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Abstract 

This thesis investigates the relationship between design and construction in lightweight 
structures. Such an interface is particularly relevant for these structures which, historically, have 
been hard to represent, analyse, and build; making conventional design-to-construction 
processes either highly labour-intensive or limited in terms of design. This work was inspired 
by that of Frei Otto and Dante Bini; on the other hand, it was made possible by the more recent 
advancements in computational design-and-fabrication methods and tools – such as numerical and 
parametric modelling, finite element methods analysis, and CAD-CAM interfaces.  

Frei Otto introduced continuity through innovation within design and construction 
methods, showing how integrating the two areas can improve the workflow and outcome of a 
project, especially in gridshell structures. Dante Bini later proposed different pneumatic-forming 
methods for shells and lattice structures, enhancing further continuity at the design-to-
construction interface. Nowadays, computational design-and-fabrication methods can provide 
innovative links to develop integrated workflows for lightweight structures. 

These premises arise from an initial stage of literature review, which assessed the features 
of design and construction methods for lightweight structures; this study pivoted around the 
interface between design and construction features, and how this has evolved through technical 
and technological advancements. The aim of this thesis then emerged from a deeper review of 
the design, construction, and usage of gridshells and pneumatic membranes, and the research 
problem became that of how to link the design and construction processes of gridshell structures 
using a pneumatic means of erection. 

This thesis addresses this objective through stages of physical and digital prototyping. 
Simulations aim to reproduce both bending and swelling, starting from simple benchmarks, and 
incrementally building complexity. Prototyping focuses primarily on defining the 
interface/interaction between the bending and the swelling system. After developing and 
validating a suitable modelling pipeline, this is applied to a series of design-like situations, which 
re-engineer well-known case studies through pneumatic form-finding. The first one consists of 
a virtual/small-scale pneumatic erection simulation of the Accoya gridshell; the second one 
illustrates the 1:1 scale pneumatic erection of the Airshell gridshell. More virtual applications 
further expand the pneumatic erection approach to larger scales and different shapes. 

Small-scale and full-scale prototyping enable the defining of a pneumatic falsework erection 
system workflow in terms of its technical and technological features; these both prove and assess 
the original concept, bridging design and construction methods. The proposed pneumatic 
falsework erection method resolves form-finding at both the conceptual design and construction 
scales; such an innovative design-to-construction interface aims to motivate designers and 
builders to develop undisclosed applications of this technology, and benefit from a sustainable 
design-to-construction workflow.  
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1. Introduction 

Lightweight structures provide elegant solutions for covering large spans with no intermediate 
structural support, featuring a low dead load-to-carried load ratio due to their form-resistant 
behaviour. Reaching such a ratio, however, compels designers to carefully combine geometric, 
structural, manufacturing and construction criteria in design-to-construction interfaces. The 
complexity of these interfaces can render the use of lightweight structures labour-intensive and 
expensive 1, despite the various form-finding and construction methods proposed for this 
purpose thus far. Built examples show how designers tend to increasingly reduce discontinuities 
between design and construction, and integrate an entire workflow for improved balance in the 
design and construction resources.  

From this starting point, this research work will investigate the possibility of developing 
an integrated and “light” means of erection for a lightweight-structures typology: (elastic) 
gridshells 2. An initial critical review of the literature will frame design and construction methods 
for lightweight structures, focusing on how innovation influences the interfaces within the 
design-to-construction workflow. Such a review will start with the earliest method – the 
analytical surfaces – to then cover the physical models form-finding method and later analyse the 
more recent “numerical models” method.  

The review of more specific literature about gridshells will show the features, strengths, 
and weaknesses of current construction technologies; involving considerations towards bending 
efficiency, nodal displacement precision, replicability, on-site processing standardisation, and 
working conditions. Given that some of these factors can be resolved by reconnecting form 
generation and construction, the current research will delve into how an innovative means of 
erection can ensure a more seamless design and construction framework. To this end, membrane 
and pneumatic structures will also be critically reviewed to assess their potential to address the 
above-mentioned shortcomings and set a base understanding of how to move past them. This 
first part of literature review will lay the basis for informing and better outlining the problem 
formulation. After this part, a pneumatic means of erection will be modelled and evaluated 
through simulation models.  

The goal will be to envision an innovative technological system for the erection of 
gridshells, which can be standardisable, replicable, and easily-accessible system which can be 
appealing, for instance, to the rising market of low-tech builders and designers, or to projects 
located on sites with restricted accessibility. From this perspective, it will become relevant to 
investigate an erection method that embeds as many construction tasks as possible off-site whilst 
demanding few resources/skills on-site.  

                                                      
 
1 Budgeting such structures becomes feasible mostly in extraordinary circumstances/events, such as the case 

of the Mannheim Multihalle. 
2 This thesis uses the word ‘gridshell’ to refer to ‘elastic’ (or ‘strained’) gridshells built from a flat 

configuration. The phrase “lattice structure” refers to gridshells built already in their curved form (i.e. steel gridshells). 
Where lightweight structures use little material for covering large spans, “light” means of construction are not always 
available/embedded in the design-to-construction process. 
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Note that to date, however, pneumatic membranes have never been used to erect gridshells. 
Accordingly, this research developed a pneumatic means of erection for gridshells to determine a 
“light” means of construction for this lightweight typology.  

operational research will be the primary research method applied in this work. This method 
will involve sequential stages of digital and physical sketching, simulations, and 
numerical/physical prototypes. These tasks will seek to fulfil multiple purposes. Firstly, they 
will aim at envisioning and outlining the concept proposed in this study. Secondly, they will 
refine the technological aspects of such concept: i.e. through comparative evaluations with built 
projects, and through reverse engineering models. Eventually, the erection method will be 
finalised into a built, full-scale prototype (the Airshell gridshell) to analyse and discuss the 
detailing, practicalities, scalability, budget, and precision of the erection method. 

1.1. Research Aim and Significance  
This thesis work is aimed at developing an integrated design-to-construction interface for 
lightweight structures. More specifically, it seeks continuity by innovating the construction of 
gridshell structures. The inspiration for this work comes after a critical reading of the works of 
Frei Otto and Dante Bini (Frei Otto & Trostel, 1967; Frei Otto et al., 1967; F Otto et al., 1974; 
Burkhardt & Otto, 1978; Bini, 1984, 1993, 2014). Otto improved the design and realisation of 
several lightweight structural typologies (with gridshells being amongst these) by integrating 
design and construction criteria. Later, Bini further integrated the two using pneumatic forming 
methods to build both shells and lattice structures. More recently, mainstream numerical models 
have enabled designers to bridge physical and digital interfaces, thus providing a fertile 
environment for the development of design-to-construction interfaces.  

This thesis work will interpret such paradigms within the current post-Fordist context, in 
which the market has opened towards mass customisation and flexible models of design and 
production. Innovations in technology, management and market behaviours have triggered a 
process of change in design and production models. Consolidated models, such as Fordism–
Taylorism, have undergone a paradigm shift from both macroeconomic and managerial points of 
view (Roobeek, 1987; Wheelwright & Clark, 1988; Drucker, 1990; Jürgens et al., 1993; Karlsson, 
1996). Since the 1970s, ideas such as socio-technical design, industrial democracy and quality of 
the manufacturing process have gained increasing relevance, paving the way for the 
development of post-Fordist emerging paradigms (Trist, 1981; Bartezzaghi, 1999).  

Features such as sustainability, flexibility and the accessibility of material sourcing are 
likewise gaining importance in a context wherein users are becoming active players or makers 
in generating a final product (Colabella & Pone, 2014; Gengnagel et al., 2015). From this 
perspective, several factors are relevant requirements of a built design: the robustness of the 
design and construction process, the accessibility to resilient and low-tech means of production 
and the number of energy sources and resources embedded during design and construction. 
Thus, it becomes relevant to address such a growing community of users and/or makers in an 
open-ended process of design and construction so that flexible manufacturing and building 
strategies can be merged with local infrastructure and material availability. 

In this framework, this research work aims to develop a light means of construction for 
lightweight structures; by doing so, the intention is to provide a construction strategy for 
gridshells which can optimise the use of energies and resources regarding rapid construction and 
DIY fabrication.   
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With this goal, this thesis contributes to the field of construction for lightweight 
structures by developing and testing a pneumatic-based erection method to real-scale bending-
active structures – an uncharted area in the literature.  

Hence, this research work will fill such a gap to explore further potential applications. 
Such work also addresses the interface that construction methods create between on-site and 
off-site manufacturing; a real-scale case study will also deepen the relationship among Digital 
Design, Computer Aided Manufacturing, human resources involved in construction, and the 
precision of the result. On a broader level in the field of lightweight structures, this research 
work will frame the relationship between the output of the construction process and the resource 
input required to produce it. 

1.1.1. Research Questions  

Research questions are formulated within the field of operational research and engineering 
problem-solving, and outline the directions of this research. These address the area of inquiry, 
the challenges to tackle, and problem statement formulation. Due to the ill-structured nature of 
this research, the definition of a paradigm to answer provides a pathway towards its resolution; 
problem formulation follows an analytical approach that breaks down the broader and more 
complex problem into simpler sub-tasks, which are easier to address. The main research 
question addresses the discussion around the conceptualisation, feasibility, and aim of the 
research – key factors that enabled the refining of the intuition behind this work: 

Would an alternative erection method for gridshells be able to integrate 
design and construction? 

This question exposes further conceptual and technological problems to address, which 
contribute to articulating and narrowing down the problem. The following, more focused 
questions deepen the significance, features, and potential of the envisioned system – focusing 
more on the research objectives:  

How could such a system be developed?  

What would its features be? 

What new applications could this system bring to the design and 
construction of gridshells? 

The first sub-question points to an assessment of the feasibility of the original idea, and 
opening the debate on which tools to develop, and how to do so 3. On top of feasibility, it becomes 
pivotal to characterise the system and define its methodological and technical features. This sub-
question also requires determining evaluation assessment criteria and dimensions, and being 
able to evaluate its performance in comparison with existing erection methods (i.e. in the 
similarities, advantages, and shortcomings). These aspects encompass matters about 
construction speed, workforce, occupational health and safety conditions, and technological 
scalability. Lastly, once the method is defined, it becomes relevant to inquire as to which new 
potential applications can be enabled by such technology, in order to refine and inform further 
possible developments of the system. These aspects include considerations of replicability, 
modularity, standardisation, and construction accessibility.  

                                                      
 
3 A tool such as a model can predict the behaviour of a system only after the precise formulation of 

deterministic and causal laws.(i.e. physical, material and structural laws). On the other hand, the reliability of each 
simulation model depends both on the architecture and the accuracy used to model the problem (Ackoff, 1979). Thus, 
definining which models and tools to use is pivotal. 
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1.2. Methodology 
The methodology will address research questions using tools and strategies borrowed from the 
scientific method and engineering problem-solving (Godfrey-Smith, 2006). The proposed 
framework will feature an experimental nature, in which data modelling and observation will 
act as the primary tools to answer the research questions and better state the problem. Where 
the problem might appear undefined to begin with, the methodology will refine it through 
procedural knowledge and, later, through declarative knowledge (Popper, 2005). 

Quoting Ryle (1945), where declarative knowledge addresses the “know-that” about a 
question, procedural knowledge addresses its “know-how” 4. The use of operational research 
strategies will develop procedural skills and tools; only after that, will it become possible to 
assess the validity of the proposed solution 5 (Fantl, 2008). As an example of this gradual 
learning process, Carr (1981) introduces the case of an apprentice acrobat: 

A novitiate trampolinist […] might at his first attempt succeed in 
performing a difficult somersault, which, although for an expert would be an 

exercise of knowing how, is in his case, merely the result of luck or chance. Since the 
novice actually performed the feat one can hardly deny that he was able to do it 

[…] but one should, I think, deny that he knew how to perform it. 

In this example, the acrobat envisions the idea that a somersault is possible (the solution 
to his own problem); however, he needs a deeper technical understanding in order to master it. 
More broadly, after envisioning an idea, it is essential to develop robust procedural knowledge to 
develop a consistent solution to it. Thus, the establishment of a “know-how” allows the relation 
of actions with purposes/intentions (i.e. enabling the acrobat to replicate his somersault 
whenever it is required). In this research work, our acrobat will perform a stunt he imagined 
(the problem formulation), but which no one has ever done before. Thus, he will have to both 
understand if the feat is possible and, in this case, how to perform it according to the available 
knowledge.  

After outlining the draft research problem, a gradual exploration process will clarify its 
ill-structured nature, by using physical and numerical models (Shaw, 2001; Addis, 2013). 
Producing and gathering evidence will be pivotal to the whole process so as to support the 
capacity, ability, and suitability of the proposed solutions (Bengson & Moffett, 2012). After 
building such an incremental body of knowledge, it will become possible to assess the legitimacy 
of the final outcome 6.  

By interconnecting the different parts of procedural knowledge on gridshells and pneumatic 
systems, operational research will aim to implement and predict the behaviour of such systems. 

The open-ended stages of operational research will draw on consolidated disciplines such 
as building science and computer science – disciplines which will inform the development of 
physical and numerical models. Initially, operational research will feature a more explorative and 
qualitative nature, aimed at outlining a convincing path of reasoning among the many possible 
ones (Shaw, 2001; Messler, 2012). Further along the process, quantitative modelling will help 
to condense the options towards a single solution. Open-ended qualitative/quantitative 
modelling will be looped together in order to arrive at a better-informed solution.  

                                                      
 
4 These two aspects of knowledge are nevertheless interrelated, and, where changes and improvements can 

occur to the “know-how”, these can bring new findings to the “know-that” as well. 
5 In the economy of a problem, nevertheless, procedural knowledge requires a certain degree of declarative 

knowledge and vice versa 
6 As the logic of knowing how differs from of that of being physically able to do something, novel possibilities 

may arise as the problem is unravelled  
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From this perspective, the development of design variables, evaluation criteria, and 
operational steps will need to clarify which design objectives to meet. Where the aim is to 
implement a technological system, problem-definition, development, and evaluation will rely on 
the principles of engineering and construction, as per the steps illustrated in Burghardt (1999); 
Samuel and Weir (1999):  

1. Problem Definition  
a. Identify the requirements to provide. 

 
2. Possible Solutions Generation  

a. Envision a range of draft solutions; 
b. Compare such solutions and select the most promising one. 

 
3. Single Solution Refinement  

a. Specify geometric and material behaviour, means of fabrication, and 
tolerances. 

b. Test and evaluation through models. 
 

4. Single Solution Optimisation / Re-Iteration Steps 2-3 
a. Improve the efficiency, effectiveness, and sustainability of the system. 

Parameters to be considered are the manufacturing costs, the accessibility, 
the resources involved, the ease of assembly, the energy involved, the 
durability, the robustness, the service life, the safety, the consequences of 
failure, and the application procedures. 

b. Test and evaluation through models. 

Once enough data has been gathered, variables can be processed according to the research 
questions through mathematical methods. This process will be repeated as often as needed in 
order to improve the results’ accuracy and reliability. Digital simulations will be carried out 
mainly in the Grasshopper®-Rhino® parametric environment to maintain a reasonable degree of 
flexibility. The mainstream availability of modelling tools and libraries will enable the 
grounding reliable modelling pipelines. Both computer models and small-scale prototypes will 
rely on simplifications and assumptions which can make their results “opaque” (Di Paolo et al., 
2000); nevertheless, tuning will make the results more reliable, so that the simulation can reveal 
consistencies/inconsistencies with the original design assumptions. 

Numerical simulations will consist of parametric models and finite element models, which 
will sketch and predict the performance of the system. Firstly, numerical benchmarking will 
develop and tune both the individual tools and the modelling pipelines (i.e. the separate form-
finding procedures first, and the interaction of these in a second instance). Then, case studies 
will wrap up and test the independent benchmarks in design-like situations. Iterating back and 
forth between benchmarks and case studies will enable: 

1. The structuring of an effective development-and-debugging framework. 
2. The understanding and describing of the features of the erection system itself.  
3. The comparison of the preliminary results from the case studies with real-life situations. 

Prototyping will be finalised through several scales. Where qualitative small-scale models 
will preliminarily address the material response to the numerical models, full-scale prototypes 
will refine the detailing scale and test the validity of the modelling pipeline. After having 
consolidated enough procedural knowledge on pneumatic means of erection, operational research 
outputs will be synthesised to then theorise broader conclusions.   
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1.3. Relevance and Originality 
The development of a suitable design-to-construction interface is essential to conceive 
lightweight structures such as gridshells. This cross-disciplinary link influences the ease (or the 
difficulty) to draw, calculate, and build these structures; the streamlining of such interoperability 
thus can enable new typological applications and gains regarding both base research and applied 
research, as per Section 1.1 “Research Aim and Significance”. 

The Author grounds this research with a broad historical / practice-driven background, 
drawing inspiration from the history and correlation of the design and construction of shells, 
gridshells, and pneumatic membranes. The historical and technical literature separately cover the 
fields of gridshell and pneumatic membranes and the interaction of shells and pneumatic membranes; 
however, the interaction between gridshells and pneumatic membranes has never been fully 
investigated and makes an interesting field of exploration. At the commencement of this 
research in April 2014, the pneumatic erection of gridshells had been theorised (Frei Otto & 
Trostel, 1967; F Otto et al., 1974), but never developed or tested. It is now acknowledged that 
Gregory Quinn (Universität der Künste Berlin) has parallelly developed another pneumatic 
erection method starting from an engineering / computational focus. The two types of research 
have concurrently started from different backgrounds, developing original research 
methodologies and outcomes; the sharing of a similar intent underlines the current relevance of 
the proposed topic, while envisaging a future comparison between the two separate outcomes, 
once further material will be available 7. 

• Base Research 
a. Develop and analyse a new, integrated, erection method for gridshells; 
b. Develop the technology and technique behind the simulation of the gridshell-

pneumatic interface. 

Furthermore, the Architecture, Engineering, and Construction (AEC) industry could benefit 
from a new design-to-construction interface for several reasons. This could enable new gridshell 
applications for sites with limited accessibility or where construction resources are scarcely 
available. Also, it could foster development in small-medium scale installations such as modular 
emergency shelters, seasonal recreational structures, or structures for the market of DIY 
construction; besides, it could benefit large-scale installations such as one-off (semi-)permanent 
projects. An integrated/automated workflow could also better address / resolve the 
discontinuities of traditional erection methods while streamlining on-site and off-site operations 
and enhancing the speed, precision, safety, and resources involved in the process.  

• Applied Research 
a. Provide the industry with new design and construction possibilities, enabling 

new design applications; 
b. Provide the industry with easily accessible tools and methods to apply;  
c. Address processual features/shortcomings related to traditional erection 

methods such as speed, safety, precision, and scalability; 
d. Address logistical features such as on-site/off-site manufacturing 

standardisation, replicability, and resource optimisation; 
e. Enable further technological advancements in cladding, coating, and bracing.   

                                                      
 
7 So far, the Author has finalised and published the construction of the Airshell gridshell prototype (respectively 

in December 2016 and September 2017), whereas Quinn has finalised the SheltAir pavilion (in August 2017). 
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1.4. Thesis Structure 
This thesis work undertakes both theoretical and empirical research tasks following the 
“standard” structure proposed by Evans et al. (2011). This structure articulates the research 
argument in four moments: introduction, background, core, and synthesis (see Figure 1.1). The 
Author further organised these four moments into two parts: Part One: “The Design and 
Construction of Lightweight Structures”, and Part Two: “The Pneumatic Erection of (Elastic) 
Gridshells”. The chapters develop as follows:  

• Chapter 1: “Introduction” will introduce this thesis work; this part covers the 
research aim, significance, methodology, and relevance. The purposes of this 
chapter are to outline the problem statement, declare the research environment, 
and allude to what will come ahead. 

Part One: “The Design and Construction of Lightweight Structures” (chapters 2-4) will provide 
a historical and technical literature review of the field. 

• Chapter 2: “The Founding Lesson of Shells” will start building the thesis 
background to provide the reader with essential notions of the design, structural 
behaviour, and construction of shell structures (taken as the archetypical 
lightweight structure typology). This chapter will cover both the relevant 
history/context and the advancements/shortcomings of the field, spanning from 
the early analytical design methods through physical form-finding to numerical 
models. This analysis will focus on the complex evolution of this discipline, 
emphasising how innovation in design has fostered innovation in construction and 
vice versa.  

• Chapter 3: “The Technical Ground of Gridshells” will follow the concepts 
introduced in Chapter2, applying them to a deeper review of gridshell structures – 
a sub-typology of shell structures. This chapter will expand the historical context, 
the structural typologies, the material systems, the detailing, the structural 
features, the design methods, and, most importantly, the erection methods of 
gridshells. 

• Chapter 4: “The Technical Ground of Pneumatic Membranes” will replicate the 
approach proposed in Chapter 3, but focusing on membrane structures. This chapter 
will deepen the historical context, the structural typologies, the material systems, 
the detailing and construction methods, the structural features, and the design 
methods of pneumatic structures.  

Part Two. “The Pneumatic Erection of (Elastic) Gridshells” (chapters 5-6) will develop the core 
of operational research and synthesise the outcomes.  

• Chapter 5: “Scale Prototyping” will lay the basis for the core of this research work. 
This chapter will survey and describe the tools involved in operational research, 
eventually applying them through experimental benchmark simulations and case-
study applications.  

• Chapter 6: “Advanced Full-Scale Applications” will expand the tools and models 
described in Chapter 5, and propose a narrative of more detailed applications. This 
chapter will provide evidence for an outcome and will sustain and conclude the 
initial argument. 

• Chapter 7: “Summary and Conclusions” will pull the work together and discuss 
the implications of the results gathered.  
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The Appendix will provide a glossary of the specific terminology and acronyms used in 
this work, explaining their derivation and uses.  

 
 

 
 

Figure 1.1. Representation of how the principal research instances relate to each other (image based on Evans et al. (2011)).  

Part one 

Background 

History 
Theory 
Practiv(' 

l11troductio11 

Problem statement 
,\im 

ScopP 

Conclusions 

Analysis 
Synthesis 

Discussion 

Core 

Original work 
Proposals 

Results 

Part two 



21 
 

1.5. References  
Ackoff, R. L. (1979). The future of operational research is past. Journal of the operational research 

society, 93-104. 
Addis, B. (2013). Toys that save millions - a history of using physical models in structural design. 

The Structural Engineer, 91(4). 
Bartezzaghi, E. (1999). The evolution of production models: is a new paradigm emerging? 

International Journal of Operations & Production Management, 19(2), 229-250. 
Bengson, J., & Moffett, M. A. (2012). Knowing How. New York, USA: Oxford University Press. 
Bini, D. (1984). 1500 Buildings Shaped by Air. International Conference of American Value 

Engineers, Sacramento. 
Bini, D. (1993). Automation in construction of shells, space, multi-storey, super high-rise and extra-

terrestrial structures. 4th international conference on space structures. 
Bini, D. (2014). Building with air. London: Bibliotheque McLean. 
Burghardt, M. D. (1999). Introduction to engineering design and problem solving. Boston: McGraw-Hill. 
Burkhardt, B., & Otto, F. (1978). Multihalle Mannheim. Stuttgart: Institute for Lightweight 

Structures (IL). IL, 13, 33-55. 
Carr, D. (1981). Knowledge in Practice. American Philosophical Quarterly(1), 53. 
Colabella, S., & Pone, S. (2014). Makers. Op. Cit. 
Di Paolo, E. A., Noble, J., & Bullock, S. (2000). Simulation models as opaque thought experiments. 7th 

International Conference on Artificial Life. 
Drucker, P. F. (1990). The emerging theory of manufacturing. Harvard Business Review, 68(3), 

94-102. 
Evans, D., Gruba, P., & Zobel, J. (2011). How to write a better thesis: Melbourne Univ. Publishing. 
Fantl, J. (2008). Knowing‐How and knowing‐that. Philosophy Compass, 3(3), 451-470. 
Gengnagel, C., Nagy, E., & Stark, R. (2015). Rethink! Prototyping: Transdisciplinary Concepts of 

Prototyping: Springer. 
Godfrey-Smith, P. (2006). The strategy of model-based science. Biology and philosophy, 21(5), 

725-740. 
Jürgens, U., Malsch, T., & Dohse, K. (1993). Breaking from Taylorism: Changing forms of work in 

the automobile industry: Cambridge University Press. 
Karlsson, C. (1996). Radically new production systems. International Journal of Operations & 

Production Management, 16(11), 8-19. 
Messler, R. (2012). Engineering Problem-Solving 101: Time-Tested and Timeless Techniques: Time-

Tested and Timeless Techniques: McGraw-Hill Education. 
Otto, F., Hennicke, J., & Matsushita, K. (1974). Gitterschalen gridshells. Stuttgart: Institute for 

Lightweight Structures (IL). IL, 10, 340. 
Otto, F., & Trostel, R. (1967). Tensile structures; Volume One: Pneumatic Structures. Cambridge: 

MIT Press. 
Otto, F., Trostel, R., & Schleyer, F. K. (1967). Tensile structures; design, structure, and calculation of 

buildings of cables, nets, and membranes: Cambridge, Mass., M.I.T. Press. 
Popper, K. (2005). The logic of scientific discovery: Routledge. 
Roobeek, A. J. (1987). The crisis in Fordism and the rise of a new technological paradigm. 

