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ABSTRACT: Historically architects and engineers have recurrently applied shape-design methods based on the
optimisation of the mechanical behaviour of the structure. This paper analyses the historical use of these
methods and their application to contemporary architecture, comparing the use of geometrical systems and
physical models of other times with the current computational analysis, as well as the different purposes and
motivations that guided the use of these design methods on each case. The ilustration of this evolution is done
through the analysis of three decisive historical moments and figures (the work of Antonio Gaudí, the historical
development of concrete shells and the light weight structures by Frei Otto), while the work of contemporary
engineers Mike Cook and Mutsuro sasaki is highlighted as interesting examples of the current application of
these techniques.

HISTORICAL USE OF FORM FINDING MODELS AND STRUCTURAL EFFICIENCY CRITERIA
Historically architects and engineers have recurrently applied shape design methods based in the optimisation
of the structure. In 1675 Robert Hooke stated the inverted catenary theorem, which he summarized in an anagram, that once decoded and tranlated from latin says: "As hangs the flexible chain, so but inverted will stand
the rigid arch" (quoted in Heyman 1999, p. 9). Hooke’s theorem explains the high degree of sophistication
achieved in masonry construction so early in building history: since they are simple compression structures, the
stability of masonry arches and domes is independent from their scale, and every dimension of a structural
model can be increased proportionately to erect the real structure. No much engineering science is therefore
needed to use models for the design of pure compression structures, since their stability depends only on its
geometry, being almost independent from the stiffness or strength of the masonry.
In the centuries that have followed since Hooke’s theorem, this simple idea of the hanging chain has been
used to understand, inspire and design numerous architectural and engineering works. In 1748 Poleni applied
this system in his attempt to prove Saint Peter’s dome stability, despite the existing meridional cracks. He divided the dome into fifty segments and considered the equilibrium of an opposing pair of slices as a compression arch. For this purpose, he made a model by hanging a flexible chain with unequal weights, proportional to the distribution of weights in the arch and that of the lantern (Fig. 1). Since the resulting form of the
hanging chain laid enterily within the masonry thickness, he resolved that each opposing pair of segments,
and therefore the whole dome, was stable.
From the historical use and development of form-finding models, three decisive figures and developments are
highlighted, having exerted a major influence in the contemporary approach and application of these techniques: the work of Antonio Gaudí, the development of concrete shells, and the innovative light weight structures created by Frei Otto.
First of all, at the end of the nineteenth century, Antonio Gaudí devised his own method for creating masonry
compression structures, by extending the use of hanging chain models into very complex three dimensional
structures. For the Colonia Güell chapel he made a three-dimensional funicular model using strings and small
bags of shot pellets representing the different weights of each element, which gave him a stable arrangement
of the masonry columns and vaults (Fig. 1).

Proceedings of the Third International Congress on Construction History, May 2009
The buildings by Antonio Gaudí are unquestionably unique, free, creative and experimental, being one of their
most important aspects the complete rupture with the existing architectural styles and the creation of a new
plastic language. A new plastic and architectural language that takes nature and geometry as inspiration
sources for the creation of unique structures, experimentally discovered from their most rational forms with regards to gravity, as a logical result:
I calculate everything: First, I consider some weights to find the funicular, I cover it with forms and materials
and readjust the weights, and then sometimes I change slightly the funicular. This way the logical form
emerges from necessity. (Quoted in Giralt-Miracle, D (ed), 2002: 32).

