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ABSTRACT

Geometry links the art of building and the physics of space-time. Mathematical
breakthroughs in geometry have led to new ways of designing our structures and our
ability to visualise and describe the world, phenomena in nature and the universe. However,
in contemporary architecture and structural engineering, a more profound understanding
of geometry has been forgotten. This thesis aims to resurrect geometry in architecture
and engineering in connection with the rapid development of new digital tools for design
and production—particularly the connection between the structural action related to
the design of the geometrical patterns on shells structures are treated. A brief historical
overview of geometry is conducted, and with an emphasis on its applications in architecture
in terms of structural design and economic production. Furthermore, the connection to a
sustainable building culture from the standpoint of the Davos declaration 2018, calling
for a high-quality Baukultur is investigated. The concept of Baukultur (building culture
in English) defined in the Davos declaration is related to architectural quality but has a
broader meaning as it concerns the final product and the associated processes and its effect
in society. Moreover, the concept of craftsmanship and workshop culture is examined,
and how it is already present in computer code development and contemporary innovative
research cultures combining architectural design and technology. Taking departure from
the 18th-century experimental scientist Joseph Plateau and the contemporary artist Andy
Goldsworthy, the connection between scientific and artistic research is investigated. Four
articles are included; all connected to various ways of architectural applications of geometry
in the design process. The first article describes a way to interpret empirically derived
brick patterns, specifically the bed joints, using differential geometry. Two methods
to apply this in the design processes of new brick vaults are presented. The first is
purely geometrical and can be applied on an arbitrary shape with the possibility to apply
several patterns; the second is an iterative method of generating a funicular shape and its
pattern simultaneously. The second and third paper describes the design and construction
process of two different wooden structures built of straight planar laths. Both studies
examine the possibilities of using geometry as a link between various parameters in a
design process using digital tools to achieve complex forms using simple elements and
production methods. The fourth paper examines an appropriate form for a shell, that
can balance aesthetics, structural performance and build-ability, with a proposal for the
use of surfaces with constant solid angle. In this paper, the surface was generated with a
Delaunay triangulation. Thus, future studies would include incorporation of other types
of patterns facilitating buildability.

Keywords: Geometry, Shell, Grid shell, Conceptual design, Structural design, Form
finding, Architecture, Engineering, Differential Geometry, Masonry, Craftsmanship



SAMMANFATTNING

Geometri dr linken mellan byggnadskonsten och var moderna uppfattning av fysik.
Matematiska genombrott inom geometri har lett till nya sitt att designa vara strukturer
liksom var férmaga att visualisera och beskriva vérlden och fenomen i naturen och
universum. Bland dagens arkitekter och ingenjorer har den geometriskt viktiga kopplingen
mellan vara idéer och dess fysiska verkningssétt glomts bort eller forbisetts. Denna uppsats
syftar till att aterinfora geometri som ett verktyg inom arkitektur och teknik i kombination
med digitala verktyg i en designprocess. Sérskilt studeras geometrins méjlighet att koppla
strukturella verkningssétt till utformningen av geometriska monster for skalkonstruktioner.

Den forsta delen av avhandlingen ger en oOversikt och bakgrund till de bifogade
artiklarna. En kort historisk dversikt kring geometri med betoning pa dess tillimpningar
inom arkitektur nér det géller strukturell design och resurseffektiv produktion &r utford.
En kort historisk 6versikt 6ver geometri genomfors och med betoning pa dess tillampningar
i arkitektur nér det géller strukturell design och ekonomisk produktion. Dartill underscks
kopplingen till en hallbar byggnadskultur utifran Davos-deklarationens 2018 mal for en
hogkvalitativ Baukultur. Begreppet Baukultur (byggnadskultur pa svenska) som definieras
i Davos-deklarationen &r relaterat till arkitektonisk kvalitet men har en bredare betydelse
eftersom det inkluderar slutprodukten dess tillhorande processer och dess inverkan i
samhéllet. Dessutom undersoks begreppet hantverk och hur det relaterar till nutida
digitala hantverk inom programmering och kodutveckling. Samt samtida innovativa
forskningskulturer som kombinerar arkitektonisk design och teknik. Med utgangspunkt
fran den experimentella forskning av 1800-tals vetenskapsmannen Joseph Plateau och
nutida konstnéren Andy Goldsworthy undersoks sambandet mellan metoder i traditionell
och konstnérlig forskning. Den forsta artikeln beskriver ett sétt att tolka empiriskt
hérledda tegelmonster, mer specifikt liggfoggarna, med hjélp av det teoretiska ramverket
inom differentiell geometri. Tva metoder beskrivs for att tillampa detta i design av nya
tegelvalv. Den forsta ar rent geometrisk och kan appliceras pa en godtycklig form med
mojlighet att applicera flera monster. Den andra &r en iterativ metod for att generera bade
monster och form samtidigt, ddr monstret foljer de tryckta huvudspanningsriktningarna.
Den andra och tredje artikeln beskriver design- och konstruktionsprocessen for tva
olika trikonstruktioner byggda av raka plana remsor i plywood. Artiklarna undersoker
mojligheten att anvinda geometri som en ldnk mellan olika parametrar i en designprocess
och i kombination med digitala verktyg uppna komplexa former med enkla byggelement
och enkla produktionsmetoder. Det fjirde papperet utgar fran fragan vad som &dr en bra
form for ett skal, som kan balansera estetik, strukturell prestanda och byggbarhet? Vi
foreslar anvindandet av ytor med konstant rymdvinkel. I artikeln genereras ett Delaunay-
monster pa denna form, men framtida studier kan inkludera av andra typer av monster
som underldttar produktion och uppforande i byggskedet.
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A few months ago Kia asked me to write about the connection between geometry and
architecture. To Kia Bengtsson Ekstrom
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PREFACE

“Do you live here...?”, said the surprised technician from the Swedish energy agency.
According to her instructions, this was the facilities boiler room with all technical
installations, which was true. Still, to her astonishment, she stepped into a workshop of
gears, motorcycle chains where two children were sleeping on the floor. She found herself
in almost a medieval workshop where the border between family life and the workshop
space was nonexistent. At that time, my brother and I aimed to become world champions
like our hero Tony Rickardsson in a motorsport called Speedway where we toured together
with our father around Sweden, caring little about much else. It is a motorsport of
extreme simplicity. French aviator Antoine de Saint Exupéry describes perfection in his
book Wind Sand And Stars as: ”In anything at all, perfection is finally attained not
when there is no longer anything to add, but when there is no longer anything to take
away, when a body has been stripped down to its nakedness” (Saint-Exupéry 1939, p.66).
Nothing can be more true for a speedway bike. It is basically an engine on wheels: one
cylinder, fixed gear, no breaks and no back-wheel suspension. Since the bike is stripped of
all leisure, the skills come to handle the bike and becoming one with the machine. That
also includes service and repair between the races. During those years me and my brother
learned about what it takes to be a craftsman, both on and off the track. However, my
father was clear that he was not content with me becoming a craftsman like himself, ”Son,
if you intend to become a bricklayer like your father, I will strangle you in your sleep. It
might sound harsh, but it is, in fact, an act of kindness”. It was not a threat but rather
an expression of years of struggles and poor treatment as a bricklayer throughout the ’90s
recession in Sweden. During several years many of them, if they had any work at all, was
forced to work on short contracts, sometimes spanning a week. It was not that my father
did not like his work. We often walked around in the city where he told stories of the
former master builder’s skills, and with awe, pointed out specific details only a craftsman
notice. With simple tools as a trowel and a plummet, they built masterpieces with their
hands using bricks. That level of craftsmanship no living bricklayer could accomplish, he
said. He often revisited the buildings he had worked on several years after to evaluate
the long term effects. I think the reluctance was due to an industry that did not value
his and his colleague’s skills and knowledge, which is probably a shared feeling among
other professions. I have always found that sad when skilled, committed and passionate
people feel badly treated, or that their knowledge is valued less because they do not have
an academic degree. That is why, no matter how much my father loved the work, he did
not wish his son to experience the industry’s dark side and instructed me to study at the
university. The studies started at the dual program in architecture and engineering—an
entirely new world of new references and a different culture. Most important was the
study tours in Italy, the United Kingdom and Switzerland. In London, I saw the glass
roof over the British Museum Court Roof for the first time, and I was amazed by the
geometry and the public space is created. It somehow reminded me of the masonry
vaults me and my dad talked about. Several years later, I would meet professor Chris
Williams, who generated the geometry. Yet, before that, I did an internship between
my bachelor and my master on Buro Happold, the structural engineering consultancy
behind the British Museum Court Roof. I was fortunate to work with both geometry
and programming developing schemes for grid shells. Sometimes we were consulted late



in the process. Thus, it was sometimes much tricky or impossible to please architects,
contractors, manufacturers, and engineers regarding aesthetics, buildability, and structural
performance with too many parameters fixed. I understood that there was a relationship
between those three and that geometry was the key. Hence, I would need to know more
theory and work with those parameters simultaneously earlier in the design process. Back
at university, I tried to find courses in geometry, but it was easier said than done. I
managed to enrol on a course in differential geometry; I somehow understood that this
was what I would need, but it wasn’t easy to find direct applications. It was not until I
got in touch with professor Chris Williams that I understood how it could be related to
architecture and physics. Furthermore, during my studies, I was lucky to be one of the
organisers of the big conference Smartgeometry. A symposium where architects, engineers,
programmers and researchers meet to investigate the connection between architecture
and technology during a four-day hackathon. It was an exciting and open atmosphere
where it was an iterative loop between ideas and experiments. Except for the love of that
experimental environment, I became aware of the craft of organising workshops.

This thesis combines four parts— the interest for craftsmanship and architectural
history, geometry, code development and workshops.
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Part 1
Introduction and overview






1 Introduction

1.1 Space tells matter how to move; matter tells space
how to curve

Figure 1.1: Church of Christ the Worker in Atlintida, Montevideo , Uruguay, by Eladio
Dieste (1958-60).

Geometry is what links the art of building and the physics of space-time. Imagine
zooming in really close on any part of our body, even though globally much curved, the
small region will be nearly flat, like a brick in the brick vault as in Figure 1.1. Similarly,
we live on a sphere called earth, but we see our surroundings as flat. Therefore, even if we
live on a surface of higher dimensions than the three, we can see, trace or move within,
we still would experience the ground as flat. That is at least in principle how Riemann
imagined it, as Dirac (1975) describes:

In the same way, one can have a curved four-dimensional space immersed in a
flat space of a larger number of dimensions. Such a curved space is called a
Riemann space. A small region of it is approximately flat. Einstein assumed
that physical space is of this nature and thereby laid the foundation for his
gravitation theory. (p.9)

The relatively new mathematics of Riemann enabled Einstein (1920) a geometrical
representation for something as abstract as gravity. Gravity, Einstein claimed, is not due



to forces exerted between bodies but due to curvature in the fabric of space-time caused
by the matter of those bodies. Physicist John Archibald Wheeler describes it as, “matter
tells space how to curve, and space tells matter how to move” (Grgn and Naess 2011,
p.211), as if the geometry and the physics are in dialogue, bounded to one another.

1.2 Building a New York City every month

Similarly, as Einstein thought that geometry, or the curvature of it, is the key to understand
the Universe, the structural engineer Allan McRobie (2017) see structures through their
embodied energy and equilibrium surfaces:

The structural column that holds the building above your head may be
straight, but in the wonderfully imaginative mind of the structural engineer
who designed it there live the energy and equilibrium surfaces whose abstract
mathematical forms are so sensuously seductive, so beautiful that if they were
made solid for you to see them you would want to stroke and caress them.

(p-21)

As in Einstein’s theory of relativity, the structural behaviour and the form are connected
through the geometry. Thus, it exists a connection between structural efficiency and the
curved shape. It is relevant since one of the major threats of life on earth is connected
to the effects of climate change. According to B. Gates and M. Gates (2019) the world
will need build an equivalent to New York City every month for 40 years based on the
estimated global population growth until 2060. As B. Gates and M. Gates continue,
“That’s a lot of cement and steel. We need to find a way to make it all without worsening
climate change”. However, structural performance only matters in architecture if we
can realize it. Structures need to made of materials turned into building elements that
somehow are fit together by a person or a machine, the more curved the shape the more
difficult to construct. It adds a geometrical constraint to not only the form but also
the pattern which describe its building blocks. Russian mathematician Chebyshev used
similar geometry as Riemann to understand the complex cutting patterns of textiles,
which, according to Chebyshev (1887/1946), can be applied to any body:

I touched on another question about fabrics, the solution of which with the
help of mathematics may be of certain interest, namely, the cutting of fabrics
in the manufacture of clothing or, in general, the shells of any kinds of bodies.!

(p-38)

This quote also highlights the aspect of manufacturing that adds to the challenge of
building sustainable. Such that elements can be made in a simple process in a suitable
format and an accessible material, as described by Alexander et al (1977).

The central problem of materials, then, is to find a collection of materials
which are small in scale, easy to cut on site, easy to work on site without the

ITranslated from Russian to English with the help of Konstantin Mina



aid of huge and expensive machinery, easy to vary and adapt, heavy enough
to be solid, longlasting or easy to maintain, and yet easy to build, not needing
specialized labor, not expensive in labor, and universally obtainable and cheap.
(p-956)

Master builders such as Rafael Guastavino Jr. (Ochsendorf 2010) and Eladio Dieste
(Anderson 2003) saw the possibilities and freedom of using a simple building element
like the bricks in the architectural design process. They used small tiles, and brick, to
create structurally efficient and beautiful elaborate vaults. Could Riemann and Einstein’s
thought model be reverted to instead imagine the flat region as a simple element like a
brick and the universal fabric is a weave of bricks? Is it possible to learn from craftsmen
like Guastavino in a modern context, using contemporary geometrical knowledge and
digital tools?

1.3 Aim and research questions

This work aims to reinstate geometry as a tool for the architect, the engineer, and the
builder, in order to develop tools and strategies enabling design and construction of curved
shapes by use of simple building elements. It has led to the following research questions:

1. How can the current building culture be challenged by a reconsideration of historical
and recent knowledge in geometry?

2. How can the current building culture be challenged by a development of a digital
craftsmanship for sustainable architectural design and production?






2 Context

2.1 Geometry and architecture

This section covers the origins of geometry emerging from two directions; the craft and
astronomy. Furthermore, the use of geometry in architecture and the importance to the
master builder. It continues to describe the development of and the theory of differential
geometry, which is applied in the analysis of membrane shell. The section ends with how
designers have used geometry and simple building elements to economise construction
and manufacturing.

2.1.1 Birth of geometry

Heilbron (2020) defines geometry as “the branch of mathematics concerned with the shape
of individual objects, spatial relationships among various objects, and the properties of
surrounding space”. It is one of the oldest branches of mathematics and likely came
out of the crafts and works by the hand. For weavers and bricklayers, the pattern is an
essential part of the making due to its structural influence, Figure 2.1b. The craft of
basket weaving goes back to at least 7000 B.C. (Geib and Jolie 2008). In old pottery, the
form and the pattern also have aspects of pure beauty (Struik 1987), Figure 2.1a. Thus,
mathematician Struik (1987) suggests the connection between the birth of geometry and
weaving through the etymology “The word ‘straight’ is related to ‘stretch’, indicating
operations with a rope; the word ‘line’ to ‘linen’, showing the connection between the
craft of weaving and the beginnings of geometry. ” (Struik 1987, p.11)

In Mesopotamia and Egypt, geometry was a tool for solving practical problems. It is
believed the geometry in Egypt was needed for surveying tasks such as approximating
the size of lands for taxation; a knowledge believed transferred to the Greek scholars. It
can be found in writing by Greek historian Herodotus (c.484 — ¢.425 B.C):

For this reason Egypt was cut up; they said that this king distributed the land
to all the Egyptians, giving an equal square portion to each man, and from
this he made his revenue, having appointed them to pay a certain rent every
year: and if the river should take away anything from any man’s portion, he
would come to the king and declare that which had happened, and the king
used to send men to examine and to find out by measurement how much less
the piece of land had become, in order that for the future the man might pay
less, in proportion to the rent appointed: and I think that thus the art of
geometry was found out and afterwards came into Hellas also. (Herodotus
440 B.C, para. 109)

However, the best source for the knowledge of mathematics and geometry in ancient
Egypt is the Moscow Mathematical Papyrus and the Rhind Mathematical Papyrus dating
from around 1800 and 1650 B.C, the Rosetta stones of geometry. They contain different
problems of which some are geometrical. Likewise, many of the geometrical problems are
of the kind of calculate the area and volume for different objects such as:



a) b)
Figure 2.1: Both decorative and constructive patterns were likely employed in crafts before
the development of the mathematical branch of geometry. In a) the Chinese Earthenware
with decorated with complex patterns, ca. 2650-2350 B.C. urn. In b) showing weaving
techniques and patterns used in Native American basketry (Wissler 1917)

Problem 50

Example Of [sic] a round field Of [sic] diameter 9 khet. What is its area?
Take away 1/9 of the diameter, namely 1; the remainder is 8. Multiply 8 times
8; it makes 64. Therefore it contains 64 setat of land. (Chace and Mannin
1927,p.92)

As described by Herodotus, it is believed that Greek scholars learned geometry in Egypt.
Greek mathematicians who later excelled their former teachers. Neither in Mesopotamia or
Egypt was there an interest in the science of geometry or proving the geometrical relations.
It was the Greek scholars who found an interest and joy in asking the question why.
The most influential book from Greece, which has survived, is Elementa. It consists of
thirteen volumes, by Euclid (ca. 300 B.C.) who systematically organised the mathematical
developments in Greece by that time. Another important is the eight-volume book Conics
by Apollonius of Perga (262 B.C. — 190 B.C.) on the geometry of conic sections, i.e. the
circle, the ellipse, the parabola and the hyperbola.

