PLA directional members are glued directly onto the first direction 
members. Finally, the voussoirs are positioned; starting from the bottom of the central 
vault, and continuing with the arches on all three legs.

Figure 24: Assembly of the Trinoid gridshell © Babic Mladen et Paul Carneau.

Figure 25: Installation of voussoirs for the centre vault © Babic Mladen et Paul Carneau.

Figure 26: Installation of additional voussoirs and model result © Babic Mladen et Paul Carneau.
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5. Arch prototype
The final component of the project was to build a prototype of the hybrid structure at 
scale 1:1, in order to validate the construction process (i.e. build a stone structure wit-
hout the use of temporary supports) and to better understand the mechanical behavior 
of the achieved structure. For this purpose, a simple arch was designed and built (figure 
27).

Figure 27: Final Arch prototype © Babic Mladen et Paul Carneau.

The simplicity of the structure can help predict its mechanical behavior and 
provide fast and accurate results that can be applied in future development of a full-
scale hybrid vault. The starting 3D problem was reduced to a 2D arch composed of 12 
voussoirs in cellular concrete, supported by two glass fibre reinforced polymer (GFRP) 
rods. The arch spans 5.1 m with a maximum height in the centre of 1.37 m. Between 
each voussoir, a plywood plate is installed, allowing for bonding between the vous-
soirs and rods. Two holes in the plates allow the rods to be inserted and the instal-
lation of the voussoirs hold the plate in place with friction. This ensures there is no 
relative displacement between the voussoirs and the rods in the normal direction to 
the voussoirs.

Figure 28: Prototype dimensions © Babic Mladen et Paul Carneau.

5.1. Conception and Fabrication
The bending rods are designed first using the K2 Engineering plugin. From the obtained 
shape, the stone arch is computed and the voussoirs are cut to the standardized sizes 
of cellular concrete available on the market.

The final funicular shape of the arch is verified with the graphic static method 
(figure 29) computed in Grasshopper. The final height of the arch is chosen as to limit 
the horizontal thrust at the base of the structure.

Figure 29: Graphic static for the arch generation © Babic Mladen et Paul Carneau.
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The table below shows the material used:

Item Material Number of elements Dimensions Weight

Voussoirs Cellular concrete 12 pieces 49 x 50 x 7 11.15 kg (total = 

141 kg)

Rods GFRP 2 elements 6 m x Ø 18 mm 

(plain)

3 kg (total = 6 kg)

Connections Plywood 11 pieces 48 x 12 x 0.5

Table 1: Material for the fabrication of the Arch.

During fabrication, the voussoirs are cut using a circular saw with angle control, so 
that each face could have the correct inclination. The plywood plates were laser cut to 
guarantee the correct position of holes guiding the GFRP rods.

5.2. Assembly
Due to the very thin section dimension of the arch (the ratio thickness over span is 1/70), 
the control of the geometry had to be very accurate so that the thrust line stays within 
the blocks and the structure stays funicular. The first step was to assemble the rods and 
plywood interconnections. Then the rods were lifted into position on the supports. The 
horizontal connection between supports allowed stage to precisely set the span to 5.10 
m. Finally, the voussoirs were installed.

Figure 30: Installation steps © Babic Mladen et Paul Carneau.

During this phase, the GFRP rods have to take all the loads until the arch is fully 
assembled and can hold itself. Therefore, asymmetric loading is to be avoided. The 
blocks have to always be installed two by two in a symmetrical technique. In addi-
tion, the order of assembly should be optimized to limit the loads and deformation 
of the rods. Therefore, the first two blocks at the bottom of the arch were installed, 
then the top one in order to limit the Gauss Curve deformation. Then the rest of the 
voussoirs were positioned to complete the arch. The picture below (figure 31) shows 
that the incomplete arch was stable, even with one piece missing. The accuracy of the 

arch geometry, even with the use of manual tools for fabrication, was satisfying and 
allowed for correct positioning of all elements. This is due to the good prediction of 
the behavior and geometry during the conception phase.

Figure 31: Incomplete arch © Babic Mladen et Paul Carneau.

It should be noted that stone is heavier than cellular concrete, and in the case of 
a vault, the double curvature would have the effect of increasing the rigidity of the 
rods structure (gridshell), thus allowing the temporary support of heavier elements. 
We tried two different approaches to evaluate the mechanical behavior of the arch: a 
frequency analysis of the arch and a physical loading both funicular and asymmetric. 
As expected, the arch behaves well under symmetric loading and the displacement 
is very small. When loaded with 15 kg weights at four points and 40 kg at the center, 
the maximum vertical displacement recorded was less than a centimeter. The asym-
metric loading was not as satisfying. Buckling of the structure was observed when two 
weights of 15 kg were attached to the same side of the structure.

Figure 32: (top) Linear shape of the arch; (middle). deformed shape (red) under funicular loading; (bottom) deformed 

shape (red) under asymmetric loading © Babic Mladen et Paul Carneau.
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Furthermore, the deformation of the arch when submitted to a horizontal longitu-
dinal load was not negligible. A frequency analysis of the arch made with an accelero-
meter showed a first natural frequency of 1.86 Hz. For a non-reinforced arch (without 
the rods), the first natural frequency should be around 6 Hz (result given by Karamba). 
This demonstrates that under asymmetrical loads, the arch behavior of the structure 
is lost very quickly due to the creation of hinges at the interfaces between the stones 
(figure 33). The funicular shape is lost and the GFRP rods in flexion mostly take the 
load. In this configuration, a non-reinforced structure (with the blocks only) would 
collapse. Therefore, although the composite behavior of the hybrid arch could not 
be clearly demonstrated, the presence of the rods helps avoid a brutal rupture of the 
whole structure.

Figure 33: Hinges at voussoir-voussoir contact interface © Babic Mladen et Paul Carneau.

Several observations helped convey these results:

• During the installation of the voussoirs, the last element showed difficulties to 
fit into the available space. It appeared that the length of the rods was too short 
compared to the design; implying that at the interface between the voussoirs, the 
contact between the faces was not perfect, which reduced the section through 
which the thrust load can travel.

• During the deformation of the arch, the rods would be sliding through the hole of 
the plywood plates, resulting in a behaviour equivalent to two beams, one on top 
of the other without rigid connections between them. We tried to block the move-
ments of the rods relatively to the plates, but we were unsuccessful because of 
the consecutive deformation of the thin plywood plates. The rods were always in 
compression.

5.3. Outcomes of the arch prototype
This full-scale prototype was an opportunity to test and validate the concept of the hy-
brid structure on a simple arch. It showed the importance of the geometry control and 
the need for on-site adjustments to guarantee a perfect final geometry. The construc-
tion process, without the use of temporary supports or formwork, was validated. The 
mechanical behavior of the hybrid structure was more difficult to highlight. However, 
the observations made during the tests could assist with the design and fabrication of 
an actual hybrid vault in the future. Further study should be dedicated to the bonding 
between the GFRP rods and the stone voussoirs to give a good transmission of the 
stresses between one layer to the other. Finally, we observed a strong rigidity in the 
transversal direction of the arch. For instance, a horizontal transversal load applied to 
the centre of the arch would not create deformation of the structure, but rather a global 
rotation of the entire object around the supports. In the case of a vault with a double 
curvature, this rigidity would be working in both directions.

6. Results and Observations
The results of this prototyping experiments depend strongly upon the quality of the 
models. For the first model, the “Frog”, the process of installation and the orientation of 
the grid made it easier to control the geometry of the gridshell and the installation of 
the 3D printed voussoirs. It displayed good behavior in compression; good interlocking 
between voussoirs and the gridshell; it was easy to install and had a nice finish. Parts of 
the gridshell that were not covered with the vault were planned to be cut off once the 
edge rods were installed. But when the scale model was tested, the voussoirs were not 
heavy enough to keep the bended gridshell members in place.

For the second model, the “Trinoid”, the precision on the gridshell fabrication was 
a bit lower due to the fact that not all members were anchored on the support and 
it was not possible to build the gridshell in a flattened position before lifting it up. 
Unfortunately, the thickness of the pieces was too small to absorb the precision issue, 
and the voussoirs were never in compression (gaps between the pieces were clearly 
visible in some areas).

Even with the fabrication issues we have encountered and the smaller scale of 
prototypes, these models presented a high degree of computational control over 
geometry from early design stages. The scale models were intended to provide a 
better understanding of the design and fabrication issues, and were not a structural 
behavior evaluation, since this aspect is not scalable for the materials chosen during 
prototyping.

Nevertheless, the final aesthetic, the assembly process and the precision control 
are enough to justify further investigations for this hybrid structure.
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Apart from confirmation of the proposed workflow, designing and fabricating 
these models displayed advantages and limitations of the two proposed approaches. 
They provided insight into potential fabrication issues, opened and informed crucial 
concepts, like the hybrid structure joint design and bonding, structural analysis and 
optimization strategies that should be considered deeper in further explorations 
before proceeding towards building an architectural structure.

7. Conclusion
This paper has described our first exploration of envisioned hybrid structure; a stone 
vault/composite gridshell. With further research on a full-scale free-form model, this 
hybrid structure could have a substantial potential, once a design strategy that uses 
computational tools is established to make the whole process simplified. We have 
already developed some structural analysis and optimization strategies that could help 
in merging the design and building process, making use of a two-way data flow.

We plan to go deeper into the problem of designing a structural model that could 
better describe the relationship of the two structures, depending on the chosen inter-
face strategy, (i.e. if we are using same tessellation for both structures or different 
ones): it could iteratively inform a form finding process from the beginning. This tech-
nique can further explore the proposed hybrid structure and eventually use its advan-
tages in the best possible way. Another research challenge will be to build full-scale 
structures and observe their resulting structural behavior.
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Introduction
The consensus that humans are causing recent global warming is shared by 90%–100% 
of publishing climate scientists. These results are consistent with the 97% consensus 
reported by Cook, et al. (2013) based on 11,944 abstracts of research papers (Cook, 
Oreskes, et al. 2016). The Intergovernmental Panel on Climate Change (IPCC) stated 
that, 'human influence has been the dominant cause of the observed warming since 
the mid-20th century' (Qin, et al. 2014), and the National Academies of Science, fea-
turing scientists from 80 countries have issued statements endorsing the consensus 
aforementioned position (Cook, Oreskes, et al. 2016).

The IPCC (2013) presents estimates for a number of different sea level rise (SLR) 
scenarios, which relate to anthropogenic global warming. The scenarios, presented 
as Representative Concentration Pathways (RCP), depend on a range factors, inclu-
ding; population growth, GDP growth, energy use, land use changes, resource availa-
bility, and the pace and direction of technology. For the different RCPs, the IPCC (2013) 
presents a range of SLR heights from 0.35-1.0 m for 2100. The review compiled by 
Mather & Stretch (2012) described similar SLR values for Germany (1 m), the Nether-
lands (1.1 m) and California (1.4 m). Further research is investigating additional potential 
contributors to SLR; such as Rignot, et al. (2014) and Joughin, et al. (2014), (released 
subsequent to IPCC (2013)), strongly suggest that the West Antarctic Ice Shelf (WAIS) 
has already entered the early stages of collapse, but state that the contribution of 
WAIS to SLR cannot yet be determined with sufficient confidence. It is not only melting 
ice and the thermal expansion of seawater that increase SLR heights and future 
coastal flooding events; Theron & Rossouw (2008), in their study of possible effects 
of climate change on the southern African coastline state that a 10% increase in wind 
speed, means a 12% increase in wind stress and 26% increase in wave height. There-
fore, a strengthening wind component will provide an additional increase to future 
storm surge water levels.

The Alliance of Small Island States (AOSIS) (many, but not all are Small Island 
Developing States (SIDS), as defined by the UN) is a coalition of forty-three of the 
world’s smallest island and low-lying coastal countries, representing the most suscep-
tible States to change climate and the associated SLR. The AOSIS countries represent 
approximately 5% of the world’s total population (Alliance of Small Island States 2015). 
Figure 1 describes the global distribution of the AOSIS members.

L a montée des eaux, un problème sans précédent, affectera de 
nombreux pays et populations, spécifiquement celles des plus 
petites îles du monde et des pays côtiers situés en dessous du 

niveau de la mer. Environ 5% de la population mondiale habite actuel-
lement sur de petites îles et la pérennité de leur vie sur ces atolls sera 
gravement menacée au-delà de l’année 2100. Grâce aux recherches 
permanentes entreprises sur les propriétés naturelles des récifs coral-
liens en terme de dispersion de l’énergie des vagues, les solutions 
inspirées de l’ingénierie biomimétique et les améliorations techniques 
de la fabrication additive, faisant appel à des bétons géopolymères 
ou assimilés, ce travail de recherche propose une nouvelle solution : 
un brise-lame modulaire, offshore, flottant et partiellement immergé 
avec une façade inspirée des récifs coralliens et imprimée 3D.

Mots-clés : protection côtière, biomimétisme, récifs coralliens, petits États
insulaires en développement, fabrication additive

A n unprecedented issue, sea level rise, will affect numerous coun-
tries and substantial populations, especially those located on 
the world’s smallest islands and low-lying coastal countries. 

Approximately 5% of the world’s total population currently inhabit small 
islands and their continued existence on these atolls, beyond 2100, is in 
grave danger. With continued research being undertaken on the natural 
wave energy dispersion properties of coral reefs, further application of 
biomimetic engineering solutions and improvements in additive manu-
facturing techniques using geopolymer concrete, or similar substrates, 
a new design solution is possible – an offshore, floating, partially- 
submerged modular breakwater that possess an 3D printed coral reef 
inspired façade.

Keywords: coastal protection, biomimicry, coral reefs, small Island developing 
states, additive manufacturing
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Figure 1: Global distribution of the Alliance of Small Island State (AOSIS) members. "AOSIS members", 2008 

© Citynoise, CC-0. Source : Wikimedia Commons (https://commons.wikimedia.org/wiki/File:AOSIS_members.png).

With approximately 350 million people predicted to be effected by SLR, and asso-
ciated coastal erosion and ocean acidification (PCCSP, 2012), in the AOSIS countries, 
more of these island residents are seeking to migrate elsewhere. The UN (2016), 
Pacific Climate Change and Migration study found that 23% of migrants in Kiribati and 
8% in Tuvalu named climate change as a reason for migration decisions at the time of 
research. Wyett (2013) also investigated the potential migration for the 100,000 resi-
dents from Kiribati (note: IPCC (2001) stating that SLR of 80 cm would flood two-thirds 
of Kiribati and the Marshall Islands) and predicted the associated effects on the host 
nation, as described in table 1.