Figure 1: Saint Peter’s dome. Hanging chain model. Poleni, 1748; (Heyman, 1999: 46). Funicular model for the
Colonia Güell. Antonio Gaudí, 1889-1914; (Giralt-Miracle, D (ed), 2002, p. 51)
In a very different way, the invention of reinforced concrete at the beginning of the twentieth century suggested a particular application of form-finding models, linked to the development of concrete shells, one of the
major innovative shapes that emerged within the appearance of the new material.
From Dischinger and Finsterwalder shells in the early twenties, the historical development of concrete shells is
linked to some of the most relevant engineers of the twentieth century, like Pier Luigi Nervi, Eduardo Torroja,
the architect Felix Candela, Ove Arup, Nicolas Esquillan or Heinz Isler.
These engineers defined new structural shapes appropriate to the characteristics and potential of the new
material, with a firm criteria of structural efficiency. Within this criteria a particular shape was stablished in relation to its structural efforts and to the characteristic of its constitutive material, the beauty of a construction
consisting in the optimisation of its structural behaviour:
Every material has a different and specific personality, and every shape imposes its own tensional state. The
natural solution to a problem – art without artifice -, optimal in relation to the pre-conditions from which it
emerges, conveys an impressive message, satisfying the requests both of the engineer and the artist.
(Torroja, 1998: VII).
In this sense, projects like Torroja’s Frontón de Recoletos in Madrid, a cylindrical shell in two lobes spanning 32
meters wide by 55 meters long with a concrete shell 80 mm thick(Fig.2), established once and for all the new
structural and formal posibilities that the new material -reinforced concrete-, offered.
Among the shape-design methods used in the development of concrete shells it is interesting to highlight the
work of the swiss engineer Heinz Isler, as the culmination of the historical use of classical form-finding models.
Isler applied a great variety of physical models and methods to generate free-curved surface reinforced concrete shells that have no geometrical or mathematical representation, but that equally satisfy a mechanical
basis within wich the only stresses under gravity loads are compressive (Fig. 2). This way, Isler’s work extended
the range of possible shapes in the field of concrete shells, offering greater freedom and geometrical complexity, while preserving its structural efficiency and “natural” origin.
Finally, the work of the architect Frei Otto in the field of light tensile and membrane structures, much of it developed in collaboration with the engineer Edmund Happold, has exerted a major influence in contemporary
architecture and structural engineering.
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Figure 2: Concrete shells. Frontón de Recoletos, Madrid. Eduardo Torroja, 1935; (Torroja, 1998, p. 211).
Hanging membrane model. Heinz Isler; (Chilton, 2000, p. 37)
Frei Otto’s shape-design interest was highly based in the investigation of natural forms and their origin, with the
purpose to create forms of the greatest structural efficiency and minimum use of materials. For this, he used
multiple physical form-finding models, like soap films, sprung chains or hanging chains, in order to generate
minimal surface tension structures, cable-nets or optimum compression shapes (Fig. 3).
Much of Frei Otto’s work was devoted to light weight structures, pionneering the development of new innovative structural types and architectural shapes, like the German pavilion in Montreal Universal Exhibition, the roof
of Munich Olympic Stadium or the aviary for the Munich zoo.
For the roof at the Garden Festival in Manheim he proposed, together with Edmund Happold, a continuos
timber grid shell that adopted a geometry generated with a catenary model made from fine hanging chains.
The purpose of using form-finding models was to reduce to the minimun bending stresses in the timber grid
shell under self weight, transforming in the process the rectangles of the initial grid into rhombus, that adapted
more easily to the complex free curve geometry. However, the final geometrical design and structural behaviour control required the use of computer analysis too. The result is a spectacular continous shell spaninng
a maximum of 80 meters with high structural efficiency (Fig. 3).