The first type on non-euclidean geometry was the spherical geometry, concerning
geometric objects on the surface of a sphere. The reason for that was also much practical.
Ancients called this geometry Sphaerica, and it was the study of the heavens and the
heavenly bodies. The etymological meaning of geometry is the measurement of the earth.
Spherical geometry made it possible to measure the phenomenon of time, the creation of
the calendar. Already the geometers in Egypt divided the day into 24 hours (Rosenfeld



1988). It was to estimate the times to execute different operations linked to agriculture,
when to plant and when to harvest. As Scherrer explains:

Our forbearers followed their sky gods’ movements attentively. By marking
their appearance & disappearance with great care, they combined religious
worship with practical knowledge. The cycle of planting and harvesting crops
was regulated by celestial events; important days of celebration and festivity
were marked in a celestial calendar. After generations, they learned to predict
particular celestial phenomena, such as eclipses, well in advance. (Scherrer
2015, p.3)

There are several early books on the subject of Sphaerica by for instance Theodosius (ca.
100 B.C.) and Menelaus (ca. 100 A.D.) (Rosenfeld 1988; Scriba and Schreiber 2015). The
primary and essential difference is to imagine a geometry bounded on something curved
rather than in the flat plane as in Euclidean geometry. Menelaus is the first known to
define a spherical triangle, bounded by arcs of great circles, and its angles. They are
described similarly as the plane triangle by Euclid. However, the most known work is
Almagest by astronomer Ptolemy (ca. 100-170 A.D.) written about 150 A.D which gives
an overview of the ancient astronomy in Babylonian and Greek cultures (Rosenfeld 1988).

Curved geometries such as arches and domes are also very efficient to carry loads,
known to ancient builders and architects thousands of years before structural theory as
defined today. However, it took many centuries before the non-euclidean geometry would
play any significant role in the design, production or analysis of structures, as will be
described in the next section.

2.1.2 The geometry of the master builder

Marvel ye not that I said that all sciences live only by the science of Geometry,
for there is no artificial or handicraft that is wrought by man’s hand but is
wrought by Geometry, and a notable cause, for if a man works with his hands
he worketh with some manner of tool, and there is no instrument of material
things in this world, but it comes of some kind of earth, and to earth it will
turn again. And there is no instrument, that is to say a tool to work with, but
it hath some proportion more or less, and proportion is measure, and the tool
or instrument is earth, and Geometry is said to be the measure of the earth.
Wherefore I may say that men live all by Geometry ... Ye shall understand
that among all the crafts of the world of man’s craft Masonry hath the most
notability, and most part of this science of Geometry as it is noted and said
in history, and in the Bible, and in the Master of Stories (Yarker 1909, p.545)

The above quote is from the freemasons’ ancient charges, believed to be from the 15th
century. As this text describes, as well as shown in the previous section, geometry was
a valuable tool for many things, including architecture and the art of building. Today,
it is hard to fathom the difficulties these master builders had in measuring and setting
out such a complex structure like a Gothic cathedral, or manufacture its stone blocks.
Thus, the mason lived and embodied geometry to such extent that the unknown author
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Figure 2.2: Sketchbook of Villard De Honnecourt from the 15th century (Villard et al.
1859)

states that masonry in principal is geometry. Like the Egyptians, the medieval master
builder was likely more interested in practical geometry than theoretical geometry. In
The Geometrical Knowledge Of Mediaeval Master Masons Shelby (1972) describes the
profession. Those who aspired to become a master mason probably did not have time
become an academic, possibly they did not even know how to read. As is well known, the
early medieval master-builders did not have full access to Euclid’s geometry, only various
fragments that are known to have gathered in the Codex Arcerianus from the 6th or
Tth-century. Their time was likely invested in the more practical school at a construction
site, and it was probably through their work or their master they learned geometry:

Since the geometry of the masons was an essential part of that technical
knowledge, medieval master masons would normally have acquired their
geometrical knowledge in the same way that they acquired the rest of their
knowledge and skill in building - by mastering the traditions of the craft.
(Shelby 1972, p.398)

The best source for the early medieval masons knowledge and application in geometry
is found in the sketchbook of Villard De Honnecourt from the 15th century. Heyman
(1995) refer to him as master builder, but similar to Roman architect Vitruvius (1914),
one of the minor known while active. Villard’s book is a practical one as can be seen
in Figure 2.2. It gives guidance for geometrical constructions such as: "How to trace
the plan of a five-cornered tower”, ” Thus can be drawn three kinds of arches with one
opening of the compasses”, ”How to find the point in the centre of a circular area”, " How
to cut the mold of a great arch in a space of three feet”. More advanced treatises the
geometry on stone cutting, usually referred to as stereotomy, can be found in for instance
Le Premier tome de I’Architecture, Figure 2.3a, by Philibert Delorme (1567), the architect
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behind the dome at Chateau d’Anet. Stereotomy is also used in the treatises of complex
geometries in carpentry (Delataille 1887), Figure 2.4. At the 2016 Venice Biennale, the
Armadillo Vault showed how stereotomy could be design, manufactured and applied in a
contemporary context (Block, Van Mele, et al. 2017), Figure 2.5.

a) b)

Figure 2.3: To the left a) diagram by Philibert Delorme of a helical barrel vault( or vis
de Saint-Gilles) (Delorme 1567). Right b), Viollet-le-Duc on how such a stair could
look like which was typically used in medieval structures in the 11th and 12th-century
(Viollet-le-Duc 1875)

In Villard’s book there exist elevations and plans, but they are not very accurate.
Brunelleschi redeveloped the mathematics behind the perspective drawings to make more
accurate representations (Addis 2007). Geometry was also essential in the design in terms
of making the structure stable using rules of proportions. Yet, not much guidance of
that character can be found in the book of Villard. Even though no such theory existed,
the sketches of arches by Leonardo Da Vinci (Addis 2007; Benvenuto 1991) and the
standing Gothic Cathedrals, indicates that master builders had an intuitive understanding
of stability and forces. Later books such as L’Architecture des votites, ou I’Art des traits
et coupe des votites by Francois Derand (1643) contains geometrical rules for sizing of
abutments based on the form of the arch. The reason behind the sizing of buttresses is
that the stresses in masonry structures like the Gothic cathedrals are relatively small in
magnitude (Heyman 1995), and the problem is more related to stability. Gothic builders
were much clever in that sense to add weight on top of the buttresses as a pre-stressing
(Addis 2007), which can also be seen in the fan vaults in Figure 2.15. Dimensional rules

11



VOUTSS. DARETES ANVULALRES GADGHR (ONIUE CRFTRIOUE ET RAMPANTE, ET TROMPE CORIOUE AVEC DES LIRNS A TENAILLRS RN RADCIRD 0% (N ARAETIR nau

2
S0

;',,
cf 4
e,
S
A

i

Figure 2.4: Stereotomy and applied to complex geometries in carpentry (Delataille 1887)
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Figure 2.5: Armadillo Vault at the 2016 Venice Biennale. Team: Block Research Group,
Ochsendorf DeJong € Block (ODB Engineering) and Escobedo Group

of domes can be found in Il Tempio Vaticano e sua origine by Carlo Fontana (1694)
(Benvenuto 1991; Manzanares 2003). The last living master builders such as the Spanish
originating Antoni Gaud{ and Rafeael Guastavino Jr. used graphic statics (Collins 1960;
Ochsendorf 2010). Graphic statics is a method to draw force diagrams connected to
what one can call form diagram of one’s structure. Graphic statics originates from the
work by Carl Culmann (1866), James Clerk Maxwell (1864) and Luigi Cremona (1872)
in the second half of the 19th century. Culmann was inspired by projective geometry,
what Culmann called newer geometry’, of Jean-Victor Poncelet’s! Traité des propriétés
projectives des figures (1822) (Kurrer 2008). Graphic statics was presented by Culmann
as an attempt to solve the problems accessible to a geometrical treatment from the field
of engineering with the help of the newer geometry (Culmann 1866). The use of graphic
statics declined in usage during the last half of the 20th century. There are several reasons,
according to professor Block (personal communication, September 2018). One is that
drafting such diagrams takes time and it requires skills in drafting, as seen in Figure
2.7. With the development of Elasticity theory by Navier, it was more convenient and

IPoncelet was a pupil of Gaspard Monge. Serving in the Napoleon war, Poncelet became imprisoned.
During his imprisonment Poncelet should have studied shadows, or projections, and their geometrical
properties.
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Figure 2.6: Derand’s geometrical rules for the relation between the form of the arch and
the width of the abutments (Derand 1643)

time-efficient for engineers to describe one safe solution by plugging in numbers in a
formula. Thus, it comes to the cost of not seeing or describing the wide variety of possible
stress states and load paths that inform the designer how to further develop the scheme.
However, new digital tools assisting the time-consuming activity of drawing the diagrams
graphic statics has got a new revival in the 21st century through the work of for instance
Allen and Zalewski (2009) Block and Ochsendorf (2007) C. J. Williams and McRobie
(2016).

To perform modern analysis of arches, domes and grid shells, it is convenient with a
rigorous theoretical framework for describing and working with the geometry of curves
and surfaces. This branch of mathematics is usually called differential geometry which
will be covered in the following section.
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2.1.3 Differential geometry

Nowadays, spherical geometry, or the geometry of domes if talking architecture, would be
considered part of differential geometry, which is the branch of geometry that studies the
properties curves and surfaces in space. Differential geometry can also describe geometries
of higher dimension. For instance, in Einstein’s general theory of relativity, the planets
move along space-time geodesics.

Differential geometry originates from the development of analytical geometry and the
differential and integral calculus. Analytical geometry was developed in 17th century by
French mathematicians Fermat and Descartes. The emergence of analytical geometry
resulted from a new interest in curves and the mathematical advancement in theory
of equations in the 16th century by Viete (Struik 1987). This interest in curves was
partly based on the texts written by the ancient Greek scholars such as Apollonius and
Archimedes and the applications in physics in the field of astronomy, mechanics and
optics. The importance of analytical, or sometimes called Cartesian geometry, is that it
“establishes a correspondence between geometric curves and algebraic equations” (Bix and
D’Souza 2020, Introduction section). Isaac Barrow’s Geometrical Lectures is seen as a big
influence for Leibniz and Newton, student of Barrow, in the formulation of the differential
and integral calculus, and the fundamental theorem bringing them together. Differential
calculus is needed when attaining the properties of the geometrical objects such as its
curvature while integral calculus is needed when, for instance, calculating the arc length
of a curve.

Struik (1988) states that Gaspard Monge and Carl Friedrich Gauss are the founders of
the differential geometry of curves and surfaces. Other important contributors to the early
development of the theory of differential geometry are Leonard Euler, John Bernoulli,
Joseph-Louis Lagrange. Bernoulli showed that curves of shortest distance, geodesics, must
only curve in the osculating plane. Euler described the principal curvature lines (Struik
1988) and Lagrange found the partial differential equations of minimal surfaces (Hyde
et al. 1997). One of the big contributions by Gauss was to constitute a framework in
which one can work with a globally smooth curved surface (non-euclidean geometry),
which zoomed in on small area can be locally treated using euclidean geometry since it is
nearly flat (Einstein 1920).

One of the most important aspects to consider in geometry is how to measure distances.
Consider the Cartesian coordinate system, originating from Descartes, and it’s orthogonal
grid in the plane with coordinate axes in  and y. The square distance ds? is described
using Pythagoras theorem:

ds® = dz® + dy? (2.1)

If the coordinates are not orthogonal the cosine rule needs to be used one would need
to use the cosine rule which and (2.1) can be rewritten (cf. Figure 2.8),

ds* = da?* + 2dxdy cos o + dy? (2.2)

Imagine a similar net of parallelograms as above but very small in size and applied on a
smooth two dimensional surface, which can be curved and placed in three dimensional
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Figure 2.8: The length of the diagonal of a parallelogram of d, in which « is the angle
between dx and dy

space, such as the earth. On a two dimensional surface, there exist two sets of coordinate
curves in two directions. Struik (1988) uses u,v to describe these surface parameters,
while Green and Zerna (1968) use 6%, 6. Using the latter convention, (2.2) becomes:

ds® = ayy (d6Y)” + 2az; (d6") (d62) + ass (d6%)° (2.3)

which gives the square of the distance between the points (91, 92) and (91 +dot, 0% + d92)
on the surface. Equation (2.3) is usually referred as the first fundamental form and ang
are the components of the metric tensor?:

a1 ai2
= = . = 2.4
(aB = 8o = Ay - BB {021 a22] (2.4)
a = 11021 — A12G21 (2~5)

The covariant base vectors a, are the vectors tangent to the coordinate curves, the curves
on the surface where either ' or 62 is constant. They are not necessarily orthogonal to
each other but always orthogonal to the normal as. Compared to Cartesian coordinates,
the surface base vectors change while moving on the surfaces. The covariant base vectors
are defined as:

_Or  Ox Oy 0z _
aa—%—%el+%62+we3_rvaafor a=1,2 (2.6)

Where the vector r is the vector that describes the position in space.

r(@l, 92) = x1(91, 92)61 + .1‘2(6)1, 92)62 + 333((91, 92)63 (27)

2Struik (1988) uses E,F, G instead of a11,a12, a2
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The square distance ds? can now be written in the following way, using Einstein summation
convention (A. Green and Zerna 1968).

2 2
ds® = dr - dr = a, - agd0*d0” = aapd0*d0” =" " aazdo™do” (2.8)
a=1p=1

So far this section has covered how to measure distances and angles, but how much
the surface curve? Gauss (1825/1827/1902) defines the curvature as the image of the
Gauss map, basically taking a small region on the surface and mapping it onto a unit
sphere using the normal vectors. The Gaussian curvature, K, is the ratio between the
two areas; similar can be done on curves using the unit circle. According to himself,
Gauss (1825/1827/1902) found the remarkable connection to the products of the the two

principal curvatures, k1 and ko, described earlier by Euler (Euler 1767; Struik 1988).

K = K1k2 (29)

It is also possible to express the Gaussian curvature on the following form

_ bubas — (bio)’
a

K (2.10)
where b, are the components of the second fundamental form?, also forming a surface
tensor. It is a measure of how much the coordinate curves bends in relation to the normal
vector as:

—dr - dag = byy (d6")” + 2b15d0" 6> + by (d6°)” (2.11)
— — _ bll b12
bap =bga =az-anpg = |:b21 b22] (2.12)

However, most remarkable Gauss’s Theorema Egregium (Latin for “Remarkable Theorem”)
proved that the Gaussian curvature is intrinsic property. Thus, the Gaussian curvature
can be expressed only using the components and derivatives of the metric tensor. It means
that an ant, living on what it believes to be flatland, can come to the realisation that it
lives on a curved surface by measuring distances and angles and calculating its derivatives.
That is when writing the Gaussian curvature using the covariant Riemann-Christoffel
curvature tensor as in (1.13.44) in Green and Zerna (1968)

1
K = Ze*%ﬁmmm (2.13)
where the components of the psuedo-tensor have the following relationship

(2.14)

3Struik (1988) uses e,f,g instead of by1,bi2, baz,
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This is due to that the Riemann-Christoffel curvature tensor can be expressed in Christoffel
symbols as in (11.6) in Dirac (1975)

1 m m
Rprsi = 5 (gpi,rs - gri,ps - gps,ri + grs,pi) + Fmpirrs + Fmpsrri (215)

where the Christoffel symbmols of the first and second kind are defined in Green and
Zerna (1968) as

Lijr = Tjir = 8- 815 (2.16)

F;g = F;z =g - gi.j (2.17)

In (2.15) the letter g is used instead of a when describing the metric tensor or and base
vectors of higher order as in Dirac (1975) and Green and Zerna (1968). The indices are
are changed from greek to latin letters, as in Green and Zerna (1968) to differentiate
between the two dimensional and the higher order surfaces and (2.8) becomes

3 3
ds® =g, - g;d0'd0? = g;;d0'd6? = > " g;;d'd’ (2.18)
i=0 j=0

For a four dimensional surface the Riemann-Christoffel tensor contains 256 components,
but due to its symmetry only 20 components are unique. The geometrical meaning of
the Riemann-Christoffel is that it describes describes the magnitude of the basis vectors’
rotation if one parallel transport a vector along a closed loop on a surface. In flatland the
rotation would be zero comparing the start and end vector. Thus, the ant who performed
this experiment would return to the starting point but with the a vector in a different
angle, and could conclude that it lives on a curved surface. The Christoffel symbols of the
first and second kind and can be understood as a measure of the rate of change of the basis
vectors (Grgn and Naess 2011). When using curvilinear coordinates, in comparison to
Cartesian coordinates, the base vectors change as one moves along the surface. Therefore,
in Cartesian coordinates, the Christoffel symbols vanish. On a two dimensional surface
the Riemann-Christoffel. For a two-dimensional surface there are only components four
components of the Riemann-Christoffel that are not zero and they have the following
relation

R1212 = 7R2112 = 7R1221 = R2121 (219)

and (2.13) becomes

K = fazz (2.20)
a

For spherical coordinates where the coordinate curves cross at right angles one can simplify
(2.20) as in (3-7) in Struik (1988):

K 1 0 1 0y/a2 +i 1 dyan (2.21)
_\/allagg 801 \/a11 801 892 1/ a22 892 '
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From the two surface tensors ang and b,g it is tempting to wonder if it is possible to
design any surface, and pattern on it, by freely assign the components of the two tenors.
If that was the case, the thesis could very well have ended at this point. However, this is
not possible since in order make the surface fit together one needs compatibility equations
that relate the lengths, angles and curvature of the surface and its coordinate net(Stoker
1969), in doing so setting restrictions on the components of a3 and b,g. The first one
has been presented already in the Gauss equation. There are two more, and those are
the Codazzi or Codazzi-Mainardi equations. Green and Zerna (1968) gives the following
definition of the Codazzi equations:

batlz = bazl1 (2.22)

Struik (1988) writes them out as
bite — bizg = b T}y + b1z (I, — T'1y) — boT'%y (2.23)
bia,e — bao1 = b11Ty 4 b1z (T5; — I'iy) — boT'7, (2.24)

Since this chapter started describing distances, and how Gauss took a globally curved
surfaces and by looking at a small part could use concepts from Euclidean geometry
to compute distances, it might be worth mentioning geodesics. Some might have heard
about the geodesic domes by Buckminster Fuller (1954). Geodesics are curves on the
surface with certain properties. They can be defined in two ways: as the (locally) shortest
distance between two points or as curves that has zero curvature in the tangent plane of
the surface, which is usually called geodesic curvature. A geodesic curve can be obtained
by taking the second derivative of r (02 (s),6? (s)) with respect to unit speed parameter
s, and set the components in the tangent plane to zero. Thus, every curve fulfilling the
condition in (2.25) are geodesics (P. Dirac 1975):

d26>  de~ do”®

+———T);=0 2.25
ds? ds ds P (2.25)
The geodesic equation (2.25) also works in higher order. In the general theory of relativity,
the planets move along geodesics in space-time. The following sections will show how
differential geometry can be a useful tool in order to to describe the form and perform
analysis, as well as creating patterns on complex surfaces.