Futures, 19(2), 129-154. 
Ryle, G. (1945). Knowing how and knowing that: The presidential address. The Aristotelian 

society, 46, 1-16. 
Samuel, A. E., & Weir, J. (1999). Introduction to engineering design: modelling, synthesis and problem 

solving strategies / Andrew Samuel, John Weir: Oxford ; Boston: Butterworth-Heinemann, 
1999. 

Shaw, M. C. (2001). Engineering problem solving: a classical perspective: Norwich, N.Y.: Noyes 
Pub./William Andrew Pub., c2001. 

Trist, E. (1981). The evolution of socio-technical systems. Occasional paper, 2, 1981. 
Wheelwright, S. C., & Clark, K. B. (1988). Dynamic manufacturing: Creating the learning 

organization: Simon and Schuster.  



22  
 

This page is intentionally left blank 

 



23 

 

Part One: The design and Construction of 
Lightweight Structures 

 



24  
 

This page is intentionally left blank 

 



25 
 

Lightweight structures can be complicated to represent, calculate, and build. As shown in 
history, conventional design-to-construction methods either demand high construction 
resources or limit design freedom. The interface between design and construction thus becomes 
a delicate link, common to all the families of lightweight structures (i.e. shell structures, vaults, 
lattice structures and gridshells, membrane structures, and cable-net structures). For this interface, 
innovation in construction is likely to trigger innovation in design; however, technological 
inertias often prevent the opposite from happening. This makes innovation a fundamental part 
of the whole design-to-construction process, as it can influence the success of the resolution of 
the design and construction interface. There are three main approaches developed in history in 
the field of design (Isler, 1980; Adriaenssens et al., 2014) 8: 

• Analytical Surfaces 
(or geometric forms, in which analytical/geometric rules define form); 

• Physical Models Form-Finding 
(or physical form-finding, in which means of physical form-finding define form); 

• Numerical Models 
(in which means of computational design-and-fabrication define form). 

Regarding construction methods, these are more various and more specific to the different 
material systems. Nevertheless, all lightweight structural typologies feature a considerably low 
ratio between self-weight and applied design loads. The aim can be summarised as “distributing 
material in a precise shape”, which can optimally respond to structural boundary conditions. 

Achieving such a state-of-the-art feature pressurises designers and builders to balance 
structural, constructive, and material knowledge intelligently. This cross-stages 
interdependency empowers lightweight structures with intrinsic aesthetic value, relating the 
concept of “lightness” with those of “balance” and “elegance”. Elegance implies that design, 
construction technology, and material system inform and complete each other so that the result 
is both neat and graceful. Similarly, when advancements arise in one of these areas, these 
directly/indirectly fostered innovation in the other areas. This aspect makes the innovation 
process closely related to the evolution of the productive industrial processes, of the theory of 
structures, and the construction methods 9.  

As within any industrial discipline, each one of these areas has a different evolutionary 
pace and a different influence on the others. In the Architecture, Engineering, and Construction 
(AEC) Industry (and especially in lightweight structures), design tools evolve rapidly, while 
construction methods and materials are more resilient to change. This also implies that the 
relevance of an innovative method of pure design is generally minor, if compared to that induced 
by a novel construction technique or material (Wachsmann, 1959). In the history of thin shells, 
innovators such as Gaudì or Isler proposed game-changing form-generation methods 
(introducing the idea of structural behaviour defining the aesthetic form of a surface), but it took 
the industry a long time to absorb and extend these methods to a wide range of projects.  
  

                                                      
 
8 Isler also names the “analytical surfaces” approach as “Geometric”, the “Physical models form-finding” as 

“Structural” and the “Numerical models” (intended as design-driven, and not structure-driven) as “Sculptural”.  
9 See Pier Luigi Nervi’s Palazzetto dello Sport, where advancements in prefabrication ran in parallel to 

progresses in design elegance (Nervi & Positano, 1979). Likewise, Frei Otto’s technical and design advancements on 
timber gridshells can be mentioned, which lead to the realisation of the Mannheim Multihalle (Burkhardt & Otto, 
1978). 
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Conversely, Dante Bini’s Binishell design-and-construction technique is an example of 
better industry uptake, counting over 1,600 domes being built worldwide. Also, socio-historical 
circumstances commonly influence the evolution of design and construction, as happened, for 
instance, around mid-1900 with the architectures of Nervi, Torroja, Candela, and Otto 10. After 
the explorations of these pioneers, structural typologies and building codes started to 
complexify, and proper categorisation became essential to resolve specific design problems. Also, 
analytical calculations and modelling abstractions started becoming increasingly more specific 
(Knippers, 2013). This thesis work refers to the following to structural and typological 
categories of lightweight structures: 

• Shell Structures 
Continuous form-resistant structures carrying loads desirably through membrane 
action. The typology includes reinforced concrete (RC) thin shells and discrete brick 
or stone vaults (see Chapter 2: “The Founding Lesson of Shells”); 

• Gridshell Structures 
Form-resistant structures discretising the shape and strength of a shell through a 
structural grid. The typology includes “lattice structures” (see Section 3.1: “Lattice 
Structures”) and “(elastic) gridshells” (in this thesis work simply called “gridshells”; 
see Section 3.2: “(Elastic) Gridshells”); 

• Membrane Structures 
Form-resistant structures made using thin sheets of material that cannot resist 
compression, bending or shear, but only tension. The typology includes tensile 
structures and pneumatic structures (see Chapter 4: “The Technical Ground of 
Pneumatic Membranes”). 

The design and construction implications of these typologies will be discussed separately 
across the following chapters; however, it is important to point out that, in comparison to 
section-resistant structures, each lightweight structure typology has an incredibly small 
thickness/span ratio 11 (see Figure i.1). Having such a reduced section enables the description 
of every point of the geometry by referring to the middle surface (or bisecting surface), and the 
section’s thickness. Furthermore, a small section features a negligible inner lever arm, thus 
preventing the generation of any consistent bending moment (Schodek & Bechthold, 2014). This 
feature is part of the membrane action behaviour, as it resembles the behaviour of a thin 
membrane, such as the surface of a soap bubble or an eggshell, on which the double-curved 
structural surface works under tension or compression forces. Membrane action is the structural 
behaviour which lightweight structures exhibit in order to carry distributed loads and generally 
features reduced or no bending actions (Sasaki, 2005, 2014). Along with a thin cross-section, 
this behaviour also requires the surface to be as continuous as possible (preferably from G1 up 
12), thus making edge conditions and loads concentration two delicate topics, as discontinuities 
are critical in localising forces or stress turbulences. Commonly, membrane action requires the 
geometry to feature either a single or double curvature.   

                                                      
 
10 See also the development of RC shells and steel structures steel during World War 2 (WW2), when 

research was fostered by the advent of new materials in the industry and an overall sense of austerity (Torroja, 1958). 
11 i.e. Felix Candela’s shell for the Los Manantiales Restaurant spanned 40m for merely 40-60mm of thickness 

– featuring a thickness/span ration of 1/1000-1/650; Eurocodes impose beams with ratios which are of one order of 
magnitude larger (Normalización, 1992).  

12 Point continuity types: G0 indicates position continuity (the neighbourhood of the point is physically 
continuous, but there can be sharp points); G1 indicates position and tangency continuity (the neighbourhood of the 
point is smooth, but curvature is not); G2 indicates position, tangency, and curvature continuity; G3 indicates position, 
tangency, curvature, and acceleration continuity. Further continuities are theoretically possible, but scarcely applicable. 
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Figure i.1. Two thin elements subject to a point load. On the left, a form-resistant eggshell, working under compressive membrane 
action; on the right, a section-resistant flat sheet. In the middle, the static schemes featuring the curvature(s) k; at the bottom, the 
respective free body diagrams indicate the acting forces on each system.   
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Compressive membrane action was first experimentally noticed in high-rise buildings, 
being a by-product of the collapse mechanism exhibited by horizontal reinforced concrete slabs 
(Westergaard & Slater, 1921; Ockleston, 1955; Park, 1964; Desayi & Kulkarni, 1977). In these 
early scenarios, a horizontal RC slab was incrementally loaded with dead weights. Past a critical 
loading threshold, the slab yielded, deflecting to the point that the bottom concrete face started 
cracking due to tension and the rebar started stretching, providing a tension-only tensile action. 
At this moment, the slab would push outwards due to tensile strains. However, the stiffening 
hoop effect imposed by the perimetric supports (i.e. beams, walls, adjoining slabs, or columns) 
contrasted this action. As a result, the load-carrying capacity of such horizontal slabs 
consistently increased. The literature defines and this behaviour as “membrane action” 13 (John & 
Holley, 1971; Vecchio & Tang, 1990; Eyre, 2000; Colin G. Bailey & Bok, 2008). Theoretically, 
like in a physical reverse hanging model, to reverse the sag of a collapsing slab means finding a 
form-resistant shape (an optimally-designed shell that can work through reduced cross-sections 
and mostly tension or compression forces). This behaviour allows for reducing self-weight 
dramatically, enabling to cover large spans with no intermediate supports and a considerable 
economic use of materials (Medwadowski et al., 1971; Billington, 1982; Calladine, 1989; Huijben 
et al., 2011).  

In analytical notation, membrane action features predominantly tension or compression 
forces (see Equation 1.3), while shear forces 𝑉𝑉 and bending/twisting moments 𝑀𝑀 are negligible 
(see Equations 1.4, 1.5). In x, y, z Cartesian notation, this behaviour can be explained by assuming 
an infinitesimal element and: 𝑁𝑁 the normal forces, 𝑞𝑞𝑡𝑡 and 𝑞𝑞𝑛𝑛 the tangential and normal 
components of a distributed load, 𝑟𝑟 and 𝑟𝑟𝑦𝑦 the main curvature radii, 𝜏𝜏 the tangential forces. 
When the applied load acts perpendicularly to the middle surface 𝑠𝑠 14, then 𝑀𝑀 = 𝑉𝑉 = 0 (see 
Equation 1.1). In this configuration, the thrust line equation corresponds to the funicular 
polygon, and it is possible to differentiate the equilibrium conditions with respect to 𝑠𝑠, after 
Timoshenko and Woinowsky-Krieger (1959); Billington (1982); Calladine (1989). The following 
assumptions follow Marti (2013): 

• Small Deflection Theory  
This implies that deflections are small enough to consider that changes in the shell’s 
geometry do not alter the static equilibrium of the system. In relation to this, loads 
are applied without local bending deformations (whose effect is neglected); 

• Rigid Shear Behaviour  
This means that each segment normal to the middle surface remains straight and 
perpendicular to the deformed middle surface, thus, shear forces do not qualify as 
generalised stresses, and 𝑣𝑣𝑥𝑥~𝑣𝑣𝑦𝑦~0; 

• Linear Elastic Behaviour  
Generally, 𝑟𝑟𝑥𝑥 ≠ 𝑟𝑟𝑦𝑦 ; 𝑚𝑚𝑥𝑥𝑦𝑦 ≠ 𝑚𝑚𝑦𝑦𝑥𝑥; 𝑚𝑚𝑥𝑥𝑦𝑦 ≠ 𝑚𝑚𝑦𝑦𝑥𝑥 ; 𝜏𝜏𝑥𝑥𝑦𝑦 = 𝜏𝜏𝑦𝑦𝑥𝑥 =  𝜏𝜏; however, this 
assumption allows for the establishing of 𝑚𝑚𝑥𝑥𝑦𝑦 = 𝑚𝑚𝑦𝑦𝑥𝑥 ; 𝑚𝑚𝑥𝑥𝑦𝑦 = 𝑚𝑚𝑦𝑦𝑥𝑥 ;  

• Infinitesimal Thickness/Span Ratio  

This infers that ℎ 𝑟𝑟𝑥𝑥� ~ ℎ 𝑟𝑟𝑦𝑦� ~0; as the integration of z on dz provides a negligible 

result, then 𝑚𝑚𝑥𝑥~ 𝑚𝑚𝑦𝑦~ 𝑚𝑚𝑧𝑧~0. 

                                                      
 
13 However, horizontal slabs resist loads thanks to yielding stiffness; this implies that some areas work in 

tension, and some work in compression. 
14 Or more rarely along this; this general condition allows imposing null tangential distributed loads 𝑞𝑞𝑡𝑡 = 0, 

and constant normal distributed loads 𝑞𝑞𝑛𝑛 = 𝑐𝑐𝑐𝑐𝑚𝑚𝑠𝑠𝑡𝑡. 
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Bending and Twisting Moments Negligibility 
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In 𝑉𝑉,𝜃𝜃 polar notation, the equilibrium of the unary ds element can be written according 
to the curvature radii 𝑟𝑟1, 𝑟𝑟2 (or, in differential geometry, according to the principal Gaussian 
curvatures 𝑘𝑘1, 𝑘𝑘2). From this perspective, Gaussian curvature K determines the performance of 
each shape, and thus becomes a key-feature in describing and classifying lightweight forms and 
structural typologies (see Table i.2): 𝐾𝐾 > 0 features synclastic surfaces; 𝐾𝐾 < 0 features anticlastic 
surfaces; 𝐾𝐾 = 0 features cylindrical surfaces (Weisstein, 2002).   
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     (1.6) 

Surfaces of revolution feature a revolution axis and a planar generatrix curve (see red 
dotted lines and continuous red curves in Table i.2); ruled surfaces feature a planar generatrix 
curve sliding onto a planar directrix curve (see red dashed lines in Table i.2); a few surfaces are 
both surfaces of revolution and ruled surfaces (see geometries at the threshold between families). 
The materiality of each structural typology enables the building of a certain range of shapes. 

The realisation of a lightweight structure encompasses interrelated stages: conceptual 
design, detailed design/stress analysis, and construction. The choice of a construction method 
influences form generation, and vice versa (Medwadowski et al., 1971) Table i.1 shows the 
historical and technological evolution of design and construction methods of key-lightweight 
structures, qualitatively assessing the relevance of a selection of projects. The grey graphs on 
the side of each timeline indicates the relevance of the separate projects / design methods at the 
time (analytical surfaces on the left, physical models form-finding in the middle, numerical models on 
the right); the larger the area of the graph, the greater the influence/innovation. The review 
focuses on those projects available from the literature, investigating their design and 
construction features, and the influences technological advancements and historical events 
induced. The review will be developed in the following chapters.  

Numerical models have gained popularity in the 1980s after a long period of incubation; 
these have absorbed both the analytical surfaces method (popular between the 1930s-1960s) and 
the Physical form-finding method (popular around the 1950s-1970s). Numerical models-based 
design methods initially focused on the exploring of force-modelled and freeform shapes; 
currently, they are also expanding towards project management, structural design, design 
optimisation, CAD-to-CAM modelling pipelines, and more advanced fields. 

Overall, though a lightweight structure exhibits a reduced amount of resources in its 
finished state, the implementation of any design method, the construction engineering, and the 
realisation are often labour-intensive. Often, these tasks require exceptional solutions and 
budgets, which can only be justified in extraordinary circumstances, such as international 
exhibitions or iconic landmarks 15. 

This creates a situation whereby wasteful, or over-laborious construction system are in 
direct contrast with minimal, simple shapes. This discrepancy creates a substantial gap between 
the sustainability of these structures and their lifecycle carbon footprint 16.  

                                                      
 
15 See for example the 1896 All-Russian Exhibition, the 1970 Osaka Expo, Munich’s Olympic Stadium, the 

Mannheim Multihalle, or, the most iconic case, the Sydney Opera House, where the original concept could be engineered 
and built through exceptional techniques and an extraordinary budget. 

16 Research is now advancing means of reversible/sustainable construction which aim to propose eco-
friendlier solutions – such as reversible ultra-lightweight tensile structures or the “cradle-to-cradle” concept by 
McDonough and Braungart (2002) 
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Table i.1. Synoptic legend cataloguing the design and construction features illustrated in the following graph.   
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Table i.2. Classification of the main geometric features of different lightweight structures typologies.   
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2. The Founding Lesson of  Shells 

Shell structures gained popularity between the 1930s and the 1970s. The several socio-economic 
factors of that period fostered prominent Engineers/Architects such as Félix Candela, Pier Luigi 
Nervi, and Heinz Isler to propose reinforced concrete shells for civil and military infrastructures. 
These explorations resulted in a wide range of industrial plants, hangars, and sports facilities 
projects, where shell structures enabled to elegantly covering large spans with little material 17 
(Tedesko, 1972). By looking at these projects, it is possible to discern cases in which conceptual 
design resulted in a smooth construction outcome (i.e. Nervi’s Palazzetto dello Sport), and others 
in which the outcome resulted less elegant (i.e. Musmeci’s Viadotto dell’Industria).  

An extensive literature review will analyse and assess how design-to-construction 
interfaces affect the outcome of a project. Such a review will frame the advancements and 
setbacks related to design and construction methods, reviewing the genesis of shell structures 
through the evolution of the design-to-construction interface. Besides, this chapter will 
introduce the basic concepts, terminology, problems, and solutions involved in shaping double-
curved form-resistant structures; the primary form-generation approaches will follow the 
classification of analytical surfaces, physical form-finding models, and numerical models. 

2.1. Building through “Analytical Surfaces” 
The analytical surfaces method relies on the concept of informing/rationalising design and 
construction through geometric principles. Using well-known geometries, such as cylinders or 
spheres, enabled the definition of both the concept and the construction process to implement, 
as previously shown by discrete vaults built in 4000BC. Around this time, Babylonians were 
proposing early examples of barrel vaults, foreseeing the Nubian vaults tectonic system that 
Egyptians developed a thousand years later. These ancient civilisations used to bind bricks or 
stone slabs with bitumen or gypsum-based mortars; the binding action of the mortar provided 
better cohesion between superimposed and adjacent elements, introducing a construction 
method that led to the development of early examples of revolution surfaces. 

The basic premise behind this design and construction approach was to generate a singly-
curved surface by revolving a linear element around an axis parallel to it. This geometry-
generation logic also extended to construction, as each line could be considered as an array of 
elements bricks/voussoirs, laid on a scaffolding made of straight planks. The Romans 
extensively used surfaces of revolution to design and build masonry barrel vaults, such as semi-
cylindrical vaults 18 (Weisstein, 2002).  

                                                      
 
17 I.e. the scarcity of strategic resources such as steel and concrete during and after World War II. 
18 Surface which can be swept out by a moving line in space, featuring a parametrisation (𝑣𝑣, 𝑣𝑣) = 𝒃𝒃(𝑢𝑢) +

𝑣𝑣𝜹𝜹(𝑢𝑢); 𝒃𝒃 is called directrix (or base curve) and 𝜹𝜹 director. Straight lines themselves are asymptotic and assume the 
name of rulings. The Gaussian curvature of such surface is always non-positive. Elliptic hyperboloids and hyperbolic 
paraboloids are ruled surfaces. 
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The Baths of Caracalla and the Trajan Markets are two analytical barrel vaults covering 
considerable lengths, which illustrate how cylindrical shapes enable the straightforward 
preparation of radially-arrayed falseworks (Lancaster, 2005) (see Figure 2.1, a). However, 
Roman masonry structures had technical limits in covering large spans, which prevented these 
from reaching the status of “lightweight” structural systems. Their scarce tensile resistance 
often imposed the need of forcing internal stresses within safe compression ranges (i.e. by laying 
ballasting materials over the vaults to create a stabilising effect). The development of pozzolanic 
cement enabled the solution of such technical limitations, since this material could be mixed with 
aggregate into a fluid slurry and shaped in durable, stone-like forms. This made it convenient 
to use analytical surfaces to develop appropriate scaffolding and centring systems.  

The coffered hemispherical shape of the Pantheon’s dome in Rome provides an illustrative 
example of analytical surface based on radial symmetry. The construction of this dome (the oldest 
known concrete shell from history) involved modular pieces of falsework mounted on temporary 
scaffoldings at a raised level. Since the shape of the dome carried loads mainly working in 
compression, it enabled the use of concrete with reduced tension resistance 19 (Cowan, 1977). 
Furthermore, the cross-section geometry and density were decreased progressively towards the 
lantern to reduce the self-weight and improve the structural behaviour of the system by better 
controlling the thrust network trajectories and limiting instability-related problems 
(MacDonald, 1982). 

Romans extensively used cement for over 700 years until the Middle Ages; with the decline 
of the Roman Empire, explorations on lightweight concrete structures progressively became 
scarcer. This system was set aside until the 19th century, when Joseph Aspdin patented the 
Portland cement, and Joseph Monier and François Hennebique developed reinforced concrete (RC) 
(Shaeffer, 1992). Before the introduction of these new materials in construction, the design and 
construction of dome structures did not evolve consistently due to a lack of advancements in 
either construction technology, materials, or building science (Medwadowski, 1971).  

The properties of this new material opened a whole new range of structural possibilities, 
allowing designers to shape new geometries which would work with improved resistance to 
both tension and compression. In support of these advancements in construction materials, 
structural mechanics reached its maturity in the second half of the 19th century allowing for a 
huge leap ahead in the evolution of structural design methods 20. 

In this cultural milieu, Vladimir G. Shukhov contributed to the development of a new 
structural system, by proposing double-curved forms of unprecedented lightness and clarity 
(Graefe et al., 1990). Shukhov built early barrel-vault steel diagrids, in the 1890s, for sheltering 
a few petrol stations in Grozny. These single-curvature structures featured a span of 9m by 
intersecting two layers of planar elements. After patenting this technological system, he 
proposed further structural applications for the 1896 “All Russian exhibition” in Nizhni 
Novgorod. Here Shukov covered approximately 20,000m2 with both diagrid structures 
(spanning between 12-32m), and tensile structures. Then, in 1897, he created the first double-
curved diagrid by bolting and riveting planar parabolic steel profiles in a form-resistant shape 
(Kovel'man, 1979). In comparison with ancient masonry structures, this structural system 
featured a dramatically lower self-weight to load-bearing capacity ratio. Furthermore, it 
provided for a standardisable and more flexible manufacturing and construction process, which 
did not require the laborious preparation of double-curved formwork (Beckh & Barthel, 2009) 
(see Figure 2.1, b). 
  