Figure 3: Soap bubble foam structure. Frei Otto and Edmund Happold; (Walker, 1997, p. 56).
Manheim Garden Festival. Interior view. Frei Otto and Edmund Happold, 1973; (Walker, 1997, p. 90).
SHAPE DESIGN METHODS IN CONTEMPORARY ARCHITECTURE
The end of the twentieth century and the beginning of the twenty-first have been characterised by the extraordinary innovations and developments in the design and construction techniques, creating a situation of
architectural freedom where almost any imaginable shape can be solved and built. Besides, the increasing
knowledge and control in computing have turned the computer into a powerful design assistant, enabling the
analysis, calculus and geometrical control of high complexity shapes.
However, this context of huge technical development contrasts with the fact that in this period there have not
appeared new materials or structural systems with the relevance of the existing ones, that could suggest new
shapes or typologies. So, while the development of new shapes was other times related to the appearance of
new materials, the origin of the fractured, distorted and formless shapes of contemporary architecture has not
to do with new materials or systems, but with the technical, structural and constructive abilities of nowadays.
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In this context of architectural freedom, some engineers like Mike Cook or Mutsuro Sasaki propose to apply
shape-design methods based on the optimisation of the structure to create or modify architectural shapes.
They extend the work of Antonio Gaudi, Heinz Isler or Frei Otto, replacing the physical models of other times by
computational analysis, applying these techniques as design tools, in order to establish a logic in the relation
between the architectural shape and its structural support in contemporary architecture.
Mike Cook, disciple of Edmund Happold and highly influenced by his work in collaboration with Frei Otto, proposes to direct the use of current technologies in computational analysis to the search of systems and shapes
that optimise the waste of materials, conscious of the need to preserve global natural ressources:
We need form-generation models that recognise the laws of physics and are able to create “minimun” surfaces for compression and bending as well as tension. And we need to extend the virtual building model to
virtual construction – not just conception – so that the way a building is fabricated and erected becomes as
important a part of design as its efficient use of materials. This will help us create buildings that will conserve
material and energy and hence go some way towards meeting today’s pressing need – conservation of
our global resources. (Cook, 2004b: 49).
A recent application of these ideas is the Great Court roof at British Museum in London, by architect Norman
Foster. This structure had to solve important and complex geometrical and construction constraints, while
maintaining the architectural idea of a roof as light and “invisible” as possible: the roof had to match the geometry of the rectangular outer perimeter and the central circle, with very tight limits for the height, and had to
be built without interfering with the museum use. Keeping these requests on mind, structural engineers used a
shape-design method that began with the geometry that would adopt a soap-film stretched between the inner circle and the outer rectangle, inflated into an undulating shell. However, the resulting shape was found to
be extremily “bulbous”, and taking into account the need of keeping the roof rather flat due to the planning
constraint in height, a forward form-finding computer assisted process was followed, modifying and controlling
the stress levels in the bubble as required, though maintaining the initial memory of the soap-film form. The result is a structural steel grid that matches “naturally” the geometrical constraints while controlling the stresses in
the different areas, so the steel elements can be kept in small sizes that guarantee the required transparency
of the roof (Fig. 4). However, as a result of this form-finding process, the final geometry of the roof implied that
all the steel members had different lengths, all nodes had different geometries and all panels of glass were different. A computer assisted fabrication process was therefore needed by the steel constructor to implement
the geometry.

Figure 4: British Museum. Roof of the Great Court. Norman Foster and Buro Happold. London, 2000. Final stress
function studies and interior view; (Williams, 2004: 85 and Buro Happold).
The japanese engineer Mutsuro Sasaki has applied two shape-design techniques based in the optimisation of
the structure, to create free curved shells and tree or flux structures. For the development of this work Sasaki
quotes Heinz Isler and overall Antonio Gaudi as his main influences.
On one hand, his proposal for using computers in the design of free curved surfaces, what he calls Sensitivity
analysis method, might be included in the tradition of concrete shells, as a step forward after the constructions
of Eduardo Torroja, Felix Candela or Heinz Isler.
In this case, Sasaki’s purpose is to create theoretically rational free curved surfaces, by seeking the curved surface shape that generates minimum strain energy in the structure. For this, he takes as starting point the initial
form proposed by the architect and adjust it in mechanical terms by numerical analysis, so it will achieve a
state of minimal stress and deformation.
This is the case of the I project in Fukoaka, in collaboration with the architect Toyo Ito, where a 40 cm concrete
shell covers a surface of 50 meters wide by 190 meters long, with a maximum span of 50 meters. The shapedesign method (Sensitivity Analysis) was used to modify the initial shape proposed by Toyo Ito, reducing the
bending stresses on the shell and the vertical deformation, so an optimum structural shape emerged (Fig. 5).

Proceedings of the Third International Congress on Construction History, May 2009

Figure 5: I Project. Toyo Ito and Mutsuro Sasaki. Fukoaka, 2004. Vertical deformation control evolution with the
Sensitive Analysis Method (Step 1 to Step 46), and interior view; (Sasaki, 2005, p. 124 and Sasaki, 2007, p. 77)
The second technique that Sasaki proposes is the Extended Evolutionary Structure Optimization (Extended
ESO) method, that generates an effective 3D structural flux structure, given a number of starting conditions or
parameters. The method consists in analysing the initial geometry and modifying it by altering the existing
structural elements or implementing new ones, so they all brace the structure as tree branches. The system
evoluates towards a state of minimum stresses, achieved, in a general way, by minimizing the bending efforts
of the structural elements. If bending efforts are reduced, the different elements are mainly affected by axial
efforts that generate uniform compression or tension stresses, and the whole structure evoluates towards a uniform stress state, whithout almost any mechanical wastage.
This method has been applied in collaboration with the architect Arata Isozaki in the competition for the new
Florence station and in the QEC Convention Centre in Doha (Qatar), currently under construction. The Convention Centre is an enormous structure 250 m long by 30 meters wide and 20 m high, with only two support
points. Applying the Extended ESO method the structural shape evolved from a flat slab with two single V supports towards a more braced structure that minimizes bending stresses in the slab and optimises the global behaviour of the structural system (Fig. 6).