2.1.4 Strength through geometry

Structural engineers J. Schlaich and M. Schlaich (2008) ask the question How to create
lightweight structures? In their paper Lightweight structures they suggest five rules for
the design of such structures. In the second rule, J. Schlaich and M. Schlaich emphasises
the importance of avoiding bending due to the inefficient stress distribution within the
element, compared to pure tension and compression structures utilising the cross-section
more efficiently:
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Secondly avoiding elements stressed by bending in favour of bars stressed
purely axial by tension or compression ... Bending completely stresses only the
edge fibres while in the centres dead bulk has to be dragged along. (J. Schlaich
and M. Schlaich 2008 p.2)

Figure 2.9 aims to show why that is true. With a point load, p, on a span, [/, the beam
needs an inner lever arm, e, to ensure equilibrium, while the arch in compression and the
cable in tension creates the same lever arm using its geometry. Thus, the arch and the
tension uses its material much more efficiently as long as the supports can handle the
thrust. However, one issue with compression structures is that they can buckle, which is
also true for shells structures as professor Williams (2014) states “The more efficient the
shell, the more sudden the buckling collapse” (C. J. Williams 2014, p.31). The buckling
can, nevertheless, be increased by, for instance, corrugating the surface, stiffening the shell
(Malek 2012). This can be seen in nature in seashells but has also been used in vauls and
grid shells such as Weald and Downland Museum. Tension structures are not affected by
buckling instability, but require stronger materials like steel. J. Schlaich and M. Schlaich
(2008) states in their third rule, timber is stronger in tension than steel relative its density.
However, one issue with timber is transferring the load in the connections and making the
forces follow its fibres. Compression arches and domes are gentler to the material in that
sense; the connections are simple often by use of mortar. However, unreinforced masonry
is much sensitive to tensile stresses (Heyman 1995).

l load, p
. 12
D » H = p V = B
span, [ 4.e
Vi H ‘}(’
A |
e H
Y R
v i Ne
X ¥ v
Beam Compression Tension
arch arch

Figure 2.9: Three different possibilities to carry a point load across a span 1 wide. The
beam transfers the load through an internal lever arm. The two arches takes advantage of
the support to carry load in either pure tension or compression, which is more material
efficient. However, the arches require better support conditions, and the compression arch
can buckle
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Figure 2.10: FEquilibrium for a general three dimensional membrane element

In shell theory the use of differential geometry will enable the formulation of the
equilibrium equations for curved surface elements. This section will cover the equilibrium
equations of membrane theory, which excludes bending. In Green and Zerna (1968) the
equilibrium equations for a general membrane element, Figure 2.10, are written:

nbas +p =0 (2.26)

where n®?|, is the covariant differentiation.

n®flo =n%f + 15 n + 18 nrP (2.28)

Green and Zerna uses Einstein notation. Thus, (2.26) contains two expressions using the
summation convention, describing the equilibrium in the two directions in the plane of
the surface. Equation (2.27) refers to the equilibrium in the direction of the normal. The
tensor, nog, contains the surface stress tensor components of the membrane element.

1,12
n? = {221 ZQQ] (2.29)
and the symbols T') 5 are the Christoffel symbols of the second kind in (2.17). The
equilibrium equations, (2.26) and (2.27), are described more in detail in (Adiels 2016).
The reader might find these equations difficult to interpret and possibly even harder
to solve, which is quite natural. As Williams states “Hand calculations for shells are
very difficult or impossible. However some understanding of shell theory will help with
choice of shell shape and interpreting computer and model test results.” (C. J. Williams
2014 p.31) Today, the most common way of solving these equations is likely using Finite
Element Method (FEM) and Isogeometric analysis (IGA), which can be solved using
computers. Ottosen and Petersson (1992), gives a good overview of FEM, similar can
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be said about Hughes et al. (2005) regarding IGA. As Williams states, shell theory is
necessary to evaluate the results from the above. Therefore, the next part will cover
how one can solve the membrane stresses for analysis of shells of revolution and shells of
translation surfaces using Airy stress function (Airy 1863).

A common branch of shells linked to the traditional shapes of forms applied in
architecture and engineering is the shells of revolution. That is shells based on a profile
curved rotated around a central axis. Thus, special cases of shells of revolution include
the dome and the cone. To describe the membrane element ¢ and 6 is used as surface
parameters, similar to the spherical coordinates as Timoshenko and Woinowsky-Krieger
(1959) and Billington (1965). Figure 2.11 shows the geometrical description of the element
where the dotted line the right is the central axis of rotation. What makes shells of
revolution so useful, compared to arches, is the possibility of taking forces in the hoop
direction, which is the direction of parallel circles stacked along the central axis or 6
direction in Figure 2.11. This is the reason Pantheon can have an central opening and it
can also be used as a temporary load path during construction. Under symmetrical loads
there exist no shear along any of the coordinate curves (¢ or 6 equals constant). No forces
are applied in the 6 direction which means the two equations in (2.27) can be reduced to
one. It results in the two equilibrium equations for a general shell of revolution under
symmetrical load, the first for the normal direction and the second for the ¢ direction
(Billington 1965; S. Timoshenko and Woinowsky-Krieger 1959). Using the conventions in
Billington 1965 those two equilibrium equations are written as:

Ny | N

+ 2 4p. =0 (2.30)
™ T2
d (N’ ) Nyry cos ¢ + 0 (2.31)
— 19 | — Nyry cos rirg = .
o 70 071 PgT1T0
In (2.30) it is clear that stresses are proportional to the curvature, kK = % For the special

case of a spherical dome, r; and ro are replaced with r.

1/
- (N¢ + Ng) tp.=0 (2.32)

% (N(; sin (;5) — Nycosé+ per =0 (2.33)
In the case of uniform gravity load, it is possible to acquire the stress resultants in (2.32)
and (2.33) by solving N(; through its component in the z-direction. Billington (1965)
does so for the case of uniform and and projected load. He uses ¢ for the uniform load
and p for the project load, both in load per unit area. The solutions for both cases are
plotted in Figure 2.12. The angle of which the hoop stresses go from compression to
tension are indicated since it is important for masonry domes. For the imaginary case of
a half spherical dome of radius 100 meters and a self-weight of 25 kN/m?, one would get
stresses maximum stresses of 2.5 MPa. Thus, the low stresses shows why shells can be
extremely structurally efficient.
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Figure 2.11: Shell of revolution, redrawn from Billington (1965)

As described in Green and Zerna (1968) it is sometimes useful to have the equilibrium
equations projected on the plane surface. If body forces are zero or constant one can
reduce the three equations of equilibrium to one differential using a stress function (Airy
1863; S. Timoshenko 1934). In Green and Zerna (1968) this is described equation 11.2.11
using ¢ as the stress function:

5aweﬁpz|aﬁ¢|w =4 (2.34)

where ¢ contains the loading acting on the shell. The inplane stresses can be obtained
from the stress function using equation 7.5.5 in Green and Zerna (1968).

n? = PPyl (2.35)

Equation (2.34) contains 16 terms since it has four summation indices. The components
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Figure 2.12: Stresses in a dome, left shows for the projected load and the one the right
the stresses of a dome under self weight

S

of the psuedo-tensor are defined in (2.14). Thus, it is possible to reduce (2.34) to

21 2|900|11 + 2626 2] 120 )10 + €2 22| 11022 = ¢ (2.36)

Choosing a Cartesian coordinate system, i.e. y/a = 1, which means (2.36) can be simplified
to:

2,22 @511 — 22,12 G312 +2,11 P22 = ¢ (2.37)

This a second order partial differential equation that is either elliptic or hyperbolic
depending upon whether the Gaussian curvature is positive or negative. In the special
case of a developable surface of zero Gaussian curvature the equation is parabolic. In
the case of negative Gaussian curvature a point load produces concentrated forces which
travel along the asymptotic lines to the supports. In the case of positive Gaussian
curvature the stresses due to a point load die away as you move further from the load.
This explained elegantly by professor Heyman in his lecture to the Escuela Tecnica
Superior de Arquitectura de Madrid (Heyman 2015). The wave equation in one spatial
direction is hyperbolic whereas Laplace’s equation is elliptic. An example of a parabolic
differential equation is one dimensional non-steady heat flow, whereas two dimensional
steady heat flow obeys Laplace’s equation. Equation (2.37) is the same as in Timoshenko
and Woinowsky-Krieger (1959, p.462) and (7-8) in Billington (1965), but instead of ¢
they use F.

32F% B 0*°F 0%z N 62F&
0x? Oy? 0x0y 0x0y  Oy? Oz2

=q (2.38)

Using Figure 2.13 it is possible can write out the projected in plane stresses in (2.35)
similar as Timoshenko and Goodier (1934)

_ 0’F _ 0*F  _ 0*F
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Figure 2.13: Airy stress function for membrane shells, redrawn from Billington (1965)

which is the same as (2.35). Specifying the shape, referring to z,y,z in (2.38), it is
necessary will have to find a solution to F' such that it fulfils the boundary conditions
and equilibrium. As an example, found in Billington (1965) using a elliptical paraboloid ,
see grey surface in Figure 2.14, which can be described geometrically as (cf. Figure 2.14),

z2=y/hy +a°/hy = a?[er s hy = (2.40)

The shell is loaded in the z-direction with a load described by the projected surface area.
There are several solutions to the stress function F' that fulfils the boundary conditions.
There are two simple solutions in which the load is carried in arch action in either the x-
and y-direction such as

1

F= i (1~ ) (2.41)

However, Timoshenko and Woinowsky-Krieger (1959) and Billington (1965) add a term
which describes a more efficient stress distribution:

1 oo
F= Zp_th (v —y?) + Z A,, cosh fz cos \y (2.42)
n=135
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Figure 2.14: Two solutions for the Airy stress function, blue surfaces, for an elliptical
paraboloid shell, in grey

Where A,, and S are defined as:
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Plotting (2.41) and (2.42) in relation to the geometry, Figure 2.14, it is possible to visualise
stress surfaces, similar to the energy and equilibrium surfaces described poetically by
McRobie (2017) in chapter 1.

So far in the presented examples, the geometry, or form, has been assumed fixed while
the stresses have been determined by the choice of stress functions. The reverted problem
would be to find a form fulfilling equilibrium when the stress function is predefined. That
is what is usually is called form finding (Happold and Liddell 1975), seeking a form that
is in equilibrium with the load in a preferable state or stress, usually meaning reducing
amount bending in favour the membrane action as described by J. Schlaich and M. Sclaich
(2008). Form finding has been performed long way back, as seen in flying buttresses and
rib vaults in Gothic cathedrals and the geometrical rules by Derand, Figure 2.6. The
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Figure 2.15: The complex construction of the fan wvaults in Peterborough Cathedral
illustrated by Willis (1842)

academic interest in finding the most efficient form of an arch goes back to Robert Hooke
and James Bernoulli (Benvenuto 1991). Architects like Gaudi (Collins 1963) and Frei
Otto (Happold and Liddell 1975) used physical models to find these forms. During the
20th century, numerical methods for form finding. In (Veenendaal and Block 2012) they
categorize these in three families: stiffness matriz methods , geometric stiffness methods,
dynamic equilibrium methods. The geometric stiffness originates from the work of Force
Density Method of Linkwitz and Schek (1971; 1974). The dynamic equilibrium methods
include Dynamic Relazation originates from the work by Alistar Day (1965) and Barnes
(1977).

2.1.5 Rational construction through geometry

In the previous section it was shown why geometry is the most important factor for
structural efficiency. What is then the drawback? J. Schlaich and M. Schlaich describes
the manufacturing and construction of double-curved surfaces as complex:

Expensive formwork and complicated cutting patterns are required for the
manufacture of these double-curved surfaces. The details of tensile structures
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and membranes are complicated and have to be manufactured with extreme
precision. (J. Schlaich and M. Schlaich 2008, p.5)

Similar complexity in construction is valid for other types of double-curved structures,
such as masonry and concrete vaults, as shown in section 2.1.2, and steel and timber grid
shells. Heyman (2015) claims that only four large cathedrals were constructed with fan
vaults, as seen in Peterborough Cathedral, Figure 2.15, since they were so complicated
to build and expensive to manufacture. Fitchen (1961) describes and emphasises the
difficulty in constructing false work during medieval times and that it has not got enough
attention when evaluating these structures. Fitchen argues that the rib vaults in the
Gothic Cathedrals had an essential contribution to lowering the cost for labour in terms
of easier connections and less timber work than the Romanesque groin vaults. The only
preserved medieval centering is in the tower of the Larbro church in Sweden from the
13th-century (Frankl 1962).