                                                      
 
19 Due to the lack of proper rebar, the material’s tensile strength was about 1.45MPa, while compression 

resistance featured values of about 20MPa. 
20 I.e. with Clapeyron’s practical theory of continuous beams (1855), Bresce’s theory of arches (1859), 

Kirchhoff’s plate theory (1849), Aron’s first theory of shells (1874). 
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Figure 2.1. Analytical surfaces of revolution. (a) The Trajan’s Markets market hall (100-110 AD) (image © S. Zucker). (b) 
The construction of the 1897 Vyksa gridshell by Vladimir Shukhov (image © V. Shukhov). (c) The cantilevering roof of La 
Zarzuela racetrack by Torroja (1935-1941) (image © E. Torroja)  
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Shukhov also developed other analytical surfaces applications, such as hyperboloid diagrid 
towers and membrane roofs 21 (Kurrer & Ramm, 2012). These early explorations showed how 
geometric rules enabled the bringing of design and construction close to each other, opening a 
fertile field for exploration. In 1917, Christiani & Nielsen’s Seaplane hangar in Tallinn pioneered 
the use of RC to build a large-span, thin-shell roof made from a set of sphere slices and cylindrical 
sections (Newson, 1920). After World War II, the increasing demand for safety standards, 
economy, and construction speed fostered further developments in the design and construction 
of lightweight structures (Munghan & Abel, 2011). Among the most prominent figures of the 
time, Eduardo Torroja built several analytical surfaces thin RC shells, such as the 1933 cover of 
the Market Hall in Algeciras. This shell features a similar span as the Pantheon (Ø 47.8m), but has 
a much lower pitch (8m), and lower weight given the 90mm thickness (Addis, 2013). 
Nevertheless, due to its shallow pitch, Torroja neutralised the bulging effect of outgoing 
compression forces by circling the eight support points with stiffening arches. As the dome 
featured the geometry of a sphere slice, scaffoldings, formworks, and falsework were prepared, 
by exploiting radial symmetry, from linear radial, elements, as a revolution surface would 
suggest (Torroja, 1957). Torroja similarly proposed a radially-arrayed surface also for the 1935 
Frontón Recoletos. Also in this project, the radial repetition of straight elements informed both 
the generation of geometry and the preparation of falsework/formwork 22, embedding both 
static and building criteria in a precise mathematical formulation (Fabra Abella, 2012). A further 
evolution of this rational design and construction framework is the 1935-1941 roof of La 
Zarzuela racecourse in Madrid. Torroja conceived these cantilevering shells as a series of sliced 
hyperboloids; again, using these ruled surfaces enabled him to discretise the falsework as a set of 
planar planks 23. This shape had a variable section between the seats (bow arrow 1.40m, radius 
of curvature 2.75m, thickness 14cm) and the overhanging outer edge (bow arrow 50cm, 
curvature radius 6.70m, thickness 5cm).  

Hyperboloids (or simply “hypars”) are double-ruled surfaces which can be drawn as a matrix 
of straight lines; these can feature both straight and curved edges. As double curvature is 
achieved using straight lines, these shapes allow the using of straight elements for preparing 
falsework and rebar, thus easing construction procedures and costs (Burger & Billington, 2006). 
Antoni Gaudí explored these geometries in the 1909 brick-roof of the school building alongside 
the Sagrada Familia; later, in the 1930s, Fernand Aimond and separately Giorgio Baroni 
proposed both theoretical and practical applications of hypar RC shells (Aimond, 1936; 
Melaragno, 2012). However, it was Félix Candela who fully exploited this geometry-generation 
approach, provide illustrative examples such as the 1951 Cosmic Rays Laboratory, the 1958 Chapel 
Lomas de Cuernavaca, and the 1960 Bacardi Rum factory in Cuautitlan (see Figure 2.2, a) (Garlock 
et al., 2008; John Chilton, 2010). These projects show how intuitive, strategic, and economic 
hypars can be in drawing, analysing, and construction of anticlastic shell structures 24 (Munghan 
& Abel, 2011). The 1958 Los Manantiales Restaurant and the 2003 Oceanografic show how Candela 
often relied on curve-edged hypars. Conversely, Italian architect Pino Pizzigoni explored the 
combination of RC straight-edged quadrilateral hypars.  

                                                      
 
21 Or Hyperbolic Paraboloid of one sheet, or hypars (see Table i.2), generated through the rotational sweep of a 

line neither parallel nor intersecting with the central revolution axis. A practical way to envision a hyperboloid is to 
take a cylinder with two rigid rings connected by straight rods, and twist the two rings opposingly (Gómez-Serrano 
et al., 1997). 

22 In most of these early projects, falsework or formwork warping or lateral bending phenomena were 
considered negligible due to a high slenderness of the laths used to prepare the cast. 

23 Table i.2 shows how certain ruled surfaces are also revolution surfaces; the term comes from descriptive 
geometry, after the studies of French mathematicians Gaspard Monge (1746-1818) and later Jean Nicolas Pierre 
Hachette (1769-1834) (Hachette & Monge, 1811; Lawrence, 2011) 

24 It is worth mentioning that in 1951 Candela also pioneered the use of sackcloth fabrics as formwork for 
building ribbed parabolic vaults in Mexico (Huijben et al., 2011). 
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Figure 2.2. Analytical ruled hyperbolic surfaces. (a) The Chapel Lomas de Cuernavaca (image © F. Candela). (b) The Church 
of Longuelo (image © Archivio Pizzigoni). (c) The oculi of the central nave of the Sagrada Familia (image © M. Burry).  
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Suitable socio-economic conditions fostered a strongly explorative approach to design, 
allowing both Candela and Pizzigoni room to explore their different approaches. Additionally, 
loosely prescriptive structural codes allowed designers to develop their design ideas through 
experimentation (i.e. by relying on simplified calculations and scale models) (Addis, 2013). 
Pizzigoni’s design of the 1959-1965 Church of Longuelo combined a series of hypars into a Möbius 
Ring, purposefully evoking the biblical image of the “Tent pitched by God” 25 (Deregibus & 
Pugnale, 2010). Such a complex concept was developed by using of a series of sketches and 
physical prototypes; hypars surfaces enabled the use of linear elements for the falsework (see 
Figure 2.2, b). Similarly, Le Corbusier also designed the 1958 Philips Pavilion proposing a 
combination of hypars with straight edges.  

Gaudí developed the use of analytical surfaces even further, studying and composing 
surfaces such as paraboloids, ellipsoids, hyperboloids of revolution, and helicoids. His drawings for the 
design of the Sagrada Familia rely on precise geometric criteria, which enabled him to cleverly 
solve and address on several scales the challenges of both design and construction. On a large 
scale, geometry integrated physical models form-finding and detailing (to be later discussed in 
Section 2.2: “Learning from “Physical Models Form-Finding””), harmonising the overall design of 
the church. On a small scale, precise descriptive methods enabled to both represent a wide 
variety of complex double-curved elements and, additionally, to inform stereotomic stone-
cutting. Thanks to the precision and rigour behind the principles of his drawing, Gaudí blended 
material, design, and manufacturing principles into a new strong neo-gothic language (Gómez-
Serrano et al., 1997; Burry & Burry, 2006). Such a clarity enabled craftsmen to follow Gaudí 
syntax and continue the design and construction of the project even after his death (Buxadé, 
2006; Gómez-Serrano et al., 2009). Gaudí pushed the generation of geometry way beyond the 
achievements of his time by proposing complex arrangements of articulated and straightforward 
surfaces. Despite the complexity of the outcome, design and manufacturing operations were 
based on repeatable and standardisable tasks, as well as on on-site prefabrication. These choices 
enabled the containment of construction costs, while making the whole process robust. The 
Sagrada Familia features an integrated use of multiple materials, as RC, masonry, and bricks are 
blend with elegant transitions. The Catalan-vaults over the central nave provide an illustrative 
example of this. These hypars were built in-situ from suspended provisional working platforms 
40m from the ground 26, by exploiting the properties of ruled surfaces (each falsework was made 
using a steel wire mesh and straight bars). Alternatively, the smaller hypars on the lateral naves 
were cast over polyester jigs, similarly to how pieces are shaped in shipbuilding industry (see 
Figure 2.2, c)(Gómez-Serrano et al., 1997; Grima et al., 2007; Gómez-Serrano et al., 2009). 

Pier Luigi Nervi developed in-situ prefabrication and innovation for thin shell structures, 
developing the “Nervi system” and the “ferrocement” patent. The Nervi system was born out of the 
establishment of his own building company (the “Nervi & Bartoli”); working together and 
closely with the same team of craftsman throughout his whole career fostered Nervi's proclivity 
towards economy, efficiency, and serialisation 27 (Iori & Poretti, 2012). The 1935-1940 Aircraft 
Hangars in Orvieto and Orbetello showcase how the Nervi system enabled the containment of 
construction costs through modularity and standardisation.   

                                                      
 
25 The Author contributed to interpret this piece of architecture parametrically in Liuti and Pugnale (2014). 
26 Gaudí is often addressed as a moderniser of gothic architecture (Goldberg, 1991) (Beddall, 1975). On the 

technical side, in Gothic cathedrals scaffoldings were consistently used and could not be removed until the vaults 
were completed (hence allowing the vertical members of the system to work under compressive forces). By using 
inclined columns and suspended provisional scaffoldings allowed Gaudí to reduce the optimise construction and 
structural performance(García Gabarró, 2002). The oculi feature the shape of a hyperboloid obtained by revolving an 
inclined segment around a skewed axis (see Figure 2.2 c). 

27 Exception made for his overseas projects whose success, in comparison with his Italian projects, was 
negatively affected by the lack of his usual team of craftsmen (Billington, 2013). 
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Figure 2.3. Analytical surfaces obtained from a sphere. (a) The construction of the 1958 Palazzetto dello Sport, showing the 
geodesic diagrid of “tavelloni” and the trestles (image © P. L. Nervi). (b) The construction of the Kresge Auditorium, showing 
the falsework’s radial layout (image © E. Saarinen). (c) The sails of the Sydney Opera House (image © A. Liuti).   
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These domes spanned significant areas featuring a similar geodetic geometry; the first 
one was engineered as a ruled RC shell, while the second was built as a steel-beams truss (Greco, 
2008). The 100 x 40m2 cylindrical RC shell in Orvieto featured a geodetic pattern which provided 
a double benefit. Firstly, the diagrid provided a robust and elegant load-bearing function; 
secondly, the radially arrayed rhomboidal facets enabled the shaping of the falsework using a 
modular set of identical prefabricated pieces. These elements were quickly and precisely 
prepared on-site with small timber pieces; after laying the rebar between these modular 
elements, concrete was poured to create the monolithic shell (Chiorino & Chiorino, 2013). 

Nervi also used on-site prefabrication for the 1958 Palazzetto dello Sport in Rome, a 60m-
span, double-curved RC shell, designed as a ribbed portion of a sphere. Despite the external 
surface geometry recalls similarities to Torroja’s Algeciras Market Hall, Nervi introduced 
significant advancements in this project. To begin with, loads were transferred from the shell to 
the ground through a radial system of ribs and inclined forked trestles (instead of straight 
columns). The force-lines defined the generation of geometry and vice versa, while providing an 
elegant that provided better tangency and continuity across the shell. Furthermore, this enabled 
for a more efficient load transfer. Similarly to the Aircraft Hangars, the interpretation of an 
analytical surface through a geodetic pattern simplified both the structural calculations and 
construction. Construction was carried out by radially laying thirteen types of prefabricated 
pieces of falsework (triangular/rhomboidal “tavelloni”), which the construction team 
prefabricated on-site from small elements (see Figure 2.3, a). This level of optimisation allowed 
preparing and laying the 1620 “tavelloni” in just 40 days. From there, the rebar was laid along 
the ribs, and the concrete was poured to create a monolithic smooth shell structure (Iori, 2009). 
The Nervi system succeeded again in combining structural performance, aesthetics and economic 
factors with this project being a fine demonstration of how construction principles and 
conceptual design informed each other (Nervi, 1956; Bucur-Horvath & Saplacan, 2013). 

The 1955 Kresge Auditorium by Eero Saarinen takes advantage of analytical surfaces 
differently; the shape of this dome was conceived by slicing a sphere into eight parts, and laying 
one part on the ground plane on its three vertices (see Figure 2.3, b). The intrinsic symmetry of 
this shape solved both representational and construction problem, allowing Saarinen to use 
radial linear timber elements to develop the formwork as a revolution surface. In comparison with 
the Nervi system, this design and construction approach provided lower construction efficiency, 
economy, and speed, while also providing a less performative structure. 

Utzon solved the design of the Sydney Opera House using analytical surfaces as well 28, 
after envisioning the architectural concept of using shell roofs to resemble the sails of a ship 
entering the harbour. Arup started drafting engineering proposals between 1957 and 1963, 
however failing to finalise structural and construction feasibility, most likely due to a consistent 
discontinuity between the architectural concept, the structural system, and the construction 
methods. Eventually, a solution was found by slicing a 75.2m diameter sphere (see Figure 2.3, 
c) (Tedesko, 1972). This approach enabled to precisely represent the envisioned geometry, 
translating into a rational system of prefabricated cladded ribs; however, it presented high costs 
and consistent construction delays (Utzon, 2002). Geometric principles strongly drove and 
rationalised both design and construction, simplifying the representation, analysis, and 
construction tasks.  

After reaching an apex of popularity in the 1960s (see Table i.1), typological 
advancements in this area became less and less consistent. As design explorations started 
becoming repetitive, the increasing cost of construction materials and the workforce itself 
further contributed to discouraging inventive applications. 

                                                      
 
28This project is not a thin-shell structure, but it is worth mentioning it to understand the relevance of 

analytical surfaces to design and construction. 



 45 
 

2.2. Learning from “Physical Models Form-Finding” 
Physical models form-finding introduced both new structural design tools, and new paradigms in 
design thinking. This method enabled designers to explore a whole new range of structural 
forms, however also opening a new range of construction challenges to resolve. Where analytical 
surfaces consisted of a geometric “top-down” form-generation method, physical models form-
finding introduced a “bottom-up” method based on structural principles. The underlying 
principle of form-finding is to structure the generation of geometry according to physical rules, 
applied loads, and other boundary conditions; by minimising the energy of the system, the form-
found shape works through compressive or tensile actions only. 

Robert Hooke established the founding principle of physical models form-finding by 
describing the curve of the “catenary arch”. This curve can be described both physically and 
geometrically by following simple steps: firstly, hang an inextensible rope with negligible 
rotational stiffness at its ends; hence, after this system reaches its equilibrium configuration, 
freeze its pure-tension funicular shape; eventually, reverse such shape (Block & Ochsendorf, 
2014). The reversed funicular shape will follow the thrust line, thus working in pure 
compression and no bending; as the thrust line falls in the neighbourhood of the middle section 
of each portion of the structure, this enables the adoption of reduced structural cross-sections. 
The founding principles of the catenary arch were applied in multiple “reverse hanging method” 
models, such as models made of mono-dimensional strings (i.e. inextensible wires or chains, 
which can be suitable to form-find arches), and models made of two-dimensional bodies (i.e. non-
rigid nets or pieces of fabric, which can be used to form-find shells and vaults) (Pugnale, 2014). 

Robert Hooke and Sir Christopher Wren proposed an early application of the reverse 
hanging method for rebuilding St Paul’s Cathedral in the 1670s. Later on, Giovanni Poleni (1748) 
applied the same principle to the restoration of the dome of St Peter’s Church in Rome. After a 
long hiatus, this method gained popularity again in the 20th century for the design of complex 
shell structures. Antoni Gaudí revived physical models form-finding using hanging models for the 
crypt of Colonia Güell and the Sagrada Familia. In both cases, Gaudí approximated catenary 
surfaces adopting strings of different hierarchical order; the first order of strings defined the 
geometry of the columns and the main arches, while the second order would attach to the main 
one, so as to shape walls and vaults. Localised weights simulated load distribution (see Figure 
2.4, c) (Hennicke, 1974; Tomlow, 1989). In parallel to these design advancements, construction 
technology could not provide adequate advancements. The articulated scale models were firstly 
scaled up after meticulous measurements; later, these shapes were laboriously built through 
adapting traditional construction methods based on timber scaffoldings, falseworks, and 
formworks. The Catalan vaulting technique is a construction method worth-mentioning 29.  

Years later, it was Heinz Isler, however, to consecrate physical models form-finding with his 
work. In 1959, at the first IASS symposium, he presented a paper titled “New Shapes for Shells” 
(Isler, 1961). In a few pages he summarised that physical models form-finding can dramatically 
expand the task of form-generation, providing a wide range of optimal structural forms for RC 
shells (far more efficient forms in comparison with those obtained through analytical surfaces) 
(Isler, 1961; John Chilton, 2009): 

“Among others, there are three methods for shaping shells: the freely shaped 
hill, the membrane under pressure and the hanging cloth reversed.”  

                                                      
 
29 Rafael Guastavino pushed the Catalan vaulting technique to the point of developing a scaffold-free 

constructive system whose, in which the form-resistant configuration would result from the aggregative logics of the 
bricks’ materiality and geometry. This is the case where construction informed design. 
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In a time when RC was still widely used, Isler explored physical form-finding through 
several projects, building over 1400 RC shells across Europe (Chuang & Chilton, 2016); however, 
Isler’s reluctance to reveal and publish the precise design and construction of his designs make 
it hard to analyse them in depth (Ramm, 2011). Isler introduced a fundamental methodological 
shift in design; commonly, whereas the architect used to establish a form for the engineer to 
process, physical models form-finding reversed the role. With the task of delivering architectural 
form-generation, the engineer became also responsible for implementing non-standard 
construction methods (Isler, 1998). The 1968 Laboratory and research facility for Gips Union well 
illustrates these concepts (see Figure 2.4, a). Similar to the Kresge auditorium by Saarinen’s, this 
simple canopy lays on three supports; however, significant differences arise between the two 
architectures. Since form-finding provided the geometry with a more efficient structural 
performance, the shell could achieve a much lower thickness. Nevertheless, the non-uniform 
curvature of Isler’s shell imposed to heavily rely design and construction tasks on empirical 
intuitions.  

Similarly, the 1968 thin RC shells for the Deitingen service station illustrate how reversed 
hanging clothes form-finding can achieve predominant membrane action behaviour, again 
featuring an extremely reduced thickness. However, construction demanded a highly laborious 
scaling-up process; Isler would take the hanging clothes model, map it accurately through a grid 
of points, and measure it to be able to replicate such geometry in plaster (at 1:100 and 1:50 
scales). Refined plaster models worked as a reference for preparing the scaffolding, formwork 
and timber falsework used to lay the rebar and pour the concrete onto (J. Chilton, 2012). Isler 
applied this design method again for the 1978 Tennis Centre. Like his previous projects, Isler 
performed form-finding by hanging a soaked cloth at its corners, freezing its funicular shape, 
and subsequently reversing it. Such empirical analogy involved an intuitive dimensioning and 
detailing of the cross-sectional properties; far from an exact formulation of the problem, thicker 
or thinner cross-sections were simulated using clothes with different materials or textures; 
similarly, the pitch was also adjusted empirically (Isler, 1961). 

In parallel to hanging clothes, Isler also used soap bubbles and pneumatic membranes form-
finding, since he considered that the surface of these objects is subject to uniform membrane 
forces, thus making shear and bending moments negligible. Through several prototypes, he 
studied the combination of pneumatic form-finding and sprayed concrete, gypsum, clay, and 
water (below zero degrees) (Isler, 1979). The humpback shells of the 1959 Trosch Company 
building was an application of pneumatic form-finding. Like in many other form-found projects, 
the transference of scale-models into full-scale construction protocols resulted laborious and 
time-consuming; furthermore, the heavy dependence of this method on Isler’s expertise made it 
not replicable not economically unsustainable after Isler passed away in 2009. 

Sergio Musmeci envisioned another application of fabric form-finding with his 1969 
Viadotto dell'Industria. Musmeci form-found this shape by reversing the loading condition of a 
pure-tension minimal surface, thus obtaining a shape working in pure compression. In 
progressive design iterations, Musmeci developed a series of increasingly larger and more 
accurate models using soap bubbles and stretched elastic fabric (Ingold & Rinke, 2015). 
However, these pure shapes built using traditional methods based on conventional scaffolds and 
falseworks; the combination of advanced design methods with underdeveloped construction 
methods generated imprecisions and diseconomies. The thick sections and the jiggered finishing 
of the built project are far from the elegance of the form-finding models30, and reflect the 
difficulties and discontinuities involved in transposing methods of small-scale form-finding into 
large-scale construction methods (see Figure 2.4, b) (Nicoletti, 1999; Guccione, 2003).  

                                                      
 
30 Besides, Musmeci had to empirically dimension the cross-sections, lacking proper methods for dimensional 

analysis. 
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Figure 2.4. (a) Heinz Isler’s 1978 Laboratory and research facility for the Gips Union and hanging models in his studio 
(images © H. Isler). (b) Sergio Musmeci’s 1969 Viadotto dell'Industria; in the call-out, two physical form-finding models: a 
soap bubble (top) and a cloth model (bottom) (images © A. Tedeschi, S. Musmeci). (c) Antoni Gaudí’s Sagrada Familia; the 
call-out shows the resemblance between the physical model and the final design.(images © D. Davis, A. Gaudí’).   
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Early physical models form-finding introduced innovation in the design-end of the project. 
Design advancements brought new structurally efficient shapes, which often simplified the 
structural calculations 31. However, form-making models did not account for any construction 
logic, complicating the transposition of such shapes at a larger scale, and through different 
materials. Figure 2.4 (b) shows how this discontinuity between design and construction imposed 
Musmeci to develop a complicated a-posteriori engineering solution, which failed to express the 
same level of sophistication and neatness of the physical models. 

Frei Otto bridged this discontinuity by drawing processual inspiration from natural 
phenomena 32. The introduction of a two-step design method induced a methodological shift in the 
design and construction process: firstly, a “form-finding sketch model” would handle conceptual 
form-generation (without taking into account the effect of bending the laths); secondly, a more 
precise “technological model” would handle the aspects related to materialisation/construction 
(see the design of the Mannheim Multihalle described in Section 3.2: “(Elastic) Gridshells”). This 
method narrowed the gap between design and construction, enabling to account for 
constructability criteria along with structural principles.  

Frei Otto also pioneered the use of soap-film form-finding for minimal-surface geometries; 
as both feature zero mean curvature, the method enabled the design of fabric surfaces featuring 
homogeneous tension distribution. The transposition of the conceptual form into detailing and 
construction still played a crucial aspect in this method; Frei Otto developed accurate measuring 
protocols, involving both empirical tools such as stereophotogrammetry, and numerical calculation 
tools 33 (see Figure 2.5, c) (Burkhardt & Otto, 1978). Tensile structures work in tension only; 
the absence of either compression or bending actions enables the adoption of ultra-lightweight 
materials such as fabrics or cables, which can cover incredible spans with an extremely reduced 
weight, as illustrated by the 1957 Tanzbrunnen tensile structure in Cologne and the 1972 roof for 
the Olympiastadion in Munich (Bach, 1988). Soap-film form-finding addressed the structural and 
geometrical problem, whereas further scale models addressed construction-related aspects such 
as cutting patterns generation, seaming technology, and erection (Otto & Rasch, 1996). A more 
comprehensive overview of membrane structures in architecture will be carried out in Chapter 
4: “The Technical Ground of Pneumatic Membranes”. 

Frei Otto also contributed to standardising construction towards off-site manufacturing; 
this enabled him to better follow the manufacturing process, narrowing the figurative separation 
that often existed between designers and builders. His collaborations with specialised 
manufacturers and architects allowed him to test innovative materials and technologies, and 
unravel the potential of lightweight and membrane structures through a wide range of 
applications. 

The versatility of membrane form-finding also inspired explorations in fields closer to 
shell structures and construction in general. In the 1940s, Wallace Neff sensed the potential of 
using pneumatic membranes as double-curved falseworks for RC shells (see the Airform house in 
Figure 2.6, a). Neff developed several patents based on using a single-chamber pneumatic 
cushion as a falsework, on which to spray gunite concrete. Once the concrete solidified, the 
membrane was removed to free the shell structure. (Neff, 1942, 1945).  

                                                      
 
31 As structural behaviour intrinsically informed material distribution and vice versa 
32 The work of Frei Otto spanned across multiple lightweight structures topologies – such as tensiles, cable-

nets, and gridshells. A comprehensive overview over his gridshells explorations is proposed in Section 3.2: “ (Elastic) 
Gridshells”. As a note, the design of the Mannheim Multihalle was carried in a two-step process; where a hanging net 
of chains was developed as a design model, technological models were developed on the side to address 
constructability issues (Hennicke, 1974). Nevertheless, construction scalability imposed relevant shortcomings, 
making it laborious to translate the initial concept into a smooth construction process. 