Australia
New  

Zealand
Fiji Vanuatu

Papua 

New Guinea

Migrants per annum 2,000 600 1,000 600 2,000

Projected migrant population* 80,000 24,000 40,000 24,000 80,000

Projected population of country 36 million 6.3 million 1 million ¾ million 18 million

Projected population density  

(people per km²)

5 24 54 63 40

I-Kiribati migrants (% total population) 0.22% 0.4% 4% 3.2 % 0.44%

* Assumes 50 per cent of migrants who have arrived since 2020 are alive in 2100. Sources : World Bank, 2012a; UN World 
Population Prospects, 2011; Authors’ calculations.

Table 1: Effect of Kiribati Migration on Populations in Host Nations in the Year 2100 (Wyett, 2013).

1. The Problem
Sea level rise will result in further instances of coastal flooding and inundation. A study 
of the Solomon Islands, in the Pacific Ocean, found that between 1947 and 2014, of 
the 33 islands investigated, five vegetated reef-fringed islands had disappeared and 
a further six islands were experiencing severe shoreline recession (Albert, et al. 2016). 
Similarly to the Solomon Islands, in tropical regions near the equator, a SLR of 5-10 cm, 
predicted to occur by as early as 2030, may more than double the frequency of extre-
me water-level events. A SLR of 20 cm leaves almost every coast in the tropics with 
twice the current flooding risk (Vitousek, et al. 2017).

Coastal retreat or migration is increasingly seen as the most feasible option for the 
AOSIS residents, as contemporary coastal protection methods could be cost prohi-
bitive. Average global flood losses in 2005 are estimated to be approximately US$ 
6 billion per year, increasing to US$52 billion by 2050 (Hallegatte, et al. 2013). The 
Fijian Government announced at the recent COP23 Climate Change Conference in 
Bonn, Germany, that they require, “Five major interventions and 125 further actions 
[relating to coastal protection] to achieve Fiji’s development objectives, while facing 
the potentially devastating impacts of climate change. Combined, these actions would 
cost about US$ 4.5 billion over the next decade – the amount equivalent to Fiji’s entire 
yearly gross domestic product over the next 10 years” (The Government of the Repu-
blic of Fiji 2017).

More coastal flooding and inundation events affect all of life on small islands; 
destroying homes, incursion of saline water kills crops or makes them difficult to grow, 
numerous associated health issues, and, as demonstrated in Fiji, these outcomes 
often disproportionately affect women, the disadvantaged and children more than me 
(The Government of the Republic of Fiji 2017).

It would be a disaster if a substantial volume of AOSIS citizens were forced to 
migrate due to climate change and SLR. (Tschakert, et al. 2017)) has explored the 
effects of climate change on some of the people residing on the Pacific Ocean islands, 
specifically on the perception of “place”:

“Place is not just a thing in the world…[it] is also a way of seeing, knowing 
and understanding the world. Place gives meaning to people’s lives and 
attachment to place fundamentally contributes to well-being. As well as 
the substantial economic losses, initial research on the linkages between 
place and climate change drew attention to fundamentally altered ecolo-
gies of a place, disruption to place attachment, and the effects of dislo-
cation and displacement on individual and community health. It also 
highlighted the role of place and social connection for resilience and civic 
action. A significant number of studies further demonstrate how place 
attachment, place identity, and a sense of place function as vital people-
place bonds for climate change adaption.”
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Mass migration from small island states will have disastrous implications for the 
nation’s sovereignty and their population’s traditions, religion and customs, indige-
nous knowledge and ways of thinking. The increased migration to the host nations will 
place additional strain on the receiving countries – who will also be negotiating the 
effects climate change and SLR themselves.

A cost-efficient design solution that facilitates the on-going or extended habitation 
of, or adjacent to, the AOSIS can be seen as preferable to mass migration.

To provide a more detailed contextual analysis of the situation low-lying islands 
face, Bora Bora in the Leeward Islands of French Polynesia was selected as a case 
study site. Bora Bora is fringed by a barrier coral reef and has a permanent population 
of approximately 9,000 people that are principally located on a narrow coastal ring 
around the steep, mountainous dormant volcano at the island’s centre. The location of 
Bora Bora is provided in figure 2.

Figure 2: Global distribution of AOSIS members with French Polynesia highlighted and Bora Bora, of the Leeward 

Islands, presented in red. AOSIS members, 2008 © Citynoise, CC-0. Source : Wikimedia Commons (https://

commons.wikimedia.org/wiki/File:AOSIS_members.png.) Modified by Tim Leeson.

An unprecedented issue, such as SLR, that affects numerous countries and subs-
tantial populations requires innovative solutions. With continued research being 
undertaken on the natural wave energy dispersion properties of coral reefs, the appli-
cation of biomimetic engineering solutions and improvements in additive manufactu-
ring techniques using with geopolymer concrete, a new design solution is possible.

Via the review of existing literature, this paper proposes that the modification of 
traditional coastal protection techniques to one that is more substantially influenced 
by the energy dispersion methods found in nature is more achievable now due to 
advances in data collection and additive manufacturing. That data obtained from more 
detailed studies of coral reefs can then be applied to coastal protection studies, which 
can lead to the development of modular protection structures that have been opti-
mised for wave energy dispersion.

2. Coral Reefs as Coastal Protection
Anecdotal evidence from coastal communities demonstrates an awareness of the pro-
tection offered by mangroves, wetlands and sand dunes, and anecdotes abound of the 
role that such barriers in protecting coastal assets and ecosystems (Fernando, et al. 
2007). Madin, et al. (2013) state that the physical structure of coral reefs plays a critical 
role as a barrier for storm waves and tsunamis, and as a habitat for living reef-building 
and reef-associated organisms.

Munk & Sargent (1948) provided some of the early reports on wave setup due 
to a barrier reef. With wave setup being an increase in mean water level due to the 
presence of breaking waves, which significantly enhance wave field dissipation (Zhang 
and Yuan 2005). Wave breaking is a factor of the wave length, wave height and water 
depth. Simplistically, shallower water depths initiate wave breaking in smaller waver 
heights. As deep water waves interact with a coral reef, the water depth reduces 
quickly (for example; from a depth of 60 m to 1 m in 5–10 m of lateral distance), and 
the waves break abruptly.

Koekoek describes in his book in 2010 an idealised sinusoidal wave that outlines 
the basic concepts of ocean waves – in nature, the waves would be much more irre-
gular.

In their study of the Sri Lankan coastline following the Sumatran Tsunami, Fernando 
et al. (2007) observed that, water inundation and wave heights in narrow regions where 
coral cover is said to have been removed were as much 5-10 times more severe than 
those with coral reef protection. The sections of removed reef created low-resistance 
paths that led to water jetting through them (Fernando, et al. 2007).

Subsequent globally-focused research by Ferrario, et al. (2014) found that coral 
reefs reduce wave energy by an average of 97 %. The reef crest, or shallowest part of 
the reef where the wave break first, dissipates 86 % of wave energy on its own. The 
whole reef reduces wave height by 84 %. Taebi et al. present in their book from 2011 an 
idealised schematic of a fringing coral reef, depicting the sloping forereef, reef crest, 
reef flat or platform and lagoon.

Nature has long provided a source of inspiration for design and engineering 
concepts. The term ‘biomimetic’ was first used in the late 1960s by biophysicist Otto 
Schmitt and the term ‘biomimicry’ was popularised by scientist Janine Benyus in her 
book, Biomimicry: Innovation Inspired by Nature (1997). Biomimicry is a design concept 
that draws sustainability and resiliency ideas from nature’s time-tested patterns and 
solutions (Chen, Ross and Klotz 2015).
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Chen, Ross and Klotz (2015) highlight that the biomimetic lessons that can be 
learnt from coral reefs are present on five scales:

• Material scale: composition and material properties of the reef substrate;

• Component scale: mechanical properties of the coral skeleton;

• System scale: components of the reef;

• Spatial scale: mutualism of reef components;

• Regional scale: reef dimensions and distance to shore.

Each of the aforementioned scales can have an effect on the wave energy disper-
sion properties of a coral reef. This is reiterated in the review by Lowe & Falter (2015) 
that investigates coral scales from the small-scale mechanics of flow around coral 
communities and their influence on nutrient exchange to larger, reef-scale patterns 
of wave- and tide-driven circulation, to regional-scale drivers of reefs such as coastal 
upwelling, internal waves, and extreme disturbances such as cyclones. Rogers, et 
al. (2016) found that bot-tom friction is the significant source of wave energy dissi-
pation on the Palmyra Atoll (central Pacific Ocean). The coral canopy was found to 
substantially decrease the flow velocity due to an increase in the bottom drag coeffi-
cient, itself a strong function of can-opy porosity, by Fernando et al. (2007). Hench and 
Rosman (2013) suggest that the reef flat, both drag and inertial forces exerted by coral 
colonies could have significant effects depending on coral colony and patch scales. 
Monismith, et al. (2015) argues that it is the structural complexity of the reef that has 
greater influence on bottom drag than the height of the reef. (A key term that can be 
applied to many of these studies is ‘reef rugosity’, which is a simple measurement of 
the surface roughness that has been used routinely by coral reef biologists).

3. Sea Level Rise and Coral Growth
Currently in the research community this is conjecture as to whether healthy co-
ral growth can continue at rates similar to the projected SLR due to climate change 
(Dickinson 2009).

The IPCC (2013) presented estimates for a number of different SLR scenarios, 
presented as Representative Concentration Pathways (RCP). The RCPs depend on a 
range of different factors, including; population growth, Gross Domestic Product (GDP), 
energy use, land use changes, resource availability, and the pace and direction of 
technology.

A brief description of each of the IPCC RCPs is as follows:

• RCP2.6: assumes that global annual greenhouse gases (GHG) peak between 
2010–2020, with emissions declining substantially thereafter;

• RCP4.5: assumes that GHG emissions peak at 2040, then decline;

• RCP6.0: assumes that GHG emissions peak at 2080, then decline;

• RCP8.5: assumes that GHG emissions continue to rise throughout the 21st century.

The shaded region on the above chart displays the medium confidence range for 
RCP2.6 and 8.5. The medium range is shown to have larger estimates for the global 
mean sea level rise, especially later in the century, when compared to the likely ranges 
presented to the right of the chart. The IPCC (2013) states that there currently is insuf-
ficient evidence to evaluate the probability of specific levels above the likely range.

Therefore, healthy coral will have to grow at a rate of approximately 3 mm/yr for 
the RCP2.6 scenario and 10 mm/yr for the RCP8.5 scenario.

Given the climate change related threats of increasing sea temperatures and 
increasing ocean acidity, as well as potentially more breakages due to the predicted 
increase in storm activity, coral reefs will likely have difficulties in maintaining healthy 
growth, and some coral bleaching and die-off events have been documented (Kleypas 
and Hoegh-Guldberg 2005).

4. Design Background
As wave breaking is related to the wave height and water depth. Deeper water allows 
larger wave heights to propagate towards the shoreline. Therefore, due to SLR the wa-
ter over a coral reef will increase, resulting in less effective wave dispersion occurring at 
the reef and more wave energy being transmitted through to the shore of the island. For 
example, an increase in water depth from 1.0 m to 1.3 m will be the difference between 
a 0.8 m wave and a 1.0 m wave breaking on the reef. The 1.0 m wave will have over 3.5 
kN/m more load than the 0.8 m wave. This can lead to increased shoreline erosion and 
inundation during large storm or swell events.

The project is a modular coastal protection structure that will be placed inside the 
existing coral reef. The structure will provide protection from waves with heights that 
no longer break on the barrier reef given the increased water levels.

The façade of the floating structure, that faces offshore, will utilise a coral typology 
based on naturally forming coral forms, but with an optimised layout and distribution 
for enhanced wave energy dispersion. Landward of the external coastal protection 
units will be floating platforms to form space for habitation for the island population 
that may have to be relocated due to the rising water levels.

The Hydrous, a non-profit organisation that undertakes 3D scans of coral reefs, has 
permitted the use of four coral meshes.
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5. Coral Reef Design
With continual improvements occur with in-situ data collection technology and sam-
pling methods for coral reefs and their hydrodynamics, increasing the accuracy and 
details found in recent research, advances in computing technology have increased 
the detail available when developing numerical simulations of coral reefs.

The work of Zomparelli and Erioli (2012) in Emergent Reefs, begins with a digital 
simulation of a synthetic local ecosystem, then “a generative technique based on 
multi-agent systems and continuous cellular automata is implemented in a voxel field 
at several scales”, which facilitates the, “implementation of reaction diffusion genera-
tive strategy within a non-isotropic 3-dimensional field”.

Sadegh, Sherer and Jaroszewski (Unknown) generated a coral reef growth simula-
tion, resulting in a form, using the Python scripting language in Grasshopper, an algo-
rithmic modelling plug-in for Rhinoceros CAD software. A similar approach was under-
taken by industrial designer, Goad (2013) to manufacture a prototype of his Modular 
Artificial Reef Structure (MARS).

The new Grasshopper component set ‘Biomorpher’, “allows the user to navigate 
an evolutionary search via interactive selection, allowing designs to survive that can 
sometimes just 'feel right' rather than measuring against performance metrics”. This 
means that user can evolve coral meshes for difference performance qualities – for 
example, more faces, thicker branches or increasingly complex structural forms. 
This is beneficial as you can begin with a natural coral, then evolve the typology to a 
required performance criteria, yet the final shape still appears natural.

It should be noted that the aforementioned projects that investigated new nume-
rical methods to develop artificial coral reef forms chose to produce physicals proto-
types via additive manufacturing (instead of casting a mould or carving, for example).

6. Additive Manufacturing Coral Reefs
Gardiner (2011), who attempted an early reef complex that was constructed using the 
D-Shape™ 3D printing technology (the printed material is a mix of sand, seawater and 
magnesium-based binder), presented the following summarised findings:

• “Construction 3D printing has been demonstrated to be appropriate for 
constructed reefs in a number of areas; the material (mainly synthetic stone) is 
already widely used for constructed reefs. The D-Shape™ material has an inhe-
rent surface roughness which is ideal for coral polyp adhesion, the construction 
3D printing technique is ideally suited to creating complex non-uniform struc-
tures which can mimic natural reefs.

• Due to the flexibility of construction 3D printing each element created can be 
different from the last. This reduces the need for mass production of similar 
elements as is common for constructed reefs. This allows the development 
of truly topologically diverse constructed reefs where no element is similar to 
another. This increases the opportunity for biodiversity as the range of different 
habitats reduces the chances of domination of one or a small number of species.

• The concept for the deep scaffold which was developed for this project has enor-
mous opportunity value for the creation of complex constructed reef structures 
which can contain more habitat opportunity than natural reefs, within a structu-
rally robust modular building system.