There have been different ways to achieve a more cost efficient construction in history,
including the use of standardised or simple building elements and methods to assemble
and raise the structure more easily. The brick mould can be seen in wall paintings from
Egyptian tombs dating to ca. 1450 B.C, Figure 2.16, but it was likely invented much earlier
and not in Egypt, maybe as early as around 5900-5300 B.C (Campbell 2003). Rottlaender
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Figure 2.16: From wall painting in the tomb of Rekh-mi-Re (1450 B.C) illustrating the
process of manufacturing bricks of mud and straw using brick moulds, (Prime 1860)
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(1977) presents tables of measurements from masonry buildings in ancient cities of Tepe
Yahya (5-4 millennium B.C) Uruk (4 millennium B.C.) where the building blocks are
standardised, having a mean value of a cubit. Spanish originating architects and master
builders such as Antoni Gaudi, Lluis Domenech, Eduardo Torroja, Rafael Guastavino
Sr. and Rafael Guastavino Jr. mastered designing using the brick and the brick tile.
Using thin tiles in combination with fast setting gypsum mortar they could build vaults
using little or any formwork (Collins 1968; Ochsendorf 2010), a technique traditionally
common in Spain and the region of Roussillon in France (Bannister 1968). Gaud{ used
the brick tiles in creative ways, such as the attic in Bellesguard, Casa Vicens and Crypt at
Colonia Giiell. Guastavino Sr. and Rafael Guastavino Jr. built many vaults and domes
in iconic public buildings in America during the end of the 19th century and the first half
of the 20th century. In the Sancti Petri Bridge, Eduardo Torroja used steel-reinforced
brick shells, Figure 2.17 (Ochsendorf 2003). Instead of using bricks, Schlaich Bergermann

Figure 2.17: Eduardo Torroja using thin brick shells as form-work for the foundations of
the Sancti Petri Bridge, 1927

Partner designed shells with planar glass panels in the house for Hippopotamus at Berlin
Zoo (J. Schlaich and Schober 1996; J. Schlaich and Schober 2005), Figure 2.18. The form
are described as translational surfaces that offer the possibility to define the two boundary
curves, the directrix and the generatrix, arbitrarily — offering a wide variety of shapes
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Figure 2.18: The House for Hippopotamus at Berlin Zoo, a) interior view and b) exterior
view. The curved shape was designed such that it could be made from planar quad panels.
Schlaich Bergermann Partner, 1996

that can be manufactured from planar quadrangular panels sheets. Master builder Rafael
Guastavino Sr. also used translational surfaces in his tile vaults. First, his craftsmen built
the edge arches and to later disassemble the centering, letting it slide along the arches as
a temporary falsework while filling the void, see Figure 2.19. Simple building elements
can be incorporated into grid shells as well, shown in the double layer timber grid shell in
Mannheim, Figure 2.20, by Frei Otto, Ian Liddell and Edmund Happold. The grid is an
equal mesh net built out of straight timber laths. The grid was built flat on the ground
to be lifted, bent and locked into place, giving the shell action. Equal mesh nets are nets
where the lengths of the edges of each cell in the grid are of the same length, also called
Chebyshev nets after the Russian mathematician Chebyshev (1887/1946). Chebyshev
applied, what he called the mathematics by Gauss, to solve the matter of cutting patterns
on clothes. One can see this as a purely mathematical problem of dressing a surface with
a certain pattern. As mentioned in section 2.1.3, it is not possible to decide the properties
of the form and the pattern using the components of the metric tensor, ans, and the
components of the surface tensor b,g. That is due to the three compatibility equations,
usually referred to as the Gauss-Codazzi equations (Stoker 1969). In a Chebyshev net
one specify the metric tensor components as (C. J. Williams 2014):

ay = L? (2.44)
age = L? (2.45)
a1 = L? cosw (2.46)

Where the length L is constant and w is the angle between the two basis vectors. The
Guass theorem becomes (C. J. Williams 2014):

1 0%w

K== L2 sinw 001002

(2.47)
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Figure 2.19: Master builder Rafael Guastavino standing on a recently finished arch during
the construction of the Boston Public Library, 1889

If the angle w is constant, the surface must have zero Gaussian curvature, meaning that it
is either flat or something that can be formed from a flat sheet of paper without deforming
it, such as rolling it to a cylinder. So for other types of curved surfaces, this angle must
be allowed to vary. However, it possible to combine these geometrical properties with
the physical properties described in membrane theory, as in form finding. The three
tensors, aqg,bag and n®? has nine unique components and there are six equations; the
Gauss-Codazzi equations (2.20), (2.23), (2.24), and the three equilibrium equations (2.26),
(2.27). Thus, a solution require three choices which can be used to describe sought
properties of the form, pattern or state of stress. In the case of the Mannheim grid-shell,
an equal mesh net are described as (Adiels 2016):

a1 = L2 (248)
age = L? (2.49)
n'? =0 (2.50)

Equation (2.50) sets the shearing to zero, constraining the state of stress to follow lines in

32



XXXX

SO

-

Figure 2.20: Timber grid shell in Mannheim Multihalle, Germany

the grid. Such that the sheet of paper described above turns into a fishing net allowing
to be a curved surface, i.e. Gaussian curvature not zero. Thus, it is possible solves the
remaining six unique components of the three tensors using numerical methods such
as dynamic relaxation. Williams (1980) uses a similar approach to cutting patterns of
inflated membrane structures but instead using geodesic coordinates.

This last example ties back to the beginning with the weaver, of which Struik (1987)
describes gave birth to geometry, described with the same type of equations that also
describe the space-time fabric of the Universe.

2.2 A sustainable building culture

This section will cover the aspects of the building culture and the impact and connection
to sustainable development. Furthermore, the Davos declaration calling for a high-
quality Baukultur signed by the European Ministers is introduced is presented. Moreover,
the meaning of and the components of craftsmanship is described and placed in a
contemporary context. Furthermore, the hand and head relationship and the connection
between creativity and learning is studied. Lastly, it treats the activities in which we
work together and the place of the medieval workshop in a modern setting.

2.2.1 What is a sustainable building culture?

As Bill and Melinda Gates (2019) and states one of the major challenges for the building
industry is to find a way to reduce the GHG emissions with respect to the environment

33



Figure 2.21: Temporary roof structures over the Biete Mariam Rock Church in Lalibela,
Ethiopia, funded by the European Union

and climate change (IEA 2019). As Hedenus et al. (2018) describe, wicked problems such
as climate change are not solved through single parameter nor by a single actor or a single
technical advancement; it is more complex than that. It is also important not to forget the
economic and social dimension of sustainable development talking about climate change.
Thus, Hedenus et al.(2018) state, to be successful with environmental goals, incorporating
all three dimensions of sustainability, will require broad collaborations and three areas
necessary for success: systems thinking, cross-disciplinary work and insights in ethics.
With systems thinking, they mean that the system contains several parameters or aspects
that are linked in a complex weave. It includes an understanding of the context. In an
architectural context, it might be to adapt the design to local labour, knowledge, skills,
available technologies and local materials (Block, Davis, et al. 2010). In complement
to the environmental benefits, it can potentially contribute to the economic and social
dimension of sustainability by maintaining knowledge and skills developed over a long time.
One might call this developing and maintaining a good building culture. To address the
importance of good building culture, one can use the UNESCO protected The Rock-hewn
Churches of Lalibela in Ethiopia as an example. The European Union funded temporary
roof structures or shelters whose purpose was to reduce the deterioration from water
onto the churches. The local community is experiencing that the heavy steel structures
covering the churches, Figure 2.21, are doing more harm and are afraid they will collapse
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Figure 2.22: Mapungubwe Interpretation Center. Team: Peter Rich Architects, Michael
Ramage at Cambridge University and John Ochsendorf at MIT

(Woldeyes 2018). They also feel powerless and incapable of solving these problems or take
the structure down themselves. From the Preliminary Report: Conservation Concerns
for the Lalibela Rock Hewn Churches:

The E.U. funded shelters have introduced a vicious cycle of dependency on
foreign experts. Clearly, it is beyond the capacity of the local people to sustain
or remove such protection measures. (Woldeyes 2018, p.17)

In the report, the local communities’ expresses the frustration they feel being excluded
in the design process and dependent on external actors that do not keep their promises.
Similar concerns by the local community can be read in the report presented by UN-
ESCO/ICOMOS/ICCROM (2018). Thus, the option of dismantling shelters are considered
in the report. Aside from the tragedy of their cultural heritage that are at risk of being
damaged, it also lowers the trust in institutions and external collaborators, referred to
as the vertical relations by Hedenus et al. (2018). Examples of the opposite are The
Mapungubwe Interpretive Centre, Figure 2.22, in South Africa and the low-cost family
dwelling built in Ethiopia by Sustainable Urban Dwelling Unit (SUDU) (Block, Davis,
et al. 2010), where the local community has been invited in the construction process,
potentially increasing the so-called horizontal relations described in Hedenus et al. (2018),
and utilised local resources such as compressed earth tiles. Ramage et al. (2010) describes
how ecological and economic benefits have been integrated in the project in Mapungubwe:

At Mapungubwe, the labour intensive construction reduced polluting machin-
ery (sourced from far) and replaced it with small format construction methods
that have minimal impact on the surrounding environment. This intensive
construction involved skills training which has had a positive impact on the
socio-economics of the local area, consistent with government strategies for
targeting development to local communities. The government-funded poverty
reduction programme employed a 60 people to make tiles for a year. Construct-
ing the vaults trained over 100 people and employed 10-40 people at any one
time over the course of 8 months. By using thin tile vaults instead of reinforced
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concrete at Mapungubwe, we saved an estimated 9 m? of steel, resulting in an
embodied energy savings of almost 120,000 kg CO2 emissions for manufacture
alone, and using local earth bricks instead of fired clay obviously saved the
energy that would have been used to fire over 200,000 tiles. (Ramage et al.
2010, p.22)

It shows how not only architects but engineers can have a holistic view and make designs
adapted to the context, which can contribute to all dimensions of sustainable development.
From the two examples, it is clear that a building culture needs to include the design
and construction and the associated processes of the making. In order to reach the
environmental goals, described in Hedenus et al. (2018), it is important to have a good
building culture but how to measure and define it? Another issue is that the cultural values,
in general, are rarely defined in an international political context. That is one reason
behind the 2018 Davos declaration, signed by the European ministers of culture, aimed
to formalise a framework regarding such goals within the built environment and the need
for holistic solutions incorporating the immeasurable values essential for neighbourhoods
their inhabitants.

2.2.2 Davos declaration and Baukultur

To raise the awareness of the importance of culture for future sustainability, the European
Ministers of Culture signed the Davos Declaration 2018 (Swiss federal Office of Culture
2018b). The ministers call for high-quality Baukultur, a word used in German that is
linked to architectural quality, but more inclusive. Baukultur also addresses that it is
not only the final product that is important but also the process behind it, how it is
made and how it contributes to the common good. The two examples in section 2.2.1 are
evidence on this. In the Davos declaration 2018 The concept of a Baukultur is defined as
(Swiss federal Office of Culture 2018b):

1. The existing construction, including cultural heritage assets, and contemporary
creation must be understood as a single entity. The existing construction provides
an important Baukultur reference for the future design of our built environment.

2. All activities with an impact on the built environment, from detailed craftsmanship
to the planning and execution of infrastructure projects that have an impact on the
landscape, are expressions of Baukultur.

3. Baukultur not only refers to the built environment but also to the processes involved
in its creation.

The first point highlights one of the privileges of architects, structural engineers,
craftsmen, and craftswomen. Through preserved buildings and structures, it is possible to
connect to and learn from dead colleagues of previous generations. Even though the future
is unknown, it is possible to evaluate the past. For instance, in the United Kingdom,
many masonry bridges have survived which are still in service, even though they were not
designed for the current loads, and they have in some senses, according to McKibbins et
al. (2006) performed better over time than many modern in concrete and steel:
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Masonry arch bridges can be viewed as among the most sustainable structures
ever to have been built. Many have already been in service for hundreds
of years without significant repair or strengthening works — exceeding the
design life requirements of modern structures. By contrast, many of the
steel and concrete bridges built in the last century have required considerable
expenditure on maintenance and repair or even replacement within the first
30—40 years of service. A recent review of funding required for bridge and
retaining wall maintenance carried out by the Bridges Group of the County
Surveyors Society (CSS, 2000) which involved several methods of assessment,
suggested that the annual maintenance cost of masonry arch bridges appeared
to be much lower than for other bridge types, and half that of steel bridges
with reinforced concrete supports. Other studies have produced similar results
(Bouabaz, 1990; CSS, 1999). (McKibbins et al. 2006, p.25)

The lessons from McKibbins et al. (2006) would have been difficult if the bridges were
not preserved. The long term consequences spanning hundreds or thousands of years
are difficult to estimate in theory or through experiments in the lab. One way of seeing
historic structures is as long-term experiments; to continuously learn from and reflect
current practices and structures against them. As in the example in Mapungubwe, they
designed based on historic principles similar to the masonry bridges, using labour intensive
but also structurally efficient forms to be able to build with earth tiles that are structurally
weak in tension but require less energy in manufacturing.

The third point involves both the design and the construction process. In the context
document to the Davos declaration, they motivate public inclusion due to:

Including the population in decision-making processes promotes the identifica-
tion of communities with their built environment and strengthens their sense
of shared responsibility for their surroundings; on the other hand, however,
it also requires the population to have an awareness of questions of quality
and construction and the ability to understand them. (Swiss federal Office of
Culture 2018a, p.8)

In Mapungubwe the inclusion of the locals, according to Ramage et al. (2010), added
value not only to the structure but to the community in both social and economic aspects.
The report from Lalibela (Woldeyes 2018) highlighted the consequences of not including
the local community in either the design or construction process.

The second point in the Baukultur definition involves detailed craftsmanship. Ac-
cording to professor Sennett (2016) there is an important difference between craft and
craftsmanship. “A craft is usually thought of as a manual activity. Craftsmanship is
thought of as quality work. And more than that, doing good work for its own sake ...
Craftsmanship is a quality embedded in the making” (5:18). In the next section, some
lessons from the culture of craftsmanship should be addressed and what to learn in an
emerging era of digital craftsmanship.
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Figure 2.23: It is not only the hand, but the entire mechanism together with the arm and
the dialogue with the brain that has been wvital in the human evolution (Bell 1854)

2.2.3 The hand and brain relationship - Towards a digital craft

Sennett (2008) define craftsmanship as the will to do good work for the sake of good
work, going beyond the economic benefits of the individual. The quality of work that
is rewarding and makes the craftsman develop his skills. It can go beyond the point
in which it becomes an unhealthy obsession for him or herself. In the Swedish and
German language, a craftsman is in etymological meaning a person working with their
hands. Though, Sennett does not differentiate between a carpenter and a doctor in his
craftsmanship definition. However, Sennett and neurologist the Frank R. Wilson mentions
the importance and success story of the hand to head marriage. This is described in the
book The Hand - How Its Use Shapes the Brain, Language and Human Culture by Wilson
(1998) showing how the hand possibly has played a significant role in the development of
languages, social cultures, and human cognition. The idea of the significance of the hand
and the head relationship is not new. The Scottish anatomist Charles Bell described the
hand as an instrument of the mind and its importance for our 'universal dominion’ (Bell
1834). Charles Darwin is credited to point out the essential evolutionary stage in our
development of upright posture freeing our hands to do other things (Darwin 1871). With
the hands free from supporting our weight, the hand developed for more advanced and
intricate features. However, to benefit from the hand, the entire mechanics of the arm
also needed redevelopment. The more complex mechanical system of the hand and arm
the brain, like a computer, needed to increase its capacity to accommodate this added
functionality and freedom of movement (Wilson 1998), Figure 2.23. Therefore, Wilson
describes the possibility that the brain and the hand has developed simultaneously with
each other, and hence it exists is a mutual exchange between them, a dialogue. Wilson
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also addresses the connection to creativity, and possibly why it is rewarding on a personal
level.

The more one looks, the more it appears that the revolutionary hand-brain
marriage qualifies as one of the defining and unifying themes of human
paleoanthropology, of developmental and cognitive psychology, and of be-
havioral neuroscience ... Seymour Sarason has illuminated the crucial link
between the hand and the intelligent action in his exploration of the meaning
of creativity. The creative impulse, which is deeply personal, is a critical
element at the core of all learning. (Wilson 1998, p.291)

One of the main messages in Wilson (1998) might be that is difficult, or impossible, to
dissect the knowledge of the brain from the body. The knowledge involves the entire
body since that is how it have been programmed as we have developed. He ends his book
with the advice to teachers or parents that want to increase their children’s or students
curiosity and learning to head for the hands, as in Figure 2.24. Another aspect that

Figure 2.24: Weaver and artist, Alison Martin, teaches bachelor students at the Ar-
chitecture and Engineering program the, in a workshop around traditional weaving and
digital tools organised by the author together with D. Jonsson, S. Malmsten, A. Martin, I.
Ndslund, R. Owval, E. Poulsen and C. J. K. Williams

Sennett (2008) emphasises is the difference and interplay between problem solving and
problem finding. The craftsman is not only interested in solving the problem, but for each
problem solved, it reveals new avenues of problem or investigations to deal with. In such
way, the craftsman and craftswoman constantly develops knowledge and skills in a life
long learning.