33 Despite Otto allowed numerical tools only to analyse and validate the physical intuition, rejecting a 
“creative use” of digital tools. 
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Figure 2.5. The work of Frei Otto’s. (a) The 1955 Kassel music pavilion; to the right, the minimal surface soap bubble. (b) 
The 1975 Mannheim Multihalle; in the call-out (bottom), the 1:98.9 hanging chain-net physical model and the Perspex model 
(above). (c) The Munich Olympiastadion cable net structure roof; in the call-out, Frei Otto working on a design model (above), 
and a construction model in a stereophotogrammetry set (bottom) (images © F. Otto).  
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Pneumatic form-finding / construction enabled to bypass the preparation of double-
curved scaffolding system, while still providing a double-curved RC shell. After Neff, other 
designers and builders attempted to improve this technology (John Chilton, 2000), such 
Francois Prouvost (1978), Heinz Isler, David B. South (1990); Neighbor and South (1997), 
Heifetz Haim (1972), and Robert L. Nicholls (1984). However, no convincing/consistent 
improvements emerged from these explorations (van Hennik & Houtman, 2008); it was Italian 
Architect Dante Bini to propose a convincing patent in 1964: the “Binishell” system (Bini, 2014). 

Bini put together Isler’s “inflated hill” form-finding method with Neff’s experiments on 
membrane formworks, Marsh’s telescopic rebars, and Salvadori’s cement-gun technology 
(Pugnale & Bologna, 2014). The development of the Binishell system consisted of a series of 
simple steps; firstly, the site was prepared casting a basal RC slab (featuring a perimetric ring 
pocket in which to tuck the membrane falsework). The centre of the slab featured an outside-to-
inside air inlet, to allow the airflow to swell the lower chamber (made by the bottom-floor slab 
and a lower membrane; see Figure 2.6, b1). After laying springs threaded with rebar on top of 
the lower membrane, the RC grout was cast on top and sealed with an upper membrane (also 
tucked in the perimetric ring pocket). Through this ingenious solution, the system exploited the 
bottom slab as both the flooring system and the sealing element for the two-chambers 
membrane system (the bottom one being “slab-air-membrane”, while the top one being 
“membrane-RC grout-membrane”) (see Figure 2.6, b2). This way, the two membranes could be 
manufactured as two open fabric patches, without requiring the complications often involved in 
manufacturing and welding closed membranes.  

Throughout the swelling process, the sandwich system worked with a dual behaviour. 
Firstly, as a lifting device; secondly, as a falsework system bending the wet concrete slab (see 
Figure 2.6, b3). Once reached the final shape, concrete was vibrated and evened (see Figure 2.6, 
b4); after gaining a sufficient structural resistance, the membranes were removed, and openings 
were cut on the shell to enable the access to the inner space (see Figure 2.6, b5). The erection of 
a Binishell required low pressure, at a high air flow rate (i.e., a 40m-span Binishell can be air-
formed in40min with airflow at 70mbar), and could be finalises using commercially available 
compressors/electric blowers (Kromoser & Huber, 2016).  

The Binishell method blended the form-finding and the technological models into a single 
1:1 pneumatic system, avoiding the complicated preparation of double-curved formwork, 
falsework, and scaffolding. Several features of the system contributed to its financial success. To 
begin with, its construction rapidity (30 days for a finished house, versus the several months 
required for a “conventional” one). Furthermore, the reusability of the same membrane multiple 
times, which enabled Bini to spread construction costs across projects and through time 34 (Bini, 
1984). Nevertheless, this air-forming system had to be carefully calibrated on-site to prevent 
overinflation or underinflation phenomena and avoid failures 35. Furthermore, pneumatically 
inflated membranes feature a constant pressure and thus an even curvature distribution; this 
generally provided a limited range of smooth, synclastic shapes. Although Bini tried to shape 
his pneumatic falsework in elliptical or more freeform manners 36, the system struggled to reach 
perfectly funicular configurations 37. Nevertheless, Bini built over 1600 domes worldwide, 
reconciling the figurative fracture between the design and the construction methods, and 
validating the use of pneumatic falsework at the industrial scale.   

                                                      
 
34 In his late works, Bini also started gluing small patches of PVC-coated fabric on site to assemble the cushions; 

this allowed him sourcing cheap material at local hardware stores, thus reducing transportation costs. 
35 In 1975, during the construction of a 36m Binishell dome, the hot weather induced a depressurisation in the 

membrane, imposing a summit inflection; the contractor tried to compensate the inflection by over-inflating the 
cushion, however imposing a summit bulge. The dome collapsed where wrongly pressurised (Levy & Salvadori, 2002). 

36 See the more recent Binishell Systems A, B, C, D (Bini & Bini, 2018). 
37 Since the curvature of a funicular is not constant, while that of a pneumatic is. 
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Figure 2.6. (a) The Airhouse system by Wallace Neff; to the right, a phase of gun-spraying / “air-forming” (images © W. 
Neff). (b) The Binishell system; 1-2 preparing the membrane-RC sandwich; 3-4 bending and vibrating the RC shell; 5 removing 
the membrane and cutting the entrances; below, the Binishell for the Narrabeen school, Australia (images © D. Bini). (c) The 
construction stages of a shell built through “pneumatic forming of hardened concrete” 1-2 preparing the cast; 3-4 uplifting 
the hardened concrete tiles; 5 spraying a finishing coating; below, an opening cut is made on the finished shell (images © B. 
Kromoser).   
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This method demonstrated both how the combination of innovations within the 
construction process can lead to changes in the approach to design, and how design and 
construction criteria can be seamlessly interlaced (Bini, 2014). However, the construction 
technique strictly defined the architectural expression of the system, making this pneumatic 
system innovative but yet constraining. 

The “pneumatic forming of hardened concrete” shows a more recent method of air-forming. 
Like the Binishell system, this method defines form starting from its construction aspects. Here, 
innovation relies in the introduction of further prefabrication, which is aimed at better 
controlling the final geometry. This method first discretises a dome into developable faces and 
develops it on the ground as a continuous flat geometry. The flat faces are then cast on-site over 
a deflated pneumatic membrane; once hardened, these are uplifted/bent into position, and locked. 
Kromoser & Kollegger (2014, 2015) and Kromoser & Huber (2016) illustrate through several 
case studies how this method integrates the lifting action of a pneumatic membrane with the post-
tensioning effects of tendons, finalising the forming process in just a few hours (see Figure 2.6, 
c).  

Schlaich and Bergermann tested this construction technology with a further case study, 
in which a deflated pneumatic membrane was laid on the ground. Hence, precast RC parts were 
radially laid over the top of this membrane, and secured to each other to create a continuous, 
unrolled, discrete slab (see Figure 2.6, c) 38. While swelling, the pneumatic membrane lifted and 
deformed the flat slab into a form-resistant spatial dome; once reached the target deformation, 
the gaps were filled with a concrete cast to stabilise the structure and enable membrane action 
(Sobek, 1987).  

Similarly, Dallinger & Kollegger (2009, 2012) proposed a case study of “pneumatic forming 
of hardened ice” by erecting and post-tensioning ice blocks into double-curved shells (see Figure 
2.7, d). Pneumatic forming also led the experiments by Kawaguchi over steel sheets. In a case 
study, he developed a 20mØ 3m tall dome into 72 meridional planar metal strips 39, in order to 
easily manufacture and lay these flat over a single-skin air-supported membrane. A tension ring 
connected the strips the footing, while a system of radial ropes contributed to control the 
geometry during the pneumatic inflation. Erection occurred at a continuous air-supply of 3mbar 
towards the target configuration 40; once the seams’edges overlapped, these were joined, and the 
air-structure was taken out (Kawaguchi, 1992).  

Differently, Schlaich & Bergermann (1985) proposed a construction technology based on 
using a single-chamber pneumatic formwork and spray guns. In this system, a net of ropes ruled 
the swelling of a deflated flat membrane, driving the pneumatic form-finding through the 
balanced tensioning action provided by the cables. Once the membrane was fully swollen, 
concrete was sprayed on it; since the ruling cables created kink-lines, these would become 
stiffening ribs, and contribute to the structural stability of the dome. Similarly, Tsutomu 
Kokawa proposed applications of this construction principle to build temporary ice-domes (see 
Figure 2.7, c). Due to the low specific weight of ice, Kokawa inbred the layering principles behind 
the Kamakura structural system and the use of pneumatic falsework 41. Between the 1980s-2010s, 
in Tomamu and Hokkaido, Kokawa built a series of geodetically-patterned domes featuring 
spans up to 30m (Kokawa, 1985, 2002; Kokawa et al., 2000, 2012).   

                                                      
 
38 These discretise the flat topology of the final dome; the elements are distributed featuring meridian wedge-

shaped gaps between neighbouring parts. 
39 Stainless steel, thickness 0.3mm 
40 In the final forming stages, while the air-supply continued, the shape of the dome stopped bending, and 

internal pressure started rising consistently until the adjacent edges overlapped. 
41 Kokamura, from the Japanese “snow house”, it is a technique used for building ice domes. 
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Figure 2.7. (a) The Ctesiphon system by James Waller (image © J. Waller). (b) Remo Pedreschi’s prototypes for non-prismatic 
columns (image © R. Pedreschi). (c) Tsutomu Kokawa’s ice dome in Tomamu; steps 1-3 illustrate the additive spraying technique 
– below, the hardened domes show the pattern of the cable-net system used to contain the pneumatic cushion (images © T. 
Kokawa). (d) The “pneumatic forming of hardened ice” process recalls the dynamics of the previously explained “pneumatic 
forming of hardened concrete” (images © S. Dallinger).  
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Arno Pronk extended such a construction method by using reinforced ice and Pykrete to 
build several shells 42, such as the 1:5 scale reproduction of the Sagrada Familia’s pinnacles built 
in Finland in 2015 (featuring heights between 21-18m) (Dallinger & Kollegger, 2009, 2012; 
Pronk & Borgart, 2014; Pronk et al., 2015, 2016). Conversely from Bini’s double-chambered 
construction system, these single-chamber systems had a simplified site preparation, but needed 
more resources to finalise construction. Overall, air-forming brought innovation through 
advancements in construction, while however defining and constraining the design outcome of 
the system.  

Conversely, additive concrete spraying/layering introduced a shift more open towards 
the design-end of the workflow. These methods have a long history in the field of engineering 
and construction (Veenendaal et al., 2011), and can provide reasonably straightforward means 
of construction (i.e. in combination with membrane formworks). 

In the 1950s, James Waller pioneered this technology through the “Ctesiphon” system; this 
consisted of stretching pieces of fabric formwork from an array of catenary steel frames. The 
system provided a modular and economical means for creating double-curved falsework (see 
Figure 2.7, a) (Waller & Aston, 1953). However, as the fabric sagged in a funicular shape under 
gravity, the system could not create elements working in main compression, imposing the 
concrete bays to work in sub-optimal structural conditions.  

With the later development of stiffer and more durable materials 43, Miguel Fisac started 
using plastic sheets formwork for casting textured wall panels in the 1960s-70s (Soler, 1996). 
Later on, Kenzo Unno, Rick Fearan, Mark West, and Remo Pedreschi developed further 
technological innovation after the introduction of Glass Fibre Reinforced Composites (GFRC) and 
RC super-plasticizers. Their experiments involved using Polyethylene (PE) and Polypropylene 
(PP) sheets as enclosed freeform formworks/moulds; Figure 2.7 (b) shows freeform beams, 
panels, and columns prototypes obtained by injecting such fabric moulds with concrete (West, 
2006). However, in spite little construction cost and little waste are produced through these 
casting methods, commercial applications remain rare at present, as textiles must work under 
tension, and that this technology can only generate a limited range of shapes 44. Furthermore, 
geometry control cannot be extremely accurate, since precise restraining conditions can be 
imposed only at the supports (Raun et al., 2011; Pedreschi & Lee, 2014; Hawkins et al., 2016). 

Differently, membrane moulds generate double-curved surfaces by layering concrete on 
top of a “domain surface”. Such surface can be defined either by stretching a piece of fabric at its 
corners or by integrating it with a more elaborate grid of hydraulic/pneumatic actuators. 
Despite the interesting potential of this technology, consistent costs and scarce flexibility 
remain significant shortcomings (Michel, 2012). Literature also provides further forming 
methods resulting from hybridising mould injection and membrane moulds (Otto & Rasch, 
1996). 

From this overview, early pioneers of physical models form-finding such as Isler and 
Musmeci mostly focused on exploring the new design possibilities around this method, often 
neglecting the development of suitable construction methods. Starting with Frei Otto, the focus 
started shifting towards the construction implications behind this design method, narrowing 
the figurative discontinuity between design and construction. 
  

                                                      
 
42 Pykrete is a frozen composite material made of a mixture of water and paper fibres (or sawdust); due to its 

improved strength and toughness it is often referred as “reinforced ice”. 
43 I.e. Polytetrafluoroethylene (PTFE) and Ethylene Tetrafluoroethylene (ETFE) in the timeline of Table i.; 

new materials translated into a mainstream availability of nylon fabric and plastic sheets. 
44 Since viscous pressure acts perpendicularly to the membrane, and thus shapes tend to appear puffy. 
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2.3. Developing “Numerical Models” 
Numerical models merged the rationality of analytical models with the performance-based 
approach of physical models form-finding. This method introduced innovation at different levels, 
starting from the 1960s when the US Air Force and the MIT began developing Computer-Aided 
Design (CAD) tools for the aerospace industry (Reintjes, 1991; Shaw, 2001). These early 
sketching tools allowed the representation and manipulation of a wide range of primitives on a 
screen such as, initially, Bézier curves and, later on, Basis Splines (B-Splines) and Non-Uniform 
Rational B-Splines (NURBS) (Rogers, 2000).  

Numerical models provide a reduction of drawing time, while improving the precision and 
clarity of the drawings as well. Digital platforms also provide good intercommunicability 
between the design and representation environments and the structural analysis tasks (i.e. with 
finite element methods). Further advantages relate to the change in means of production, since 
information and automation enable the establishment and serialisation of manufacturing and 
construction tasks (i.e. using Computer-Aided Manufacturing (CAM) or Computer-Integrated 
Manufacturing). Numerical tools now can support the design and documentation of any type of 
curved element, thus providing a bridge between conceptual design, structural analysis, 
detailing, manufacturing, and construction.  

Furthermore, Moore’s law well expresses the increasing accessibility to computational 
power 45, making numerical modelling largely available to designers and manufacturers. This 
emerging possibility of solving complex problems in a streamlined way is helping numerical 
models overtake and absorb any other form-generation approach (Mitchell, 1998; Huijben et al., 
2011; Pugnale, 2014). Frei Otto partially opened to this approach for the non-linear structural 
analysis of the Mannheim Multihalle when physical-models and hand-made calculations proved 
to be too imprecise and time-consuming for finalising the engineering of the project 46. 
Throughout the 1980s, though, numerical tools were mostly used in the engineering fields, or 
in automating the drawing and drafting process.  

Frank Gehry started pioneering numerical models as architectural design tools in the 1990s 
in line with the ideas theorised by Mitchell (1977, 1990). His team borrowed and adapted from 
the aerospace industry a CAD modelling software (“CATIA”), enabling them to break the 
standard conventions about topology, regularity, symmetry, and repetition of analytical and 
physical form-generation (Lindsey & Gehry, 2001). The shape of the Guggenheim Museum in 
Bilbao was conceived as a freeform organic shape, whose randomness of the curves was meant 
to catch light (Sorkin & Gehry, 1999). The client supported Gehry’s proposal of developing 
those forms, which were developed by digitalising a series of paper mock-up models 47. After a 
series of iterative digital-to-physical transpositions and rationalisations, the final wireframe 
model became the basis for multiple design and construction tasks. This process informed not 
only the complex structural analysis, but also the detailing/manufacturing of both the structural 
steel trusses and the titanium skin cladding elements 48 (see Figure 2.8, a) (Iyengar et al., 1996; 
Ragheb, 2001).  

                                                      
 
45 Moore predicted that the number of “minimum cost” components on a chip would double every year, which 

has since been validated (Moore, 1965; Mack, 2011). 
46 Frei Otto however remained sceptical towards the numerical approach, as he believed that using a 

computational machine would deprive the designer of his own design intuition. 
47 The team used a digitalising wand to 3D scan the model’s surfaces xyz coordinates after which the geometry 

was rationalised (Shelden, 2002). 
48 A titanium-cladded steel structure was preferred over a RC one for two reasons: first, to have lighter vertical 

loads, and, second, to overcome relevant construction problem related to building double-curved, freeform RC 
surfaces. The digital modelling pipeline enabled handling and automating the production of shop drawings and the 
labelling system of all the bespoke pieces. 
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Construction took place between October 1993 and October 1997, requiring a budget of 
approximately 100,000,000USD 49 (Gonzalez-Pulido F et al., 2002). The structure was 
hierarchically engineered as a combination of primary, secondary, and tertiary steel elements; 
these were carried out on-site and either welded or bolted together. This project illustrates how 
numerical models introduced a high degree of freedom in the area of design, enabling the 
translation of any arbitrary geometric concept into a top-down design and construction 
workflow. In this case it enabled the designer to generate form in a purely “architectural” or 
“freeform” manner, yet still demanding a laborious and articulated construction engineering. 

Numerical tools can inform and optimise the geometry-generation under given criteria, 
such as performances related to either manufacturing, structural, acoustic or climatic 
performances. This approach is called “mathematical optimisation”, and requires the description 
of a parametric model through quantitative performance 50; once form and performance are 
linked within an algorithmic model, mathematical optimisation can inform performative design 
(Kolarevic & Malkawi, 2005). 

The 2006 Kakamigahara crematorium illustrates how a strong architectural concept (a 
floating RC shell, conceived by the Japanese architect Toyo) can be tweaked and improved in its 
structural performance through “sensitivity analysis optimisation”. (implemented by the Japanese 
engineer Mutsuro Sasaki). Unlike pure form-finding, this “form-improvement” process allowed 
the architect to maintain a reasonable degree of control over the formal result of the whole 
process, while still delivering a structurally sounding shape 51 (see Figure 2.8, b)(Pugnale, 2007; 
Pugnale et al., 2014). 

Mutsuro Sasaki and Arata Isozaki developed the 2003 Florence TAV station and the 2011 
Qatar National Convention Centre using a more radical form-generation approach: a “evolutionary 
structural optimization” (ESO). The shapes of these organic structures were designed using a 
topology optimisation algorithm, which discretised the design space in voxels, arranging their 
distribution to optimise the overall response to the applied design forces (Suzuki & Kikuchi, 
1991; Y. Xie & Steven, 1993; Cui et al., 2003; Y. Xie et al., 2005; Y. Xie et al., 2011).  

Although this generative approach is successfully used in the automotive and aerospace 
industries, the architectural scale currently imposes brutal simplifications for transposing the 
concept into a full-scale built structure.The Qatar National Convention Centre is an example of 
where this limit approach failed to reproduce the finesse of the structural concept. The whole 
structure was re-engineered as a discretised branch system made with straight hollow steel 
tubes that were eventually cladded with a secondary layer of decorative skin, showing how 
adequate advancements in construction did not follow the consistent advancements in design 
(see Figure 2.8, c) (Steiner et al., 2014). This example also shows how early numerical models 
projects focused mainly on design and lacked an adequate/integrated interface between with 
construction.  

Aarhus University’s 2010 Unikabeton research project, though at a smaller scale than the 
Qatar National Convention Centre, provides a more seamless design and construction interface. 
This RC slab was conceived by topologically-optimising a design volume loaded homogeneously 
at the top and supported at three asymmetric points. The whole design and construction 
followed an entirely numerical “file-to-factory” logic which allowed automating the preparation 
of the formwork by CNC-milling blocks of polystyrene with 5-axis robotic arms.   

                                                      
 
49 Nevertheless, the social and economic success of the project largely justified the considerable design and 

construction costs – as this project triggered the consistent regeneration of an area of a city in economic decline at 
the time. This phenomenon is now commonly addressed as the “Bilbao effect” (Rybczynski, 2002). 

50 This approach extends the legacy of physical models form-finding from structural performance to a broader 
range of performances such as nesting, elements utilisation, light absorption, and acoustic performance. 

51 Despite the rather innovative design workflow, this double-curved RC shell was built by means of a rather 
costly traditional timber formwork. 
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Figure 2.8. (a) The Guggenheim Bilbao museum; to the right, the steel truss frames later cladded in titanium (images © A. 
Liuti, F. Gehry). (b) The Kakamigahara crematorium; to the right, the timber fowmwork during a construction stage (images 
© A. Pugnale, M. Sasaki). (c) The Qatar National Convention Centre; to the right, a construction stage (images © M. Sasaki).  
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The polystyrene formwork in the Unikabeton research project allowed for a more 
straightforward and precise finalisation of the RC cast in comparison with a traditional timber 
formwork. However, its manufacturing process featured a consistent carbon footprint since a 
considerable amount of waste can be produced during the milling (Dombernowsky & 
Søndergaard, 2012). Other research projects are also exploring applications of topology 
optimisation algorithm to the surface of thin shell structures; however, no prototypes or 
applications are available in the literature (Ansola et al., 2002). 

The MLK Jr. Park Stone Vault and the Armadillo Vault by Philippe Block provide a further 
level of integration between design and construction (Figure 2.9, a). These stone-voussoir vaults 
were developed in a seamless numerical framework where conceptual and detailed design 
informed each other, and automation eased manufacturing and construction processes. The first 
design stage consisted of drawing a flat input surface on a plane and performing a thrust network 
analysis form-finding. The second stage (“materialisation”) consisted of the panelling of the form-
found geometry into individual voussoirs, while respecting equilibrium conditions under static 
loads. After having analysed the panelled structure, the algorithm would loop back and adjust 
the form-finding stage, until reaching a satisfactory solution (Oval et al., 2017) 

The last stage involved digital fabrication to prototype and manufacture both the stone 
voussoirs and the parts of the formwork. Digital fabrication also accounted for labelling and 
preparing the single pieces for packing and shipping (see Figure 2.9, a)(Block et al., 2013, 2014; 
Van Mele et al., 2016). This design and construction workflow bridged conceptual and material 
generation with a high degree of integration; however, construction still relied on traditional 
means of assembly such as manual workforce and the use of cranes. 

This use of numerical models triggers a type of incremental innovation (Gomory, 1992) by 
streamlining a somehow traditional design-to-construction interface and along the way 
improving both the process and the end product 52. At a higher level of innovation, Gomory 
describes seminal innovation as the introduction of a ground-breaking, new product or processes 
(Slaughter, 1998). This is the case of the 2014-15 ICD/ITKE Research Pavilion –an example of 
seamless automation between the design and construction of a shell structure through 
computation (see Figure 2.9, bottom) (Menges, 2015). The design of this ultra-lightweight 
structure (7.5m span for 6.5kg/m2) followed an adaptive manufacturing strategy inspired by 
how water spiders weave underwater nests by incrementally trapping water bubbles in their 
web strings. Therefore, the computational form-generation model (an agent-based system) 
simulated the robotic arm laying impregnated carbon fibre strands on the inner surface of an 
inflated Ethylene tetrafluoroethylene (ETFE) pneumatic formwork. Where a real spider would 
instinctively adapt to the dynamic deflections of the air bubble, manufacturing required a script 
and a monitoring system to real-time inform the robot on how to adjust its layering paths to the 
changing formwork geometry. As the robotic arm was laying the carbon strands, the soft 
pneumatic ETFE gradually hardened into a shell such that eventually pressure was eliminated, 
and entrances cut in the structure (Doerstelmann et al., 2015). 

This behavioural approach, combined with the use on-site of a robotic arm 53, induced 
innovation in both structural concept and construction technology. This approach transcends 
the prescriptive limits of traditional instruction-based fabrication, contributing to the 
development of a novel structural system. More broadly, this opens a debate about man-machine 
interaction and the possibility of innovating construction through computational tools.  

                                                      
 
52 The structure is first conceptually defined, manufactured, and put together – as with other projects built 

through either physical or analytical models.  
53 The pneumatic body acted as both a construction formwork and as an environmental protection for the 

robotic arm which would otherwise be exposed to weather phenomena. 
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Figure 2.9. (a) Philippe Block’s Armatillo Vault (image © P. Block). (b) The 2014-15 ICD/ITKE Research Pavilion 
(image © ICD/ITKE).   
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2.4. Summary and Conclusions 
The interface between design and construction has been changing dramatically in the history of 
lightweight structures. Shell structures have evolved at a variable pace over the past century, 
often revealing shortcomings at the interface between form-generation and construction 
technology. Advancements in the generation of geometry, description, calculation, engineering, 
and construction provide evolving design and construction paradigms (also summarised in the 
flowcharts at the top of Figure 2.4 through Figure 2.9).  