• It is possible to create parametrically responsive reef modules that can comple-
ment or replace existing modular constructed reef systems. This allows for the 
generation of variation within the module which can respond to local conditions 
(such as tides, currents, nutrient levels, accommodate or exclude certain species 
through provision or reduction of habitat. This allows for each module to be diffe-
rent without having to individually model each one.

• Natural reefs are well known to be a key source of coastline protection. There is 
an opportunity to use construction 3D printing for the creation of reefs that 
can aid in coastline protection, especially for areas that are prone to tsunamis.”

This highlights the opportunity to investigate data-driven, optimised coastal 
protection structures. These structures can be designed to satisfy existing coastal 
engineering criteria, but can apply refined manufacturing to reduce material waste in 
construction.

7. Problem Formulation
The AOSIS nations are facing the prospect of forced mass migration due to SLR within 
the next hundred years. The natural coastal protection methods that have previously 
sheltered the islands from substantial erosion events are becoming less effective; no-
tably coral reefs that fringe the islands. Coral reefs induce wave breaking, a transfor-
mation that is highly efficient at dispersing wave energy. Less effective coral reefs result 
in an increase of wave energy reaching the islands, potentially leading to more wides-
pread coastal erosion, saltwater intrusion and flooding. A coastal protection design that 
can benefit, even possibly promote, coral reef growth, provide temporary (or, even-
tually, permanent) habitation for the island population and that can be installed simply, 
would be advantageous to the AOSIS members. Due to the urgency of the problem, 
the design outcome proposed could be implemented in the near-future, within the 
next five years.
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8. Design Considerations
Andrefouet, Pages and Tartinville (2001) undertook their research in the Taumotu Ar-
chipelago, French Polynesia (135 to 150°W, 12 to 23°S), stating that there is a dominant 
southern swell all year round and less energetic northern swells from November to 
March. Andrefouet, Pages and Tartinville (2001) applied satellite altimetry techniques to 
determine the estimate significant wave height, Hsat, which had an offset of approxi-
mately 1.3 m to the measured wave height. The Hsat computed for more than 30 atolls 
ranged from 1.5 to 3.5 m.

Hench, Leichter and Monismith (2008) state that winds are typically light (<5 m/s) 
and variable, but generally from the northeast. Surface gravity wave spectra from the 
fore-reef show that the wave forcing is highly episodic, with swell events that typically 
lasted several days. For nearly all the swell events, a narrow band of long-period (T > 
20 s) waves arrived first, followed by a broader band of shorter-period waves.

The wave spectra were dominated by long-period swell (15–22 s), and Hs, ranged 
from 0.85 to 2.60 m (mean 1.3 ± 0.31 m, where ± indicates standard deviation about the 
mean). Significant wave periods, Ts, ranged from 8 to 22 s (mean 14.5 ± 2.6 s). Wave 
directions ranged from 320° to 5° (mean 345° ± 7°) (Hench, Leichter and Monismith 
2008).

In table 2, presented below, there are wave climate statistics derived for Tahiti in 
the wave energy resource study undertaken by Huckerby and McComb (2011).

Hs (m)
Tahiti (210° E, 19° S)

Mean P95

Jan 1.77 2.51

Feb 1.92 2.69

Mar 2.06 2.97

Apr 2,57 4.02

May 2.61 4.19

Jun 2.65 4.22

Jul 2.52 3.81

Aug 2.31 3.69

Sep 2.41 3.96

Oct 2.18 3.63

Nov 1.93 2.88

Dec 2.07 3.14

Table 2: Wave climate statistics for exposed sites offshore of Tahiti (Huckerby and McComb 2011)1.

1. The monthly mean significant wave height (Hs) is provided, along with the 95th percentile non-exceedence level (P95).

Lechacheux, Bulteau and Pedreros (2014) state that three main seasonal wave 
regimes are observed in the French Polynesia. The trade-wind waves occur all year 
long. They rarely exceed 2 m height and have relatively short periods from 6 s to 9 
s. Waves coming from the Northern Hemisphere are observed between November 
and April and are generated by the wind. Their heights range from 1 m to 2 m, but 
their periods are longer than trade-wind waves and can reach 20 s. Lastly, southern 
waves are observed throughout the year, but are more frequent between June and 
September. They are generated by the depressions of the Southern Hemisphere and 
are characterized by moderated heights between 2 m and 3 m (exceptionally 5 m) and 
long periods between 12 s and 16 s. Thus, even if their heights remain moderated, they 
carry out a large amount of energy due to their long periods.

Therefore, a representative significant wave height, Hs of 2.8 m, and a period of 16 
s has been selected for this study. The significant wave height is the average of the 
highest 1/3 of waves. Assuming the wave heights follow a Raleigh Distribution, the 
maximum design height, Hd, can be calculated using an exceedance probability – 
P (H > H

d) = 0.10, and Hd = 2.2 Hs (Ham 2016). Hence, Hd = 2.2 × 2.8 = 6.16 m.

9. Model or Methods
The design strives to incorporate traditional coastal protection techniques with recent 
advancements in 3D printing and parametric design – linking these concepts with bio-
mimetic practices.

Conventionally, submerged breakwaters (as depicted in figure 3) are typically 
constructed with rock, concrete units or geotextile containers, and the designs protect 
the coastline similarly to natural reef. Submerged breakwaters can be preferred to 
emergent breakwaters as they allow more water circulation shoreward of the structure 
and do not interfere with ocean views.

Figure 3: Submerged breakwater schematic diagram (wave direction left to right) © Tim Leeson.

Floating breakwaters are applied as small wind wave protection devices in areas 
that have large tidal ranges (schematic provided in figure 4). Frequently, floating 
breakwaters are used as a marina protection technique inside natural bays or harbours 
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– places with benign wave conditions (Watanabe, et al. 2004). Very large floating struc-
tures (VLFs) have been used as floating airports, bridges and have been referred to 
as ‘manmade islands’. Recently, there is increased research in the feasibility of floating 
cities or ‘sea steading’ using VLF technology (Ham 2016), (Koekoek 2010).

Figure 4: Floating breakwater schematic diagram (wave direction left to right) © Tim Leeson.

To best protect the existing coral reef environment from further disruption or 
degradation, the proposed coastal protection structure is to be floating and partially 
submerged by at least 1.0 m of water, but it should to maintain a freeboard greater 
than 0.3 m. An increased depth penetration increases the effectiveness of floating 
breakwaters. In general, the draft is to be greater than half of the design wave height 
(Pilarczyk 1992). A balance is required to achieve a stable draft, but that it not be too 
deep that it can impact the coral reef below it during extreme low water events.

The design of the proposed structure is largely influenced by the idealised coral 
reef cross-section.

A curved offshore façade will focus incoming waves to the shallowest section of 
the structure first, creating a zone that is more likely to induce wave breaking. This 
zone is located towards the centre of the structure, promoting tilting in one axis, but 
reduces potential rotational forces.

The façade is shaped with a prominent reef crest, as 86% of wave energy is dissi-
pated by a natural reef crest, making this high and narrow geomorphological feature 
the most critical in providing wave attenuation benefits (Ferrario, et al. 2014).

Pilarczyk (1992) provides further design guidelines for traditional emerging 
breakwaters:

• Seaward slope of 1:1 to 1:3;

• Landward of 1:1;

• Crest width is generally about 3 m width, which can be increased to 5 m at regions 
exposed to large design waves;

• Crest datum is generally 0.5 to 1.5 m above still water level.

The aforementioned guidelines have been applied as close to practical in the 
proposed structure.

The façade of each of the modules of the proposed structure are to be orientated 
to face the dominant swell direction applicable to the study site. For example, facing 
the east and southeast for Bora Bora.

Pilarczyk (1992) and the US Army Coastal Engineering Manual (CEM) (2002) recom-
mend that driven piles are generally the best means of stable anchorage over long 
time periods. Therefore, the proposed structure will fastened in place similar to that 
depicted in figure 5. It will act similarly to a cantilevered structure when a dynamic 
wave load is applied to its offshore face.

Initial calculations of the upward buoyancy force of an extruded polystyrene (EPS) 
core platform indicate that the wave load resultant from an unbroken design wave at 
the Bora Bora study site will have negligible influence on the rotational moment of the 
structure and the freeboard shall remain relatively consistent in these circumstances.

Figure 5: Floating gardens, the Seine River, Paris © Tim Leeson.

A key consideration is the installation of the structure, hence the proposed modular 
construction system. The offshore wind farm construction industry is a source of 
guidance, as barges have been developed that can install piles, beyond the 10 – 20 m 
depth typically required for this project, and the barges also have the ability to crane 
large components into location with appropriate levels of accuracy. An example of a 
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suitable barge that could be modified and applied in the installation of the proposed 
structure is the ASL96 (TotalAMS, 2016), which has the following specifications:

• Draft: 1.20 m;

• Beam: 15.24 m;

• Length: 54.85 m.

These dimensions have guided the scale of the proposed structure.

10. Coral Façade Research
The Chamberlain and Graus (1975) study applies both wave flume and field observa-
tions of real and idealised model reef colonies to demonstrate that water flows through 
a coral colony either horizontally or diagonally outward from the point of entry.

A digital flow observation method similar to those applied manually in Chamber-
lain and Graus (1975) and Fernando et al. (2007), where rods or polygons were used 
to simulate coral colonies and could therefore, more simply test different coral array, 
branch sizes and porosity.

Improvements in the ability to numerically simulate Computational Fluid Dyna-
mics (CFD) has facilitated increased availability in modelling flow interactions with 
objects. Table 3 presents a 1 m3 surface with a five by five gridded array of 0.5 m high 
shapes, including: cone, cylinder, hexagon, square and triangles – some shapes have 
been rotated and others placed alternately. Cylindrical ‘T’ and ‘Y’ shapes have also 
been included for their additional complexity and similarity to coral structures. All CFD 
modelling was undertaken the Autodesk Flow Design software. These plots represent 
a continuation of the aforementioned studies by Chamberlain and Graus (1975) and 
Fernando, et al. (2007).

Table 3 provides a simple visualisation of fluid jetting between different shape 
layouts and the effectiveness of dispersion when using an alternating layout of the 
shapes. The calculation of the flow velocities in table 3 will be derived from the shapes 
drag coefficients.

Cone Cylinder (Alternate)

Cylinder Hexagon

Square Square (45° Angle)



190 191

Biomimetic Barriers Biomimetic Barriers

Triangle (Flat face) Triangle (Alternate – Flat face)

Triangle (Point) Triangle (Alternate – Point)

“T” shape “Y” shape

Table 3: CFD simulations of patterned shapes.

Figure 6: Measured drag coefficients © Tim Leeson.

From exploring the flow patterns of arrays of regular, table 4 presents the CFD 
simulation results of different coral species. Acropora Valenciennesi is a coral that has 
many cylindrical branches, which result in this species being more efficient in disper-
sing the flow than the other corals tested. This aligns to the findings of Table 3 that 
demonstrate that an array of alternating circular shapes provide increased dispersion 
of the fluid, as they do not promote jetting. The modified mesh of the Acropora Valen-
ciennesi is further rounded compared to the scanned mesh.

Acropora Valenciennesi Acropora Valenciennesi (Modified)
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Pocillipora_Eydouxi Table Coral

Table 4: CFD simulations of single coral typologies

11. Resultant Design
Applying the traditional coastal protection design recommendations for submerged 
and floating breakwaters, and the bathymetry of a coral reef crest, provides a proposed 
structure as described in figure 7.

Figure 7: Proposed floating, modular coastal protection platform, sans façade © Tim Leeson.

As depicted in figure 7, the structure has a length of 30.5 m at its longest point, is 
20.0 m wide, it features a predominant height of 1.5 m, with the largest height of 2.5 
m. Therefore, the area is approximately 1310 m², the volume is 910m3 and the desired 
submerged volume is approximately 485 m3.

The currently assumed construction of the floating platform is a hollow 
geopolymer concrete filled an EPS foam core. As the structure is predominately foam, 
it will still not sink should there be minor damage or a small piercing of the concrete 
shell.

Based on LaNier, et al. (2005) and Lorman (1976), the concrete deck of the platform 
will have an assumed thickness of 75 mm, with 0.40 mm coverage of the stainless 
steel mesh reinforcement, and the walls and base will have 50 mm thick concrete 
coverage.

Applying a series of alternating cylinders, as determined in the previous section, 
to the façade of the floating platform presented in figure 7 presents the first itera-
tion of coastal protection structure – as depicted in figure 8. By using a method of 
‘attractor points’ on the leading offshore point of the floating platform focuses wave 
breaking. This is to concentrate the dynamic wave loads to the centre of the plat-
form to reduce rotational moments on the structure. After breaking, the waves will 
wash over the simulated reef top or platform and into the channelled section, where 
the water will drain off the structure efficiently. CAD software Rhinoceros and the 
plug-in Grasshopper can be utilised to randomise the placement of the cylinders, as 
presented in figure 9, and the script in Appendix B.

Figure 8: Floating platform with alternate cylinder façade (leading faces not alternate to promote wave breaking) 

© Tim Leeson.

Figure 9: Floating platform with randomised cylinder façade © Tim Leeson.

The desired outcome for the floating platform includes efficient wave energy 
dispersion, but through the closer application of biomimetic techniques. The floa-
ting platform design presented in figure 10 applies the effective wave energy of the 
modified Acropora Valenciennesi coral in the centre forward of the floating platform 
to encourage wave breaking and the leading offshore point. Acropora Valenciennesi 
coral has been used most frequently on the façade, followed Pocillipora_Eydouxi and 
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the Table Corals. The variety in the corals applied to the facade is to encourage more 
diverse marine growth on the structure.

Figure 10: Multiple viewpoints of the biomimetic coral façade and the floating coastal protection platform 

© Tim Leeson.

Lloyd and Rangan (2010) provide insight into geopolymer concrete and the bene-
fits it provides in ocean-based projects:

“Geopolymer results from the reaction of a source material that is rich in 
silica and alumina with alkaline liquid. It is essentially cement-free concrete. 
This material…shows promise as a greener substitute for ordinary Portland 
cement concrete in some applications…with a reduced global warming 
potential. Geopolymer concrete has excellent resistance to chemical attack 
and shows promise in the use of aggressive environments where the dura-
bility of Portland cement concrete may be of concern. This is particularly 
applicable in aggressive marine environments.”

Geopolymer concrete also has high-strength, very low creep and shrinkage. The 
creation of the material is sensitive, but it is envisaged that the modular nature of 
the floating platform concept allow the manufacturing of the structures to be suffi-
ciently controlled. Given the desired implementation timeline (within five years) of this 
concept, geopolymer concrete represents a more environmentally benign alternative 
construction material than traditional concrete.