The good craftsman, moreover, uses solutions to uncover new territory; prob-
lem solving and problem finding are intimately related in his or her mind. For
this reason, curiosity can ask, ”Why?” and well as, ”How?” about any project.
The craftsman thus both stands in Pandora’s shadow and can step out of it.
(Sennett 2008, p.11)
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In the aspect of learning Sennett (2008) highlights the importance of repetition in skill
development. Sennett refers to a quote by architect Renzo Piano from Why architects
draw by Robbins (1997). In which Piano describe the repetitive and iterative nature
of drawing and redoing in the design process. A process Piano compares to that of a
craftsman:

Drawing is one of the moments of the theoretical process of architecture. It is
a concrete process. You start by sketching, then you do a drawing, then you
make a model, and then you go to reality—you go to the site— and then you
go back to drawing. You build up a kind of circularity between drawing and
making and then back again. This is very typical of the craftsman’s approach.
You think and you do at the same time. You draw and you make. And I find
it quite interesting that drawing as a pure instrument of a circular process
between thinking and doing, drawing is in the middle but it is revisited. You
do it, you redo it, and you redo it again. (Robbins 1997, p.126)

This is similar to what Donald Schén(1992) describes as reflection in action, a kind
of conversation or dialogue the architect, the designer or the craftsman has with their
creation in the making:

This process of seeing-drawing-seeing is one kind of example of what is meant
by the phrase designing as a reflective conversation with the materials of a
situation. (Schon 1992, p.5)

Sennett (2008) argues that the experimental rhythm of skill development is the trial and
error method working with the resistance, in doing so reflect and get a better understanding
of the problem and process. That the resistance is important in making people learn
and think about what they are doing, discovering the many possibilities of solving the
problem. Sennett argues that the multiple ways of solving the same problem separate the
craftsmanship from a one-way mechanical solution (Sennett 2016). Similarly, Schlaich
(1991) argues that equally qualified structural engineers will find different structural
solutions given the same task and scope. Sennett (2008) describes that the same type
of reflection in action and rhythm is seen in code development, taking the open-source
Linux programmers, crafting in code as an example:

The code is constantly evolving, not a finished and fixed object. There is in
Linux a nearly instant relation between problem solving and problem finding.
Still, the experimental rhythm of problem solving and problem finding makes
the ancient potter and the modern programmer members of the same tribe.
(Sennett 2008, p.11)

Wilson (1998) has two quotes from two backhoe operators describing that the backhoe
becomes an extension of the arm and they become one with the machine, as in Figure
2.25. Wilson also includes an interview with Anton Bachleitner, director of the Diisseldorg
Marionette Theater. Bachleitner expresses that the puppeteer needs to feel the puppets’
movements on the ground to make them feel realistic. He adds that the best puppeteers
can live in the puppet’s head and look through their eyes. Can the digital craftsman or
programmer develop the same bond with his machine and his code, as an extension of his
hands and mind?
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Figure 2.25: Crane operator can exhibit the feeling of becoming one with the machine and
that the hydraulic arm becomes as an extension of their real arm

2.2.4 Machines, a friendly tool or an enemy?

Are machines a friendly tool or an enemy replacing work of the human hand? This
question is posed by Sennett (2008). The last decade’s architects and engineers have
become more dependent on computers and digital tools and aids in their job. It makes
their day to day work easier. However, history shows that all professions that have
embraced machines have seen them be replaced (Sennett 2008), and we are now entering
a time where machine learning and artificial intelligence infiltrate the creative domain. In
Wilson (1998) there is an expressed danger in distancing from the 'real world’, through a
digital layer, that learning and knowledge incorporate the whole body. However, Sennett
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Figure 2.26: The roof at Cambridge Mosque consisting of a complex free-form timber
framework, composed of single and double curved glulam beams. Team: Marks Barfield
Architects, SIB Kempter Fitze AG, Blumer Lehmann and Design-to-Production

argues that it is probably best not to fight against the machines but learn how to work
with them. A similar position can be read in the 2018 Davos declaration, new technologies
and local and traditional, should not be opposites, but rather coexist:

Thus, Baukultur refers to both detailed construction methods and largescale
transformations and developments, embracing traditional and local building
skills as well as innovative techniques. (Swiss federal Office of Culture 2018b,

p.9)

In an architectural context, innovative techniques might include interactive digital tools
linked to computer-aided design (CAD), computer-aided engineering (CAE) or computer-
aided manufacturing (CAM), and digitally controlled manufacturing technologies, such as
3d-printers (Rippmann et al. 2018), robotics (Dorfler, Sandy, and Giftthaler 2016) and
CNC-machines. In such a case, one can use two examples to show two different approaches
where traditional skills have been integrated with innovative techniques or technologies.
The first example is the new mosque in Cambridge designed and built using free-form
glulam timber members produced by Blumer-Lehmann, Figure 2.26. It is a project
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where advanced digital modelling and digital manufacturing, have played a vital role,
similar to the traditional stereotomy in carpentry. The project included former carpenters
now utilising their knowledge working as structural engineers, computational specialists.
The project was presented at a seminar at the Chalmers University of Technology in
2019. Their former experience as carpenters was highlighted as an important aspect in
their current profession. Johannes Kuhnen, working with the digital craftsmanship at
Design-to-Production:

As a trained carpenter, I realised early enough what production is really about.
Then I studied architecture and learned programming — so that today, in
cooperation with fabricators, I am able to implement robust processes for
digital production. (Chalmers 2019)

However, one aspect to regard is the democratic one, of ownership of technology and
tools. The technology used in the previous example might not be affordable nor accessible
to everyone. There is a democratic aspect of, for instance, bricklaying where the tools,
unlike other similar crafts, have not changed much. With a trowel, a hammer, a bucket
and a spirit level, it is possible build most parts of a house. Thus, there is another option
where cheap digital technology can help or assist the skilled craftsmen still utilising their
tacit knowledge in manual labour, with cheaper technology and the possibility of sharing
code, drawings and software freely still using the highly flexible head, body and hands
of a human. A recent example is human-machine interaction and augmented reality by
craftsmen. Mitterberger et al. (2020) show an approach where an operator uses sensors
connected to a computer, which later through a screen gives the bricklayer visual guidance
on the right position of the brick. The two different examples show two different strategies
to include the tacit knowledge and skills of craftsmen enabling complex geometrical
assemblies.

2.2.5 Architecture as a workshop culture

The word workshop in a contemporary context usually has two meanings. It can be a craft
or art workshop, or space or facility with tools and machinery to build larger or smaller
objects. It can also be a large factory space. The second meaning is more of a gathering
or meeting for a group activity, using a tool or method to explore, answer or discuss
specific questions together, an activity for exchanging, sharing, or developing knowledge
together. In architectural history, the first meaning and have been essential for craftsmen
and craftswomen working together to pass on and learn a craft (Sennett 2008; Shelby
1972). The kind of temporary meetings can be connected to the conferences assembled to
solve matters of importance in cathedrals’ design and construction in Florence or Milan
during the 14th and 15th century (Ackerman 1949; Heyman 1995; Prager and Scaglia
1970). However, group activities like this seem to go even further back in our history and
may have been more critical in human evolution than one can imagine. Wilson (1998)
describes the work by anthropologist Peter C. Reynolds, who suggest that the design
and construction of specific advanced tools needed collaboration, and therefore means
of communication. That the group activities has helped to develop languages and social
cultures:
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Reynolds suggests that complex tools, such as axes and knives, may in fact have
been customarily manufactured by small groups of people working together,
each performing some part of the task ... Any such cooperative efforts would
have probably taken the form of hand signals and other bodily gestures or
vocalisations, or both. In other words, cooperative tool manufacture could
have provided a crucial precondition for the evolution of the language. An
emerging language based in the growth of cooperative tool manufacture would
have fostered the evolution not only of a more sophisticated tool manufacture
but also a more complex social culture and a more refined language. (Wilson
1998 p.33)

Sennett (2008) describes and compares different types of workshop cultures during different
times in history, such as from the medieval workshop, the Renaissance workshop and the
violin maker Stradivarius. He defines a workshop as:

A more satisfying definition of the workshop is: a productive space in which
people deal face-to-face with issues of authority. This austere definition focuses
not only on who commands and who obeys in work but also on skills as a source
of the legitimacy of command or the dignity of obedience. In a workshop, the
skills of the master can earn him or her the right to command, and learning
from and absorbing those skills can dignify the apprentice or journeyman’s
obedience. In principle. (Sennett 2008, p.54)

In this description, it possible to include a specialist group in a company or a research
group, in which employees stay for a shorter or longer period to learn the skills from the
group, the professor or the senior. This has been common in the history of the building,
where journeymen travelled from different construction sites to learn from the master
builder, maybe to one day become a master.

Addis (2007) writes about a studio workshop system when explaining the workshop
culture in Italy during the Renaissance. Filippo Brunelleschi was one of the first develop,
or graduate, from that workshop culture. Addis describes these studios more as an
engineering apprenticeship than an artist studio. Brunelleschi, trained as a goldsmith
learned to make clocks requiring complex mechanism as well as a deep understanding
of the metals’ material properties and how to manipulate and work with them. Addis
describes how Brunelleschi developed a so-called ’engineer’s eye’ through his observations
and practice within the workshop. He later used his trained eye for details as a master
builder with great success, with the dome of Santa Maria del Fiore and Basilica di San
Lorenzo.

In the culture of programming and code developing the workshop has two common
forms — either the open-source coding or shared projects among friends and colleagues.
There is also a shorter type of workshop referred to as a hackathon, to be described as a
more experimental activity in order to test or develop new ideas. In architecture, there has
been a merge of code developing and manufacturing. There are research cultures like the
Block Research Group (BRG) at ETH Zurich, Centre for Information Technology and Ar-
chitecture (CITA) at the Royal Danish Academy and Institute for Computational Design
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Figure 2.28: Smartgeometry at Chalmers University of Technology, 2016

and Construction (ICD), Institute of Building Structures and Structural Design (ITKE)
and Institute for Lightweight Structures and Conceptual Design (ILEK) in Stuttgart,
coming from Stuttgart culture of the Institute for Lightweight Structures (IL) founded
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by Frei Otto. Other types of workshops are not tied to a specific university or company.
One of them is Smartgeometry, a yearly organised symposium which contains a four-day
workshop, similar to a hackathon, where researchers from both academy and companies
participate. The workshop consists of several minor clusters examining different themes
or questions related to architecture and technology. Researchers apply it to organise such
clusters to try novel ideas or approaches with participants. There is a level of teaching and
learning from each other when creating something together, potentially generating new
research questions or insights (B. Peters and T. Peters 2013). Year 2016 Smartgeometry
was organised at the Chalmers University of Technology, Figure 2.27 and 2.28, where
the author was one of the local organisers (Smartgeometry n.d.). The author has used
this type of experimental workshop that combines digital tools with manufacturing as
a role model for teaching in collaboration with other researchers, artists, craftsmen and
craftswoman, architects and engineers, Figures 2.29 and 2.30. These workshops have been
documented and can be found at (Adiels n.d.a).

Figure 2.29: Asymptotic grid shell under construction, built with students in the course
Parametric Design - Digital Tools with bachelor students at the Architecture and Engi-
neering program in 2019. The author was the part of the design team together with I.
Ndéslund, J. Isaksson, H. Moubarak and C. J. K. Williams
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Figure 2.30: Asymptotic grid shell as an exhibition space, built with students in the
course Parametric Design - Digital Tools with bachelor students at the Architecture and
Engineering program in 2019. The author was the part of the design team together with I.
Naslund, J. Isaksson, H. Moubarak and C. J. K. Williams
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3 Art and Science - Research and design

Before discussing research methods and methodology, a general reflection on research,
and especially the connection between art, or architecture, and traditional science will be
made.

3.1 The blind scientist blowing bubbles

Here, for instance, we have a book, in two volumes, octavo, written by a
distinguished man of science, and occupied for the most part with the theory
and practice of bubble-blowing. Can the poetry of bubbles survive this? Will
not the lovely visions which have floated before the eyes of untold generations
collapse at the rude touch of science, and yield their place to cold material
laws? (Maxwell 1874, p.119)

Figure 3.1: Soap Bubbles by Jean-Jacques de Boissieu

James Clerk Maxwell, a distinguished man of science himself, made this comment in
his review of Statique expérimentale et théorique des liquides soumis aux seules forces
moléculaires by the blind Belgian physicist Joseph Plateau. Most mathematicians know
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the Plateau problem as finding a minimal surface based on a defined a boundary curve
in space. It is possible to find the partial differential equation under which conditions a
surface has a minimal surface area using the calculus of variation (Strauss 2008). Joseph-
Louis Lagrange showed this already in 1762 (Hyde et al. 1997), the issue is to find a
function z = f(x,y) such that full-fills the requirement:
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Plateau proved in 1849 that the solution could be found experimentally using a soap-
film spanning the void of a closed curve formed by a steel-wire. Plateau’s work has
been important in understanding the forms of nature through physics and mathematics.
Zoologist D’Arcy W. Thompson (1917) refereed to Plateau in On growth and form.
Thompson believed that, in general, no organic forms existed that did not live in compliance
with ordinary physical laws. Thompson’s work was influential to architect Frei Otto and
structural engineer Edmund Happold in their pursuit of designing lightweight structures.
(Walker and Addis 1997). However, is possible to perform research, or be inspired to
derive questions from something as childish as blowing soap-bubbles? It seems that Platue
is not unique in this sense. Platue includes a short review of previous scientific work
using bubbles and soap films. According to Platue, Boyle was the first to to direct his
attention to its properties followed by others such as Hooke and Newton, who described
such experiments in his Optics (Plateau 1873/2005). Furthermore, Maxwell (1874) writes
most poetically about the act of blowing soap bubbles and Plataue refers to the Etruscan
children painted on a vase in the Louvre blowing bubbles. Plataue three times refers
to “as children knows” and tells how the scientist Morey one evening was approach by
a small girl who “showed him a similar perfectly regular line of from 22 to 23 small
bubbles, having each one approximately a third of inch (8mm) length and a quarter of
inch (6mm)” (Plateau 1873/2005, p. 260), almost as if they were talking about their
own experiences. Similarly, Plateau describes his own fascination and the beauty of the
experiments themselves

All these experiments are extremely curious; there is a particular charm to
contemplate these thin shapes, almost reduced to mathematical surfaces,
which are adorned with brilliant colours, and which, in spite of their extreme
brittleness, persist for so a long time. (Plateau 1873/2005, p.83)

Before Maxwell (1874) goes into the review of Plataue work, Maxwell gives this quite
interesting comment: “But we must now attempt to follow our author [Plataue] as he passes
from phenomena to ideas, from experiment to theory” (p.119). Interestingly, Maxwell
writes about the research process; from the phenomena or experiment to formulating
questions and theories, which contrasts to traditional the scientific method, which is
usually described the other way around. A more contemporary example working in such
fashion described by Maxwell is the artist Andy Goldsworthy, Figure 3.2. Goldsworthy
is an artist creating ephemeral sculptures using building blocks found in nature such as
straws, icicles or stone rubble. An essential aspect of these sculptures is the interplay
and interaction with the surrounding environment. In the documentary Rivers and Tides
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Figure 3.2: Sculpture by artist Andy Goldsworthy

(Riedelsheimer 2001), Goldsworthy is observed creating these fragile sculptures in a tense
atmosphere, where collapse is perilously close. Goldsworthy says

When I make a work I often take it to the very edge of its collapse, and that
is a very beautiful balance. (57:00)

There are similarities to research in the sense of testing the limits of a material, or a
design. To work with a defined method for each work but also focusing on specified
phenomena to be examined. Goldsworthy concludes “The very thing that brings the work
to life is the thing that will cause its death.” (10:30).
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There has been quite an extensive debate regarding artistic research and its place in
science. The same goes with architecture and design and their connection to engineering.
One part of the debate is regarding the knowledge produced and how it is transmitted
to other applications since most designs are unique and made for a specific setting or
context. It might be worth summarising parts of that discussion in the next section.

3.2 Research in art and design

A suggestion for a research structure in the field of art and design has been given by
Frayling (1993). This section will take departure in his article Research in Art and Design
which is often cited by researchers in the field. Frayling (1993) describes three different
categories of research in art and design:

1. Research into art and design
2. Research for art and design

3. Research through art and design

(1) Research into art and design, is the most straightforward, or uncomplicated, and
includes historical research and various theoretical aspects of art and design. This is the
most common category of research of the three.

(2) Research for art and design is probably the less clear one, or as Frayling states,
research with a small r’. It is where the research is manifested within the artefact.

Research where the end product is an artefact - where the thinking is, so to
speak, embodied in the artefact, where the goal is not primarily communicable
knowledge in the sense of verbal communication, but in the sense of visual or
iconic or imagistic communication. (Frayling 1993, p.5)

Frayling has a reference to an interview with Picasso in which the artist does not think his
work is research. Frayling, however, opens for, or at least see a possibility, that it might
be classified as research. What Picasso calls a gathering of reference material used to in
his preparation might have similarities with research. Both Frayling and Arlander (2014)
refers to the expressive art like dance and film for this type of research: “And yet many
of the preparations for a production involve activities that are similar to research — such
as archive research and experimentation. It is only a question of degree that separates
them from more formal research processes.” (Arlander 2014, p.33). Maybe it is possible
to think of medieval or renaissance workshop or studio culture in which the research of
the materials and the object itself closely integrated as described by Sennett (2008). In
the field of architecture, it is possible to refer to Antoni Gaudi. Gaudi was commissioned
to design the church in Colonia Giiell 1898 and construction initiated in 1908, time which
Gaud{ should have used to inquire, research and develop the design(Tarrago 1985). The
church in Colonia Giiell never got finished and only the crypt exist. According to his
associates, the church was a laboratory for his more known project, La Sagrada Familia,
which is still under construction (Collins 1960). According to Collins (1960), Gaud{ did
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not leave any written material, and what is left are statements by his collaborator and
others. Others have done articles to explain Gaud{’s innovation, such as the architect
Juan Rubio Bellver (1913) who worked with Gaud{ and described the work at the Church
at Colonia Giiell. Most notably, in the church’s design process, a hanging chain model
was employed as a design tool. This is similar to a hanging chain, which in represents the
form in pure tension in balance with the load, which inverted becomes a self supporting
arch in compression. This was described already by Hooke in the 17th century and the
hanging chain had been employed in the analysis of the Saint Peter’s Basilica in Rome
by Poleni (1748). However, Gaudi used it as a design tool in the design process and the
model represented a much more complex three-dimensional network of forces. This is not
easily transferred to a concrete design and there exist drawings in which they tried to
visualise the building based on the model (Rubié i Bellver 1913). Today we usually refer
to this as form finding, as described in section 2.1.4.