Table 2.1 synoptically represents the conceptual distance between the design and 
construction stages (respectively black/D and grey/C circles), drawing from those key-projects 
already presented in Table i.1. The larger each circle, the more innovative the contribution in 
the area; the larger the distance between the couple of circles, the larger the gap between design 
and construction. Furthermore, continuous D-C connecting lines show a more resolved system, 
while the direction of each arrow shows if one area informs the other (i.e. construction informs 
design in Canela’s projects).  

Initially, analytical surfaces relied on geometric rationality to simplify and tackle both 
representational and construction problems. Construction principles would often determine the 
architectural expression of these projects – generally providing a close relationship between 
design and construction (hence a narrow gap in the Table 2.1), but also featuring low flexibility 
and demanding considerable experience and resources 54 (Pugnale & Bologna, 2014). Overall, 
early analytical surfaces introduced the seminal innovation of covering large spans “lightly” (or 
with “reduced use of material”) and mostly focusing on the resolution of construction problems 
(see Table 2.1, left).  

Physical models form-finding introduced a drastic methodological shift in design thinking. 
Unlike analytical surfaces, the shape of form-found geometries responded to systemic forces and 
boundary conditions, introducing the idea of “optimal structural performance”. Initially, this 
processual approach drew innovation mostly at the design-end of the workflow; early pioneers 
such as Isler and Musmeci explored innovative forms, however often lacking the parallel 
development of convenient advancements in construction55. The resilience of construction 
technology imposed early designers to carry a-posteriori engineering over form-found shapes, 
thus enhancing the gap between the design and the construction stages 56. (see Table 2.1, top 
centre). Bini took advantage of available technological advancements to bridge this gap and 
blend form-generation and materialisation logics. The Binishell system provided a 
straightforward example of incremental innovation 57, as he improved a previously existing 
structural typology in its construction58. Here conceptual form-finding, materialisation and 
construction coincide, as the system operates form-finding at a 1:1 scale. Bini innovated the 
construction technology, and by doing so, he defined (but also limited) a rigid architectural 
expression (see Table 2.1, middle centre). 

                                                      
 
54 Candela and Nervi show how standardisation and on-site prefabrication can facilitate construction, however 

these models heavily relied on procedural knowledge and personal intuition – limiting replicability. In other cases, 
construction used to rely on traditional construction methods such as on-site casting on timber scaffolds/formworks. 

55 Isler studied and proposed advancements in construction also, reusing laminated timber formwork, or 
including formwork panels as permanent insulation for the final shell; however, his design and construction methods 
resulted to be extremely labour-demanding and dependent on his figure, eventually resulting not replicable by others 
after he passed away.  

56 As with Nervi, also the legacy of Isler vanished after he passed away – as his design and construction 
approach was too much person-dependent and practice-consolidated (John Chilton, 2010). 

57 Bini innovated both design and construction technologies, overcoming the shortcomings of the traditional 
technologies based on linear timber elements (Raun et al., 2011).  

58 The lack of major innovations in construction prevented significant advancements in the field – as it 
emerges by comparing Torroja’s 1933 Algeciras Market Hall, Isler’s 1978 Indoor Tennis Centre, and Sasaki’s 2004 
Kakamigahara crematorium, which are similar examples of analogous tectonic systems. 
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Otto extended the use of physical form-finding to develop both design and construction 
models. This dual approach brought innovation in both fields, and bridge the figurative gap 
between structural concept and realisation. By introducing new means of design and 
construction, Otto proposed a whole new aesthetics of lightness, providing a virtuous example 
of seminal innovation.  

Currently, numerical models are fostering increasing integration between conceptual 
design, engineering, and construction. These tools initially brought improvements to previously 
consolidated design and construction frameworks. With the early pioneers such as Gehry, these 
tools became instruments of exploration towards novel design possibilities, though leaving 
innovation in construction outside the equation (see Table 2.1, bottom right).  

Like in the field of physical models form-finding, innovation in construction gradually 
gained relevance, and numerical models are becoming pivotal parts of the new creative 
processes. computational design-and-fabrication enabled the development of innovative design-to-
construction processes, resulting in innovative material systems, such as those developed 
between the ICD and the ITKE in Stuttgart (see Table 2.1, bottom right).  

From this perspective, while physical models form-finding was born as a design tool for 
conceptual/structural design, it has become the inspiration for designing form under optimal or 
performative criteria. More broadly, this methodological heritage laid the basis for the 
emergence of parametric design, computational design, performative design, and advanced 
manufacturing (Moretti & Figus, 1951; Moretti, 2002; Kolarevic, 2005; Oxman, 2008) 59. 

Where digital tools enable easier access to information, it becomes possible to evaluate 
the real lightness of a structure better. It also allows for better life cycle assessment and 
understanding of the carbon footprint involved in its construction and use.  

In conclusion, this chapter has proposed a historical review of the relationship between 
design and construction in shell structures; Table 2.1 summarises how this relationship has 
changed over time, revealing different degrees of continuity and separation at the different 
design and construction interfaces. This way of reading literature has enabled the revealing of 
practical shortcomings related to both design and construction problems. Regarding structural 
scalability, 1:1 scale form-finding provides consistent advantages in comparison with other 
solutions. Regarding overall integration, numerical models seem to provide the most effective 
bridge among all the aspects of a project by providing valuable tools for conceptual design, 
structural design, manufacturing, and construction monitoring.  
 

  

                                                      
 
59 In this sense, numerical models create a radical shift in design thinking – as a parametric problem 

formulation focuses on determining relationships among the parts of the problem, rather than focusing on the features 
of the individual parts per se (Davis, 2014). 
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Table 2.1. Chronological diagram illustrating the gap between design (D, black circles) and construction (C, grey circles) across 
key-projects. The diagram (following in the next page) draws on Table i.1. 
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3. The Technical Ground of  Gridshells 

Gridshell structures discretise the features of continuous shells into a lightweight grid; this 
principle enables the reduction of structural self-weight while using the grid to carry loads 
mainly through membrane action (Bulenda & Knippers, 2001). 

The term “gridshell” is sometimes misused in the literature to describe two categories of 
reticulated structures: “lattice structures” and “(elastic) gridshells” 60. These two categories differ in 
their means of construction, detailing solution, nodal configurations and use of materials (Liuti 
& Pugnale, 2015). For clarity and simplicity, this thesis work will adopt the following 
definitions. 

Lattice structures are those discretised shell structures made of rigid structural elements; 
these are generally manufactured off-site with steel, aluminium, or timber elements, transported 
on-site, and statically assembled in their final configuration (i.e. by bolting or welding the joints). 
The structural form of a lattice structure is designed and built as a non-deformable object, bearing 
loads predominantly through membrane action.  

Gridshells are those discretised shell structures made of elastic structural elements, which 
are loosely joined in a flat “released configuration”, and then elastically deformed (or “erected”) 
into a form-resistant configuration. Whereas the deformation/bending process can happen in a 
multitude of ways, this thesis work addresses gridshells whose grid can be deployed, thus 
featuring in-plane kinematic hinges 61. The deformation process thus requires the grid to first 
bend and warp, and then be locked into the final form-resistant shape. Due to their construction 
process, these structures can be referred in the literature as “post-formed”, “elastic”, or “strained” 
gridshells, while they mainly bear loads both through membrane action and active-bending 62 (J. 
Knippers & Helbig, 2009).  

On top of these considerations, the design and construction of gridshells and lattice 
structures differ profoundly. Most importantly to the scope of this thesis work, the geometric and 
material features of a gridshell must enable large deformations during its erection, but small 
deformation throughout their operational life. 

The design and construction of gridshells and lattice structures have been widely studied 
regarding form-finding and, more recently, optimisation. If the work of Frei Otto can be 
addressed as the main reference for gridshells (Hennicke, 1974), the work of Jörg Schlaich and 
SBP provide reliable references for lattice structures (Holgate, 1997). 

 
  

                                                      
 
60 Post-formed, elastic, or strained; in the following text, the term elastic will be preferred.  
61 Another bending technique consists of incrementally layering separate elements on frames; this technique 

is acknowledged but will be disregarded. 
62 More broadly, the elements of a gridshell can also carry axial, bending, and torsional loading. 
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3.1. Lattice Structures  
Lattice structures appeared in Europe in the early 19th century. Francois Joseph Bélanger and 
Francois Brunet built one of the earliest iron domes: the 1806-1811 Bourse de Commerce in Paris 
(currently Agro Paris Bourse) (Picon, 1997) (see Figure 3.1, a). This 39m Ø dome was designed 
as an analytical surface or revolution, made of a radial array of fifty-one steel ribs, interconnected 
by a series of horizontal rings, and culminating in a cone-like oculus providing zenithal light to 
the hall. The regular and repetitive structural system designers to serialise precise means of 
production, and work with planar structural elements. However, Bélanger proposed to cover the 
surface of this double-curved dome in sheets of copper; the manufacturing of a large number of 
these double-curved tiles required laborious and precise operations, which could not provide 
enough precision, requiring constant repairs throughout the following years. During the 1887-
1889 renovation, these tiles were replaced using stone tiles, showing how cladding engineering 
is pivotal towards the success of a lattice structure. Johann Wilhelm Schwelder built further lattice 
structure domes63, such as the 1863 cover for the Gasholder in Fichtestraße, in Berlin. This 
spheroidal dome was generated through the discretisation of an analytical surface into an array 
of steel elements (namely, meridians arches and parallel circles). This structural system 
resembled the one proposed by Bélanger and Brunet for the Bourse de Commerce, however, 
spanning 60m instead of 39m. Schwelder managed to achieve such a larger span due to the 
implementation of a diagonal bracing on the structure, thereby improving the structural 
stability of the whole system (Posener, 1979) (see Figure 3.1, b). Nevertheless, this example also 
featured highly laborious manufacturing and construction processes due to the lack of 
standardisation. To conclude with the list of pioneers, Vladimir G. Shukhov’s explorations on 
lattice structure were previously discussed in Section 2.1: “Building through “Analytical Surfaces”, 
and will not be mentioned again.  

American architect Buckminster Fuller developed more efficient dome structures based 
on the geometric principle of geodesic curves. This geometric principle enabled Fuller to design 
domes using a series of repeated/standardised structural members, working in either pure 
tension or pure compression. By avoiding bending moments, he could use structural elements 
with sections of reduced thickness. Furthermore, Fuller exploited the regularity and repetition 
of a fixed range of structural elements to optimise the mass-manufacturing and the construction 
processes (Fuller, 1951, 1975; Hays & Miller, 2008) (see Figure 3.1, c). This work had much in 
common with the studies on deployable structures by Emilio Pérez Piñero, who pioneered 
investigations on geodetic steel deployable domes (Puertas del Río, 1989).  

A further notable mention goes to the “Binistar” system by Dante Bini (1993), which 
combined the deployable space frame structural principles with a pneumatic jacking falsework. 
The Binistar structures realised for the 1990 World Cup in Italy, and the 1991 Expo in Seville 
consisted of telescopic steel trusses, which were assembled flat over the deflated pneumatic 
falsework, and then erected by swelling the membrane. Once reached the final shape, the joints 
interlocked, and the depressurised membrane could be used as a suspended roofing enclosure 
(Bini, 1990). These projects show a new potential for architectural expressions, as well as new 
construction challenges, such as the detailing of the nodal connections 64. Nevertheless, lattice 
structures offer compelling advantages if compared to RC shells: enhanced lightness, translucency, 
better tensile strength, and easier integration with prefabrication.  

                                                      
 
63 Schwelder is also well-known for both his work on truss-systems (consistently used for designing bridges 

and roofs until the 1900), and the introduction of the “triple-hinged arch”. 
64 The types of joints mostly dependents on the typology of the structural grid: either single-layered or 

double-layered. Single-layer grids have joints with splice connectors and end-face connectors (Stephan et al., 2004); 
double-layer grids have joints with either ball connections or bowl connections (Ramaswamy & Eekhout, 2002). 
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Figure 3.1. (a) Current view of the Bourse de Commerce in Paris (images CC Fondation Pinault); to the right, the 1887-
1889 renovation (image CC P. Emonds). (b) Current view of the Gasholder in Fichtestraße (image © Asisi); to the right, a 
section of the original project (image CC J. W. Schwedler). (c) The 1967 Montreal Biosphere geodetic dome by Buckminster 
Fuller; to the right, an extract from the patented construction system (images © R. Mallard, R. B. Fuller (1951)).   
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The interest around lattice structures continued to grow due to both the decline in 
popularity of shell structures and the consistent advancements in steel/glass technology and 
Computer-Aided Design (CAD)/ Computer-Aided Manufacturing (CAM) tools. DP Architects 
applied such tools to design and build the freeform 1994 Singapore Esplanade. Design started by 
modelling NURBS surfaces, and then approximating/regularising these with four-sided mesh 
elements called “Coons patches”. The structure was then cladded with triangular glass panels and 
shading elements (Klimke et al., 2002; Sanchez-Alvarez, 2002) (see Figure 3.2, a).  

Schlaich, Bergermann und Partner (SBP) have been providing consistent references for 
the design and engineering of steel and glass lattice structures (Holgate, 1997). Their projects 
show how CAD/CAM tools can transpose a wide range of design and construction solutions, 
providing several combinations of analytical and freeform geometries, nodal connections, 
cladding engineering, elements manufacturing, and construction methods.  

The 1996 Hippo House at the Berlin Zoo was designed as a double-curved analytical surface 
of translation (or trans-scalar surface). The structure and panelling of shape were engineered by 
translating a generatrix curve along a directrix. Such an approach enabled, firstly, to represent 
the desired “peanut” shape in space; furthermore, the surface of translation enabled engineering 
the structural grid as a network of continuous, singly-curved, planar profiles, which could be 
cladded using planar quad glass tiles (Schlaich & Schober, 1997; Pottmann & Wallner, 2009) 
(see Figure 3.2, b). SBP also engineered the lattice structure cover for the 1998-2000 DG Bank 
project by Frank Gehry. In opposition to the Hippo House, this NURBS freeform surface could 
not be rationalised using analytical rules, or discretised using planar quad faces; nevertheless, 
the smaller size of the structure allowed to budget and engineer a more expensive discretisation 
based on triangular faces 65 (Glymph et al., 2004). SBP similarly engineered the 2002–2005 New 
Trade Fair in Milan, an 80,000m2 freeform steel and glass lattice structure designed by 
Massimiliano Fuksas and Fuksas (2005) to evoke the craters, waves, dunes, and hills of the 
Italian natural landscape. Due to the large size of the project, the flat areas of the NURBS surface 
were discretised using even planar quads, while the synclastic/anticlastic ones followed a 
triangular discretisation; in both cases, the size of each structural elements was optimised for 
manufacturing 66. Once the manufacturing and assembly criteria were defined, the extensive use 
of CAD/CAM tools permitted the finalisation of the engineering and construction task to be 
executed smoothly (Stephan et al., 2004; Jörg et al., 2005). These examples show how freeform 
lattice structures do not implicitly feature optimal structural shapes, or convenient conditions for 
manufacturing, thus often requiring a-posteriori algorithms of optimisation. 

Foster+Partners and Buro Happold proposed a more seamless integration of form-
generation and surface discretisation for the British Museum canopy in 2000. This steel and glass 
lattice structure connected a 72x96m2 rectangular perimeter with a 44m Ø internal circular 
element (the perimeter of the Reading Room). Williams (2001) resolved this challenging 
architectural and engineering problem using an optimised relaxation algorithm. Firstly, he 
generated a base analytical surface connecting the two boundaries, which he then discretised 
into a continuous set of triangular faces; the discretisation accounted for specific manufacturing 
requirements, such as having homogeneous panel sizes, and similar angles across all the faces 
(see Figure 3.2, c).  

                                                      
 
65 Given a starting surface, a planar quadrilateral faces discretisation provides better lighting and requires 

fewer pieces. For years, designers have focused on optimising the discretisation of lattice structures using planar 
quadrilateral faces, aiming to reduce construction budget (see specific form-generation strategies or a-posteriori 
algorithms, as described in Glymph et al. (2004); Pottmann et al. (2008). However, since the early 2000s, the cost of 
manufacturing double-curved elements has dropped due to changes in the global markets, thus making the 
planarization problem a secondary issue for the AEC Industry. 

66 Each structural element of the diagrid ranged between 0,8-3,0m of length, while the angles of each panel 
featured angles larger than 20 degrees. 
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Figure 3.2. (a) The 1994 Singapore Esplanade by DP Architects (image CC Zairon); to the right, a freeform NURBS 
approximation of one of the two domes. (b) The 1995 Hippo House by SBP (image © SBP); to the right, the analytical surface 
generation. (c) The 2000 British Museum court (image © Foster+Partners); to the right, a diagram of the surface relaxation 
(image based on Williams (2001)).  
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3.2. (Elastic) Gridshells 
Gridshells appeared after shells and lattice structures, introducing a relevant paradigm shift in both 
the design and construction methods. A gridshells must be designed and built by starting from a 
flat “released configuration”, and bent into a form-resistant, bending-active curved shape 67. An 
intuitive benefit of this process is the possibility of creating compelling double-curved structures 
using elements which are manufactured straight/planar; however, this process demands two 
careful design stages. The first consists of implementing a flat “released configuration” and its 
bending/erection process; this involves large deformations, significant changes in curvature, 
and the generation of high internal stresses. The second design stage consists of the preparation 
of the final form-found shape towards its operational life configuration; this stage consists of 
locking all the deformations and stiffening the structure to contrast long-term loads and 
viscous-plastic effects. The design and construction of these structures draw on Architecture, 
Engineering, and craftsmanship; the evolution of such an interdisciplinary interface is thus 
tightly dependent on advancements on design methods, construction materials, and 
construction technology (Chilton & Tang, 2017).  

The deployable tents used by Eurasian nomadic peoples across Central-Asian and Middle-
Eastern countries provide embryonical traces of this structural system (i.e. the Iranian Kutuk, 
the Turkmen Yamut, and the Mongolian Yurt) (Amirkhani, 2010; Mahalli et al., 2014; Wang, 
2016). These temporary shelters were assembled by first unfolding a trellis of flat elastic 
elements into a circular singly-curved perimetric wall; then, this was fixed to the ground, braced 
with laces, capped with a compression ring/self-supporting radial roof, and eventually cladded 
in animal skins or felt (see Figure 3.3, top,). These archaic examples exploited folding/bending 
principles to facilitate packing and transportation; the materials and geometries involved used 
to be physically/empirically tested through an empirical “behaviour-based approach” (Lienhard & 
Knippers, 2014), generally resulting in a narrow range of self-similar geometries 68 (Vellinga et 
al., 2007). 

Starting from the 1960s, Frei Otto developed the first gridshells; as aforementioned in 
Section 2.2: “Learning from “Physical Models Form-Finding””, the use of a two-step design method 
addressed the development of both design and construction methods using different types of 
physical models form-finding. A first form-finding model would find the structural form using a 
mesh made of rigid segments connected by joints without rotational stiffness; the topology of 
this mesh would feature rows and columns of quad faces, that could be developed into flat linear 
straight elements in a second construction model. The explorations of Frei Otto later developed 
into numerical methods such as the “geometry-based approach” and the “integral approach”; this last 
approach in particular enabled to establish analytical relationships between material features 
and moment-curvature equations, broadening the range of design methods (Lienhard & 
Knippers, 2014). The advancements of these design methods increased form-finding control, 
enabling the exploration of a more extensive range of geometries, as will be discussed further in 
Section 3.2.3: “Design Methods”.  

Following D'Angelo (2010) and Chilton and Tang (2017), there are several design, 
assembly, and construction conditions to respect; a specific selection follows.  

                                                      
 
67 The erection/bending process generally compromises funicular shapes with more even curvatures; 

however, form-finding can be “forced” towards more freeform shapes by either changing the shape of this mesh, or 
imposing different boundary conditions, or forcing the form using external elements (i.e. arches or bracing). 

68 The behaviour-based approach is still used to study the bending behaviour lead of composite materials, to 
build large-scale structures such as Vo Trong Nghia’s bamboo constructions (Minguet, 2011), or to develop 
experimental techniques such as the “Baubotanik”– which creates structures by using living plants such as stems or 
green wood (Ludwig et al., 2009). This last system especially has a strong dependency on the behaviour of the living 
material, as geometry depends on the growth, strength, and elasticity of the plant throughout time.  
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Figure 3.3. Top: the assembly process of a Mongol Yurt; step1, unfolding and bending the mats in a circular perimetric wall; 
step2, putting the roofing and the entrance; step3, stretching the animal skin cladding (images © V. Róbert, en:User:Tkn20). 
Bottom, the construction process of the Accoya gridshell built at the Melbourne School of Design in October 2014. (a) flat 
configuration; (b) push-up erection; (c) final configuration with diagonal bracings (images © A. Pugnale, S. Colabella).  
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• Construction 

 
 
The design and construction of a gridshell are linked through the set of 
technological choices, which influence both the process and the outcome of form-
finding/erection. As illustrated by J. Knippers and Helbig (2009), M Kuijvenhoven 
and Hoogenboom (2012), and shown in Figure 3.3 (bottom), a typical construction 
process can be outlined throughout the following steps: 

1. Preparation/assembly: two orthogonal sets of straight elastic rods are laid 
and loosely assembled in a flat grid (the “released configuration”). This stage 
should account for facilitating the transportation of the straight rods to site; 

2. Erection: the flat released configuration is bent into a double-curved shape. 
Erection forces should be distributed as homogeneously/gradually as 
possible on the grid, and enabling precise control over the 
position/displacement of both the internal and the perimetric nodes; 

3. Stabilisation/stiffening: the shape of the erected grid is locked to provide 
higher load-bearing capacity during its operational life. This includes locking 
the supports to the ground connections, tightening the hinge joints, 
inserting shear blocks, and fixing diagonal bracing 69.  

 

• Design 

 

The released configuration is generally designed/assembled as a grid of flexible 
continuous rods, connected at the nodes with hinge-like joints (Hennicke, 1974). 
The nodes of such a mesh should be aligned to create one absolute centre of rotation 
at least, thus enabling in-plane warping through planar kinematic rotations. 
Quadrangular, rectangular, or hexagonal grids satisfy this criterion and can deform 
in-plane, whereas triangular grids cannot. Furthermore: 

a. Hinge connections must initially allow for large rotations and little 
impediments (i.e. due to friction or mechanical restraints); 

b. Hinge connections must allow to transform them into rigid connections 
after the erection, thus turning the deformable grid into a hyperstatic 
configuration, where both rotations and shear are locked.   

                                                      
 
69 The diagonal bracing stabilises the overall geometry of the grid; this can be done by either splitting each 

quad face into triangles (i.e. steel wires were used for the Mannheim Multihalle, whereas an additional layer of laths 
was used for the Weald & Downland Museum), or by using stiff cladding panels (i.e. for the Saville Garden gridshell). 

X 
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Furthermore, the structural elements of the grid should be slender/flexible 
enough to enable out-of-plane buckling while avoiding brittle failure/plasticisation 
during the erection. The elastica equation (as explained in Section 3.2.1: “Active-
Bending”) expresses that internal bending moments/stresses vary proportionally 
to the changes in curvature; hence, the erection is frequently the most penalising 
state to analyse, due to the dramatic changes in curvature.  
 Efficient gridshells feature catenary-like shapes that work mainly through 
membrane action; however, usually, gridshells feature both membrane action and 
bending active behaviour, compromising shapes between the catenary and the 
elastica. After reaching and stabilising the target form-resistant shape, the viscous-
plastic properties of several elastic materials may induce a gradual decay in the 
internal bending active forces, and lower the structural stiffness/load-bearing 
capacity of the structure with time (Happold & Liddell, 1975). Furthermore: 

a. The stiffness of the released configuration should be calibrated to enable 
the activation of large deformations during erection; 

b. The topology and typology of the grid should aim to minimise concentrated 
stresses and torsion; 

c. Bending should be gradual, and enable for a homogeneous absorption of 
the residual stresses; 

d. The stiffness of the braced configuration should be calibrated to withstand 
live loads throughout the structure’s operational life (i.e. by using double-
layer sections and shear blocks, or by placing a diagonal bracing system). 