A key point for further research in manufacturing the proposed structure is the 
interface between the façade section of the structure and the rectangular section that 
provides the majority of the buoyancy and is connected to the piles for mooring. Due 
to cantilever effect of the dynamic wave loads, the bond between these two sections 
will be critical. Further research will also be required in determining the optimal coral 
thickness and overhanging distance to reduce breakage of the printed coral. While 
the concrete has the opportunity to dry between each layer of printing, it is desirable 
that the stability of each printed coral piece is maximised. This will reduce instances 
of breakage or collapse, which could then lead to leakage and infiltration of seawater 
into the EPS core cavity.

The additive manufacturing technique of 3D printing concrete was selected due 
to the comments provided by Gardiner (2011) and the project of Goad (2013). Figure 
11 demonstrates the potential of marine growth on 3D printed materials in an ocean 
environment – the surface roughness and achievable designs promoting habitation by 
a range of organisms.

Figure 11: An example of a marine growth on a 3D printed artificial reef structure © Tim Leeson.

12. Implementation
The offshore wind energy industry provides guidance as to how the modular floating 
platform components can be installed.

Shallow draft barges for installing piles in marine and freshwater environments are 
already commonplace. Modified ‘jack-up barges’ and barges with large crane arms 
are currently fixing several offshore wind turbines in a single voyage. It is feasible that 
similar vessels could be modified or constructed that allow for the placement of 30 
m x 20 m floating platforms by a vessel-mounted crane, see figure 12. A single vessel, 
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or a two-vessel team, could be manufacture and place the floating units with a fly-in 
fly-out crew in the near-future (< five years), providing urgent coastal protection and 
temporary habitable measures to those states already experiencing the effects of 
climate change and SLR.

Figure 12: Graphic representation of floating platform installation with shallow draft vessel © Tim Leeson.

The requisite vessels would possess a draft of approximately 1 m, allowing them 
to enter the coral atolls via a natural channel and then work directly adjacent to the 
barrier reef. As they’d be operating in the calm wave conditions of the lagoon there’d 
be much less operational downtime and increased efficiency.

World Bank or International Monetary Fund could support the establishment a 
team of vessels assisting small island states around the globe to start addressing 
potential coastal flooding and inundation hotspots almost immediately.

One of the most significant goals of the project is to eliminate the need for people 
of small island states to migrate and leave their homes. Therefore, floating platforms 
specifically for housing could be manufactured and installed on the landward side of 
the coastal protection platforms, as demonstrated in figure 13.

Figure 13: Graphic representation of moored coastal protection floating platform with floating habitation platform 

© Tim Leeson.

Given the wave climate for the Bora Bora, Leeward Islands, study site presented 
by Hench, Leichter and Monismith 2008 and the location of a section of land inhibiting 

the dominant easterly swell direction, the initial region for floating platform installation 
would be to the southeast, then south. The aforementioned platform is positioned 
with the coastal protection platforms (red) placed on the landward side of the barrier 
reef and larger, hexagonal habitation platforms located further inside the lagoon. The 
modular configuration of the components can allow for growth and modification of 
the spatial distribution of the platforms over time, addressing changing requirements.

13. Discussion
A key advantage of the modular floating platform is that it can become a short-term 
habitable refuge during periods of severe coastal flooding for the affect island’s po-
pulation. Beyond this, additional floating platforms could be manufactured and these 
would be adapted for longer-term habitation. Computational design allows rapid cal-
culation of the area of floating space required for the number of population affected by 
SLR given the specific island’s topography. These long-term floating dwellings will be 
utilised as a base as solutions are developed to sustainably reclaim land on, or adjacent 
to, their island for living into the future.

The floating platforms can improve the ecology of the natural coral reef adjacent 
to it by lowering water temperatures, which may assist in offsetting the temperature 
rise due to climate change. The platforms will also provide shelter for organisms and 
another surface for coral polyps to attach to and develop. This can result in the deve-
lopment of a more complex or dynamic reef ecosystem.

Developing the floating platform infrastructure could provide a framework to 
explore tidal electricity generation. Even though the tidal ranges at locations near the 
equator are typically low (<1 m), a small electric current through electrodes in the 
seawater results in the electro accumulation of minerals (© Biorock), which can assist 
in creating and stimulating growth of coral ecosystems.

It is desirable to not over-engineer the floating platform, as to become a viable 
coastal protection option it needs to be as cost effective as alternative solutions. It 
is key that floating platform can withstand wave loads occurring at the site, as the 
magnitude of the dynamic wave forces are typically 10 times greater than the loads 
acting on the structure due to ocean currents or the wind load. As wave breaking is 
a factor of water depth, and the water depth over the reef is 1 m, both the H

s and Hd 
waves will break. The minimum threshold breaking depth is calculated, dbreak = 8.0 m 
for Hd and dbreak = 3.6 m for Hs. Hence, these waves will be broken before they reach 
the floating platform. The largest wave that will reach the floating platform with be 
approximately 0.8 m – resulting in a much smaller loading on the floating platform. 
Figure 14 demonstrates the two aforementioned conditions; large waves breaking 
before the structure and smaller waves (> 0.8 m) breaking on the structure.
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Figure 14: Demonstration of large waves breaking offshore on the structure (above) and small waves (> 0.8 m) 

breaking on the floating platform, © Tim Leeson.

This project has many additional elements at different scales that can be opti-
mised with the growing dataset availability. As demonstrated by the wind and wave 
roses, more environmental data is becoming available, at higher resolutions, as well as 
bathymetric and topographic data. Organisations, such as The Hydrous, are collecting 
more point cloud data on coral forms. These datasets could be utilised to parame-
terise more of the components in this study; for example, surface roughness of the 
corals used could be optimised or a script could be developed that automatically 
downloads meteorological and bathymetric data to locate the floating platforms in 
the required position and with a quantity of platforms calculated to house the number 
of population that will be affected by a particular SLR scenario (therefore automating 
much of the process – making it rapidly deployable for many different small island 
states), further Grasshopper plug-ins are being developed to improve CFD modelling 
capabilities of the software.

Given the urgency of the situation the AOSIS nations face, methods and techno-
logy that expedite the cost effective implementation of coastal protection measures in 
the near-future can be of substantial benefit.

Conclusion
It would be a disaster at a global scale if SLR, initiates the mass migration of popula-
tions living in AOSIS countries and similar locations. Existing research demonstrates 

the natural wave energy dispersion properties of coral reefs. By applying biomimetic 
engineering principles and additive manufacturing techniques with concrete, or a si-
milar substrates, a new design solution is possible - an offshore, floating, partially-sub-
merged modular breakwater – as proposed in this review.

The continual rapid increase of available data is benefiting innumerable industries, 
but, seemingly, coastal protection applications are still predominantly using traditional 
engineering methods. Due to the severity of the effects of SLR on small island states 
and the requirement of the swift implementation protection, the research in this study 
aims to provoke innovative applications for coastal protection using new manufactu-
ring solutions.

Numerical computing enables the rapid processing and analysis of large data-
sets, which can then be applied in the optimisation of design projects. As this project 
demonstrates, instead of filming coloured dye being released in a wave flume with a 
coral specimen and each film frame being analysed to assess the water flow through 
a coral piece, multiple coral typologies can be investigated rapidly. The coral typolo-
gies, such as Acropora Valenciennesi, can be further optimised to provide site specific 
coastal protection. This progression and freedom provided by these new tools will 
hopefully drive more innovative design solutions to a historical problem – coastal 
erosion.

Sea level rise due to climate change has the potential to wreak havoc on world’s 
coastlines, affecting small island states most severely. These effects are being felt 
now, thus new cost effective remediation is required urgently.

A hybrid of traditional coastal protection engineering principles, biomimicry and 
additive manufacturing technology – may just be an idea that floats.
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Appendix A – Grasshopper Code: Coral Reef Growth Simulation, © Tim Leeson.
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Appendix B – Grasshopper Code: Randomise Cylinder Façade For Floating Platform, © Tim Leeson.
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Introduction

1. As a reminder, a voxel is a 3D pixel.

By 2050, 66% of the world population is projected to live in urban areas. The building 
industry represents approximately 44% of final energy consumption, 35% of greenhouse 
gas emissions and 50% of extracted raw materials. In this light, urban planning patterns 
using computational design have never been so important. New developments and 
solar regulations are encouraging further changes in design methods and tools. In-
deed, urban design is experiencing some significant evolution, to cope with high po-
pulation density on the one hand and to improve living quality while reducing energy 
loss on the other.

Today’s urban designers have understood the importance of using solar potential 
as one of the most important criteria in preparing a town layout. This research is part of 
these considerations by proposing new methods using voxels1 for urban morphoge-
nesis.

1. Background

1.1. Solar envelope
The idea of solar access is not new; indeed bioclimatic approaches have been used 
for years in the choice of buildings orientation, or in the urban planning regulation. For 
instance, Hausmannian standards were already integrating such considerations is the 
building template design. The concept of a solar envelope was first introduced by Ral-
ph L. Knowles in the 1970s, as a volume that “regulates development within imaginary 
boundaries derived from the sun's relative motion”. Indeed, the solar envelope defines 
the maximum volume that can be built without affecting the existing buildings (figure 1).

Figure 1: Solar envelopes and housing project on curving streets. Viewed from the south © Knowles, R.

C et article présente les résultats d’une recherche sur le déve-
loppement de méthodes algorithmiques pour la concep-
tion d’enveloppes solaires et de formes urbaines optimisées. 

Celles-ci sont générées en appliquant à des voxels des règles d’accès 
au soleil direct. À la différence de certains projets qui explorent les 
automates cellulaires pour la morphogénèse, les méthodes décrites 
incluent des paramètres et objectifs relatifs à une éventuelle implé-
mentation sur site, tels que la constructibilité et les critères de confort 
et d’habitabilité (épaisseur du bâti, vis-à-vis, emprise au sol, entre 
autres). Alors que les outils computationnels et environnementaux 
deviennent partie intégrante du processus de conception des projets 
architecturaux, cette recherche ouvre la discussion sur l’usage de la 
conception générative à partir de voxels et son impact éventuel sur 
les futures morphologies urbaines. Plus spécifiquement, les méthodes 
soustractives et additives sont explorées et comparées pour générer à 
la fois des enveloppes solaires et des formes de bâtiments optimisés 
selon des critères quantifiés d’accès au soleil direct, déjà prescrit dans 
certains pays comme une exigence réglementaire pour le confort 
thermique et lumineux.

Mots-clés : morphogénèse urbaine, enveloppe solaire, conception basée sur des 
règles, algorithme génératif, accès au soleil, voxel

T his paper presents the findings of a research study on the deve-
lopment of rules-based algorithmic methods for the design of 
solar envelopes and optimised shapes in an urban context. They 

are generated using voxels according to direct solar access rules. Unlike 
other research projects focused on cellular automata approach, the 
described methods include parameters and objectives related to an 
eventual implementation on-site such as constructability and comfort 
criteria, e.g. building thickness, neighbourhood proximity, compactness, 
building footprint, among others. As computational and environmental 
tools become an integral part of the design process of architectural 
projects, the research opens the discussion on the voxels-based gene-
rative design and their possible impact on future urban morphologies. 
More specifically, subtractive and additive methods are explored and 
compared to generate both solar envelopes and building shapes accor-
ding to quantified solar access criteria that is already applied in some 
countries as a requirement for light and thermal comfort.

Keywords: urban morphogenesis, solar envelope, rules-based design, generative 
algorithm, solar access, voxel
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More recently, MVRDV got into the game of designing optimised templates in 
the Bastide-Niel urban project in Bordeaux where architecture offices were given 144 
predefined shapes resulting from a combination of strictly daylighting requirement 
and historical layout (figure 2).

Figure 2: Solar Envelopes in Bastide Niel Project, Bordeaux © MVRDV Design: MVRDV - Winy Maas, Jacob van Rijs 
and Nathalie de Vries.

While this binary approach is suitable in large and obstacle-free urban zones, it is 
much less evident in a densely built urban context. It is thus necessary to introduce 
the notion of direct solar access percentage to loosen the constraints of the genera-
tion of solar envelopes.

In numerous countries, urban laws promote comfort and health, by requiring a 
certain value of solar right for new and existing buildings. In the Dutch building code, 
the main façade of a house should receive at least three 3 hours of direct sunlight per 
day between the 21st of March and the 21st of September. In the USA, some local laws 
regulate solar access through building-permitting and zoning approval process. In 
Estonia, the “Daylight in Dwelling and Office Standard” establishes that new construc-
tions cannot deprive existing dwellings of direct solar access by more than 50% of 
the existing direct solar access and that at least one room in the dwelling receives 
a minimum of 2.5 hours of direct sunlight. In Sydney, Australia, this last criterion is 
lowered to two 2 hours between 9 am and 3 pm on the 21st of December, and in 
Changchun, China, the existing buildings should receive at least two hours of direct 
sunlight in winter.

In France, such considerations do not exist neither in the “Code de la construction 
et de l’habitation”, nor in the “Code du travail”, even if some isolated initiatives from 
private contractors begin to integrate them into their specification sheets.

1.2. Optimised urban shapes
Integrating weather data and computational design in the district layout therefore, it ap-
pears as a necessary method to maximise solar gain and make buildings more efficient. 
The solar envelopes generation is one way, among many, and can be completed by an 
additive work on building shapes to respect the criteria given by daylight requirements 
for dwellings and offices.

Today’s architects, computational designers and research department engineers 
are already riding the wave of the computational design process. Urban Agency has 
developed a tool to optimise daylight and solar access, based on the variation of 
parameters related to the chosen typology of a building (tower, building with cour-
tyard, fragmented one etc.). However, it is important to note that the tool comes with 
limitations. For instance, the shape of templates optimised by means of calculation is 
contingent upon building predefined ageing typologies that required updating. More 
recently, Franck Boutté Consultants have developed the MESH2 project, where urban 
morphologies are optimised with an iterative process, along with different criteria 
such as solar access, visual comfort or distance from noise. Using criteria that are not 
only related to energy efficiency, but also to comfort, brings a fresh understanding of 
urban design. But once again, the tool is devoted to refining a building shape already 
designed, by applying a variation of sizing parameters.

1.3. Start from scratch with voxels
As opposed to previous works, this study proposes a way for freeing designers from 
last century’s typologies, and direct local urban authorities or designers towards opti-
mised templates, with an indication on a good equilibrium between density and energy 
efficiency.

We all know about the creative freedom and richness of natural and urban lands-
capes allowed by the video game Minecraft (figure 3). In most cases, the voxel is not 
just a 3D object. In Block’hood, each voxel has a given function (energy production, 
housing, park, factory, etc.), and their aggregation allows the gamer to build a sustai-
nable city.

2. “Morphology, Environment, Sustainability, Habitability”
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Figure 3: A landscape generated randomly with Minecraft © Julien Mihatsch, 2018.