(3) Research through art and design is the second most common research category,

even though not as frequent. He refers to three groups within this category: materials
research, development work and action research. In the first group, Frayling refers to
titanium sputtering and colourisation of metals and jewellery. Sputtering is a physical
method in which energetic electrons are blasted onto a target surface to remove some of
the metal atoms to compose a vapour. The vapour can then be applied as a thin film
onto a substrate. The second group Frayling exemplifies as customising technology that
enables some sort of novelty, where the results are communicated. The third group is
related to the design process. The researcher documents her or his practical experiments
performed in a studio or laboratory, and the resulting report contextualises it. In the
paper The Debate on Research in the Arts Borgdorff (2007) elaborates on the categories
by Frayling (1993) but instead use the terms in a modified manner (in the same order as
Frayling): (a) research on the arts, (b) research for the arts and (c) research in the arts.
In the last category (c) research in the arts Borgdorfl referes to last category as the most
controversial, and he adds a connection to Donald Schén’s description of 'reflection in
action’.
In the article 'In Nature’s School’: Faraday as an Ezperimentalist by D. Gooding (1985) on
the famous scientist Michael Faraday it is possible to argue Faraday exhibited 'reflection in
action’. As Gooding (1985) describes: “Faraday had the extraordinary ability to capture
and hold this state of not being sure how to proceed. He used the ability to criticise his
own experiments as well as those of others” (p.132). Frayling (1993) also has a hypothesis
that the creative artist and the experimental scientist has much in common, mentioning
the work of David Gooding, but also the book Double Heliz by Dr James Watson:

Where the artist has difficulty persuading people of the connection of art with
research, the scientist (whose research expertise has until recently been taken
for granted) has exactly the same problem with creativity - which is generally
seen as the prerogative of the artist rather than the scientist. This is partly
why the process of discovering has been virtually ignored until recently, and
why the activity of fine art is of increasing interest to historians of science.
Look at The Double Helix: it could almost be an artist’s autobiography.
(Frayling 1993, p.3)
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Figure 3.3: Gaudi’s hanging chain model used in the design of the Church at Colonia
Giell
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Figure 3.4: Watson and Crick standing next to their model describing the helical structure
of DNA

The Double Heliz is Watson’s memoir on discovering the spiral structure of DNA, describing
the work by him, Cricket, Wilkins and Franklin. At the beginning of the book, Watson
(1968/2010) states that research rarely is a linear process as outsiders often perceive
it. Much of the progress is often based on human interactions in which personalities
and cultural traditions are essential. The book illustrates a research process where
theory development is closely integrated with performing experiments and building
physical models, Figure 3.4. Similarly, Gooding (1985) highlights the importance of the
experiments in Faraday’s learning and understanding. Faraday seemed to learn a lot
from his sketches, representations, and experiments that feed into his theories and results.
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This can be compared to the iterative process described by architect Piano in section
2.2.3, sketches, drawings and models are developed to examine alternatives in order to
find a well-elaborated proposal. Gooding is surprised that Faraday’s learning process in
this respect has not been further investigated earlier. According to Gooding, Faraday’s
most identifying skills was that he was good at learning how to do experiments. Faraday
mastered this skill to such an extent, combined with transparency in his process, when
demonstrating the phenomenon it fell out so naturally, nearly masking his involvement
and the equipment’s influence, almost as a magician as Gooding states.

Faraday’s success as a discoverer and demonstrator reinforced confidence in
the connection between doing experiments and learning about nature. He
came to symbolise the educative possibilities of experiment and its role in
building empirical foundations for scientific theory ... Many of those who have
studied Faraday’s experiments treat them as having identities fixed by their
theoretical and pedagogical significance or by the technological implications of
their outcomes. This has made Faraday’s experiments appear, on the whole,
less exploratory and adaptive and more theory-led than they usually were.
(Gooding 1985, p.131)

Gooding (1985) ends his article by stating three stages in which Faraday’s experiments
evolve and develops. Where the experiment takes a different form depending on the
intended knowledge extraction and information generation regarding the phenomenon,
which relates to the timeline in his research process:

The first is the invention of strategies for discovery and the representation of
new information. This takes place in the private context of the laboratory.
The second stage is the development of strategies of proof or disproof, in
which procedures, their rationales, and the interpretation of results are tried.
Finally, the experiment is perfected as a demonstration, in which otherwise
unobservable, recondite effects are made manifest to lay observers. (Gooding
1985, p.132)

Returning to the question on artistic research, is all art or design considered research?
As both Frayling and Borgdorff state, everything that is art is not research. Borgdorff
(2007) comes to this conclusion on when art practice becomes research:

Art practice qualifies as research if its purpose is to expand our knowledge
and understanding by conducting an original investigation in and through art
objects and creative processes. Art research begins by addressing questions
that are pertinent in the research context and in the art world. Researchers
employ experimental and hermeneutic methods that reveal and articulate the
tacit knowledge that is situated and embodied in specific artworks and artistic
processes. Research processes and outcomes are documented and disseminated
in an appropriate manner to the research community and the wider public.
(Borgdorff 2007, p.14)
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Figure 3.5: Michael Faraday’s laboratory (Jones 1870)

An interesting aspect in Borgdorff’s definition is that he states that the question is the
starting point. However, reading about scientists like Faraday or Plateau there seem to be
a more complicated connection between the research questions and the experiments, more
of an interplay or connection where they develop together (Gooding 1985; Maxwell 1874).
In comparison to Borgdorff, Arlander (2014) has an advice to the artistic researcher on
three possible starting points: the question, the method or the material. Choosing one of
them, gives freedom to work with the other two:

Attempting to formulate and fix all of them — question, method and material
— in advance and keep to the research plan throughout the process is often
pure idealism (and sometimes even damaging) in an artistic research process
where every aspect can be in a state of flux. Most artists are able to embrace
uncertainty in their creative process, and this could be an asset to fall back
on. (Arlander 2014, p.39)

The uncertainty mentioned in the last sentence is similar to what Gooding describes on
Faraday’s ability to work in the unknown. Adding another layer to the proposals for a
research structure in Frayling (1993) and Borgdorff (2007) is what in Hauberg (2011)
refers to as Research by design. It has been used in the context of architectural research.
It has some similarities to 'research through art and design’ but more practised based
and where the design and the research are further closely integrated. Furthermore, the
knowledge generated while designing. Hauberg (2011) describes research by design as:
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Research by design is any kind of inquiry in which design is a substantial
part of the research process. In research by design, the architectural design
process forms a pathway through which new insights, knowledge, practices
and products come into being. Research by design generates critical inquiry
through design work that may include realised projects, proposals, possible
realities and alternatives. Research by design produces forms of output and
discourse proper to disciplinary practice, verbal and non-verbal that make it
discussable, accessible and useful to peers and others. Research by design is
validated through peer review by panels of experts who collectively cover the
range of disciplinary competencies addressed by the work. (p.51)

Continuing on the connection between 18th and 19th-century researchers and artistic
research; a relevant historical example of what research by design could be is taken from
the third Eddystone lighthouse outside Plymouth, designed and built in the middle of the
18th century. It was designed by the scientist and the so-called 'father of civil engineering
John Smeaton. From the beginning, Smeaton was an instrument maker and, like Farraday,
skilled in making and preparing experiments (Smith 1981). He turned into engineering
was one of the founders of the Society of Civil Engineers in 1771. The design process and
construction of the lighthouse is well documented in his A narrative of the building and
description of the construction of the Eddystone Lighthouse... (Smeaton 1791). Before
Smeton’s lighthouse, there had been two previous lighthouses on the same rock. The first
lighthouse was built between 1696 and 1699 by Henry Winstanley was destroyed shortly
thereafter in a storm in 1703, taking Winstanley with it. The second lighthouse built
between 1706-1709 by John Rudyerd was more successful than its predecessor and stood
for many years until it burned down in 1755. When given the commission of designing and
building a new lighthouse, Smeaton managed to retrieve models and drawings from the
previous designs (Mainstone 1981). The main structural system in both lighthouses was
designed in timber, which had proven unsuitable in such harsh and moist conditions due
to rot, worm attacks, and fire risk. Rudyerd’s structure had circular or a cone shape built
in a combination of wood and stone. Externally it had a skin of wood that would protect
the inner structure. The bottom half of the structure was a mix of separate layers of solid
oak logs, and Cornish Moorstone laid in succession. The hill had cut out in steps, and the
structure was anchored with iron brackets in the bottom timber bed. Furthermore, in the
centre, a wooden mast or pole was placed. Smeaton referred to it as a piece of shipwright
(Smeaton 1791). Even though it was mainly in wood, the stone Smeaton believed was
key to Rudyerd’s lighthouse’s long life. The stone’s weight kept water from seeping in
between the timber joints and keeping the structure from overturning by heavy waves;
a similar principle found in Romanesque churches where the pure mass ensure stability.
Therefore, along with the previous issues, Smeaton believed, that his lighthouse needed
to be built entirely in stone.

)

Mr. Rudyerd was enabled to make a solid basement of what height he thought
proper: but in addition to the above methods, he judiciously laid hold of the
great principle of Engineery, that WEIGHT [sic] is the most naturally and
effectually resisted by WEIGHT [sic]. (Smeaton 1791, sec. 40)
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Figure 3.6: FEarly sketches by Smeaton for the design of the third Eddystone lighthouse.
Smeaton based the shape of his lighthouse based the idea of a tree and the novel masonry
Jigsaw puzzle based on the interlocking stone pavement in London and mentions in Belidor.
(Smeaton 1791)
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However, this conclusion resulted in several problems that Smeaton was forced to address
and handle. The most urgent issues were how to anchor the structure to the rocks and make
the masonry tower stable during construction since lime mortar cannot settle in such moist
conditions. Smeaton imagined a structure as 3d jigsaw puzzle using dovetailing, usually
found in timber-work, based on a drawing found in Belidor’s Architecture hydraulique
(1737-53) and stone patterns in pavements in London (Smeaton 1791). It became too
cumbersome to solve the vertical joints between the courses. Therefore, Smeaton only
applied dovetailing within each course. Smeton instead used oak trenails and marble
joggles in the form of cubes to connect two adjacent courses and avoid sliding between
them. Smeaton read old manuscripts by both Alberti and Vitruvius to 'rediscover’ the
pozzolana, the volcanic stone, which added to non-hydraulic lime mortar, making it settle
underwater. Smeaton has an entire chapter in his narrative called Ezperiments on water
cements in which he formulates four questions:

1. What difference in the effect results from lime burnt from stones of different quarries
in point of hardness?

2. What difference results in the strength of the mortar when made up with fresh, or
with Sea Water, the compositions being immersed in the same water?

3. What difference results from different qualities of limestone, so far as I could procure
the specimens?

4. Whether Tarras Mortar, after having been once well beaten, becomes better by
being repeatedly beaten over again?

It is in the third question of which Smeaton performed various experiments and discovers
the natural hydraulic properties using limes from limestone with a significant quantity
of clay. This is the beginning of modern concrete, and Smeaton’s lighthouse design was
copied or most influential for the coming lighthouses, Figure 3.7. Robert Stevenson
(1824) writes with admiration of Smeaton and describes Smeaton’s narrative as a kind of
text-book for his design of Bell Rock’s lighthouse.

Returning to Maxwell’s review on the work on Plateau, he poses this question on the
poetics of the boy blowing bubbles and the research trying to explain the phenomena:

Which, now, is the more poetical idea—the Etruscan boy blowing bubbles for
himself, or the blind man of science teaching his friends how to blow them,
and making out by a tedious process of question and answer the conditions of
the forms and tints which he can never see? (Maxwell 1874, p.119 )

Suppose the boy represents Goldsworthy and Plateau being the blind scientist. Maybe
the distance between is not as big as we thought after-all, and the poetics might be as
great.
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Figure 3.7: Elevations and timeline of various British rock lighthouses, Smeaton’s light-
house left (Edwards 1884).

3.3 Limitations and research methodology
Returning to the general questions in the introduction:

How can the current building culture be challenged by a reconsideration of historical
and recent knowledge in geometry

1. How can the current building culture be challenged by a reconsideration of historical
and recent knowledge in geometry?

2. How can the current building culture be challenged by a development of a digital
craftsmanship for sustainable architectural design and production?

The questions were contextualised in chapter 2. In section 2.1 the influence of geometry
in architecture, structural engineering, and construction through the history was shown.
An overview of the development of knowledge in geometry was also given. Section 2.2
highlighted the urgent challenges for a sustainable building culture, how the international
society express these challenges, and how an expanded craftsmanship culture in a digital
context could serve as a tool. Characteristics like the close hand and head relationship,
the personal control and responsibility for the process, and the proudness of what has
been achieved, was discussed. Two different approaches were presented of how to com-
bine traditional craftsmanship with digital craftsmanship and technology; either using
advanced digital manufacturing machines or using technology to assist and aid the work
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of craftsmen and craftswomen.

Timber and bricks are the materials that has been chosen as a focus. In the history of
architecture and construction, they are the two most classical buildings materials. They
are also relatively easy to process or modify using simple tools. Bricks are designed in
size and weight for the hand while similarly timber can be made in various sizes. Timber
is accessible in regions like North Europe and North America (Forest Europe 2015; Pryce
2005). At the same time, bricks have and can be made in almost all regions of the
world in different forms (Campbell 2003). For instance, in Sweden, there existed 500
hundred brickyards at the beginning of the 20th century (L.-E. Olsson 1987). The historic
references and long time experience of the two materials as well as the local accessibility
of at least one on them almost worldwide, make them to a suitable choice of materials for
the investigations in this thesis.

Research methods was chosen from the traditional scientific approach as well as from
the artistic research process described in 3.2. A literature review was performed in both
historical and contemporary architecture and mathematics as well as theory in geometry
and its connection to physical phenomenons related to architectural design. Theory devel-
opment was used as a qualitative approach described in (Hammond and Wellington 2021)
for exploring, explaining, and uncovering phenomenon; and generating new theoretical in-
sights in geometry in connection to architecture. The theory was evaluated by performing
numerical simulations and digital experiments through programming computer programs
or scripts linked to architects and engineers’ digital toolbox and digital environments,
such as Rhinoceros3D and Grasshopper3d. Design inquires, or design challenges were used
to arrange experiments around research questions and generate new research questions —
the type of action research described in the category of Research through art and design
by Borgdorff (2007). The design and applications were intended for the conceptual and
early-stage design process and physical prototypes in controlled environments. Film and
moving pictures were employed to document the process and its associated experiments.
There is also a second aspect of capturing and making movies. It was used as a forum or
tool to discuss new insights or aspects in these buildings and experiments with others.
It could be the architectural qualities, theories from craftsmen how things were made,
mechanical phenomenons in the models or possible methods to analyse the behaviour.

In the following sections, the research questions are redefined to a more detailed inquiry
as weel as how the research methods have been applied to answer the research questions.
Since the two categories of research questions differ in research methodology, they are
described separately.

3.3.1 Research question 1

The first of the general research questions will be further condensed into two more specific
questions:

1. How can the current building culture be challenged by a reconsideration of historical
and recent knowledge in geometry?
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Figure 3.8: The literature review was emphasised how geometry and mathematics have
been linked to applications in architecture and structural engineering in the categories:
design tools, structural theory, production technology and architecture (space).

i How can we use differential geometry design structural forms and patterns
that consist of simple building elements. More specifically, how can we apply
brick patterns on shells and vaults?

ii Is there a way to describe a shape of a shell, or family of surfaces/certain
properties of surfaces, that balance aesthetics, structural performance and
buildability? Surfaces of constant have several advantages, particularly in
controlling the ratio of rise to span of surfaces with varying span. More
specifically, is it possible to apply Biot-Savart law from potential theory to
generate surfaces of constant solid angle?

Question 1.i is investigated in paper A, and research question 1.ii is investigated in
paper D, and the following explains the research methodology used to find and later
answer these specific questions.

The literature review was conducted through a historical overview through two aspects:

1. The development of geometry as a mathematical field and the influence of geometry
for developments in physics.

2. The relation of geometry in the architectural design and construction in history
until today.

The first type of literature review was performed by studying early developments in
geometry in Egypt and Greece until the developments of differential geometry. The most
literature studies in mathematical theory were in differential geometry from Gauss to the
geometry used by Einstein in the theory of relativity. The literature have been chosen
based on classical and established books and authors in the field of mathematics such
as Struik (1988), Stoker (1969), Pressley (2009) and Carmo (1976). For the between
geometry and to continuum mechanics mechanical engineering the works of Green and
Zerna (1968), as well as Timoshenko (1934; 1959).

The second aspect is the application of geometry in design tools, structural assessment,
production technology and architecture (space), see figure 3.8. The scope was limited
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through a choice of various examples to be reviewed based on the previous parameters.
The examples are mainly in the field of masonry and brick shells and timber gridshells.
They were chosen based on the relevance for the research questions as well as impact,
novelty or influence in the development of architecture, structural engineering and con-
struction, see figure 3.9. To get an overview of the development the various examples
were put into a matrix with the different categories, similar to Addis (2007), Figure 3.10
shows an example of Eddystone lighthouse.

Structural Production Geometry and
theory technology Mathematics

Figure 3.9: In the literature review, various built examples were examined using the the
various parameters.

The literature review over architectural examples as well as the review of theory
in differential geometry and physics was used in the theory development. It explored
the historical material, the written records or tacit knowledge embodied in drawings or
the built examples. The literature review over the theory in differential geometry was
used to develop the theory to form new insights of historic structures as well as in the
design of new structures. The simulation involves numerical methods to solve partial
differential equations as well as geometrical programming packages such as Rhinocommon
in the commercial software Rhinoceros3d. The evaluation of the simulation is done by
performing digital experiments generating various digital models and comparing it to
the theory through the digital model’s geometrical properties and measurements. This
research methodology used in paper A is described through Figure 3.11.