The respect given to these design and construction considerations influences the 
structural and architectural quality of the gridshell; among the several design and construction 
stages, those related to the erection are probably the most critical ones. Quinn and Gengnagel 
(2014) outlined in the literature three main erection methods: the “lift-up”, the “push-up”, and the 
“ease down”. Frei Otto previously theorised also a fourth technique based on the use of pneumatic 
falsework; this technique has recently been outlined as a promising fourth means of erection, but 
never applied 70 (Liuti & Pugnale, 2015; Gregory; Quinn et al., 2015; Liuti et al., 2017).  

The following literature review will focus on the evolution of the design and construction 
interface of representative built gridshells, as summarised by the synoptic map in  

Table 3.1 71. The overview opens with the early explorations by Frei Otto, the forefather 
of this structural system. The earliest known gridshell is the 52m2 prototype built in 1962 by 
Otto and a team of students at Berkeley University; this proof of concept featured a square 
released configuration mesh supported at the corners, and made with Ø12 steel rods (Hennicke, 
1974).  

                                                      
 
70 These four erection methods will be discussed in Section 3.2.4: “Erection Methods”. 
71 It is far from the ambition of this thesis to provide an all-around, exhaustive description and analysis of 

each ever built gridshell; more detailed information can be retrieved from Chilton and Tang (2017), F Otto et al. 
(1974); Burkhardt and Otto (1978), or more specific literature. 
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After prototyping and testing the structural concept, Otto led the design and construction 
of the 225m2 Essen Pavilion for the 1962 German Building Exhibition. Unlike the Berkeley 
gridshell, the released configuration of this structure featured a symmetric “squircle” geometry 72; 
the plan and elevation were form-found using a hanging-chains model. This physical model was 
hung along the whole perimeter, providing a catenary-like shape supported by a better 
distribution of ground-connections. Each linear rod of the mesh was manufactured by glue-
laminating three layers of 60x13mm2 Hemlock Pine laths; which, when compared to steel, was 
cheaper, lighter, and easier to manufacture. After drilling holes at each node of the mesh, the 
laths were loosely joined together in two orthogonal single-layers using single-bolted 
connections. The released configuration featured a mesh spacing of 48cm, and was erected by 
lifting it up from four points, using a mobile crane (lift-up method); the final configuration was 
then stabilised by tightening the joints and securing the support points (Glaeser et al., 1972) 
(see Figure 3.4 a).  

Later, Frei Otto proposed a larger scale and a more ambitious structure for the 1967 
Montreal Expo German Pavilion gridshell. This 365m2 project used Hemlock Pine and single-bolted 
connections again, however featuring a mesh spacing of 50cm, and advancing the design and 
construction methods afore proposed.  

The preliminary physical models form-finding consisted of an articulated composition of two 
asymmetric interconnected grids, which resulted in rods of varying curvatures; Otto referred to 
the different curvature ranges to dimension differing cross-sections: a 42x28mm2 single cross-
section for those areas with lower curvature, and a split composite cross-section with lower 
stiffness for those areas with tighter curvature. Beside structural advancements, Otto also 
streamlined manufacturing and construction by pre-assembling and testing the grid off-site, 
before deploying and erecting it on-site; off-site prefabrication made on-site manoeuvres more 
manageable, while also avoiding the potential imprecisions and hazards involved in on-site 
construction (see Figure 3.4 b).  

The climax of advancements among early gridshells (labelled as “first-generation” in  
Table 3.1) culminated in the 1975 Mannheim Multihalle. The physical models form-finding 

of this 7,400m2 asymmetric double-curved shape was carried out using physical nets of chains 
with square faces; however, the large scale and the precision required by the structural 
dimensioning/analysis problem imposed to validate/polish the results of the physical models 
using a force-density form-finding software 73 (Burkhardt & Otto, 1978; Liddell, 2015) (see Figure 
3.4 c).  

The large scale of the project, however, imposed careful condition to detail such a catenary 
model with reasonable structural features. Whereas the previous projects featured single-layer 
mats when possible, the grid of the Mannheim Multihalle featured a 50cm spacing and double 
cross-section made of two layers of 50x50mm2 laths in each direction. This solution reduced the 
bending stiffness of the grid during erection while reducing the self-weight of the whole 
structure. However, the composite section required a more laborious stabilisation process, since 
all the layers had to be locked against both momentum and shear. Besides, the large scale 
imposed revisiting the erection, which resulted into a push-up method. From a methodological 
point of view, this project marked an important divide in design and construction advancements 
(Chilton & Tang, 2017).   

                                                      
 
72 A “squircle” is an analytical shape which obtained by intermediating a square and a circle; from these two 

words, the name. This shape can be also described as a special case of a superellipse. 
73 Frei Otto refused to consider numerical models as a part of the design process, accepting their use for the 

sole final analysis (Frei Otto & Songel, 2010); in this case, the software contained the unforgiving error propagation 
often involved in physical models form-finding. More broadly, gridshells physical models form-finding and numerical models 
will coexist for much longer if compared to the fields of RC shells and lattice structures, since physical models enable 
representing/understanding both the structural shape and the construction process behind it. 
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Figure 3.4. (a) The Debau gridshell in Essen; to the right, a close-up on the single-layer material system, the joint connection, 
and the ground connections. (b) The 1967 Montreal Expo German Pavilion gridshell; to the right, an off-site testing of the 
assembly. (c) The Mannheim Multihalle; to the right, a close-up on the double-layer material system, the joint connections, the 
end-to-end connections, and the steel-cable diagonal bracing system (images © ILEK, University of Stuttgart).  
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The gridshells that came after the Mannheim Multihalle focused mostly on the optimisation 
of design and construction methods. Projects such as the 1988 Silk Road Exposition in Nara, the 
1989 Mermaid Bowl in Hiroshima, the 1994 Naiju Community Center in Fukuoka, the 1995 Uchino 
Community Center, and the 1999 Flimwell Woodland Enterprise Centre in Kent brought marginal 
advancements and attention to the field.  

The Jerwood gridshell for the Weald and Downland museum by Buro Happold and Edward 
Cullian Architects revamped the interest towards gridshells in the early 2000s, opening a series 
of new explorations in both design and construction methods (Chilton & Tang, 2017). This 
structure featured a 50m long, 16-12m wide and 7.35-9.5m tall triple-hourglass shape (see 
Figure 3.5, a), which was designed combining a series of digital and physical models. Whereas 
form-finding was performed through a numerical dynamic relaxation algorithm, physical mock-
up models served to better understand the shape for both the structural engineer, the architect, 
and the client. The varying curvature of this shape was achieved by imposing a mesh spacing of 
100cm, which was brought to 50cm around the flex points; such a decision strengthened the 
grid in its potential weak points, while still providing alignments among the kinematic hinges.  

The structural performance of the grid was also enhanced by cleaning each single 
50x30mm2 Oak timber rod from undesired knots; the laths were trimmed and finger-joined off-
site into 6m long linear elements, brought on-site, and scarf-joined into 37m to 50m long 
elements, and assembled into the released configuration. Also, the nodal connections were 
rethought to avoid drilling the rods and further preserve material continuity; Buro Happold 
developed a patented solution based on three square plates clamping together the four laths 
outside the joint, thus providing enough rotational freedom during erection, while permitting 
any movement to be locked afterwards (Kelly et al., 2001).  

Most importantly, Buro Happold reinvented the erection process, proposing an “ease-
down” gravitational bending method. After the experience acquired from the construction of the 
2000 Japanese Pavilion in Hannover, the erection engineering consisted of laying the released 
configuration at a raised level, at the final top height, and then bending the grid downwards 
through a PERI system of mechanical scaffolding and props (see Section 3.2.4: “Erection 
Methods”). The whole project proposed a leap ahead in design and detailing quality, however it 
demanded laborious routines of preparation, erection, and stabilisation (R. Harris et al., 2003).  

Buro Happold also engineered the 2005 Savill Garden gridshell, providing further 
advancements in the design of more “freeform” gridshells. This shallow curved roof is supported 
by a perimetric double-curved 400mm Ø beam connected to inclined columns, spanning 
2,250m2, and featuring a double-layered grid of 80x50mm2 Larch laths. Like in the Weald and 
Downland museum, all the laths were first graded, cleaned from imperfections, and finger-joined 
off-site, to then be brought and scarf-joined on site. The shape of this triple bulb roof was 
designed by Buro Happold and Glen Howells Architects by using digital form-finding tools, 
while occasionally involving 3D-printed physical models for mere representational purposes 
(Harris & Roynon, 2008). Due to the gentle curvature of this shape, it was possible to implement 
a less laborious bending method, in which the individual pieces were laid on a scaffold one by 
one, following the reference-points set by both a system of modular props and the edge beams. 
Assembly was carried out on-site, at ground level, by laying and bending under gravity the two 
bottom layers and screwing shear block on their top, before placing the two top layers (see 
Figure 3.5, b). Once completed the roof, this was lifted in position above the steel columns 
(Harris & Roynon, 2008).  

The Savill Garden gridshell and the Weald and Downland Museum gridshell combined 
advanced engineering sensitivity with craftsmanship and mass-manufacturing criteria, 
introducing technical and procedural innovations for engineering, construction precision, and 
occupational health and safety.   
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Figure 3.5. (The Weald and Downland museum; to the right, the double-layer material system, the plated joint connections, 
the changing mesh size, and the shear blocks (images © Cullinan Studio). (b) The Savill Garden gridshell; to the right, the 
double-layer rods, the single-bolted joint connections, and the thick shear blocks (images © SH Structures, Glenn Howells 
Architects). (c) The Chiddingstone Castle Orangery gridshell; to the right, a close-up of the joint system, the bracing system, 
and the glazing (images © Carpenter Oak & Woodland).   
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The 2007 Chiddingstone Castle Orangery Gridshell was engineered by Buro Happold and 
built over an existing heritage stone structure (see Figure 3.5, c). Unlike other gridshells, the use 
of a frameless cladded glass roof required tight tolerances throughout the design, 
manufacturing, assembly, and finalisation processes; this resulted into a system of plated joint 
connections similar to that of the Weald and Downland Museum, which integrated a steel-cables 
bracing system and a zenial detail to anchor the glazing 74. The restriction of the heritage site 
imposed a careful erection; the structure which was thus assembled, carefully pushed-up, and 
secured to a rigid perimetric ring. 

Whereas timber may require laborious operations to avoid anisotropies and imperfections, 
other materials such as composites or bamboo can provide improved physical properties for 
bending; this has fostered experimentations first in the Sports and the Shipbuilding Industries 
(i.e. skis and ship masts) and, more recently, in the Architecture, Engineering, and Construction 
(AEC) Industry as well. The Navier Laboratories and the Université Paris-Est, Ecole Nationale 
des Ponts et Chaussees have proposed several examples of composite gridshells like the 300 m2 
Solidays’ Festival gridshell in Paris (Douthe et al., 2006; Baverel et al., 2013). This structure was 
built in 2011 using primarily with off-the-shelf materials such as glass fibre reinforced polymer 
(GFRP) pipes (structural grid elements, 42mm Ø, 3mm thickness; grid spacing 1m), and 
standard swivel scaffolding elements (hinge-joint elements). These pultruded pipes provided a 
flexural strength of 350MPa (versus the 30MPa of timber) for only 1.9kg/m3. After lifting-up 
the released configuration, this was stabilised by placing a third layer of diagonal bracing on top 
(Baverel et al., 2012). The design of this more freeform shape relied on numerical models aimed 
at optimising the orientation and the stress distribution of the grid (see Section 3.2.3: “Design 
Methods”) (Du Peloux, Baverel, et al., 2013). Similar advancements were also proposed for the 
350m2 Ephemeral Cathedral of Créteil, (Du Peloux, Tayeb, et al., 2013; Du Peloux et al., 2015) (see 
Figure 3.6, a).  

The 2015 ZCB Bamboo Pavilion gridshell was instead built in bamboo; this 30m-span 
structure featured three mats of hand-tied, unprocessed bamboo poles 75. The design and 
construction process had to embed a consistent degree of indeterminacy, both due to the 
irregular nature of bamboo, and the processual logics implicit to the vernacular construction 
technique. Construction relied on an open-ended workflow that could adjust and absorb errors 
and imprecisions, which enabled construction to be completed in 90 days (K. Crolla, Fingrut, A. 
, 2016; K. Crolla & Fingrut) (see Figure 3.6, b).  

The University of Naples Federico II and the collective Gridshell.it developed a mixed 
approach based on combining advanced digital tools and manual craftsmanship (see  

Table 3.1). The 2012 Toledo gridshell was first form-found using the Gridshell Form-
Finding Tool algorithm 76, and engineered a double-layer grid designed to be erected using a 
low-tech push-up method (Sergio Pone, Bernardino D'Amico, et al., 2013; D'Amico et al., 2015). 
The small scale of the project enabled approaching the project with artisanal manufacturing 
methods, however requiring laborious operations. The diagonal bracing, for instance, was 
implemented as a set of short pieces of timber meant to fit between the two double layers of the 
grid and split each square face into four triangles; on-site construction required to measure each 
face, cut each piece to size, fit the bespoke pieces in the grid, and fix them. Nevertheless, this 
laborious detail enabled stiffening the whole grid without adding creating a fifth layer on top of 
the structure.  

                                                      
 
74 These highly-engineered joints were not cheap, but they provided enough structural stability to the whole 

structure, while integrating thin steel cables as the bracing elements, thus maximising the transparency of the roof. 
75 such a material system was borrowed from the traditional technology used for building scaffoldings in the 

Hong Kong region, which are generally carried without the use of any architectural drawing. 
76 Numerical tool developed in Grasshopper® for Rhino ®. 
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Figure 3.6. (a) The Ephemeral Cathedral of Créteil; to the right, a close-up on the single-layer GFRP material system, the 
swivels of the joint-connections, and the coupling end-to-end connections (images © Thinkshell). (b) The ZCB Bamboo Pavilion 
gridshell; to the right, a close-up on the single-layer bamboo material system, the ties making the joint-connections, and the end-
to-end connections (images © C. Crolla). (c) The 2000 Expo Japan Pavilion; to the right, the single-layer cardboard pipes joined 
with strings connections, and part of the stiffening system on the background (timber truss and steel bracing cables) (images © H. 
Hirai, S. Ban).
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Table 3.1. Representative gridshells built in history according to the form-finding method (physical or digital models), erection 
method (lift-up, push-up or ease-down) and scale (the circle’s size). Symbols refer to the legend of Table i.1. (table based on G. 
Quinn and Gengnagel (2014) and completed with the aid of S. Colabella).   

Year Gridshell (Designers) Form, 
Finding E rection 1\llax dimensions 

Jst·gen, •···· ·"·······"·'·"· ·" •0
• " ·"··· ·" ·"···"······ · "•

0
·•··" · ··· " · · · ··· · "· " ··· " · " ··· ·"· · ·· ·· · · · ···· ·· · "······ · · ···"· · · ···· · ··"··· ·"·""· · ·· ····· ·" ···· · · ·" ···"·"··· · .... . ................................. . . .. .. . 

1962 B erkeley prototype (F Otto) ~ .... ...... 
1962 E ssen Pavilion (F Otto) ~ 

1967 Gennan Pavllion (F Otto) ~ .• \\W-
.. 

1973 Seibu (K. Matsushita & T. Slurnyanagi.) ~ 

1975 Mannheim M ultdzalle (F Otto & 0. Amp) ~ :i'i·. 

2ndgen. ••·············· ······ ·· ·············· ························ ··· ······························· ······ ·········· ·· ············································ 

1988 *Silk Road Exposdion. (T Doi & Takenaka C01p.) 

/989 *MennaLd bowl (S. Yoh. + A rch.dects) 

/994 *Naiju Community Centre (S. Yoh+ Architects) 

1995 *Uch.ino Community Centre (S. Yoh+ Architects) 

2000 Japan Pavilion (S. B an & B. R appold) 

2002 Weald & Downland Museum (E. Cullinan & B. H appold) 

2006 Savzll Garden (G. H owells & B. H appold) 

2006 'fcBealf11se! (OBRA Architects) 

2007 Cluddingstore Orangery (P. H ullbert & B. H appold) 

2008 Osttmi Pergola (Grids/tell.it) 

2009 

2010 

Woodome 1.0 (Gndshell.it) 

Trw (Gr1dshell.lt) 

2011 Soliday Pavllion (UR Naviei; E cole des Pants, TESS) ~ 

2012 Toledo (Gridshell.i.t) ~ 

2012 Woodome 2.0 (Gndshell. zt) ~ 

2013 Cretell Church. (UR Navw; E cole des Pants, TESS) ~ 

2013 Woodome RFI (Gridsh.ell.it) 

2014 Alida Woodome (Gndsh.ell.zt) 

2014 Accoya (Gridshell.it & MSD) 

2015 ZBC B arn.boo Pavilion (K. Crolla & A. Fwgrut) 

:i. i•. 

:i. i·. 

:i. i·. 

:i. i·. 

;i' i·. 

:i . i·. 

:i. i·. 

:i"t·. \\W 

7.'2m 

0 40/11. 

60m (h 20m) 
50m (h 18m) 

SS.x72m (Ii. 15.Sni) 

QSmx90m (h 5 -8.5111) 
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Cardboard Paper PE Webbing Strips Paper + PE Film T riple hourglass shape erect£d through PERI UP system 

+ Steel Cables 
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4 
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3.2.1. Active-Bending 

As aforementioned, gridshells exhibit a structural behaviour which combines membrane action, 
which Jan Knippers et al. (2011) define as “form-active behaviour”, and active-bending, which 
Lienhard and Knippers (2014) define as the behaviour achieved by a structure due to being bent. 

The term active-bending describes the structural behaviour of those structures whose 
geometry is obtained by elastically deforming an initially straight/flat set of load-bearing 
elements. Such systems can be made with linear elements (the released configuration in the case 
of gridshells), by surfaces, or by a mix of the two (Jan Knippers et al., 2011). The term thus defines 
a form-finding strategy (or a physical behaviour), and not a structural typology, since the 
typologies that can feature bending-active behaviour are several (Jan Knippers et al., 2011; 
Lienhard et al., 2013; Lienhard & Knippers, 2013, 2014).  

Active-bending relies on cardinal considerations. To begin with, bending-active materials 
feature high strength and low bending stiffness, since these must enable buckling and large 
deformations. Section 3.2.2: “Material Systems” will discuss the specific case of gridshells, 
showing how materials such as timber, bamboo, and composites, can be ideal for the purpose. 
On the one hand, bending enables to structure manufacturing operations towards the production 
of straight/flat elements, thus providing a simplified production process as compared to those 
of other lightweight structures. On the other hand, bending requires that material informs the 
structure (and vice-versa) during both the design and construction stages.  

There is thus a tight dependency between the material and geometric properties of a 
bending-active structure, which can be expressed by the non-linear relationship between the 
Young’s modulus, the radius of curvature, the bending stiffness, and the internal forces, as 
described by the elastica equation 77 (Lienhard & Knippers, 2014). James Bernoulli started 
dealing with this problem in the late 17th century; however, it was Euler (1744) to solve it half 
a century later, commenting on the buckling of a flexible rod as follows: 

“ut, inter omnes curvas ojusdem longitudinis, qua non solum per puncta A 
& B transeant, sed etiam in his punctis a rectis positione datis tangantur, definitur 

ea in qua sit valor hujus expressionis ∫ 𝑑𝑑𝑠𝑠/𝑅𝑅𝑅𝑅 minimus.” 

Euler’s sentence translates to English as: “among the possible straight lines of fixed 
length that can pass through points A and B, [the elastica solution] is defined as the one 
minimising the relationship between the arclength ds and the squared radius of curvature r.” In 
other words, the elastica curve minimises the bent rod’s internal bending energy E(k), relating 
it to its curvature over the length ds. This equation thus describes the elastic deformation of a 
slender pin-supported planar beam after buckling, which can be resolved analytically as a 
problem of static equilibrium of moments. 

Equations 3.1-3.2 express this relationship in intrinsic notation, interpreting the internal 
bending energy as a function of the variation of the curvature k along the curve s. Alternatively, 
Equation 3.3 expresses the elastica equation in Cartesian coordinates 78 (Levien, 2008). 
  

                                                      
 
77 The early etymology of the word comes from the Greek “ἐλαστός” (“elastós”), meaning beaten, ductile; 

however, the current meaning comes from the New Latin idioms “elasticus” and “vis elastica”, referring to the 
propelling force generated by a bent stick or strip.  

78 A force-bases solution to equilibrium can also be established by imposing the equilibrium of normal, 
compression and shear forces. Such a method becomes useful when imposing, at the endpoints of a spline, constraints 
expressed as functions of the applied forces. Further approaches provide analogous solutions by correlating 
minimisation of bending energy and curvature of a profile. 
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Besides the variational approach, Euler also proposed a solution based on the equilibrium 
of bending moment. Due to the elementary beam theory continuity principle, this approach 
considers that the first and second derivative along a curved beam are continuous; furthermore, 
the following notation is assumed: 𝐸𝐸 indicates the Young’s modulus, ℎ the cross-sectional 
height, 𝜎𝜎𝑦𝑦 the bending stress, 𝑀𝑀𝑦𝑦 the bending moment, 𝑊𝑊𝑦𝑦 the section modulus. These 
assumptions enable to rewrite Equations 3.1-3.2 as the set of Equations 3.5, named “Euler-
Bernoulli system”. In these equations, that the trend of bending stress 𝑀𝑀𝑦𝑦 does not depend on the 
cross-sectional width, but only on the cross-sectional height ℎ, the modulus of elasticity of the 
material 𝐸𝐸, and the curvature 𝑘𝑘 = 1/𝑟𝑟. 

⎩
⎪
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        (3.5)  

                                                      
 
79 The 𝜆𝜆 and Euler’s parameters a, c characterise different species of curves the which can describe curves 

closer to a straight line (for c= 𝜆𝜆 =0), to a rectangular elastic (for c=a; 𝜆𝜆 =0.5), to a lemnoid (for c=a=√1.6519; 𝜆𝜆 =
0.3027), to a syntractrix (𝑐𝑐 = 𝑎𝑎√2;  𝜆𝜆 = 0.25), or to a circle (a= 𝜆𝜆 =0)(Levien, 2008). 
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The Euler-Bernoulli system provides a formulation of the elastica curve under a structural 
point of view, assuming that the sections preserve their planarity and normal axis with respect 
to the deformed longitudinal axis 80. Solving such large deformations requires a non-linear 
differential second-order formulation, which can be finalised either using elliptic integrals or 
finite element method (FEM) simulations (Yoshiaki et al., 1990). 

The Euler-Bernoulli system structural interpretation imposes to solve equilibrium 
equations within a buckling situation, which requires determining the behaviour of the bending 
rod past the conditions in which the equilibrium path meets bifurcation points or point of “snap 
through” 81 (Wriggers & Simo, 1990; Nistor et al., 2017).  

Bending-active structures like gridshells require thus to control and drive the snap-through 
problem within specific ranges, in order to achieve a suitable condition of static equilibrium. 
Whereas the topology of each flat grid prevents in-plane buckling, it remains pivotal to control 
out-of-plane bending/buckling, which can be controlled by designing an appropriate bending 
stiffness.  

Bending stiffness depends on two contributions; firstly, it depends on the cross-sectional 
thickness, as a higher cross section provides higher bending stiffness. Secondly, it depends on 
the internal “residual moments” of the section, which is the action that the fibres of a material 
oppose to the imposed bending action. At the beginning of the erection process, the fibres of 
each cross-section are aligned in a resting configuration, in which the internal residual bending 
moment equals zero. The application of loading increments increases curvature, 
stretching/compressing opposite sets of fibres, and thus creates a residual bending moment that 
opposes the bending action. This contribution increases with the curvature, and thus imposes 
careful dependencies between material and geometric features. 

Active-bending thus imposes form-finding to negotiate between a performance aimed 
towards funicular shapes and another aimed towards elastica-like shapes. Nevertheless, the main 
load-bearing behaviour should be provided through membrane action, since the contribution of 
active-bending tends to lessen through time due to creep and viscous-plastic behaviour 82. The 
elements of such a hybrid regime should work in a main-compression state, feature negligible 
shear, and preserve the thrust line within the correct part of the cross-section. 

Intuitively, slender components are easier to force towards funicular shapes and can more 
easily reach smaller radii of curvature; however, these can absorb lower residual moments and 
thus provide lower stability against external loads.  