Where total freedom is inherent to video games, the use of voxels in urban plan-
ning is subject to feasibility check, related to overhangs and buildings thickness, inter 
alia. In the architectural field, shape generation processes have been studied since 
1950 with cellular automata (CA), shape grammars, or, more recently, agent-based 
design. The common point of all these generation methods is the inability, for the 
human brain, to predict the final morphology.

Shape grammar was first introduced in 1971 by G. Stiny (Introduction to Shape and 
Shape Grammars), to generate a large range of geometries, according to the rules 
order. Parametric shape grammars have been introduced to modify the rules while 
objects are positioned in space. This latter method is strongly related to the current 
research, as the built environment will be changing at each iteration. The algorithm 
described in this paper is even closer to CA methods. CA are actually the older agent-
based system, originally developed to simulate growth in nature. If today’s agent-
based systems, more complex, are modelling behaviours in nature, such as the 
flocking of birds and slime mould growth, it is a well-known fact that CA was already 
generating highly complex systems, with a combination of simple rules.

Figure 4: Exploring Ancient Architectural Designs with Cellular Automata © Situngkir, H. 2010.

In “Exploring Ancient Architectural Designs with Cellular Automata”, Hokky Situngkir 
establish a comparison with 3D CA and Indonesian heritage to discuss the ability to 
bring complexity with simplicity (figure 4). For Makoto Sei Watanabe, through the 
Sun God City (I and II) (figure 5): The city is not “designed”, the city is “generated” and 
“evaluated” by the computer programs. M.S. Watanabe set out a new vision for the 
city, in which agglomeration of apartments is randomly generated with a single rule: X 
hours of sunlight for each cell.

Figure 5: PRIVACITY series - ALGOrithmic Design © Makoto Sei Watanabe.

If the approach is close to the one described in this paper, we give further attention 
to the feasibility criteria, unlike “Sun God City” where the voxels agglomeration some-
times results in flying apartments or too thin building thickness.

More recently, Francesco De Luca published his research on solar form finding 
by subtractive methods (Subtractive Solar Envelope and Integrated Solar Collection, 
Computational Method for High-Rise Buildings in Urban Environments, 2017), where 
he described a recursive method to generate solar envelopes. The work focuses on 
developing the maximum volume that new buildings cannot exceed to guarantee the 
required solar rights on the existing surrounding. By using the sun vectors, the algo-
rithm iteratively removes the voxels that block more than 50% of the solar rays. The 
approach is particularly interesting since it includes daylight standards, and is subse-
quently taken onboard in this paper as a starting input for further developments.

While other tools are modifying parameters on a predefined geometry, the algo-
rithms used in this research allow the user to start from scratch. That is why the voxels-
based generative methods are particularly interesting. The only formal parameter that 
we can change when working with voxels is the resolution (size of the voxel). Yet, it 
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can lead to a large panel of morphologies, that can be kept in a raw state, or that can 
be smoothed to obtain more organic shapes. Despite its cubic form, voxels free desi-
gners.

According to the chosen resolution (figure 6), the voxel can be considered as a unit 
in a 3D model, such as a prefabricated living cell, or as a more abstract element, that 
serves the final geometry.

Figure 6: Algorithm Workflow for voxel-based solar envelope © Ilona Darmon.

Figure 7: Voxel resolution and smoothing choice leads to different morphologies © Ilona Darmon.

2. Rules-based generative methods for voxels-based solar 
envelope

The algorithms described in this paper are designed according to CA principles: the 
state of a t+1 cell depends of the t cells state, and to the initial environment (John Von 
Neumann et Stanisław Ulam, 1940). Unlike John Conway’s famous Game Of Life that 
popularized the concept in 1970, where cells can live or die over time according to 
simple rules, here the cell construction is definitive.

2.1. Software prerequisite
Rhinoceros 3D, Grasshopper and Ladybug tools (Mostapha Sadeghipour Roudsari and 
Chris Mackey) have been used for the development of the algorithms. More precisely, 
the Sunpath component is used to generate sun vectors from the weather file and filter 
the visible rays, and the Sunlight Hour component is used to evaluate the quantity of 
direct sun on the façade after the recursive process is complete.

The initial environment is defined by the plot boundary, the context of the built 
environment, and the site-specific weather data (*.epw files from EnergyPlus). The 
Estonian daylight standards have been taken as an input criterion in the algorithm.

2.2. Methods
The domain points to be tested is defined by a 3D grid. The first part consists of genera-
ting the solar vectors per day for each window from the existing buildings for the study 
period: from the 22nd of April to the 22nd of August, according to the Estonian regulations. 
A time step of 20 minutes has been set up to be coherent with the size of the voxels. 
For simplification issues, a division of their facade with a grid of 3 x 3 m has created test 
points on the existing buildings. The visible sun vectors from each test point are selec-
ted using the Sunlight Hour component.

Five solar generation methods have been tested, including three subtractive and 
two additive ones (figure 7). All the methods share a common part in the algorithm: the 
subtractive process removes voxels that don’t respect the solar access rules, whereas 
the additive process constructs a voxel only if the rules are respected.

On the other part, and for the subtractive methods only, the maximum volume – 
corresponding to the surface of the plot extruded with a given height – is filled with 
3 m voxels. This height is set up to 72 m. The remaining part of the algorithm is a 
recursive algorithm based on Boolean rules. The windows centre points are numbered 
from 0 to n (i ε ∈{0,∈...,x}).
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For subtractive methods, the following actions are realised at each iteration:

3. The selection way depends of the chosen method, further detailed.

• a. Selection of the windows n°i;

• b. Selection of 50% of solar rays per day (generated from this windows)3;

• c. Calculation of the intersection between the selected solar rays and the volume 
composed by the voxels;

• d. Removal of hit voxels from the current maximum volume which begins the new 
maximum volume.

The next window centre point i+1 is then selected, and the above operations are 
repeated. At the end of the iterations, all the voxels that block more than 50% of the 
direct solar rays to the windows are removed.

Three subtractive methods have been tested, by modifying the order of the 
windows selection (a), or the way the solar rays are selected (b). Each method specifi-
city is explained below:

2.2.1. Subtractive method: “List Normal”

The first iteration tests the point 0 (a). Then the algorithm selects (b) the solar vectors 
that hit the least voxels (included when no voxels are hit). With this method, the solar 
vector selection at n+1 depends on the selection at n. That is why the order of the win-
dows centre points is important.

2.2.2. Subtractive method: “List Reverse”

This method is similar to “List Normal”, except that the list of windows centre points is 
reversed: the first iteration tests the point x, the second tests the point x-1 , and so on.

2.2.3. Subtractive method: “Boundary”

With this method, the selection of solar vectors at n+1 does not depend on the selection 
at n : the algorithm selects the 50% of the solar rays whose projection on the XY plane 
has the smallest length in the plot boundary (a), i.e. the solar rays that will remove the 
closest to boundary’s voxels.

The additive methods loops are designed differently. The test points are not 
the windows centre points but the voxels centre points. They are numbered from 
0 to n (i ε ∈{0,∈...,x})..

For additive methods, the following actions are processed at each iteration:

• e. Selection of the voxel centre point n° i;

• f. Test for intersections between the solar rays from all the windows centre points 
and the tested voxel, merged with voxels validated from previous iterations;

• g. If more than 50% of the solar vectors per day collide with the voxel, the algo-
rithm returns a False value. If not, it returns a True Value (one value per day);

• h. Mass addition of the Boolean values for all days. If the result is equal to the “list 
length” of the days, i.e. all the values are true; the algorithm returns a unique True 
value. If at least one of all the values is False, the algorithm returns a False value;

• i. If the value is True, the voxel is validated and is added to the validated voxels 
from the precedent iterations to build the new maximal volume. If the value is 
False, the voxel is not validated.

The Next voxel centre point i+1 is tested, and the above operations are repeated.
At the end of the loops, all the remaining voxels are those that do not block 

more than 50% of the existing solar rays. Two additive methods have been tested, by 
modifying the order of the voxels centre points (f). This choice has an impact on the 
implementation of a voxel in the model. The particularity of each method is explained 
below.

2.2.4. Additive method: “ Centre to exterior”

The points order is designed as follow (e): the creation of a spiral on the XY plane from 
the centre of the plot to the boundary curve. The spiral is created on a 3x3 m grid. The 
beginning of the spiral is the ‘point 0’. The points list is copied on the other levels to ge-
nerate the maximal volume when generating the voxels on these points (figure 8). The 
last point is the end of the highest spiral.

2.2.5. Additive method: “ Exterior to centre”

This method is similar to “Centre to Exterior”, except that the first point is the end of the 
first spiral, and the last point is the centre of the upper spiral (f). With this method, the 
maximum volume at n+1 depends on the validation of the voxel at n.
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Figure 8: Order of the test points © Ilona Darmon.

Figure 9: Comparison of the methods according to Gross Area and Average Sunlight Hours © Ilona Darmon.

Figure 10: Results of the five methods © Ilona Darmon

2.3. Result

The shape generated with the five methods (figure 10) are compared to each other 
and to the maximum volume according to two criteria: the gross area and the average 
sunlight hours per day received by the context.

While “List Normal” and “List Reverse” are close in terms of morphologies, this 
second method provides a thicker shape, more suitable to host a building. Different 
from the other subtractive methods, “List Boundary” provides the lowest value for 
the Gross Area value, but a higher one for the average sunlight hours on the context 
facades. Also, fora height of three voxels, the building has a one-voxel thickness, which 
makes the solar envelope unsuitable for construction. The two additive methods offer 
better results. They are almost identical in terms of morphology and equal in terms of 
the number of voxels. Also, the thickest part is higher.

Figure 11: Subtractive method “Boundary”, number of collisions 
a-Voxel<122 collisions, b- Voxels<122 collisions, c-Voxels<50 collisions, d-Voxels<5 collisions, e-Voxels = 0 collisions  

© Ilona Darmon
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Figure 11 shows the number of intersections with the voxels for the “Boundary” 
method. It emphasises the importance to work with the exact location of the windows, 
and not with a division of the façade, to maximise the volume of the possible solar 
envelope. For instance, shape “d” and shape “c” are considerably different: some voxels 
are removed whereas they are only hit one to four times.

As a conclusion, the aim of this comparison is not to find the best method, but 
rather to highlight the formal freedom allowed by the voxels in generating solar enve-
lopes. Indeed, the resulting morphologies are different according to the order of the 
points list, whether it is the test points from the existing buildings facades, or those 
used in the voxel generation. The number of potential scenarios is thus very high.

3. Rules-based generative methods for voxels optimised 
urban shapes

This second part follows on from the solar envelope design, by taking the precedent 
results as a maximum volume for the generation of optimised urban shapes. Other 
rules than the rules relative to direct solar access are implemented to match habitabi-
lity criteria.

3.1. Method
The shape resulting from the additive method “Centre to Exterior” has been selected for 
the followings studies. As previously described for the additive methods, the genera-
tion of the shape depends on the validation of the rules.

The [t1,∈...,tn] states represent the voxels centre points defined by a 3D grid of 
points, included both in the local town planning template (height constraints, space 
in connection with the neighbours and the public road system etc.) and in the solar 
envelope.

The points are sorted in the same way that in additive method from Part I, that is 
by constructing spirals from these points, and sorting the grid of points along these 
spirals. For a test point to be considered as validated, which means to physically 
construct a voxel in the 3D model, all of the following rules have to be ‘True’ (figure 12), 
these are:

• a. Building Thickness: maximum size of the building along the X or Y plane is not 
larger than the value ∈BT〗max defined by the user. This rule includes other conditions 
in case of breaks in the façade;

• b. Neighbourhood Proximity: At least a defined percentage of windows (NP〗bay 
window) has a clear view on a value ∈NP∈min defined by the user. NP〗bay window = 
〗GAtested level /X, X being a ratio defined by the user;

• c. Gross Area (GA): the voxel aggregation stops when the desired GA is reached;

• d. Building Ground Floor Area (BG): BG is not larger than the value ∈BG∈max defined 
by the user;

• e. Building Footprint: BF is not larger than the value ∈BF∈max defined by the user;

• f. Direct Sun Exposure: a percentage of the East, South and West facades received 
at least the number of sunlight hours on the 21 of December ∈DSE∈facade-SEW as 
defined by the user.

If all the conditions are True, a voxel is built at the location of the test point, and 
the next iteration can start. The general loop stops when the desired gross area is 
reached, or when there are no more points to test. At the end of the iterations, the user 
gets a scenario, which can be evaluated for the following components:

• Gross area;

• Building Ground Floor Area;

• Building Footprint;

• Average Sunlight hours on South, East, and West façades;

• Compactness: Sd/V,

• Spherical view factor.

Figure 12: Algorithm Worflow for voxels-based optimized urban shapes: a. Building Thickness ; b. Neighborhood 
Proximity; c. Area; d. Building Ground Floor Area; e. Building Footprint; f. Direct Solar Exposure © Ilona Darmon.

These two last criteria cannot constrain the voxel aggregation while the algorithm 
is running, but can be taken into account in the comparison of the scenarios.
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The number of possible urban shapes is very high because a scenario depends on 
the number and the location of the input points, and on the parameters chosen by the 
user (∈∈BT〗max, ∈∈BG〗max, ∈∈BF〗max, ∈NP ∈min, ∈DSE ∈facade-SEW).

Figure 13: Algorithm Rules © Ilona Darmon.

3.2. Result

It is important to underline that the voxel is never considered as an independent entity. 
Each loop actually solves the problem: by adding itself to the validated voxels from the 
previous iteration, are the rules still respected?

Four scenarios have been generated and compared (figure 14). Table 1 describes 
the parameters that have been modified in relation to the previous scenario, and are 
shown in red. The better or the closest value to the desired outcome is written in blue. 
Figure 14 highlights the impact of the input points on the final shape.

A one-part building will be easier to generate with a single input point, but a shape 
that has been generated with multiple input points can also be a one-part building, 
as the voxels are allowed to merge, if the rules are respected when merging. The 
designer can also drivethe generation by entering a specific value for the rules. For 
instance, it is advisable to enter a small ∈BG ∈max to allow vertical growth. Indeed, if too 

many voxels are set up on the ground floor, it could be difficult for the other levels to 
rise while respecting the sunlight rule. To prevent this, ∈DSE ∈facade-SEW can be more or 
less restrictive according to the studied floor, and to expand the density on the upper 
levels.