3.3.2 Research question 2

2. How can the current building culture be challenged by a development of a digital
craftsmanship for sustainable architectural design and production?

i How can digital craftsmanship incorporate material and geometrical constraints,
local skills and available technologies in the design and construction process?
More specifically, how can digital craftsmanship and physical prototypes in
the design of an exhibition space be built of flat planar laths in just two days

64



018l - 05LL 0521-00LL 00£1-0594 0594-0094 0091-055 4
onniorsy Uou§EAbyYOP SUING 3003 a0y £021'wiojs @ ui asdey SjuaAg
88L}uopnIoARY Sammm_ asnouBl spiakpmy 100 Syoo1 auoisApp3 e SSnouuB s AsjuBisu 999} 'UOPUOT JO 2114 821D
J9IN3 1 °09LL 'S90CUNS S gg-4c| H0RZ9I4 Y @ sepadnog _ BOLL ‘Bimdaunbie P P €9} amau0an 1251 's3661Q pieuoa ‘eujaw 0551 "0'UoYRILOH
oINGINoB1ns SISO b1 3p onbiesg 8113 ooauL &1 9P OWeDEND ‘onsey  L69L uMeN eateusuen v 1 Saveosoq suew ouued paive 6
. K lood ap uenr 1alle9 0lien a1njesayl| pue syoog
‘6611 3BUON '© sy vosswIwEM :ﬁwﬂﬂ “.us%_gowm zivuoubueng 599 MOURE ' 'SaINOR) ROBWOSD geg ‘sa0uas Mo om UIASIS 'S 9851 (.SONBISOIPAH PUB S’ SO 3P UBqIIYd 3P BN}
‘anIdosap BP9 “SOIUBYIBIY JO Seidiould BUL InespAy o ‘anbiugosus op ayies;  S691'3UH €1 ‘9nbiuEIa SISANON Buiwsouoo anbojerq  SONEIS.) 1SUCOUBRAM Jap UBjesUIBag 8Q  -DaNYOIE| P BWOL JBIalG &
60LL $%00) du0ISApp3 |uuens 'S ‘06942994
‘0181 - 208} PUROOS 1@ ‘asnouuBy spiepny  UUNLPRIOIS AIOH 8 10 19deyO BUL n
“snBuy ‘asnouyBI %0y lIe8 LL1-5201 uai soud owoy sbuipjing
6521 8691 Y001 auojshpp3  ~OISHUO UOPUOTIEIPUIED Sined IS 3P UGG SSSL-LSL 19UY,P NeRRyD
-95.1. ‘asnouBrT auoiskpp3 18 'aSIOUIUBH SASIUISUM €291 S9URI 'SBUY 'BIIA 9P 1910H

1191 Papuno; ‘sued ‘sue-xneag saq
ainauadng SleuoNeN 81093 100458 SINIPBIEIY DLIERITENT

s8108) [eInjoNS JUBLIN 691 WnUqUNbs. r0ap 5L 2 ot
8.1 “weyo Buibuey ayy @jeniena pue wsiueyoaw asde| Ul YoJe Je|nosowas JO [ENBoEY .ﬁsu el E.mno_:. oneunue s|ooy ubisaq
Buisn auioy Ui 5219 IS JO 109 3y} pUelSIFPUN O} SiRPOWI  UBIS3p au) Ul uoBKjod ey pu poipesiostjisieii/peO L O 0
‘awop sy} saskleue s uslod kzfueq‘zesL  -nowny ey e 19 0BupoY Jo idudsnuep paysiiandun auL
‘001 DIUBOIOA WO SRUMXILIPE JO SIAPNIS Pue. juswdojansp |euajely

swr jo sapadoid diNeIpAY [eimeu jo K1anossia

1251 'saB6iQ
PIeU0a AQ PaUORUSLY JSIl SUIOPORYL. ABojouyda} uoyonpoid

5291 U0Iss21dWI00 Ul YoJe PapBAU) au) pue uieyo
BuiBuey auy) U3aMI3Q IUSUONEI3) 3L} SIYNUBP! HOOH

891 ‘uoneyneiB jo me| s UOMEN
3U) PUB UOROW JO SME] UOAN oww,oﬁ_uﬂxmwd Kioayy jeanjonng

P 10pIIog pUe BUH Yoe fiuosew sy 1o Usamiaq
*aquinojog ‘Kioauy -wnsse Kiooy) YoIR pUE  ©1J0 A0S YIe  SpISUI PapPaquia aq 0) AIRUSIEd  UOReIe] SIA0ISIP
oneloJ JoSsNoA sdojanap ‘0gLL 19IdN0D  KIOSBIN ‘STLLZLLL 9k S3qUosap 69} KI0BID PINEQ 9400 Moy
092 *a084ns © UO aINjRAINY
Kyouiosg  ediouud jo sauy udanaq dius. $089} - 5099} ZIUqar] 1551 3pi002Y UaGOY
amduosag PUE UOMaN ‘MoLeg S0£9) ‘Answos upasnISI UBIS =, £qs05) u EuawaD sojjewsayely pue Ajawoss
‘66LL Zuger ‘ggal’ SANd ‘sninajeg esBajul pue njeue papunoj Ajuspusd S8S'uojelou  SpIPN3 jo suojejsuen :
«BUoW ‘D 0 apuo Bugeioso  12AUBIBYQ JO UORUBAU] ~8pUl Jewia pue saLedsaq Iewpap eonponu) UAAIS 'S usiBu3 Buiins iy

Jusens ‘o
014S A1OH 94 0 19deYD 4L

65L1-95L1 SSLk £041-8601 $001

‘0181 - 2081 'PUEI03S ‘snBuy ‘asnoUB] 300 198 54901 3U0}SAPP Je 3SNOUIYBIT 5 UoleRS: ~60LL %001 UOISAPP3 1. ‘aSNOUIBI S pIaAPIY u0rsApp3 Je ‘ssnouuBI s Aelusisuim

sasnoyjybi

65

based on a set of parameters. This particular matriz is

Figure 3.10: A matriz has been used in literature review of the development in architecture

and mathematics through history,
connected to the developments in connection to the Eddystone lighthouse by Smeaton
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Figure 3.11: Conceptual image of the methodology used in paper A and paper D. At the
top shows the literature review in both filed of architecture and the field of mathematics
and geometry. The theoretical framework in geometry is developed to explain or create new
insights of these historic structures with the possibility to apply it in contemporary projects.
The last step is to evaluate the theory and the possibility to use in the architectural design
process.

with a group of students? More specifically, how can digital craftsmanship be
developed to enable the design of an exhibition space to be built of flat planar
timber laths in just two days with a group of students?

This research question is connected to paper B and C. These papers reports and reflect
upon the design and construction of two indoor pavilions.

The specific research question was formulated almost as a challenge where the con-
straints and limitations defined from the beginning were used as method to make choices
in the design process and force new ideas that can be developed. There is an unknown pa-
rameter using a group, in this case, bachelor level students in architecture and engineering,
where the skills and experience in building and construction vary in the group. This level
of uncertainty, or lack of precision compared to perfectly crafted elements and operations,
directly relates to choosing resolutions and exactness in the structural analysis and the
detailing. The literature review was based on historical and contemporary references from
structures as well as research pavilions with similar challenges or geometrical constraints.
Literature in differential geometry was revived to find geometrical concepts that work
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with flat planar objects and the theoretical constraints or freedoms in the form. From a
range of theoretically viable concepts, a rough evaluation was done to narrow the selection.
The evaluation was based on time and feasibility to construct the elements, economy,
utilising the group most efficiently, safety, time and feasibility to assemble and erect the
structure.

These criteria were applied in an iterative circular design process where digital draw-
ings and models, were tested against smaller and larger physical models, and material
parameters. Similar to the design method described by Piano in section 2.2.3. Moving
pictures was used to document manufacturing (time to build) as well to capture the
phenomena occurring during model tests. This was an iterative process where model tests
and manufacturing methods informed and challenged the digital design. A proposal was
made with a set of manufacturing tools or technologies associated with the construction
from the iterative design process. From that point, the digital craft took place to prepare
and generate all the necessary production drawings and production data to communicate
with the fabrication process with the persons and machines during the experiment.

During two days, the experiment was conducted. Before the experiment, the partici-
pants had been informed about the design process, the mathematics behind the concept,
and the shared open-source code. The group were presented to various tasks associated
with the production drawings and were free to form smaller units. Each unit was responsi-
ble for structuring their working process and deciding how to use assigned manufacturing
tools, but with the design team’s help. After the structures were manufactured, assem-
bled and erected and the exhibition was over the experiment was evaluated through a
qualitative assessment based on questions such as: was the structure built on time, did
everything fit together, how was the coordination among the group, could the instruction
been better, how did the details look, did any elements break during construction? The
structure was later used a big test model where the structural analysis and behaviour
hypothesis was tested by loading and pushing the structure. Rough measurements were
done to check the resemblance with the digital model or expected difference. An open
seminar was arranged before the structure was taken down. Students, researchers and
professionals were invited to a discussion where participants were allowed to give their
opinion regarding improvements, new research questions and new insights.
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4 Summary of papers and other important
works

4.1 Paper A

Brick patterns on shells using geodesic coordinates

The first paper present two separate strategies for generating brick patterns on free form
shells and vaults using geodesic coordinates. The brickwork is specified by a surface
on which there is a geodesic coordinate system satisfying the condition for a constant
distance between bed joints. The first strategy integrates the generation of the geodesic
coordinates in a form finding procedure derived from the geometrical and mechanical
properties of a shell. The geometric and structural equations are solved using dynamic
relaxation. The second strategy can be applied on an arbitrary surface separating the
form finding and brick pattern generation enabling adaption to different constraints in
the design process.

Contributions by Emil Adiels

Emil Adiels, was the primary writer of this paper and developed the code, implemented
the method and generated the results of the second strategy in the paper. The idea was
developed by Chris Williams, Emil Adiels during his master thesis. This paper extends
from those investigations but with further developed numerical methods. The paper was
presented by Emil Adiels at the TASS 2017 symposium in Hamburg,.

4.2 Paper B

Design , fabrication and assembly of a geodesic gridshell in a student work-
shop

The second paper describes the design, fabrication and assembly of an 11x11m gridshell
built of plywood laths during a two and a half day workshop in a new undergraduate
course about parametric design and digital fabrication. The question was how to use
full-scale prototyping to summarize and integrate the learning outcomes in this course.
The design was incorporated in a full parametric model including automated design checks
and the generation of all necessary production.

Contributions by Emil Adiels

Emil Adiels, was the primary writer of this paper and presented the paper at the TASS
2018 symposium at MIT in Boston. The preparation of the experiment including the
design, building models and prototypes, acquiring materials and tools, writing code,
informing the participants and generating production drawings was performed by Emil
Adiels together with the other authors.
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4.3 Paper C

The design , fabrication and assembly of an asymptotic timber gridshell

The third paper describes and discuss the design, fabrication and assembly of an asymp-
totic gridshell built of plywood laths. The overall question concerns how geometry,
structural action, and efficient production can interplay and inform spatial design. The
experiment was conducted during a two-day workshop where architects, engineers and
researchers with specialization in structural and digital design cooperate with undergrad-
uate students in a compulsory parametric design and digital fabrication course. The
gridshell shape was based on an Enneper surface of threefold rotational symmetry with
a boundary baseplate inscribed within a circle of 4.5m radius. Utilizing the concept of
asymptotic curves, which are surface curves whose osculating plane coincides with the
tangent plane of the surface, the structure was built using planar straight laths of plywood
made using manually operated drills and saws.

Contributions by Emil Adiels

Emil Adiels, was the primary writer of this paper and presented the paper at the IASS
2019 symposium in Barcelona. The preparation of the experiment including the design,
building models and prototypes, acquiring materials and tools, writing code, informing the
participants and generating production drawings was performed by Emil Adiels together
with the other authors.

4.4 Paper D

Surfaces defined by the points at which a closed curve subtends a constant
solid angle

The fourth paper examines an appropriate form for a shell, that can balance aesthetics,
structural performance and build-ability, with a proposal for the use of surfaces with
constant solid angle. The paper describes a method to generate such surface by applying
the Biot-Savart law, which describes the electromagnetic field caused by constant electric
current in wires. The surface was generated with a Delaunay triangulation. Thus, future
studies would include incorporation of other types of patterns facilitating buildability.

Contributions by Emil Adiels

Emil Adiels was part dialogue and discussion which developed the idea and theory behind
the paper with Chris Williams. Chris Williams together with Emil Adiels wrote the

paper.
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4.5 Publication 1

The historical and technological development of masonry structures

This work aims to study technical development masonry and brickwork structures
in relation to architecture. Due to its durability, masonry buildings can remain for
several hundred and sometimes over a thousand years. Therefore, a considerable part
of the historic buildings and important cultural buildings that still exist are of ma-
sonry. Thus, masonry structures have much cultural value, but can also due to long
life span be important for sustainable construction in the future. The method is based
on selecting built examples and parameters related to the knowledge and tools at the
time of design and construction. The chosen parameters are used to evaluate the cur-
rent ability and idioms regarding geometry and mathematics, structural theory, design
tools, production methods, material development, and architecture. This work is centred
around five examples from different periods: the cathedral of Saint-Denis, the dome of
Santa Maria del Fiore, the third lighthouse of Eddystone by John Smeaton, the Boston
public library and the unfinished crypt in Colonia Giiell by Antoni Gaudi. Each ex-
ample is placed within its historical context and evaluated based on the chosen parameters.

This work is expected to be published in 2021 and has been funded by ARQ, a research
foundation by White architects, www.arqforsk.se

Contributions by Emil Adiels

Emil Adiels is the main writer of this work.

4.6 Publication II

The composition of matter, space, time and structure in masonry and con-
crete vaults

Between 2018 and 2019 a series of buildings was captured in motion pictures. The build-
ings are mainly shells structures of masonry, brick or concrete. The structural benefits of
vaults and domes are well known. However, they also possess unique architectural and
spatial qualities. They are often a result of an architectural aspiration idea that, in the
best examples, exist in an interplay with the load-bearing structure. The difficulty is
communicating the architectural aspiration and the qualities, such as materiality, spa-
ciousness and light to someone who has not or ever will experience it. Traditionally it is
done through text and pictures, but is it the best way? It led to the research question
of how to communicate the spatial experience and spatial qualities of these spaces? An
experience that is both personal and subjective, so the challenge is to portray that feeling
embodied in the architecture. The chosen method of answering this question was using
motion pictures accompanied by music. During trips around the world, chosen objects
were filmed and later edited with added music. At the moment of writing, the result is
ten movies of ten different buildings, which are 1.5 - 3 minutes in length. The movies
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www.arqforsk.se

were aired and presented during the Advances in architectural conference in 2018, and are
available at (Adiels 2020). An interview was made in relation and concerning the work
and purpose and can be found at (Adriaenssens 2019).

Contributions by Emil Adiels

Emil Adiels preperared the shooting of the films inluding trips, equipment. The movies
were made by Emil Adiels including the shooting, editing and distribution.
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5 Discussion

This section will reflect upon the results and insights provided in the thesis. I will also
address the contribution concerning the challenges regarding sustainability and possible
directions for future work.

5.1 Research questions and results

The first questions was: how can the current building culture be challenged by a reconsid-
eration of historical and recent knowledge in geometry?

Two studies have been performed that is more theoretical are presented in paper A,
and paper D. Two experiments have been performed in paper B and C which both utilised
simple building elements as a restriction in the design.

Paper A suggested the application of geodesic coordinates to describe the bed joints
described in drawings of shells, and how it can be implemented in new designs of shells. In
my opinion, it gives a better understanding of the embodied knowledge of how craftsman
and craftswoman envisions the design, without necessarily automating their work. The
methods presented can be used to design new structures as well as understand existing ones.
In a design process, they could enable a dialogue between an architect and a craftsman
where both aesthetics, structural performance and construction are inter-playing. A
reasonable criticism is that we have interpreted drawings. Thus, future studies could
involve the feedback from craftsmen and craftswomen. The presented strategies can,
however, be applied to more than brick patterns. Recent papers by (Motamedi et al.
2020) and (Carneau et al. 2019) have applied it in the context of 3d printing. So there
might be other technologies and new applications of this in the future.

Paper D shows that surfaces of constant solid angle as a possible compromise between
aesthetics, structural performance and buildability. It might be a new type of surface, but
it can very well exist under a different name in different fields. Thus, the paper highlights
one of the challenges with shells structures in coping with complex geometrical boundary
conditions. There is a possibility in further studies to describe how more elaborate
geometrical patterns can be applied that facilitate the construction and manufacturing.
While paper A and paper D are more theoretical and simulated using digital models,
Paper B and Paper C were intended to explore how it can be applied early in a design
process, from design to manufacture. In those two papers, we had to use the regular 6mm
birch plywood boards cut into straight laths to use the boards most efficiently and reduce
waste. The pavilions show how geometry can still enable elaborate designs even with
limitations regarding the building elements when practised early in the process.

The second question was: how can the current building culture be challenged by devel-
oping digital craftsmanship for sustainable architectural design and production?

Two design inquiries and experiments were arranged and executed to investigate how
digital tools can be applied in a design and construction process using simple building
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elements and simple tools presented in paper B and paper C. Those experiments were
temporary, smaller in scale than projects in industry, and they were performed under
particular conditions. Still, some conclusions can be made regarding how digital craft can
assist in navigating, managing and utilising the constraints and the limitations related to
an architectural context during a design and construction process.