Active-bending has gained popularity due to the simplicity in creating curved elements 
from flat ones; apart from the aforementioned vernacular design and construction methods, this 
structural behaviour has been evolving towards innovative and advanced design-to-
construction methods and highly-performative materials (Lienhard et al., 2013; Waimer et al., 
2013; La Magna, 2017; Slabbinck et al., 2017).  

Recently, Du Peloux (2017) proposed further advancements in the field, developing 
models of bending-torsion coupling in active bending structures and illustrating applications to 
the design of elastic gridshells.  

                                                      
 
80 Timoshenko also noticed that, while a generic cross section preserves its planarity during the rotation 

about a fixed neutral axis, it can however present deviations from normality. This behaviour would trigger first-order 
shear deformations, whose contribution would be particularly relevant in non-slender beams. Furthermore, this 
consideration would help in preventing problems related to the locking of shear in large deformations finite element 
models simulations (Lienhard & Knippers, 2014). 

81 From a mathematical standpoint, buckling is a “bifurcation” in the solution to the equations of static 
equilibrium equations. Buckling happens past the limit point of stability, or when, due to an infinitesimal load increment, 
the structure undergoes a large deformation whose configuration is not adjacent to the original one. This 
phenomenon is also called “snap-through” (Goss, 2003; Bazzucchi et al., 2017). 

82. The active-bending behaviour can be restored through time, by adjusting the geometry of the structure. 

https://en.wikipedia.org/wiki/Bifurcation_theory
https://en.wikipedia.org/wiki/Mechanical_equilibrium
https://en.wikipedia.org/wiki/Mechanical_equilibrium
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3.2.2. Material Systems  

Gridshells are made with superposed mats of parallel laths running continuously through the 
joints; how to implement the correct behaviour of such system is thus central tasks, which 
involves choosing the type of material, dimensioning the cross-section, and detailing the joint 
system. Materials should embed high strength/strain limit, good elastic flexibility under both 
tension and compression, low self-weight, and good durability; these features should ease the 
erection process, while also providing an adequate load-bearing capacity throughout the 
lifecycle of the structure. These requirements translate into physical extents, such as the 
material’s flexural Young’s modulus 𝐸𝐸𝑦𝑦 [Gpa], its flexural strength 𝜎𝜎𝑦𝑦 [Mpa]. Naming ℎ the 
equivalent height of the cross-section, the Euler-Bernoulli system in Equation 3.5 establishes that 
the ratio between 𝐸𝐸𝑦𝑦 and 𝜎𝜎𝑦𝑦 is proportional to both limit radius of curvature 𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛 and the 
utilisation ratio “𝑈𝑈/𝑅𝑅”, and inversely proportional to the strain ratio 𝜀𝜀 83: 

𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚 =
𝐸𝐸𝑦𝑦
𝜎𝜎𝑑𝑑
∙ ℎ

2
         (3.6) 

𝜀𝜀 = 𝜎𝜎(𝜀𝜀)
𝐸𝐸𝑦𝑦

           (3.7) 

𝑈𝑈/𝑅𝑅 = 𝜎𝜎(𝜀𝜀)
𝜎𝜎𝑦𝑦

= 𝐸𝐸𝑦𝑦
𝜎𝜎𝑦𝑦
∙ ℎ
2𝑟𝑟

         (3.8) 

These selection criteria can guide the choice of appropriate materials for bending within 
the Architecture, Engineering, and Construction (AEC): timber, timber derivatives, bamboo, 
composite materials, and metal alloys. Ashby (2005) proposed a series of diagrams/maps sorting 
these materials according to the aforementioned properties, which provide good guidance in 
selecting the correct material for the given design problem. Also, these have informed more 
specific literature on bending-active structures, such as the work by Baverel et al. (2012); 
Kotelnikova-Weiler et al. (2013); Lienhard et al. (2013); Lienhard and Knippers (2014). This 
body of knowledge has inspired the Author to develop the synoptic Table 3.2, and frame how 
the different materials can be suitable to make gridshells.  

Whereas, according to Lienhard and Knippers (2014), materials for bending-active 
structures should essentially feature a strain ratio 𝜀𝜀 > 2.5 ∙ 10-3, gridshells often feature a 
predominant membrane action behaviour, thus enabling the use of materials with lower 𝜀𝜀 values. 
Using Equations 3.6-3.7, maximum strain 𝜀𝜀 and minimum radius of curvature 𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛 are inversely 
proportional; for practical reasons, 𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛 will be used as the main selection criterion.  

The following part will discuss in further depth the features of timber, bamboo, paper, 
metal, and composite materials; the proposed review will also account for long-term behaviour 
(i.e. material creep and relaxation), imperfections (i.e. knots, splits, insects/fungal damage), and 
types of failure (i.e. brittle/plastic) 84.   

                                                      
 
83 𝐸𝐸𝑦𝑦 and 𝜎𝜎𝑦𝑦 are intensive properties; 𝐸𝐸𝑦𝑦 (also called “bending modulus”) represents the stress to strain ratio 

during a flexural deformation (or the material’s tendency to bend; not always 𝐸𝐸 = 𝐸𝐸𝑦𝑦); 𝜎𝜎𝑦𝑦 (also called “bending 
strength”) defines the stress in a material just before it yields in a flexure test (Ashby, 2005). The lower the ratio 
𝐸𝐸𝑦𝑦/𝜎𝜎𝑦𝑦, the more an element can bend before failing, the smaller the curvature radius, and thus the more the residual 
stress it can absorb. 𝐸𝐸𝑦𝑦 should enable the buckling phenomenon, while providing enough structural stiffness to the 
stabilised form. The strain rate of a material defines the change in deformation with respect to time. 

84 Where not specified, the table considers seasoned samples of timber. Furthermore, Burkhardt and Otto 
(1978) observed, during the indoor tests performed for the Mannheim Multihalle, that the grid’s internal spring force 
dropped of 30% over 40 days. 
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Table 3.2. Synoptic map of the relationship between material flexural strength and flexural stiffness. The graph illustrates the 
trend of the flexural strength to stiffness ratio (table based on Ashby (2005), Baverel et al. (2012), Lienhard and Knippers (2014), 
and Kotelnikova-Weiler et al. (2013)).   
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• Timber 
The literature shows that timber is a popular material for gridshells; this material’s 
strength-to-weight ratio is roughly equivalent to that of steel (Harris, 2011), 
whereas its density is much lower (350-550kg/m3 for softwood, 570-1,050kg/m3 
for hardwood and 7,850kg/m3 for steel) (Chilton & Tang, 2017). Since its flexural 
Young’s modulus can range between 8.0-15.0GPa and its flexural strength can vary 
between 16.0-50.0MPa, then: 

𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛𝑇𝑇𝑠𝑠𝑚𝑚𝑇𝑇𝑇𝑇𝑟𝑟 ∈ {180 ∙  ℎ/2;  500 ∙  ℎ/2}       (3.9) 

𝜀𝜀𝑇𝑇𝑠𝑠𝑚𝑚𝑇𝑇𝑇𝑇𝑟𝑟 ∈ {2 ∙  10−3;  5.6 ∙ 10−3}       (3.10) 

Timber can exhibit problems of - fragile failure, for instance when reaching 
tight curvature radii, or meeting material imperfections; thus, several 
factors/precautions must be taken in the grading and preparation process. 

Firstly, the orthotropic structure of timber induces variations in physical 
property across the axial, radial or circumferential direction of the wood trunk; 
commonly, timber laths should be cut along the longitudinal direction of the fibres 
in order to exploit the best elasticity/strength possible. From a practical point of 
view, cutting operations can be performed using easily accessible workshop tools, 
which can make manufacturing laborious, but little energy consuming and more 
sustainable if compared to the processing of other materials 85 (Capasso, 1982; 
D'Angelo, 2010). Despite its compelling material properties, timber may, however, 
present setbacks such as anisotropy, knots, limitations in production length, and 
fragility after drilling/pinching. 

The Essen Pavilion, the 1967 Montreal Expo German Pavilion, and the Mannheim 
Multihalle were made using Western Hemlock Pine, a North-Central European 
species that features straight-and-fine-grained boles, whose trunk can grow 
straight up to 50-70m of height, and up to 2.7m of diameter. The rods of the Essen 
Pavilion were manufactured off-site by glue-laminating three 60x13mm2 laths, 
brought on-site, and assembled in the released configuration using bolted connections 
(Glaeser et al., 1972; Chilton & Tang, 2017). 

The rods of the later Montreal Expo German Pavilion were first manufactured 
and pre-assembled in Germany, folded, and then shipped on-site to Canada. 
Similarly, the rods for the Mannheim Multihalle; were manufactured in an off-site 
facility by cutting out the knots and finger-joining shorter elements into rods up to 
40m long 86 (Burkhardt & Otto, 1978; Liddell, 2015). The tests run for this project 
also revealed a correlation between the moisture content and the physical behaviour 
of timber, showing that soaked timber elements are easier to bend if compared to 
dry ones, and that the initially high bending stresses would sooner relax due to 
creep (Happold & Liddell, 1975). 

Due to the different context and the different market availability, the 1988 Silk 
Road Exposition and the 1989 Exposition of the Sea and Island in Japan, were built 
using Sugi (or Japanese Cedar, the national tree of Japan). 

                                                      
 
85 Processing a medium sized piece of timber can demand roughly around 190kW/m3, while processing an 

analogous piece of aluminium could require up to 85,000kW/m3 – 400-fold the energy timber would require. 
86 Despite this procedure cleaned timber from most of its imperfections, several finger-joints had to be 

fixed/repaired on-site by nailing lapping pieces over the problematic finger-joints. Besides, material properties  
(Burkhardt & Otto, 1978). 
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Adopting this local species enabled to involve local artisans and resellers and 
reduce the embodied energy related to transport. The trunk of a Sugi tree can grow 
straight up to 70m for 4m in diameter, providing a bending modulus around 8GPa. 
The Nara Pavilion at the Silk Road Expo also adopted this material, however using 
a different assembly system; these grids were assembled and bent off-site in 4m-
wide modular elements, brought on-site, erected in mid-air, and bolted through 
steel sleeves, pins, and dowels (Herzog et al., 2004). The Mermaid Bowl was also 
built from pre-assembled 3.6m square modular elements; however, unlike other 
examples, the gridshell was conceived to work as a hanging, draped grid. After this 
structural concept, the 100x100mm2 Sugi rods were detailed as the links of a chain 
and coupled with bolted steel plates (Chilton & Tang, 2017). 

The Weald and Downland Museum gridshell was made of a double-layer grid of 
50x35mm2 Oak timber rods. Buro Happold preferred this species over other local 
ones (such as Larch, Chestnut, or Douglas Fir) due to its high bending strength, and 
its plasticity at failure (Richard Harris et al., 2003). Manufacturing was performed 
off-site by grading the timber laths, removing the knots/imperfections, finger-
joining these elements into 6m-long rods, and later scarf-joining these on-site 
under a polytunnel. This process enabled the development of prime-quality 
continuous laths up to 50m long. These featured a minimum radius of curvature of 
5m and a bending strength of 30MPa; the use of plated joint-connections aimed to 
further preserve such structural continuity, however making the construction 
process overall more laborious (Kelly et al., 2001; R. Harris et al., 2003).The 
engineering and materialisation of the Savill Garden gridshell involved Larch timber 
due to the availability of a certified batch of Larch of “exceptional quality” (Naicu et 
al., 2014). Manufacturing followed and streamlined the same operations of the 
Weald and Downland Museum gridshell; however, single-bolted joints were preferred 
in this project (Harris & Roynon, 2008). The Chiddingstone Castle Orangerie gridshell 
also followed this manufacturing process, using 40x35mm2 Chestnut timber rods 
and plated joints (Woodland, 2016).  

The aforementioned projects show the relevance of sourcing local timber 
species, structuring a convenient off-site manufacturing process, and streamlining 
on-site procedures.  

• Bamboo 
Bamboo features interesting physical properties, such as low self-weight and 
excellent performances against flexion, tension, and compression; from an 
environmental point of view, this plant commonly grows in tropical regions and 
has incredibly rapid cycles of growth 87. However, the geometric and mechanical 
properties of bamboo can dramatically vary across the stem; depending on the 
different species, classification, and moisture content, the flexural Young’s modulus 
of bamboo can vary between 8.7-13.4GPa, while its flexural strength can range 
between 119-185MPa (X. Li, 2004; Lafuente-Hernández, 2015); thus: 

𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛𝐵𝐵𝐵𝐵𝑚𝑚𝑇𝑇𝑜𝑜𝑜𝑜 ∈ {66.5 ∙  ℎ/2;  73.1 ∙  ℎ/2}       (3.11) 

𝜀𝜀𝐵𝐵𝐵𝐵𝑚𝑚𝑇𝑇𝑜𝑜𝑜𝑜 ∈ {13.7 ∙  10−3;  15.1 ∙ 10−3}      (3.12)  

                                                      
 
87 A Bamboo rhizome can grow over 30m through a 3-5 years lifecycle; furthermore, bamboo grows up to 

80% of its final height in its first month, and it is not uncommon that a bamboo plant can grow up to 1m in 1 day. 
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Bamboo gridshells were envisioned and documented by Burkhardt and Otto 
(1978); Gas et al. (1985); though, despite this material has for long been an integral 
part of the vernacular architecture of Asia-Pacific regions, no consistent 
applications have been proposed before the 2015 ZCB Bamboo Pavilion. This project 
was engineered and made using unprocessed stems of adult Phyllostachys Edulis 88. 
The manufacturing started by cutting off the first 3m and the top end of each stem, 
obtaining rods up to 7.2m long, featuring diameters ranging between 80-120mm. 
These poles were then sorted by size and bending stiffness, and later deployed on 
site according to bendability/curvature design requirements; on-site assembly 
relied on hand-tying the poles with methods borrowed from traditional Cantonese 
scaffolding-making craftmanship.  

During the bending process, several adjustments became necessary to ease the 
erection, such as cutting notches in those poles with the tightest curvature (Crolla 
& Fingrut, 2016, 2016). 

• Paper 
Although paper is an unconventional structural material for the AEC Industry, 
Bank et al. (1992); Bank and Gerhardt (2015) have illustrated several successful 
applications of it, especially when used in the form of paper-tubes. Shigeru Ban 
(2018) has proposed paper-tubes as a sustainable alternative to structural timber, 
realising several projects of houses, churches, or civil buildings for temporary 
events or post-disaster situations (Ban & Miyake, 2009). Shigeru Ban also used 
paper-tubes for realising the 2000 Expo Japan Pavilion in Hannover, a 75x35x15m3 
gridshell shaped by bending a grid of cardboard pipes (see Figure 3.6, c).  

The structural paper-tubes were produced by spirally-laminating, around a steel 
rod, three-ply recycled cardboard rolls saturated with glue; this process created a 
batch of identical hollow tubes 20m long, featuring a diameter of 120mm, a 
thickness of 22mm, and a specific weight of 500kg/m3 (McQuaid & Otto, 2003; 
Bank & Gerhardt, 2015). The tubes were then spliced and socket-joined into 
continuous rods up to 68m long. The joint system detailing accounted that the 
inherent strength/efficiency of tubular forms rely on the G2-continuity of their 
surface; it appeared thus convenient to not pinch/drill the tubes, and use a system 
made of cloth laces instead to preserve the structural integrity of the section 
(Davey, 2000).  

Where the original design envisioned a gridshell made of sole paper, stringent 
building regulations and poor structural properties imposed to stiffen the triple-
saddle structure with curved timber trusses and steel bracing cables (Chilton & 
Tang, 2017) (see Figure 3.6, c right). A rather low bending modulus of about 
1.4GPa, along with a modest flexural strength of about 14.5MPa, provided poor 
bending performances, featuring: 

𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛𝑃𝑃𝐵𝐵𝑃𝑃𝑇𝑇𝑟𝑟~ 96.5 ∙  ℎ/2         (3.13) 

𝜀𝜀𝑃𝑃𝐵𝐵𝑃𝑃𝑇𝑇𝑟𝑟~ 10.3 ∙  10−3        (3.14)  

                                                      
 
88 Also known as Moso Bamboo or Mao Zhu. 
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• Metal  
The 1973 Seibu gridshell was built in Tokyo in collaboration with the Stuttgart 
Institute of Lightweight Structures (Burkhardt & Otto, 1978). The prototype 
utilised a 10x10m2 square released configuration composed of square hollow 
aluminium profiles. However, this remains a rare example of aluminium gridshell 
due to the fact that this material is quite expensive, not incredibly lightweight (with 
a density of 2,700kg/m3), hard to bend (featuring a flexural Young’s modulus of 
70GPa), but nevertheless quite strong (with flexural strength ranging between 12-
280MPa). Titanium can provide similar features, but at an even higher cost. In 
summary: 

𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛𝑀𝑀𝑇𝑇𝑡𝑡𝐵𝐵𝑙𝑙 ∈ {250 ∙  ℎ/2;  590 ∙  ℎ/2}       (3.15) 

𝜀𝜀𝑀𝑀𝑇𝑇𝑡𝑡𝐵𝐵𝑙𝑙 ∈ {1.7 ∙  10−3;  4 ∙ 10−3}       (3.16) 

These physical properties are to be further contextualised with a pronounced 
plasticization tendency and a high cost of both the raw material and the 
manufacturing processes. These aspects have often discouraged stakeholders in the 
AEC Industry to use metals in bending-active structures 89.  

• Composites 
The Aerospace and the Sports Industries have often replaced traditional monolithic 
materials with composite ones whenever searching for materials with high strength 
and high deformability 90 (Baverel et al., 2012; Kotelnikova-Weiler et al., 2013). 

Within the AEC Industry, composite materials such as Glass Fibre Reinforced 
Polymers (GFRP), Carbon Fibre Reinforced Polymers (CFRP), and Natural Fibre 
Reinforced Polymers (NFRP) can provide high strength and a high elastic modulus 
at a low specific weight. Furthermore, highly standardised manufacturing 
processes such as pultrusion allowing for several benefits 91. Firstly, since these 
materials are homogeneously produced in controlled facilities, manufacturing can 
bypass the grading/cleaning operations often required by timber. Additionally, 
since manufacturing can serialise the production of elements of any 
length/diameter, it also allows the production of elements of standardised size, 
which can be thus connected using off-the-shelf parts, streamlining the detailing 
and assembly processes.  

The flexural strength of GFRP ranges between 200-700MPa (one order of 
magnitude above that of timber) while providing a rigidity of 12–40GPa, and a 
density of 1.9kg/m3 (100-fold lower). These features demand lower energy to 
activate buckling, also enabling to reach much tighter curvatures (Douthe et al., 
2006; Lafuente-Hernández, 2015): 

𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛𝐺𝐺𝐺𝐺𝑅𝑅𝑃𝑃~ 60 ∙  ℎ/2         (3.17) 

𝜀𝜀𝐺𝐺𝐺𝐺𝑅𝑅𝑃𝑃~ 16.6 ∙ 10−3        (3.18) 

                                                      
 
89 A further metal gridshell was the 1977 prototype developed at the Universidad La Salle in Mexico City. 
90 This is the case of ship masts and skis, where carbon-fibres elements have gradually replaced timber parts. 
91 Pultrusion (from “pull” and “extrusion”) is the continuous process used to manufacture composite materials 

with constant cross-section. This allows for creating isotropic hollow pipes of any length. 
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Douthe et al. (2007) showed several lab tests and preliminary construction 
prototypes aimed at testing the real load-bearing capacity and the construction 
processes of composite gridshells. Subsequently, these advancements were put to use 
to design and construct the 300m2 Forum at the Soliday’s Festival and the 350m2 
Ephemeral Cathedral of Créteil (see Figure 3.6, a). Both structures were built with 
circular hollow GFRP pipes and assembled in their released configuration using 
standard swivel scaffolding parts for both the end-to-end connections and the 
hinge-joint connections. (Baverel et al., 2012; Du Peloux et al., 2015; Tayeb et al., 
2015). This material standardisation enabled to streamline the manufacturing 
operations and detailing, while also providing excellent mechanical performances 
for bending.  

CFRP provides even more performative properties, exhibiting a bending 
modulus ranging between 165-210GPa and a tensile strength in the range of 2,255-
2,800MPa. These properties provide: 

𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛𝐶𝐶𝐺𝐺𝑅𝑅𝑃𝑃 ∈ {60 ∙  ℎ/2;  75 ∙  ℎ/2}       (3.19) 

𝜀𝜀𝐶𝐶𝐺𝐺𝑅𝑅𝑃𝑃 ∈ {13.3 ∙ 10−3; 17 ∙ 10−3}       (3.20) 

Despite their highly performative structural properties, GFRP and CFRP have 
a heavy carbon footprint, as they involve health hazards in the manufacturing 
processes and difficult recyclability at the end of their lifecycle. Furthermore, their 
high production cost often limits the use of CFRP in the AEC Industry, whereas 
this material finds common applications to bending-structures in high-end sports 
equipment for archery or winter sports.  

A promising field of research is heading towards recycling composite materials; 
Colabella et al. (2017) proposed the prototype of a 36m2 gridshell made out or 
recycled skis. The project reclaimed 210 CFRP second-hand skis, exploiting their 
mechanical properties (excellent bending capacity and high transverse rigidity) to 
transform them into a grid of bending rods. This near-zero emissions project 
required an initial testing phase aimed to assess the mechanical property of each 
ski; subsequently, these informed both the form-finding model and the shop 
drawings.  

A further stream of research is studying more eco-friendly composites such as 
NFRP, which combine a polymers matrix with natural fibres such as hemp, cotton, 
or jute. Wambua et al. (2003); Mallick (2007); Pickering et al. (2016) show 
promising results in both lab tests and Automotive Industry applications.  

Nevertheless, NFRP underperforms in comparison with other composites, 
featuring a flexural Young’s modulus between 1-14GPa and strength values 
between 30-180MPa. Further research is also needed to study better the interface 
between fibres and polymers (i.e. for phenomena related to adhesion/cohesion, 
durability, or long-term effects), low durability issues, and other processing 
limitations. 

𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛𝑁𝑁𝐺𝐺𝑅𝑅𝑃𝑃 ∈ {64 ∙  ℎ/2;  141 ∙  ℎ/2}       (3.21) 

𝜀𝜀𝑁𝑁𝐺𝐺𝑅𝑅𝑃𝑃 ∈ {7.1 ∙ 10−3; 15.7 ∙ 10−3}       (3.22)  
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The choice of the material system involves both technical and architectural consideration, 
spanning across different cross-sections, materials, and joint systems. From a sustainability 
point of view, natural unprocessed materials have a lower carbon footprint; however, they often 
exhibit anisotropies and imperfections that must be accounted in the design and construction 
processes.  

Timber has been widely used for gridshells of both large and small span; however, its 
allowable radius of curvature and strength are not the most performative ones for bending 
purposes. Commonly, timber rods are processed as laths with rectangular cross-section; these 
work best if arranged in a composite cross-section, since double-layer timber gridshells feature a 
relatively low bending stiffness until the layers are locked to act compositely. However, the lack 
of stiffness during erection prevents the grid from self-correcting its deviation from the target 
shape, thus requiring a large number of lifting points (Chilton & Tang, 2017).  

Single-bolt joint systems are inexpensive to produce and quick to assemble/lock on the 
one hand; on the other, they require laborious drilling/slotting operations which can 
compromise the material continuity of the lath. Plated joint connections are more expensive to 
manufacture and slower to assemble/lock, but they preserve material continuity. End-to-end 
coupling connections such as finger-jointing and scarf-jointing can also be laborious, 
furthermore requiring special facilities/machinery. 

Bamboo and composites are by far more performative materials; these are commonly used 
in single-layer grids made of hollow rods, which are able to reach tight curvatures and high 
strengths. Suitable joint systems and end-to-end connections must preserve the integrity of the 
hollow cross-section against pinching and cracking; these can be realised either using clamping 
elements, or bespoke sleeves.  

Overall, the literature shows that, despite the different technologies developed so far, joint 
systems demand either highly laborious preparation tasks, or highly time-demanding 
construction operations 92. Commonly, the fixing of joints and shear blocks are carried out 
manually by operators working in mid-air on an unfinished structure; these circumstances make 
stabilisation among the main criticalities of this structural system. The lack of automation makes 
these routines repetitive and laborious, while also impacting on both the occupational health and 
safety conditions and the budget of each project.  