Unity SC 1 SC 2 SC 3 SC 4

IN
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T
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E
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E

R
S

Input point number / 2 2 5 1

Input point location / random random random center

Voxel size m 3

Nb floor Max / 11 20 20 20

BT ∈max

m 14 14 14 14

BG ∈max

% 54 60 60 100

BF ∈max

% 75 65 65 100

NPmin

m 12 10 10 10

Desired Gross Area m2 4 000 10 000 10 000 10 000

DSE ∈facade-SEW

hour 2,5

O
U

T
P

U
T

 R
E

S
U

LT
S

Nb Voxel / 444 1 111 892 988

Gross area m2 4 005 10 008 8 377 8 892

BG % 47 38 50 61

BF % 75 65 65 100

Mean 

Sunlight 

hours

South hour 3,17 5,08 5,03 4,27

East hour 0,71 1,81 1,86 1,56

West hour 2,74 2,53 2,42 2,18

Compactness Sp/V ratio 0,54 0,44 0,53 0,44

Average Sphere 

view factor

% 58,9 60,0 58,6 59,5

The rules list is not exhaustive and can be adapted to any specification, keeping in 
mind that more rules and constrains could degrade the habitability criteria.
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Figure 14: Scenarios results: 
a. Scenario 1 
b. Scenario 2 
c. Scenario 3 
d. Scenario 4 

For each case, the input points (left), the Sphere view factor (middle) and the sunlight exposure are presented 
© Ilona Darmon

4. On-site Application
4.1. Case study from “Réinventer Paris”

The subtractive method, “List Normal”, is applied to a real case study located in the 13th 
district of Paris, which was previously proposed as a plot for the “Réinventer Paris I” call 
for projects in 2015 (figure 15). This plot has been chosen as an actual representation of 
increasing and recent land vacancy in French urban areas, resulting from a high hou-
sing demand.

The Edison site is a 400 m² plot and is surrounded by three kinds of buildings, 
which combine classic and modern architecture. An imposing building of about 
20-storeys on the west side, a smaller six storey buildings on the east side, and the 
music conservatory of the 13th Arrondissement on the south side which has a modern 
extension with almost no windows (not considered in the simulation) are adjacent to 
the plot. The local town planning regulations allows a maximum height of 37 m. As 
such, the maximum volume, before running the script, is a 3D zone at the size of the 
plot, filled by 3 m voxels over 12 floors.

Figure 15: Edison site plot, 13th district. Map data © 2018 Google.

4.2. Result

The shape that guarantees at least 50% of direct solar access on the existing buildings 
each day between the 22nd of April and the 22nd is presented in figure 16. Due to the dis-
tance between each building, their orientation, and the maximum height allowed, the 
final shape is a volume dug in the north-east section. It is important to underline that 
the final geometry is a template that includes the expression of an architectural project; 
it is not the project itself. That is why preparing the visualisation of the resulting shape 
is important in the design processnot to constrain the designer in some predefined 
architecture.
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Figure 16: Solar Envelope, different visualization of the shape © Ilona Darmon.

To do so, the algorithm has been set up to present three similar solar envelopes: 
the one composed by three-metre voxels, a smooth one and the last that is cut in 
terraces (figure 17).

Edison Lite, the winning project, designed by Manuelle Gautrand Architecture, 
could have used this envelope to guarantee the existing buildings in order to have a 
good solar access. The proposed building is much lower than the maximum allowed 
height, and seems to be included in the Solar Envelope. The second part of the 
research is not suitable to this plot, as a large proportion of the Solar Envelope is 
completely overshadowed by the Music Conservatory on the 21st of December.

Figure 17: Solar Envelope © Ilona Darmon, 2018.

Conclusion and outlook
The current research aimed to present new methods for the generation of energy-ef-
ficient urban shapes considering solar access, free from generation strategies that so-
metimes involve the use of ageing typologies in the design process. Inspired by pa-
rametric CA rules-based approach, the algorithms include daylight regulations and 
habitability criteria that are often forgotten in CA generation for urban purposes. The 
results highlight the potential and the flexibility of the voxel-based generative design 
for urban shapes. As previously stated, the order of the test points, as well as the nu-
mber and the location of the input points, are key criteria in the final result. The formal 

possibilities are numerous, that is why it is necessary for the computational designer to 
work with a precise specification and 3D model to orient the design.

Beside previous statements, applying such a method on district planning could 
have a clear impact on the synergy between design and construction. Working with 
fixed size cells is strongly linked to the prefabrication of large modules, and as a result, 
on life cycle assessment (LCA) because of the minimisation of carbon impact.

Some limitations remained unsolved at this stage of the research. As the process 
slows with the number of voxels, the morphogenesis in large urban area can involve 
heavy calculation. A transposition in Python or C# language could be intended to 
reduce the generation time.

Also, these methods are not suitable for extreme conditions such as an oversha-
dowed plot or a plot with no urban context.

This research could inspire possible developments:

• Developing a tool with user-friendly interface for non-expert users that generates 
multiple solar envelopes;

• Exploring the rules-based subtractive method for optimising urban shapes;

• Implementing other rules relative to exterior space comfort or to dwelling layout.
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T he profession of architecture exists at a time now battling between 
the generations of the analog and digital. Skepticism of new 
methods of digital design arises from the gap between learning/

training and business strategies. With the development of new tools that 
are more easily accessible, efficient, and applicable for architects, an 
architectural office is more likely to implement new technologies that 
quickly provide insight for design revisions. Possibly the long existing 
but underused technology of Virtual Reality (VR) can create this means 
for data analysis for architects and designers. This tool can furthermore 
provide unspoken feedback from clients or future occupants of a buil-
ding, which gives insight into how these future occupants perceive and 
react to spaces. Neurofeedback, in the form of low-cost consumer elec-
troencephalography (EEG) sensors, is also explored in this study to help 
identify non-verbal human reactions to designed spaces. The combina-
tion of an immersive VR environment and EEG data create a reactive 
real-time model to show the client’s levels of calmness versus distraction 
while experiencing a design.

Keywords: virtual reality, EEG, human behaviors, architectural technology, VR 
analytics, neurofeedback, augmented reality, human-computer interface, 

facade design

L e métier d’architecte se trouve à une période charnière de 
confrontation entre les générations dites de l’analogique et du 
numérique. Le scepticisme envers les nouvelles méthodes de 

conception digitale provient du décalage entre l’apprentissage, la 
formation et les stratégies des entreprises. Le développement de 
nouveaux outils, plus accessibles, efficaces et utilisables par les archi-
tectes, rend les cabinets d’architecture plus à même d’implémenter 
ces nouvelles techniques qui ont l’avantage de pouvoir rapidement 
fournir des aperçus de révision de conception. La technologie de 
Réalité Virtuelle (VR en anglais), ancienne mais sous-utilisée, peut 
fournir des outils favorisant l’analyse des données par les architectes 
et concepteurs. De plus, cet outil peut fournir des retours d’expérience 
non verbalisés des clients ou des futurs occupants de bâtiments, 
par un aperçu de leurs perceptions et de leurs réactions face à un 
espace donné. Les rétroactions neurologiques, obtenues grâce à des 
capteurs d’électroencéphalographie (EEG) à faibles coûts, sont aussi 
envisagées dans ce research paper, comme aidant à l’identification 
des réactions humaines non-verbales à des espaces créés. La combi-
naison d’un environnement immersif en réalité virtuelle et de données 
EEG génère une modélisation en temps réel des niveaux de calme ou 
de distraction des clients lorsqu’ils font l’expérience d’un espace créé.

Mots-clés : réalité virtuelle, EEG, comportements humains, technologie architec-
turale, analyse VR (réalité virtuelle), rétroaction neurologique,

réalité augmentée, interface homme-machine, conception de façade
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Introduction
With increased globalization and internet connections, architectural offices are more 
often working with clients from long distances and sometimes having little or no face-
to-face interactions. Feedback response time from an overseas client can be lengthy 
and sometimes frustratingly non-descriptive. If the client is verbally nonresponsive to 
the design, how can the design progress? Typical design representations - drawings, 
models, and 2D renderings - do not offer the opportunity for an architect to receive 
direct feedback on a client’s emotions and feelings for a design. These means of re-
presentation are also often detached from the final product of the building. It is rare for 
a building to look exactly like its idealistic renderings made during schematic design. 
It is important for architects to bridge the gap between drawing methods, process, 
and the sensation of experiencing the final design. In his publication An Ethnography of 
Design, Albena Yaneva observes the collaborative process of design that exists at OMA 
architectural office in comparison to more traditional firms. Throughout the history of 
the profession of architecture, traditionally, the apprentice learns from the architect by 
taking a sketch and copying it onto a new medium (today, this is drawn with Autocad, 
Revit, or a similar software) to exactly match the original sketch. At OMA, Rem Koolhaas 
believes that design is made of a network of architects, engineers, clients, consultants, 
etc., instead of a single designer. Yaneva did not write the publication to purely promote 
the firm but to explore the idea that there is more to architectural representation than 
the simply traditional means of drawing and final renderings. Architecture, as it is often 
done today, focuses on these perfect images and clean drawings to represent what is 
actually a more complex and thoughtful process.

Architects and designers are inherently detail-oriented. Every aspect of the built 
environment, from the buildings to the street signs to the paint on the sidewalk is 
designed and chosen by a human being. But to have complete control of their designs, 
architects must reexamine how their designs are generated. Architects should not only 
design the buildings, but also consider designing the tools and processes (software, 
hardware, etc.) that influence the design of buildings. If architects do not analyze the 
various tools or innovations in architectural technologies, a non-architect can create 
tools, and they might not properly fit the needs of an architect. With emerging techno-
logies, it is possible now, more than it has ever been, to create and use technologies 
in new ways to better connect the client, process and design.

One of these emerging technologies, Brain-computer Interfaces (BCIs), has gained 
popularity in many fields of research in recent years because of the direct and imme-
diate feedback researchers receive from a participant. The phrase “Brain-computer 
interfaces” gives the impression of an invention from a science-fiction movie or futu-
ristic world but in fact the technology is already being used in a variety of ways in 
scientific professions, like in medicine. The electrical environment of the brain offers 
an insight into human perception and emotions without needing verbal affirmation. By 

creating a brain-computer interface between brainwaves and an architectural model, 
the relationship between human emotions, behaviors and space creation can begin to 
be explored. For this research, the device of the Muse headset was chosen because of 
its affordability as well as its non-invasive method of gathering electrode data. These 
reasons make the Muse headset an accessible tool for architectural offices.

Virtual Reality has existed for more than 50 years but only within the past five years 
has it become a more accepted and available consumer product. The mass produc-
tion of the Oculus Rift in 2013 triggered globally a new shift of interest towards VR. As 
with many computer-science-related technologies, the first community to embrace 
VR was the gaming community. This community demands faster and highly rendered 
scenes and therefore creates an outlet for the production of more innovation in VR. 
While most popular for video gaming, VR has also proved beneficial in many domains 
including military training and medicine. The United States military uses VR to train 
soldiers before they are deployed and before combat. Medicine has similar applica-
tions in that surgeons are able to practice a surgery before attempting it on a real 
patient. Architecture is able to also benefit from the inventions of the gaming commu-
nity because of the relevance of rendering realistic and high-quality spatial represen-
tations for the clients in relation to the sense of reality provoked in a video game. If 
architects are able to recreate their designs in a fully immersive environment, clients 
and the architect are able to see potential flaws in the design before the building 
is constructed, potentially saving thousands of dollars and avoiding disappointment 
from poor design choices. The concept of VR being an immersive technology is that 
it creates a link between the architectural virtual model and the sensation of being in 
the space. Occupants can imagine walking in the space and can turn their head to see 
different perspectives of the design that are not possible in a 2D representation.

Because the immersive environment of VR gives the impression of being in a 
real environment, architects can design spaces that are never constructed but are 
still experienced by hundreds or even thousands of users. David Denton, the former 
managing partner of Frank Gehry and Associates, creates virtual spaces to comfort 
people with Parkinson’s disease. He is a co-founder of a support group for people 
with the disease and also built a place in the virtual world for people to show their 
creations related to the disease. The creation of a virtual global support group, where 
people meet behind avatars, demonstrates how architects have the opportunity to 
create impactful spaces in the digital realm.

In addition to its design benefits, VR is an important tool for architects to begin 
to explore because of the popularity of the tool itself. It is important for architects to 
understand the enormous amount of businesses and people who are beginning to 
explore VR. If architects become familiar with the available tools, they can begin to 
create and adjust these tools specifically for architecture. How can architects begin 
to fully incorporate VR into their design practices? There is not one solution to this 
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question for every architectural office. Perhaps a smaller office will benefit from VR in 
client meetings showing realistic renderings of the designs. Another example could 
be an architectural office focusing on competitions that could use VR as part of the 
design process to explore different formal ideas. Additionally, VR allows architects, 
from the small to the large firm, the opportunity for data collection and analysis in 
VR. Jim Blascovich and Jeremy Bailenson explain in their research Infinite Reality: The 
Hidden Blueprint of Our Virtual Lives that every micro-movement, gesture, eye gaze, 
and speech can be tracked in VR very similarly to how e-mail and instant messaging is 
tracked. The benefits of this data are that the abundant amount of data can be stored, 
analyzed and used to detect behavioral information. From this data, architects can 
learn how clients react in a designed space.

This research paper explores how VR can be used as not only a visual design tool 
but also a tool that can tell more about how occupants and users interact with a 
building design and the exploration of interactive, dynamic façades and architecture.

The paper is organized according to the following sections. Section 1 explains the 
literature research and motivations behind this research topic and experimentations. 
Section 2 outlines the hypothesis of the research. Section 3 will offer the method and 
protocols of the experiments including equipment used and procedures. Section 4 
examines the lessons learned in the experiment and section 5 will draw conclusions 
from the experiments and ideas for moving forward with the research.

1. Background
In general, with computational tools, it is possible to analyze the thermal comforts of 
spaces and to predict (to a certain level of accuracy) how occupants will feel in the 
spaces. These predictions are useful to determine cooling and heating loads in a buil-
ding but can also have a big impact on the orientation or general form of the design 
in the early schematic design phases. It is now becoming possible to analyze comfort 
levels and thermal comfort within VR.

Precedents for the use of VR analytics in architectural design exist most recently in 
the work of the architecture firm Ennead Architects and their exploration of modifying 
daylight in a project with VR. The firm’s creation of the software Al simulates circu-
lation and allows for post-occupancy analysis of the daylight in the virtual space. 
Ennead architects discovered that by “exploring data experientially [they] could create 
an immediate and visceral connection between data and the phenomenon being 
studied, in this case, daylight” [15]. Another recent precedent for previous studies in 
VR analytics and comfort studies is the work of InsiteVR who has explored the use of 
heatmaps to track gazing of occupants in a VR environment. InsiteVR begins to explore 
the concept of “attention” in the VR realm of the participant to allow VR walkthroughs 
to be replayed in order to learn more about user behavior in a design. Architects can 

use these heatmaps to determine parts of the design that draws the attention of the 
occupant. This could be particularly interesting for museum designs or other exhibition 
spaces that rely on knowing how and where an occupant is focused [12].