Sennett (2008) describes craftsmen and craftswomen who work with the resistance
rather than against it. Similarly, before construction, a significant part of the investigations
was to understand the context and the limitations and use it as an instrument for
decisions in the design process. The success was that we worked with many parameters
simultaneously in the early phase of the design process and continuously tested it against
the limitations and constraints. We alternated between digital models and physical models
during this process, extracting information of one to inform the other. Similar to the
process described by Renzo Piano in section 2.2.3. In our case, the parameters were
the form and space, the pattern, the analysis, and the manufacturing. As philosopher
Bornemark (2018) describes, parameters are often linked in an intricate weave difficult to
measure isolated from the others. Hedenus et al. (2018) use the word systems thinking
to describe working with many interconnected parameters. During this process we also
tested our ideas against craftsmen and craftswomen at the university, and got help to
improve the manufacturing process.

Another important aspect was to choose the proper resolution in the different stages
in the design process. It refers to the resolution or level of detail in the digital modelling,
calculations and physical models. In the beginning, we worked with rough conceptual
digital models to build rough physical models to save time. Before performing structural
analysis, we asked ourselves what we wanted to know and how accurate it based on the
execution and tolerances. Often it was the simple test with the actual materials and the
small scale models that made us confident to proceed in a specific path. Some might find
it funny, or even unserious seeing engineers bend and twist plywood laths. Nevertheless,
these tests were probably more accurate in this case since the processing of elements was
likely to vary during the experiment. For instance, a drilled hole could get closer to the
edge than we would like. That uncertainty or tolerance in the production has to go into
the structural analysis, and a FEM analysis might do more harm than good. I am not
saying that bending the elements is always applicable. However, it is sometimes worth
asking how accurate the numerical analysis is, it is easy to be tricked by pretty colours
or point at an analysis done in a computer as a truth. Sometimes, a simple physical
model says more than a thousand digital interpretations or computer analyses. This was
especially true when it came to understand the kinematics during erection, which we
found challenging to simulate properly. There is a potential danger in distancing from
the physical world working only with digital models and computer analysis. Similarly ,
Wilson (1998) describes the importance of kids playing outdoors, throwing real baseballs
rather than virtual ones to understand the world better. Some aspects of that is also true
for structural engineers. Still, we performed FEM analyses of the entire system to check
against the material test and the smaller models’ behaviour. The analysis gave a rough
estimate of the deflection, giving people enough height to stand. It was tradeoff since
we needed to limit material and the height to work more safely from the ground. One of
the project’s criticisms could be that it is hard to perform exact measurements of the
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transition from the digital model to the physical model. It became more of an overall
assessment. In this case, with so many limitations in time and built by students, it was
not easy to be more accurate, and it was not the primary investigation.

Another critical aspect of the digital craft was to simulate the production process in
advance before the construction and manufacturing phase. It made it possible to swiftly
see errors in the design and the computer code, potential difficulties during manufacturing
and erection and estimate the material costs, during design changes. Symmetry and
repetition were two characteristics in the design we noticed limited material, the number
of drawings and confusion on site, which was vital to facilitate swift production from
plywood boards to finished construction in just two days. Time is an essential factor, and
in that regard, these experiments are similar to what is critical in a real project. It also
was vital to add flexibility. Meaning that some things will likely go wrong, and during
the experiments it was crucial to handle that on-site. We had elements that broke, but
since we made everything on-site, it was a just a ten-minute delay to create a new one. If
we had prefabricated everything, it would potentially be a costly delay in both time and
money, which we could not afford. In all the manufacturing processes, we had a strategy
associated with the production drawings and data. However, the group responsible for
the specific task could modify it or choose a different method for solving the task. In the
end, they had much better knowledge of how to do it most efficiently. In other words, we
applied a strategy of giving enough instructions, in terms of drawings and digital models,
to apply their judgement. According to Bornemark (2018), who studied the healthcare
system, processes or instructions purely designed to leave out professionals’ good judgment
often satisfies the lowest quality level. Similarly, it is worth to invest in people, incorporate
their professional judgement, and give the craftswoman or the craftsman, whether it is
a nurse, a teacher or a carpenter, enough structure and resources to apply their skills.
Mattias Tesfaye (2013), a bricklayer, describes craftsmanship and quality work as an
expression of people living in freedom holding a responsibility to the community. In our
case, we gave our students the freedom to choose their solution; similarly, it comes with a
contract to their classmates to do their best to reach the common goal. We very much
encouraged our students to take initiatives. A key aspect of our workshop was to find
that balance in the digital craft. It was essential to motivate people to make them feel
responsible and committed. One of our biggest fears was that they would not feel part of
the project since they were not involved during the design process, similar to the Lalibela
roof structures. However, in the end, it was not the design teams project; it was collective
ownership with everyone involved; that was my feeling. The computer code behind the
project which was distributed was written in an environment they mastered, possibly
adding to the sense of shared ownership. However, many students who evaluated the
course, which the workshop was part of, were positive regarding the workshop. Even
though delegating responsibilities during the experiment was mainly successful, we in
the design team were those with the most complete holistic view of how all pieces fitted
together and thus the final responsibility. Thus, sometimes we had to tell students to redo
work, and it is during these, sometimes difficult, decisions the responsibility for the whole
is necessary.

Lastly, In Swedish we have the word ndrvaro which means being focused and present.
One part is being present on site which was very important in supporting and help the
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participants. It also include monitoring and respond to minor issues before they go out
of control, but other times the pure presence is enough to keep the stress level down.
Possibly the type of presence lacking at Lalibela. The other part is exercising the similar
focus and presence during the design process which is more difficult to describe. Meaning
that we had visualised and performed the experiment and its different stages several
times in our minds already in the design process. The combination of visually see and
modify the digital models and the drawings combined with building physical models
before the workshop helped to grasp the experiment mentally. It could be similar to
feeling described by Anton Bachleitner, director of the Diisseldorg Marionette Theater, in
section 2.2.3, being present and at another place at the same time. However, it helped in
the final tweaking, the last 5%, which takes proportionally much more time and energy
than the previous 95%. Only if genuinely present the details and their importance and
connection to the whole become truly clear. When seeing craftsmen and craftswomen
work, I experience the same focus and commitment in their presence.

5.2 Sustainability - Digging where we stand

This thesis’s introduction referred to the building industry’s current and future challenge
in connection to climate change. According to Melinda and Bill Gates, a city equivalent
to New York City needs to be built every month until 2060 to accommodate the world’s
rising population. This thesis has described the structural benefits of shells structures and
studied methods of facilitating the construction, one of the difficulties working with these
structures. Under suitable conditions; these efficient structures can reduce the material
required. Furthermore, the long life of Gothic Cathedrals, according to Professor Heyman
(1995), is due to the low stresses, which is as a result of the efficient load paths. The
example from The Mapungubwe Interpretive Centre showed that it is possible to use
material of lesser structural properties and require less energy in the production. The
project is relatively recent, so it will be interesting to see how well it performs over time.

However, the statement by Melinda and Bill Gates includes not only a challenge
regarding GHG emissions but also the other dimensions connected to sustainability.
Examples from Lalibela and the Mapungubwe Interpretive Centre show that it is much
crucial how we solve a problem, and how it can create more problems or add value. Hence,
the importance of establishing and contributing to a good building culture, as described in
the 2018 Davos declaration, is much essential. If the roof structures in Lalibela are going
to be dismantled, as discussed in the report by UNESCO/ICOMOS/ICCROM (2018), it
has required much resources and time but with little, if any, added value. Thus, rebuilding
a relatively new structure adds to the amount already described by Melinda and Bill
Gates. It also seems to have caused the local communities much distress and probably
distrust against international organisations and institutions, which is described as vertical
relations connected to the social dimension of sustainable development in Hedenus et
al. (2018). Thus, it can result in unexpected consequences in the future, indicating the
importance of structural engineering. The Mapungubwe Interpretive Centre is a good
example of the possibility of adding value, making people independent, and giving them
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the tools to solve and maintain their structures and buildings, much crucial for both the
economic and ecological dimension of sustainability. Similarly, an important aspect of the
experiments in the papers presented in this thesis was to challenge ourselves to adapt to
the situation’s conditions and limitations. Furthermore, involve and teach people and
hopefully contribute to a better building culture. If the 2018 Davos declaration will be
successful or have much impact is difficult to say. There is a difficulty in measuring and
monitoring a healthy building culture and put it into practice. Yet, it is often visible
if one is part of the culture. According to Rosling et al. (2018), raising people’s living
standard might also decrease the population growth. Thus, solutions for the common
good might reduce the quantity we need to build, described by Melinda and Bill Gates, a
potential win-win for the climate and ourselves.

There is also this issue of materials, do we have to build in steel or concrete? All
materials, timber, steel, reinforced concrete, and masonry have their particular use, which
has been so in history and likely so in the future. Another aspect is learning to work
with materials and limitations that we are not used to. When we worked with 6mm thick
plywood boards, there were times where I wished that we had something better to work
with, but since we could not afford it, we were forced to find a solution. It could be that
engineers and architects in the future need to dig where they stand, using the resources
in their neighbourhood. That is similar to the situation of the Gothic master builders.
According to Viollet-le-Duc (1856) Gothic master builders had to use and work with the
materials that were in their reach and learn how to process it and use it most efficiently
and intelligently. Using the stone, soil and timber, they managed to build structures that
have survived for nearly a thousand years.

By the end of the twelfth century, builders had moved and cut such a large
quantity of stones that they had come to know exactly their properties, and
to use these materials, because of these properties, with a very rare sagacity.
So, it was not, as it is today, an easy thing to obtain ashlars; the means of
transport and extraction were insufficient, it was necessary to provide oneself
on the ground; it was not possible to obtain stones from distant origins: it
was therefore by means of local resources that the architect had to raise his
building, and often these resources were weak. We do not take enough account
of these difficulties when appreciating the architecture of these times, and we
often blame the architect, we consider as a childish desire to raise constructions
surprising by their lightness, which is in reality only an extreme shortage of
resources.! (Viollet-le-Duc 1856, p.127)

This aspect is as relevant today but receives as little attention as it did then. Similarly, it
might be that materials will be higher valued in the future and that we cannot transport
them very far, and as a consequence, the structures need to be more efficient and elaborate.
Thus, it can be a comforting thought to think of our dead colleagues, the Gothic master
builders, who managed to build such wonders with things within their reach. Sweden has
a large amount of timber locally available. However, at the beginning of the 20th century
Sweden had 500 brickyards (L.-E. Olsson 1987) in Sweden, and bricks were made less

ITranslated with the help of Dr. Robin Oval
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than 100 km from Gothenburg. Thus, it is a shame that masonry for a long time has
been neglected in both academia and practice in Sweden in the aspect of locally sourced
building materials. Many of these structures have been in service for a long time and
been able to handle unforeseen new conditions. There is less than a handful of structural
engineers in Sweden that know how these structures work, and they are such an important
part of history and our building stock, and they are much misunderstood. Thus, masonry
and brickwork might still have a role to play in the future. Returning to the quote by
Alexander et al. (1977)

The central problem of materials, then, is to find a collection of materials
which are small in scale, easy to cut on site, easy to work on site without the
aid of huge and expensive machinery, easy to vary and adapt, heavy enough
to be solid, longlasting or easy to maintain, and yet easy to build, not needing
specialised labor, not expensive in labor, and universally obtainable and cheap.
(p-956)

Is it an imaginary material, or it is, as Carolyn Haynes (2019) state just a good description
of a brick?

5.3 Conclusion

Geometry is still an excellent tool for problem-solving to be used in a design process, as
it has ever been. The most important is to reestablish the historical connection between
geometry and physics which have been successful in designing but also translating abstract
phenomenons into theories. Geometry is our own construct and is more closely related to
our mind and body than we can imagine. Thus, geometry is the key and should be the
language in which architects, engineers and craftsmen and craftswomen communicate and
convert their ideas. With geometry, the architect depicts space, the engineer imagines the
equilibrium surfaces, the craftswoman weaves her patterns, and the physicist visualises
the Universe, as it should be.

Digital tools combined with digital craftsmanship were essential to execute our experi-
ments. It would have been difficult, or impossible, to exercise that level of control over the
design, produce all the necessary information and data and visualise and communicate
the different steps during the experiments. The possibility to simulate the experiments
digitally before the experiments were crucial in getting a holistic perspective and mentally
prepare. All of which is important when in the making of quality work and contributing
to a healthy building culture. However, it was vital to combine it with physical models
and prototypes to grasp the structural behaviour and evaluate its feasibility. It was
often physical models and physical tests that made us confident to proceed in a specific
path or made us change direction. Nonetheless, the experiments highlight the strength
of combining digital tools and geometry early in the design process to facilitate the
integration between space, structure, construction, and rapid manufacturing.
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5.4 Future research

There are several directions in which the work can continue from this thesis and I will
mention a few:

1. Geometry. There is more work to be done in field of differential geometry concerning
architecture and engineering. For instance, the last paper on surfaces on constant
angles can be taken further by applying different patterns.

2. Masonry bridges - According to McKibbins (2006) old masonry bridges have been
more much more durable in comparison to modern concrete bridges. If to find a
substitute for reinforced concrete in infrastructure projects masonry might be an
alternative. There are two aspects which are linked to history, which might be
worth reconsidering. The first one is to use geometry to work with these structure
in three dimensions to utilise membrane action as much as possible and find ways to
manufacture and erect these masonry bridges. The second aspect is to look at the
interaction between the fill and the shell. In masonry bridges and viaducts there is
a large portion of soil fill inside, in which the masonry shells act as a container for
the fill. Fill have sometimes been treated just as an added weight for stability, but
there could be much more to explore regarding the soil and structure interaction.

3. Digital craftsmanship - The hand and head marriage. Many craftsmen I have spoken
to, including my father, like their work. There might exist a parallel path of the
future, where people want to continue work with their hands and body because,
if believing Wilson (1998), we are biologically developed that way. That would
be different from the workshops we do with our students, working more closely
with craftsmen and craftswomen. Developing something together utilising their
experience and tacit knowledge would be an interesting and possible path.
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Picture credits

Unless nothing else is stated, the pictures are either the authors or under public domain.
Several images in this thesis have been licensed under public domain or Creative Commons.
Information regarding the different licenses can be found here:

® 1.0: https://creativecommons.org/publicdomain/mark/1.0/deed.en
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Figure 1.1
over a bed of pins (ii), photo by Ciro Mondueri licensed under @® CC BY 2.0, https:
//flic.kr/p/yVIC1

Figure 2.1a
Jar (Hu), licensed under @@ CCO 1.0 by The Metropolitan Museum of Art. https:
//www.metmuseum.org/art/collection/search/44723

Figure 2.5
Armadillo Vault, photo by Iwan Baan licensed under @®®E CC BY-NC-ND 2.0,
https://flic.kr/p/Mdvmih

Figure 2.17

Construccién de uno de los cajones para el Puente de Sancti Petri. I-ETM-018-07_02,
photo used with permission from the Archivo Torroja, http://www.cehopu.cedex.es/
etm/pict/I-ETM-018-07 .htm

Figure 2.18a

it’s hippo feeding time!, photo by nayrb7 licensed under @@® CC BY 2.0, https:
//flic.kr/p/FzGBf

Figure 2.18b

Zoo Berlin, building for hippopotamusses, exterior., photo by Manfred Briickels licensed
under @®® CC BY-SA 3.0 https://commons.wikimedia.org/w/index.php?curid=
12608719

Figure 2.19

Rafael Guastavino stands on recently laid tile arch along Boylston Street, construction of
the McKim Building, photo by Boston Public Library licensed under @® CC BY 2.0
https://flic.kr/p/4D3P2Y

Figure 2.21
Beta Maryam, Lalibela, Ethiopia, photo by Bernard Gagno licensed under

@®® CCBY-SA 3.0 https://commons.wikimedia.org/w/index.php?curid=28198310
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Figure 2.22a
Vue du Limpopo en Afrique du Sud, photo by South African Tourism licensed under @®
CC BY 2.0 https://commons.wikimedia.org/w/index.php?curid=67747409

Figure 2.22b
Mapungubwe, Limpopo, South Africa, photo by South African Tourism licensed under
@® CC BY 2.0 https://flic.kr/p/xg6B8y

Figure 2.25
Photo by Nederlandse Spoorwegen licensed under @@ CCO 1.0 https://commons.
wikimedia.org/w/index.php?curid=91981159

Figure 2.26

Cambridge Central Mosque main prayer hall in May 2019, photo by cmglee licensed
under @®® CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=
91981159

Figure 3.1

Soap Bubbles by Jean Jacques de Boissieu, distributed under licence @@ CCO0 1.0 by The
Metropolitan Museum of Art, https://www.metmuseum.org/art/collection/search/
343540

Figure 3.2
Oak room roof, photo by Mark Dries licensed under @®®E CC BY-NC-ND 2.0,
https://flic.kr/p/2gWMsuH

Figure 3.3

Maqueta polifunicular de la iglesia de la Colonia Giiell, de Antoni Gaudi (1898-1908), dis-
tributed under Public Domain, https://commons.wikimedia.org/w/index.php?curid=
4524156

Figure 3.4

Watson and Crick with their DNA model. [Photography]. Retrieved from Encyclopadia
Britannica ImageQuest. https://quest.eb.com/search/132_1256566/1/132_1256566/
cite
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