Figure 6: QEC Convention Centre. Arata Isozaki and Mutsuro Sasaki. Doha, 2003.
Extended Evolutionary Structure Optimisation; (Sasaki, 2007, p. 46)
DIFERENCES BETWEEN THE HISTORICAL AND CONTEMPORARY APPLICATION OF SHAPE DESIGN METHODS BASED
ON THE OPTIMISATION OF THE STRUCTURE
If we consider the current application of shape design methods based on the optimisation of the structure in
relation to their historical use, there’s first of all an obvious change in the procedures applied, the geometrical
methods and the physical models of other times being replaced by the computational analysis systems of
nowadays.
This change in the methods applied doesn’t make a big difference per se, since the main purpose and the
general concept remains the same: to define or modify a shape in order to achieve a state of minimal stress
and deformation, under the load cases considered. Nevertheless, the greater speed and precision of analysis
and calculation that computational analysis implies, gives a higher control of the model in this case. This control allows the definition of more accurate shapes, since a small variation in the model can easily and precisely
be taken into account, adapting the form in consequence. Besides, the possibility of quickly analysing the effect that a small variation in one of the parameters of the model might have in the resultant shape, turns
computational analysis systems into powerful design tools, enabling to explore new possibilities or forms from
different initial conditions. There is not a single optimum solution, but multiple possible optimised solutions, depending on the initial parameters considered; and all of these solutions can be easily explored and defined.
However, the main difference between the historical and contemporary application of shape design methods
does not come from the procedures applied, that are no more than a design tool, but from the different archi-
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tectural and engineering contexts where their application takes place. So, historically, shape-design methods
have been used in a context characterised by the apparition of highly relevant new structural materials. In this
case, shape-design methods were used as a powerful tool for the exploration and definition of new structural
shapes and geometries, according to the characteristics and potentiality of the new structural materials. This is
the case of concrete shells and of tensile and membrane light weight structures, that were developed under
firm criteria of structural efficiency and the purpose of defining optimal structural forms or systems.
Nowadays the definition of new forms is freer than ever of any geometrical, structural or constructive restraint,
and there is therefore a risk of incongruity between the architectural shape and its structural support, that
might have unfortunate architectural consequences. In this context, some engineers and architects propose
to reconsider structural efficiency as a valid design tool, with the purpose of relating form and structure within
a rational mechanical basis. In these cases there are usually an initial shape and design parameters that are
taken as a start point, and that are modified during the design process. So, the initial conditions in terms of
height, volume, loads, support points or functional requirements, are established as design parameters. Then,
using shape analysis methods, the initial system can evolve into multiple directions, in order to optimise its
structural behaviour. During this process the design parameters can be modified, the designers (architect and
engineer) being able to choose the most interesting shape from among these. There is not an unique optimal
solution, but infinite possible shapes that satisfy the initial design parameters, while respecting a state of minimal stress and deformation in the structure; a simple change in one of the parameters is able to modify drastically the resultant shape. The purpose therefore is not to establish the optimal structure for a particular problem, but to apply computer analysis based in the efficiency of the structural behaviour as a design tool in the
exploration of new architectural forms.
CONCLUSION
There is nowadays a greater possibility than ever before to define new shapes, free from old structural, geometrical or constructive restraints. Nevertheless, this unprecedented architectural freedom risks to fall in the
creation of nonesense, arbitrary shapes with little or none interest. Besides, the current necessity to preserve
natural resources and reduce energy and materials consumption, must also be taken into account.
In this context, the application of shape-design methods appears as an interesting structural and architectural
design strategy, that can be applied to satisfy criteria based in structural efficiency and preservation of global
resources, as well as a powerful design tool that suggests the creation of new possible shapes and geometries
within a structural basis.
However, structural rationality criteria and optimisation do not imply good architecture by themselves. They
have to be considered as design tools. Shape design methods are powerful tools that need to be controlled,
within architectural and engineering knowledge and criteria. As Mutsuro Sasaki explains, “the method is not
important, is the motivation that is important. It is a tool you need to control, if you don’t know the architectural rules, no matter what, you get a Frankenstein” (Mutsuro Sasaki in conversation with the author. Tokyo, 18th
March 2008).
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