Kynthia Chamilothori, a PhD student from the Technical University of Crete, 
recently conducted research on the phenomenological impact of lighting in VR. Using 
head tracking, Chamilothori looked for patterns in spaces with different architectural 
and daylighting conditions. Her studies questioned : “Does the behaviour [of the parti-
cipants] suggest attraction or avoidance towards particular features of the architectural 
space, such as the details, the contrast or the light distribution in the scene?” Chami-
lothori believes that VR should support, not replace, the architect, to help create more 
phenomenological based designs [9].

All of these precedents attempt to utilize VR in architectural design in less obvious 
and more innovative ways than simply architectural visualization. VR in architectural 
design allows architects the opportunity to reinvent how 3D space is designed. While 
the research on data collection in VR and architectural design is still minimal, archi-
tects are beginning to see the value and benefits of data collection/analysis using this 
new medium.

2. Hypothesis
This research explores the use of computational tools and VR to analyze the neurofee-
dback reactions of occupants in a VR environment. This research wonders if the study 
of human behavior can be used to draw conclusions to how a client reacts to a design? 
Is it possible to take these ideas one step further so that the architectural form of a 
building or facade changes in real-time to match the emotions of the occupants? Can 
these human reactions be translated into the virtual realm to create dynamic spaces in 
the virtual world?

3. Methodology

3.1. Participants and Experiment Setting
The study included 17 participants randomly recruited with preferably minimal expo-
sure to VR and electroencephalography (EEG) technologies. Before the participants 
were immersed in the virtual environment, they completed a simple demographic sur-
vey by hand that asked age, gender, and previous experience with VR. The average 
age of the participants was 35 with the minimum age of participation being 18 years old. 
The group consisted of 70.5 percent females and 29.5 percent males. The test subjects 
were also briefed about the equipment and data collection and acknowledged that all 
participation in this study is voluntary.
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Figure 1: Data workflow loop in research to create real-time interactive model © Nichol Bonny.

1. Muse Monitor app is an application created entirely to be used with the Interaxon Muse headband. The app displays directly 
on the iPhone or Android phone the various EEG signal graphs including the absolute, raw, discrete, spectrogram, accelero-
meter/gyroscope graphs. The app also directly streams OSC data from the headband as raw data that can be used in other 
applications.

2. The BioSPPY python toolbox includes various signal processing and pattern recognition methods for neurofeedback signals. 
The toolbox also supports BVP, ECG, EDA, EMG, and Respiration signals. Filtering, frequency analysis, clustering and biometrics 
are the main functions of the toolbox.

3. Firefly plugin created by Andy Payne and Jason Kelly Johnson is a plugin for Grasshopper that creates a bridge between 
Grasshopper and electronics like Arduino.

3.2. Equipment and Data Acquisition

EEG data is collected with a Muse brand headset. Using the iPhone application Muse 
Monitor1, data is viewed in real-time on the smartphone while it is streamed from the 
headset in the form of OSC data to a Python script. The python toolbox, BioSPPy2 bio-
signal processing by PIA-Group [4] is used in this experiment

for real-time processing and the details of its usage will be explained more in 
section 3.4 of this paper. After the EEG data is filtered in Python, the output is streamed 
as OSC data into the Grasshopper plugin within Rhinoceros 3D software. Within 
Grasshopper, the data is received by a UDP receiver component using the Firefly 
plug-in3. The input parameter, alpha_relative, is remapped to an appropriate domain 
and connected to the architectural model. This connection ensures the data from the 
headset is directly influencing the design of the architectural model. Using Junichiro 
Horikawa’s plug-in, Mesh Streaming, the grasshopper mesh model is deserialized and 
the mesh is recreated within the Unity gaming engine. Unity gaming engine is the 
main platform for VR and for the use of this research. It connects the model to the HTC 
Vive where the participant can view and manipulate the model in real-time.

Figure 2: The geometry above represents the exterior of the environment in the VR experiment. During the experiment, 
the façade changes accordingly to the brainwaves of the participant. © Nichol Bonny. 

As mentioned previously, the HTC Vive headset will be used in this experiment 
because of the fully immersive first-person experience that it provides to the partici-
pant.

3.3. Experiment Procedure
To implement stable reading conditions, 10 seconds of data are gathered with the 
EEG sensors before the architectural model changes. This calibration will help deter-
mine the upper and lower thresholds of the alpha band frequencies. Although the EEG 
sensors measure other types of brainwave data, these specific wavelengths will be 
predominately analyzed for their data according to previous neuroscience research 
and knowledge. The alpha wavelengths also demonstrate the highest correlation to 
calmness/agitation, which is primarily researched in this report. An increase in the fron-
tal alpha oscillations in neurofeedback is known to suggest an increase in relaxation, 
creativity, mindfulness, and a decrease in depression. [1]

For calibration, the research participant will be told to simply think normally for 30 
seconds, while the original 10 seconds of data is gathered and the experiment starts. 
During this time period, the researcher will confirm the headset sensors are correctly 
placed and the signals are stable to begin recording data.

Once the headset is prepared, the participant will be fitted with the HTC Vive 
headset. Because the virtual environment is often disorienting to new users, a brief 
setup period will be provided to expose the user to the virtual environment before the 
period of data analysis. During this period, the user will be allowed to explore, for a 
total of one minute, a neutral VR environment where the user can turn around within 
the VR space and explore the sensation of camera movement in VR. After calibra-
tion and normalization have concluded and the user is settled into the virtual experi-
ment, data will begin recording and tracking for the rest of the time. On the screen the 
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user will see a room with one façade of windows with rendered sunlight. The user will 
rest in this environment for 45 seconds and will be allowed to explore the space. 45 
seconds is chosen as the length of time for the experiment because the user cannot 
walk around in the space. For the most accurate results, all times for the experiments 
must be the same. 45 seconds also allows for the time to not be too long in case 
there is a lag in the headset and to prevent potential user illness from the lag. The 
brainwaves data obtained from the user will stream into the scale parameter of the 
facade model within Grasshopper. The model within the headset will change accor-
dingly to these brainwaves.

The second environment the user will be exposed to is the same room with a diffe-
rent facade that creates a new atmosphere because of the design of the facade and 
the amount of light that enters the space. Again, the user will explore this space for 
a total of 45 seconds while the model changes in real-time and the data is collected. 
The final room will be the same room with a third and final design option. The user will 
remain in this environment for 45 seconds. At the conclusion of the experiment, the 
screen will be black and the participant will be instructed to remove the headset. Data 
collection will conclude.

Due to the digital nature of the experiment, the experiment is easily replicable in 
any comfortable and distraction-free environment.

A simple exit survey will be given to each participant. The participant will be asked 
to rank the three room options by order of preference. This survey data is compared 
to the actual results of the experiment to determine the correlation between the EEG 
data and satisfaction of the designs and also determining the comfort of the spaces.

Exit Survey Façade 1 Triangles Façade 2 Voronoi Façade 3 Hexagonal

% of participants who 

preferred the design

82.3% 17.6% 0%

Table 1: Qualitative data was collected from all participants.

3.4. Real-time Processing of EEG Data
Artifacts are common interruptions in neurofeedback acquired data. The artifacts re-
present other physiological feedback (eyes blinking, etc.) that interferes with the brain 
sensing data. Therefore, it is important to remove these artifacts and to filter the data to 
provide the most accurate experiment results.

Data from the muse headset consists of 5 electrodes that collect data: TP9 (left ear 
sensor), AF7 (left forehead sensor), AF8 (right forehead sensor), TP10 (right ear sensor), 
and AUXR (right auxiliary sensor) [7]. The raw data streams in the range of 0.0-1682.815 
microvolts [3]. The raw data in the form of an array is streamed from the Muse Monitor 
app into Python. 10 seconds of raw data is collected. Low and high bandpass filter 

algorithms are used to remove occurrences in the data where the waveband is either 
too high or too low.

By plotting the EEG data in a frequency power- spectrum, the noisy EEG data can 
now reveal commonalities in the data and the data can be reconstructed so that no 
information is lost in the process. The form of frequency domain allows the data to be 
quantifiable for the research. A Fast Fourier Transform (FFT) calculation is done in order 
to transform a signal from the time domain into the frequency domain. The formula 
below represents the FFT used in the Python script [11]:

After the FFT is performed, the data is gathered and summed by the frequency 
range. This allows the frequencies to be divided by their activity. EEG data is commonly 
divided into the following five wavelengths [11]:

Table 2: Example filtered alpha_relative data calculated at each sensor; these data points are averaged across the five 
sensors to find the alpha_relative parameter.

Alpha α α activity: Alpha waves have a frequency between 8 and 13 Hz and a range 
between 30 and 50 µV in amplitude. These frequencies are also known as the “Hans 
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Berger” waves because the scientist who discovered them launched the research of 
EEG data. The alpha waves increase in power with eyes closed or feelings of relaxation 
or calmness. These waves are oftentimes associated with meditation.

Delta δ α activity: Delta waves are the frequency up to 4 Hz. Delta waves are charac-
terized by deep, slow waves and are predominately seen during sleep in adults.

Theta T activity: Theta waves are the frequency from 4 to 7 Hz. Theta waves are 
often associated with drowsiness and if there is an excess quantity, this could indicate 
a problem in an adult.

Figure 3: Visualisation of different absolute values of different brainwave frequencies [2] "Delta Waves", "Theta Waves", 
Alpha Waves", Beta waves", "Gamma Waves", 2005, © Hugo Gamboa, CC-BY-SA. Source : Wikimedia Commons 

(https://en.wikipedia.org/wiki/Electroencephalography#Wave_patterns)

Beta αβ activity: Beta waves are the frequency from 14 to 30 Hz and linked to motor 
behaviors. These frequencies are commonly seen during active movements, active 
states of mind and open eyes.

Gamma Γ α activity: Gamma is the frequency from 30 to 100 Hz. Gamma waves are 
currently the least unknown of all of the brainwaves and might represent binding of 
different populations of neurons into a network.

Although data for all frequencies is collected in the experiment, the most relevant 
frequency and thus used in this research is the alpha frequency. As mentioned above, 
the alpha frequency is most related to calmness and meditation. The Muse headset 
(used in this research) was designed with the original intention to measure only alpha 
waves.

The absolute values of each frequency range are calculated by finding the loga-
rithm of the sum of the Power Spectral Density (PSD) of the EEG data in that frequency 
range. The streaming of the absolute values of each frequency band, timestamp, and 
the total sum of the absolute values of each sensor are recorded during the time into 
a Microsoft Excel sheet for later analysis. The relative value of alpha is calculated by 
dividing the absolute value of alpha by the total sum of all frequencies.

Figure 4: Data is streamed into a log component in GH and averaged to find the value for the final geometry design. 
The data is also stored in a .txt file © Nichol Bonny.
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Figure 5: Environment in Unity for streaming and reconstructing mesh; the user views the mesh changing in real-time 
accordingly to the brainwave frequencies © Nichol Bonny.

This relative alpha value provides the intensity of the frequency of alpha compared 
to the other frequencies. This value is streamed (as OSC data) from Python into 
Grasshopper as the input parameter of the parametric façade model. The streaming 
and filtering of the EEG data is continuous during the experiment.

Three patterns were chosen for the experiment to represent typical computa-
tional patterns, based on mathematics, commonly used in design. The computational 
powers of Grasshopper are also not powerful and, therefore, the complexity of the 
designs is limited due to the nature of the software and streaming speed between 
Grasshopper and Unity. The patterns are drastically different and therefore represent 
different qualities of light, form, and geometry. This research tries to use these diffe-
rences to try to draw patterns of behaviors amongst the experiences of the users in 
the spaces.

4. Learned lessons
The resulting data from the experiments is a list of all of the alpha_relative values cap-
tured during the epoch. The data is gathered in a log component in Grasshopper and 
the average value of the list is calculated to generate the final geometry of the design 
for each participant (seen in the following diagrams). The results of each participant are 
compared to each other to determine if there is any correlation between the design, 
levels of calmness/comfort, and relationship to the qualitative exit survey.

1a

1b

1c

Figure 6: Brainwave generated triangle geometries © Nichol Bonny – the above three examples represent the final ave-
rage brainwaves of three participants in the study. Geometry 1a has an alpha_relative average = 0.7231. Geometry 1b 
has an alpha_relative average = 0.5217. Geometry 1c has an alpha_relative average = 0.3879. Geometry 1a represents 
the outlier in the experiments, the participant with the most alpha brainwaves was the calmest in the experiments. The 

calmness is related to a denser façade.
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2a

2b

2c

Figure 7: Brainwave generated Voronoi geometries © Nichol Bonny – the above three examples represent the final 
average brainwaves of three participants in the study for this geometry. Geometry 1a has an alpha_relative average = 

0.5634. Geometry 1b has an alpha_relative average = 0.4598. Geometry 1c has an alpha_relative average = 0.6832.

3a

3b

3c

Figure 8: Brainwave generated geometries © Nichol Bonny – the above three examples represent the final average 
brainwaves of three participants in the study. Geometry 1a has an alpha_relative average = 0.4213. Geometry 1b has an 

alpha_relative average = 0.6974. Geometry 1c has an alpha_relative average = 0.7984.
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1a

1b

1c

2a

2b

2c
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3a

3b

3c

Figure 9: The above images represent what the perspective view of the geometries the user sees within VR © Nichol 
Bonny. The denser facades represent the calmest of the participants. The density represents an introversion and clo-
sing off to the exterior. This is translated into the design. Design 1 (triangles) had the highest survey results of the most 

preferred design. These results also had the highest level of calmness amongst the participants.

5. Conclusions and steps forward
In traditional face-to-face meetings between clients and architects, verbal feedback 
from a client about a design is usually straightforward. But as clients and designers 
work together at farther distances and across the world, the need for technology that 
provides immediate and non-verbal feedback is now necessary. With VR, it is now pos-
sible to move beyond direct feedback from clients into a more immediate and en-
gaged design process between client and architect. The research in this paper provi-
des one example of this possible future of direct feedback from clients in the form of 
neurofeedback.

There are a few possibilities for how the research undertaken in this paper could 
progress in the future with improving technologies. For example, it would be an inte-
resting research continuation to study the construction of a facade that dynamically 
moves with the human mind’s reactions to the calmness of a space. What materials 
could produce this effect of a dynamic facade? It could be possible in the future for 
occupants to directly influence the design of their space with their thoughts, reactions, 
and brainwaves. For example, if the density of a façade or office partition is directly 
related to the occupants’ emotions, an occupant could confine or expose themselves 
based on their current emotional state. If the occupant is agitated and needs silence, 
the density of the space division can automatically change based on this response. 
Within VR, these same conditions could apply to the virtual realm. Could we begin 
to imagine a world where our virtual “hang out” spaces change based on our moods 
created by the virtual environment?

Figure 10: Can the tool inspire a collective/community design process?© Nichol Bonny.
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Possibly, the research could also be explored further in the sense of using this 
new VR/Neurofeedback architectural tool as a collective community design tool. For 
example, in a public pavilion design, the tool could be used as a poll and interactive 
survey to find the average brainwaves of the locals in the community. By compa-
ring the reactions of the members of the community between the different designs, it 
could be determined which design creates the calmest pavilion atmosphere.

Another idea for a further exploration of the research is a more in-depth analysis 
of the input data of the brainwaves. For example, using machine learning, applying a 
classifier algorithm to the EEG data could allow for patterns to be developed between 
all participants in the study. These patterns could allude to the idea of an “ideal” 
brainwave for optimum comfort in a space. With this classifier algorithm, it could be 
possible (with large datasets) to begin to explore how gender, age, and cultural back-
ground impact an individual’s experience of a space.

Figure 11: The density of the pavilion pattern changes based on the received brainwaves © Nichol Bonny.

It can be imagined that with further developments in neuroscience and higher 
quality consumer electroencephalography (EEG) sensors in the future, these tools 
could truly create a large impact on the design community. VR hardware is also 
increasingly becoming faster and better at rendering. With better computing power in 
the future, VR will someday be able to provide extremely realistic scenes and provide 
the full sensation of being immersed in a design. Data collection, in the form of biofee-
dback, will allow architects to understand the needs of innovative clients and give 
architects the ability to create dynamic and thoughtful spaces.
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Promotion 2016-2017

BABIĆ Mladen 
CARNEAU Paul
Stone Vault Gridshell - A Hybrid Structure

BENLAFKIH Hasnaa

COSIDÓ LÓPEZ Álvaro
Urban Data Analytics Application - Visibility and Audience by Spatial 
Networks Analysis

DI BIAGIO Federica
E² MOTION - Economy Energy in movement

ECHEVERRI MONTES Paula
A Business Case for a Practice in Computational Design

EL ALLOUCHE Waèl
Ways of Knowing

GOVINDARAZAN Keerthana
User Testing Architectural Design for Behavioural Patterns Using a 
Rudimentary Web VR System

KOUMAGOTO Karibaye Paschy
Multi-agent systems and self-organization in urban growth simulation - 
the case of old Ouagadougou

LEESON Timothy
Biomimetic Barriers - a Coastal Protection Method to Address Sea Level Rise

MUSSET Olivier

RIGOBELLO Adrien
Digital Seismograph - Cracking Characterization of a Clay-mycelium Matrix

SZABO-DUSAUTOIR Edwin
Improving Solar Passive Greenhouses design process with the help of Com-
putational design tools to increase energy performances at different scales

Promotion 2017-2018

BORNAZ Soraya
Design and Fabrication of Chitosan-based 
Structures

BUGNIOT Célia
Cloud Slice patterns - Using large-scale 3D 
printing and generative design to design 
and fabricate daylight-filtering façade 
panels aiming at visual comfort indoors

DARMON Ilona
From Biomimicry strategies to Generative 
Design in Urban Planning

DUBOIS Luc
POTEMVITAE

GANDOLPHE Thomas
Tectonic of Discrete Structures

KOCH Pauline
Design Optimization for Buildings using 
degradation-maintenance-cost simulation

LOKHANDE MUNDADA Namita
Data Roof - Using performance driven tools 
and parametric data to design the roof of 
structure in India

LOKHANDWALA Zaheed
Computational Design with Reused Materials

MOTAMEDI Mahan
Supportless 3D Printing of Shells - Adapta-
tion of Ancient Vaulting techniques
to Digital Fabrication

NICHOL Bonny
VR Analytics, Human Behavior, and Neu-
rofeedback in Architectural Design

SICOURI Thomas
Design of wooden formworks for complex 
concrete structures

SOUMAHORO Thomas
Fabrication-aware Panelization of Free-
form Surfaces

TRUFFERT Juliette
Using computational tools for a reflective 
façade to increase daylight quality in
both target and reflective building

ZOU Congzheng
The Exploration of Parametric Design for 
Static Shading Devices on Office Building 
Energy Performance
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L’École des Ponts ParisTech capitalise sur son expertise en recherche, 
comme dans les «  structures et matériaux  » (équipe du laboratoire 
Navier), en proposant une plateforme d’apprentissage interdisciplinaire 
telle que le makerspace.

Dans cet espace, les dernières technologies de prototypage rapide 
rencontrent des techniques de fabrication spécifiques comme la fon-
derie. Cet espace est ainsi conçu pour faciliter l’interdisciplinarité entre 
les nombreux champs d'expertise présents à l’École et dans les établis-
sements voisins. En se concentrant sur l’apprentissage par le faire et le 
codage, les utilisateurs développent des compétences transférables 
d’un champ d’application à un autre par le travail sur des projets. Nous 
voyons le concepteur-constructeur formé dans cet environnement 
comme un stratège, capable de concevoir et de mener de nouvelles 
méthodologies de résolution de problèmes.

Cet espace est aussi une nouvelle façon d’identifier des pistes promet-
teuses en stratégie de fabrication et d’assemblage, et de les tester rapide-
ment, pour éventuellement les transférer aux laboratoires de recherche.

Le makerspace de l’École des Ponts ParisTech est spécialement adapté 
aux élèves curieux et rigoureux qui ne se définissent pas par une seule 
pratique, tels que les élèves du MS® Design by Data, futurs stratèges en 
design qui vont mener les changement à venir en architecture et dans 
l’industrie de la construction.

The École des Ponts ParisTech capitalizes on its numerous research skills 
such as “structural design & materials” (a team from Navier Laboratory) by 
structuring an interdisciplinary learning platform such as the makerspace.

There, the latest rapid prototyping facilities meet specific fabrication tech-
niques such as metal casting. This space is designed to foster interdiscipli-
narity between the various fields of expertise represented in the school and 
the neighboring schools. Since it focuses on learning by making and coding, 
users develop transferable skills from a field to another by working on pro-
jects. We see the designer-builder trained in this environment as a strategist, 
able to design and lead new methodologies for problem solving.

This facility is also a way to identify innovative leads in terms of fabrication 
and assembly strategies, quickly confront them to reality, and potentially 
transfer them to research laboratories.

The École des Ponts makerspace is especially adapted for curious and 
rigorous students used to handling several practices, such as Design by 
Data Advanced Master® students, the future design strategists that will 
be leading the upcoming changes in architecture and in the construction 
industry.
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Concevoir en prenant en compte la fabrication est permis par des 
technologies programmables, comme avec ce synthétiseur. 

Fabrication aware design is augmented thanks to programmable 
electronics such as with this synthetizer.
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L'espace de conception est élargi par l'utilisation de 
la conception et la fabrication. numériques 
The design space is widened by the use of 
computational design along with digital fabrication.

La robotique 6-axes est un élément essentiel de notre 
environnement pédagogique et de recherche. 
6-axis robotics are an essential component of our research 
and teaching environment.

L'École des Ponts ParisTech dispose d'une expertise internationale en 
matériaux et structures, réunie au Makerspace. 
École des Ponts ParisTech gathers worldwide expertise in materials and 
structures, all meeting in the Makerspace.

Le prototypage est une étape essentielle pour les projets de 
recherche des étudiants du MS® Design by Data.  
Prototyping is an essential part of Design by Data Advanced Master® 
students' Research Projects

Fabrication numérique et prototypage
Les étudiants du Mastère Spécialisé® Design by Data apprennent à concevoir et générer 
des géométries complexes et non-standards à partir de données. La fabrication numérique 
- découpe laser, fraisage numérique, impression 3D et robotique 6-axes – a la particularité 
de faciliter la fabrication d’objets complexes et permet l‘industrialisation, ou du moins la 
fabrication à grande échelle, de ces objets ou ouvrages.

Au cours de l’année, dans le module « fabrication numérique et prototypage », les élèves 
apprennent à concevoir des stratégies pour la fabrication non-standard, afin de rendre 
matérielles les conceptions complexes. Ces heures de cours complètent les enseigne-
ments de conception en amont pour établir un lien évident entre ces processus. Le proto-
typage est enseigné au cours d’exercices pratiques afin que les élèves développent leur 
propre méthodologie d’expérimentation et apprennent à documenter ces connaissances.

L’équipe académique du MS® Design by Data et l’écosystème de l’École des Ponts Paris-
Tech réunissent des experts en science et en conception de matériaux. En combinant une 
approche de design sensible et cette expertise en ingénierie, les élèves sont formés à 
une conception consciente des matériaux qu’ils utilisent. Ces compétences augmentent 
l’espace de liberté en ouvrant les stratégies de conception à l’émergence, ou encore à la 
programmation de matériaux pour des fonctions spécifiques. Ainsi se développe une rela-
tion étroite entre le concepteur et le matériau.

Digital fabrication and prototyping
Students from the Advanced Master® Design by Data learn how to design and generate complex 
and non-standard geometries informed by data. Digital fabrication - laser cutting, CNC milling, 
3D printing, and 6-axes robots – is useful to ease the fabrication of complex objects and allows 
the industrialization, or at least large-scale fabrication, of these objects or buildings.

All year long, in the “digital fabrication and prototyping” module, students are trained to design 
strategies for non-standard fabrication in order to materialize complex designs. These classes 
interface with the computational design courses to establish a clear link between them. Pro-
totyping is taught through practical exercises so that students reflect in their own way on the 
experimentation process and learn how to document it.

The academic team of Design by Data Advanced Master® and École des Ponts’ ecosystem fea-
ture experts in material science and material design. By combining a mindful design approach 
and engineering expertise, students are trained into a material-aware design process. These 
skills widen the design space by allowing for potential to arise with emergent design strategies, 
or program materials for a specific function. An intricate relationship between the designer and 
the material is thus developed.



262

Pour toutes vos recherches 
To start your documentary search
http://bibliotheque.enpc.fr

Horaires de La Source 
La Source hours
9h-22h du lundi au mercredi
9h-20h du jeudi au vendredi

9h-22h from Monday to Wednesday
9h-20h from Thursday to Friday

La Source, diffuseur de savoirs
La Source, spreading know

ledge
Ce Yearbook a été réalisé par la Direction de la documentation de l'École 
des Ponts ParisTech en collaboration avec Francesco Cingolani, respon-
sable du MS® Design by Data, Adrien Rigobello, responsable du makers-
pace et Stéphanie Lenne, responsable communication des Mastères 
Spécialisés® de l’École. Ce travail d’édition s’inscrit dans la continuité des 
missions de conservation et de diffusion des savoirs de l’École.

La Direction de la documentation met à disposition des étudiants un 
espace de 800 m², dénommé La Source, comptant 2 salles de lecture et 
6 espaces projets équipés pour le travail en groupe (tableau blanc numé-
rique connecté, écran tactile, visioconférence, etc.).

15 000 ouvrages et revues de référence sont proposés en rayon et sont 
complétés par un riche patrimoine de 200 000 documents accessibles 
sur demande, mais aussi par des ressources en ligne  : ebooks, revues 
scientifiques et bases de données spécialisées. Les étudiants bénéficient 
de sessions de formation aux ressources et aux outils documentaires inté-
grés aux cursus.

Véritable outil au service de l'enseignement et de l'apprentissage, La 
Source offre un accès à un large panel d’informations. On y vient pour se 
former et s’informer, pour préparer un projet, mais également pour travail-
ler en groupe, partager des idées, des expériences et des savoirs.

This Yearbook was made by the Documentation Department of the 
École des Ponts ParisTech, in close collaboration with Francesco Cingolani, 
headmaster of the Design by Data Advanced Master®, Adrien Rigobello, 
the makerspace supervisor and Stéphanie Lenne, Communication mana-
ger for the Advanced Masters® in the school. This editorial work is a way of 
fulfilling the school's mission to conserve and disseminate knowledge.

The Documentation Department provides students with an 800 m² 
space, called La Source. It includes 2 reading rooms and 6 project rooms 
equipped for group work (digital whiteboard, touch screens, videoconference 
equipment, etc.)

15,000 books and scientific journals are available on the shelves, on 
top of a rich documentary heritage of 200,000 documents available on 
request, as well as online resources: ebooks, scientific journals and specia-
lized databases. Students benefit from training sessions and personalized 
support with these resources.

A real asset for teaching and learning, La Source gives students access 
to a wide variety of information. It is a place to educate oneself, a place to 
learn, a place to prepare a project, but also to work in groups and share 
ideas, experiences and knowledge.
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Depuis une trentaine d’années, la démocratisation de l’accès aux technologies de 
fabrication et de quantification de phénomènes naturels et culturels alimente de 
nombreuses réflexions. Grâce à ces outils, les pratiques de conception évoluent 
en architecture, en urbanisme, et plus largement dans l’industrie de la construc-
tion, jusqu’à redéfinir notre relation à l’environnement bâti.

Le Mastère Spécialisé® Design by Data de l’École des Ponts ParisTech forme des 
professionnels ou étudiants issus de Master 2 à ces techniques et à une approche 
stratégique d’intervention dans le domaine architectural, afin qu’ils puissent 
relever les défis environnementaux de notre époque. Ce Yearbook vous offre donc 
un aperçu de l’amplitude des domaines d’application : vous y trouverez une sélec-
tion des travaux des élèves des promotions précédentes, qui révèlent comment 
cette approche systémique permet d’adresser des problématiques complexes 
et exploratoires. C’est à travers le regard de ces élèves, à la fois concepteurs et 
confectionneurs, que ce Yearbook esquisse l’avenir de la conception de notre 
environnement bâti.

For the last thirty years, democratization of both fabrication technologies and natural 
& cultural phenomena quantification has been feeding numerous discussions. 
Thanks to these tools, design practices are evolving in Architecture, Urbanism, and in 
the construction industry at large - up to the redefinition of our relation with the built 
environment.

The Advanced Master® Design by Data of École des Ponts ParisTech trains profes-
sionals and master-graduated students to these technics, and to a strategic inter-
vention method in the architectural field, so that they are able to assess the envi-
ronmental challenges of our time. This Yearbook offers a glimpse of the wideness of 
the fields of application; you will discover in the present book a selection of students’ 
works revealing how this systemic thinking enables to assess complex and explora-
tory issues. Through the eyes of these versatile students, both designers and makers, 
this Yearbook outlines the future of the design of our built environment.

En bref
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Digital Fabrication workflow implemented for  
Al Wakrah stadium, Qatar (Aecom and Zaha Hadid Architects)