From a structural point of view, it is desirable to distribute stresses homogenously on the 
grid. Form-finding already targets this goal by considering grids with homogeneous 
geometric/material properties; however, projects such as the Montreal Expo German Pavilion 
and the ZCB Bamboo Pavilion show that local alterations of homogeneity are allowed.  

The design and detailing of the cross-section is thus a complex task that must account for 
structural requirements, but also for construction criteria. Single-layer gridshells require the 
manufacturing/assembly of a reduced number of pieces. On the one hand, this detailing solution 
speeds up construction tasks, prevents eccentricities at the joints, and is simple to model; on the 
other, bending stiffness is high during erection. Double-layer gridshells require more laborious 
manufacturing/assembly/locking operations, with the benefit of providing a less stiff grid 
during erection. 

The structural design of a bending cross-section can develop in two sequential stages: 
“pre-dimensioning”, and “validation”. 
  

                                                      
 
92 Single-bolted connections can be prepared with off-the-shelf parts, but require to mass-process the laths 

for drilling/slotting; plated bolted connections generally require bespoke detailing, and involve a much slower 
stabilisation process, due to the fact that each joint has four bolts to block instead of one. 
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1. Pre-Dimensioning  
This task considers the structure going through large deformations during the 
erection. Here, the rods can undergo large and asymmetric variations in curvatures 
and stresses, while the grid behaves as a kinematic structure in which connections 
allow for in-plane rotations, out-of-plane bending, and possibly twist. This 
condition imposes to consider both active bending and membrane action behaviours, 
is often the most penalising, and is where failure/cracks can more easily occur (see 
Figure 3.10).  
 

2. Validation 
This task considers the stiffened structure during its operational life. Here, the rods 
undergo live loads such as snow and wind, or creep, while the grid acts as a rigid 
shell in which shear and rotations are blocked. Commonly, this condition is less 
penalising, and mainly accounts for the contribution of membrane action, since the 
contribution of active-bending decreases with time. 

D'Amico et al. (2015) comment that the results obtained during pre-dimensioning are 
generally confirmed during validation, and propose the case of a double-layer rectangular cross-
section (local coordinate system of the rectangle u, v, relative sizes u = b, v = h). The pre-
dimensioning problem considers ℎ𝐵𝐵𝑙𝑙𝑙𝑙 the height of the minimum allowable cross-section, 𝑀𝑀 the 
bending moment, 𝜎𝜎𝑦𝑦 the material’s bending strength, 𝐼𝐼 the sectional moment of inertia, and 𝑘𝑘 
the curvature; hence: 

𝑀𝑀 = 𝐸𝐸𝐼𝐼𝑘𝑘          (3.23) 

ℎ𝐵𝐵𝑙𝑙𝑙𝑙 = 2𝐼𝐼
𝑀𝑀
𝜎𝜎𝑦𝑦 = 2

𝐸𝐸𝐸𝐸
𝜎𝜎𝑦𝑦         (3.24) 

The equations above can be solved by evaluating the ratio of combined bending stress 
throughout the bending process; in accordance with Building science and Eurocode 5 (2003), 
the following procedure applies. As further premises, the following equations account for a 
modification factor 𝑘𝑘𝑚𝑚 = 0.7 (Porteous & Kermani, 2013): 

𝜎𝜎
𝜎𝜎𝑦𝑦
∙ (1 + 𝑘𝑘𝑚𝑚) ≤ 1    →  �

𝜎𝜎𝑢𝑢 = ℎ|𝑀𝑀𝑢𝑢|
2𝐼𝐼𝑢𝑢

𝜎𝜎𝑣𝑣 = 𝑇𝑇|𝑀𝑀𝑣𝑣|
2𝐼𝐼𝑣𝑣

   (3.25) 

The mesh of a gridshell can be described as a matrix made of i-rows and j-columns. The 
maximum stress value σd can be extrapolated as the maximum 𝜎𝜎𝑢𝑢, 𝜎𝜎𝑣𝑣 value found across all the 
rows and the columns; this system can be solved through iterative methods such as the Newton-
Raphson method (Ben-Israel, 1966; Ypma, 1995): 

𝜎𝜎𝑑𝑑 = 𝑚𝑚𝑎𝑎𝑑𝑑 �
𝜎𝜎𝑢𝑢,𝑚𝑚𝐵𝐵𝑥𝑥 = 𝑚𝑚𝑎𝑎𝑑𝑑�𝜎𝜎 𝑢𝑢,𝑠𝑠𝑖𝑖�

𝜎𝜎𝑣𝑣,𝑚𝑚𝐵𝐵𝑥𝑥 = 𝑚𝑚𝑎𝑎𝑑𝑑� 𝜎𝜎 𝑣𝑣,𝑠𝑠𝑖𝑖�
        (3.26) 

ℎ𝐵𝐵𝑙𝑙𝑙𝑙 = 𝑚𝑚𝑚𝑚𝑚𝑚

⎩
⎨

⎧𝑔𝑔(ℎ) = 𝑚𝑚𝑎𝑎𝑑𝑑 �ℎ�𝑀𝑀𝑢𝑢,𝑚𝑚𝑚𝑚𝑥𝑥�
2𝐼𝐼𝑢𝑢𝜎𝜎𝑦𝑦

+ 𝑘𝑘𝑚𝑚
𝑇𝑇�𝑀𝑀 𝑣𝑣,𝑚𝑚𝑚𝑚𝑥𝑥�
2𝐼𝐼𝑣𝑣𝜎𝜎𝑦𝑦
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   (3.27)  
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3.2.3. Design Methods 

As aforementioned, the design of a gridshell must account for both construction and structural 
considerations, mainly focusing on how to bear the stresses arising from the erection process 
(Kuijvenhoven & Hoogenboom, 2012; Adriaenssens et al., 2014). The historical and 
technological evolution of this discipline shows different viable methods, which will be classified 
following the criteria proposed by Lienhard & Knippers (2014) for bending-active structures, and 
Lafuente et al. (2011), Du Peloux, Baverel, et al. (2013) for gridshells. From the combination of 
these criteria, this work will refer to three main categories: the “behaviour-based approach”, the 
“geometry-based approach”, and the “integral approach”. 

Furthermore, from a typological point of view, gridshells can feature either regular or 
irregular grids. Regular grids, such as the Mannheim Multihalle, have a constant mesh size and 
can be easily assembled and deployed; however, a regular grid typology can hardly account for 
changes in the curvature of the gridshell. Conversely, irregular grids, such as the Weald and 
Downland museum, have a variable mesh size and can respond to areas of higher curvature by 
increasing the mesh density and, consequently, the stiffness of the grid (Baverel et al., 2013).  

Due to the complexity of the problem, design methods for gridshells are constantly 
evolving, and are likely to be influenced by advancements in both numerical modelling, 
construction methods, and material properties. 

• Behaviour-Based Approach 
This is the earliest design approach available in history; the geometry of the 
gridshell emerges from physical/empirical manipulations operated on a starting 
model. Frei Otto used this method to design the Mannheim Multihalle; form-finding 
consisted of several chain-net prototypes made with equilateral inextensible mesh 
quads. The first 1:500 scale model used wire rods with a hook at each end; on the 
one hand, the model provided good understanding on how to deform a flat 
developable grid into a spatial shape. On the other hand, this approximation only 
allowed to represent every third line of the grid, while rotational-free connections 
could only simulate membrane action behaviour. Physical models form-finding was 
unable to account for any bending stiffness, imposing the design team to first 
laboriously measure the form-found shape using stereophotogrammetry¸ and then feed 
such data into a force density method computer model for proper structural analysis 
(Burkhardt & Otto, 1978).  

Similarly, Buro Happold used small-scale models for the design of the Weald and 
Downland museum; such models drafted the boundary conditions of form-finding, 
which subsequently refined in a dynamic relaxation numerical model (Kelly et al., 
2001; R. Harris et al., 2003). These methods feature shortcomings due to potential 
modelling imprecision, and the difficulties in scaling physical dimensions.  
 

• Geometry-Based Approach  
This is a flexible design method, in which the geometry of the gridshell emerges 
from geometric and mathematical patterning rules. The approach consists of 
considering a target surface, which can feature a wide range of “freeform” 
architectural shapes 93, and then discretising it with a form-found grid.  
The literature provides several applications of this approach, such as the “compass 
method” and the “variational principles method”.  

                                                      
 
93 Shapes cannot be entirely “freeform”, since these should account for long-term effects such as creep (i.e. 

saddles and flex points can more easily induce plasticisation on the long term). 
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a. Compass method 
 

 
 

 
This grid-making method was first proposed by Otto et al. (1974) at the Institute 
for Lightweight Surface Structures. As the name may suggest, the design procedure 
can be finalised with the iterative use of a simple compass over a target surface. The 
first step is to draw a continuous “target surface” and pick a convenient “propagation 
point” to start drawing from; then, draw two curves departing from such a point, 
dividing the target surface into four patches. 

The second step is to set a constant compass radius, then point the compass on 
the propagation point, draw a circle, mark the intersections between the circle and 
the edges of each patch, and draw another circle from each intersection point. The 
repetition of this operation on both edges enables to mark a set of intersection 
points between neighbouring circles; these will be used as the centre point for new 
circles, so as to iterate the process until the first quadrant is entirely covered in 
circles/intersecting points.  

The iteration of these steps on all the quadrants allow to map the whole target 
surface with an evenly spaced cloud of points; the connection of neighbouring points 
with a straight segment generates a wire discretisation, in which all the faces 
feature an equal and quadrilateral perimeter, but different angles (F Otto et al., 
1974; Du Peloux, Baverel, et al., 2013). 

It is important to underline that the same target surface can be discretised into 
multiple grids 94, which can present more or less convenient structural and 
construction performances/challenges; Bouhaya et al. (2009), Sergio Pone, Sofia 
Colabella, et al. (2013), Baverel et al. (2014), Pone et al. (2016), and Pignatelli et al. 
(2017) show how this method can be empowered by the use of numerical models and 
optimisation algorithms 95.  

  

                                                      
 
94 The offset of the grid is related to the choice of the propagation point, while the angle between the two 

guide curves determines the planar warp of each mesh face, and the compass’ radius determines the mesh size. With 
different combinations of these parameters, overlapping mesh faces or singularity points can occur. 

95 Due to the non-univocal solution to the problem, genetic algorithms can play a beneficial role in optimisation. 
Furthermore, the sliding of the compass across the target surface can be modelled as an object moving across a uv 
domain (2.5D space), whereas the compass can be approximated with the use of 3D spheres, and better determine the 
intersection points. 

• • • 
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b. Variational Principles Method 
 

 
 
 
This grid-making method consists of stretching a Chebyshev net discretisation 
over a target surface, and run an optimisation algorithm on it 96. The algorithm 
modifies the position/shape of the grid according to parameters such as the 
regularity of the mesh discretisation, the surface deviation between the mesh and 
the target surface, or the curvature 97.  

Whereas the Chebyshev net is generated separately from the target surface, this 
method allows to steadily adjust the position and orientation of the grid, as well as 
weighting structural or geometric features through the weighting coefficients 
(Lafuente et al., 2011; Baverel et al., 2013). If compared to the compass method, the 
variational principles method can provide both regular and irregular mesh, and 
provide more control over the curvature of the rods (Lafuente-Hernández et al., 
2012). 

 
• Integral Approach 

This is a structurally comprehensive design method, in which the geometry of the 
gridshell emerges from a numerical form-finding procedure. This approach consists 
of the modelling of a numerical form-finding system to obtain a static equilibrium 
configuration. Whereas there is a direct correlation between the geometric shape 
and the physical behaviour, this approach requires careful tuning operations. The 
literature provides several applications, mostly based on algorithms of dynamic 
relaxation equilibrium, such as the “Shape approximation” and the “Least Strain 
Energy method”. Dynamic relaxation is an iterative force-equilibrium algorithm, 
which consists of the modelling of each joint of the grid as a particle 𝛼𝛼𝑠𝑠𝑖𝑖, which is 
then connected to its neighbours to make elastic springs; subsequently, by imposing 
a prescribed nodal displacement, the system converges towards an equilibrium 
configuration through iterative adjustments 98 (W. J. Lewis & Shan, 1990; M. 
Barnes, 1994; W. Lewis & Lewis, 1996; M. R. Barnes, 1999; Douthe et al., 2006; M 
Kuijvenhoven & Hoogenboom, 2012; Adriaenssens et al., 2014).   

                                                      
 
96 In discrete differential geometry, a Chebyshev mesh features constant edge lengths, so that the tangent 

vectors to each family of lines can be parallel displaced along the lines of the other family (Popov, 2002). 
97 These dimensions define a set of “penalty functions” which are weighted and linearly combined into a single 

objective function to be minimised. 
98 This method is iterative due to the fact that active-bending problems feature non-linear relationship between 

forces and displacements. At time t=0, the prescribed displacement 𝛿𝛿𝑠𝑠𝑖𝑖0  alters the equilibrium of 𝛼𝛼𝑠𝑠𝑖𝑖 , inducing internal 

out-of-balance forces 𝑃𝑃𝑠𝑠𝑖𝑖0 . Such force imposes the neighbouring joints to move to a new position closer to global the 
equilibrium. Iteratively, the position of each node adjusts to reach a global static equilibrium again. 
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Several methods are available for solving this non-linear problem, such as the 
Runge Kutta method, which computes 𝛿𝛿𝑠𝑠𝑖𝑖 displacements and �̇�𝛿𝑠𝑠𝑖𝑖nodal velocities using 
implicit fourth-order functions (van der Vorst et al., 1992). D'Amico et al. (2014) 
and D'Amico et al. (2015) illustrate the specific application to a gridshell structure; 
assuming 𝜹𝜹 the nodal displacement vector from the initially unstressed flat 
geometry, 𝑲𝑲 the stiffness matrix (where 𝑲𝑲′ indicates the contributions of the 
material properties and 𝑲𝑲𝒔𝒔

𝒕𝒕  that of the geometric properties), 𝑷𝑷 the external loads 
vector, 𝑭𝑭 the residual forces of the system, then: 

𝑨𝑨 = �𝛼𝛼11, … ,𝛼𝛼𝑠𝑠𝑖𝑖�    𝛼𝛼𝑠𝑠𝑖𝑖 = [𝑑𝑑,𝑦𝑦, 𝑑𝑑]    (3.28) 

⎩
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𝑭𝑭 = 𝑷𝑷 − 𝑲𝑲𝜹𝜹 → 0
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      (3.29) 

Adriaenssens and Barnes (2001) and Barnes et al. (2013) propose a further 
advancement in dynamic relaxation, introducing a three degrees of freedom element 
formulation that can account for both out-of-plane bending and torsional 
phenomena in spatially-curved elements. Such a formulation applies an artificial 
“torsional factor” related to the torsional stiffness, providing a valuable tool for 
modelling a wide range of bending-active systems. In the case of gridshells, this 
method enables to capture the initial straining of the system, providing a 
computational advantage in comparison to other modelling strategies such as a 
hanging model approach.  
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c. Shape Approximation 
 

 
 
This dynamic relaxation application consists of pulling a flat particle-spring system 
towards a target surface, using virtual “shaping springs” (Maarten Kuijvenhoven, 
2009). Whereas the joints are pulled vertically to meet the target surface, the 
relaxation algorithm drives the grid towards an internal equilibrium of forces that 
responds to the bending stiffness of the elements. Material and geometric 
properties can be fed into each 𝛼𝛼𝑠𝑠𝑖𝑖 joint (M Kuijvenhoven & Hoogenboom, 2012).  

Nevertheless, the shape approximation method presents limits due to the fact that 
only vertical displacements are possible; furthermore, this method can only 
consider one grid orientation at a time, and neither torsion nor shear can be 
accounted. Bouhaya et al. (2009) propose a variation of this method, using a 
convergence analysis algorithm to stretch the flat grid over a target configuration; 
furthermore, vertical displacements are prescribed using forces instead of springs. 

 

d. Least Strain Energy Method 
 

 
 
This method considers Euler-Bernoulli beam elements with six degrees of freedom 
per end, enabling to consider both bending and torsion during the simulation. 
Geometric constraints are imposed by combining projection and constraint-force 
methods. Firstly, it is applied a matrix of constant forces 𝑽𝑽 to the 𝛼𝛼𝑠𝑠𝑖𝑖 nodes of the 
grid; this translates into a field of force vectors 𝒗𝒗𝒊𝒊𝒊𝒊 that move each node 𝛼𝛼𝑠𝑠𝑖𝑖 towards 
its closest point of the target surface. In subsequent iterations, 𝒗𝒗𝒊𝒊𝒊𝒊 is scaled 
proportionally to the distance of 𝛼𝛼𝑠𝑠𝑖𝑖 from the surface, so enabling each grid pattern 
to fit the geometric constraints while minimising the strain energy of the system. 
This approach has the advantage that both form-finding and structural analysis can 
be handled within the same FEM simulation (J.-M. Li & Knippers, 2013).  
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3.2.4. Erection Methods 

The construction Industry often features inertias against innovation, requiring lengthy times to 
process/absorb new construction systems; whereas advancements in design methods have often 
found rapid applications, erection methods have instead featured a more resilient evolution. This 
discontinuous pace of innovation has often generated a gap between design and construction 
methods, causing discontinuities and diseconomies, especially in the construction of gridshells. 
At present, there are three erection methods: the “lift-up”, the “push-up”, and the “ease down”; a 
fourth method, the “pneumatic falsework”, has been envisioned but never applied (Frei Otto & 
Trostel, 1967; F Otto et al., 1974; G. Quinn & Gengnagel, 2014). The following review will 
reflect upon the evolution of design knowledge and construction technology through a series of 
illustrative precedents, as also synoptically reported in Table 3.1.  

• Lift-Up 

 
 
This technique is the oldest available. Firstly, the grid is assembled in its flat 
released configuration on the ground; this is then lifted up using cables and cranes. 
Given most of the on-site operations can be finalised at ground level, assembly and 
monitoring can be carried out rapidly; however, as these operations overlap in tight 
spaces, the site can become congested and generate occupational health and safety 
risks. This technique was initially used for erecting small-sized prototypes such as 
the 1962 Berkeley gridshell and the Essen Pavilion (see Figure 3.7); in both cases, Frei 
Otto used mobile cranes to erect the flat grids quickly and straightforwardly. 
However, craning could only lift up a limited number of joints at once; although 
the distribution of these points was rationalised on the grid, concentrated forces 
would overstress the joints, increasing the risk of breaks. Besides, cables could not 
provide horizontal restraints, and demanded difficult containment operations over 
the edges 99 (i.e. to contrast horizontal compressive forces and unwanted buckling). 
Later, in 1967, Frei Otto used this method again to erect the 17.5x17.5m2 Montreal 
Expo German Pavilion; differently from the two precedent projects, this erection 
took advantage of an existing cable net structure to better spread the uplifting 
forces (Hennicke, 1974).  

Overall, whereas gravity and self-weight may assist the bending of the grid, the 
sole gravitational bending action can be either insufficient or excessive, and thus 
require the use of further control devices such as perimetric jacking elements. 
Additionally, mobile cranes have restrictions in loads and a reach, which limit the 
maximum grid size that can be uplifted; furthermore, cranes can be costly to rent 
for long periods of time, and require calm weather to operate safely.   

                                                      
 
99 The edges of the Essen Pavilion were ground-restrained using stilts. 
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Despite several setbacks, the literature proposes several applications/variations 
of this erection method, such as that for the 1988 Nara Silk Road Expo by Itsuko 
Hasegawa Atelier and Toshiyuki Shirayanagi 100 (Kogyo, 1991). Although this 
gridshell may appear similar to the Mannheim Multihalle, its engineering split the 
form-found shape into a set of pre-curved modular macro-parts; these were brought 
on site, craned into position over profiled formers and bolted together (Chilton & 
Tang, 2017). Granting this construction process may more closely resemble those 
of lattice structures, it is illustrative of the limits often involved in crane-lifting a 
large-scale grid; such limitations may thus require the development of alternative 
and more affordable methods.  

After a rather long hiatus, the lift-up method was applied again for erecting the 
2011 Soliday Festival and 2013 Creteil Church gridshells. In both projects, erection 
was finalised in only one day, proving that the lift-up method could be an effective 
one-off means of installation for medium-sized structures. This method benefitted 
from the use of highly flexible and robust GFRP rods, which could bear 
concentrated loads better than timber, without causing any failure. In both cases, 
ground fixing operations required consistent workforce, which was streamlined by 
well-thought ground-connections (Baverel et al., 2012; Du Peloux et al., 2015). 

 

Figure 3.7. Erection of the1962 Essen Pavilion; crane-lifting (a) and stabilised structure (b) (images © IL Stuttgart).  

                                                      
 
100 Student at Stuttgart Institute of Lightweight structures and contributor to the volume IL10 (Liddell, 2015). 
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• Push-Up 

 

 
 
This method was developed as a low-budget variation of the lift-up method for the 
erection of the Mannheim Multihalle 101; the method consisted of assembling the flat 
grid at the ground level, to later uplift it from below at few selected joints through 
vertical uplifting actions.  

The released configuration grid of the Mannheim Multihalle stretched about 
9,500m2, featuring over 33,000 pin-joints 102. Frei Otto distributed a system of 
uplifting devices across the grid, approximately every 9m, providing the grid with 
homogeneously distributed vertical displacements. The single lifting device 
consisted of a 1x1m2 jacking tower, atop which a 3.5x2.5ms H-shaped spreader 
beam was pin-joint. As a forklift would push up the jacking tower, the H-shaped 
spreader beam would distribute this concentrated uplifting action on a larger 
portion of the grid, while tilting to adapt to the change of curvature. The top of two 
neighbouring towers were connected with a secondary cable system, geared to both 
provide further intermediate support points and reduce the risk of unwanted 
buckling/collapse (see Figure 3.8, a) (Happold & Liddell, 1975; Burkhardt & Otto, 
1978). The uplifting points were numerous and well distributed on the grid; most 
importantly, these could be relocated across the ground, enabling better control 
over the geometric deformation, while preventing unwanted compressive forces 
and buckling. In parallel, horizontal pushing actions were applied at the edges of 
the grid to displace the free edges inward. Overall, the erection process took 
approximately one year, resulting rather laborious and inaccurate/imprecise 103. 
Furthermore, working conditions were not ideal, since workers had to operate from 
underneath an unfinished structure. 

Later on, the PERI Group proposed a variation of the push-up method for the 
erection of the 2000 Expo Japan Pavilion: the PERI-UP. The released configuration 
grid was laid flat over a low-level scaffold bed to be pushed up with a proprietary 
PERO jacking system called MULTIPROP. The erection was carried out in seven 
major stages, respectively divided into four sub-stages each; the procedure proved 
to be effective due to both the modularity and the technology of the system, which 
relied on innovative patents owned by PERI.  

                                                      
 
101 Crane-lifting would demand excessive costs and consistent difficulties in handling a grid of such a large 

size from outside its perimeter. 
102 Due to the complexity of calculating the deformation of this structure through an analytical approach, Frei 

Otto initially heavily relied his engineering on physical scale-models and intuition (Addis, 2013). Though, the 
eventual post-forming process validation was carried through a numerical analysis. 

103 In the Mannheim Multihalle, a 1.5% lath breaking ratio was observed (Harris et al., 2003) 
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This system provided accurate vertical displacements and a good degree of 
standardisation, laying the basis for the development of the ease-down method 
(Kelly et al., 2001; Richard Harris et al., 2003). 

The team Gridshell.it developed artisanal adaptations of the push-up method to 
erect several small-sized gridshells, such as the Woodome1 (built in Lecce in 2009), 
the Toledo (built in Naples in 2012), and the Alida Woodome (built in Pescara in 
2014) (D'Angelo, 2010; S. Pone et al., 2013; D'Amico et al., 2014).  

The erection system used for the Woodome1 consisted of the combined use of 
props (pushing up the grid) with a horizontal block and tackle system (pulling the 
edges inwards). The small size of the grid (10.5x10.5 m2), in combination with a 
large availability of workforce, enabled to avoid hi-tech construction machinery; 
the erection monitoring was also carried out in a low-tech fashion, by measuring 
the displacements by hand. The Toledo and the Alida Woodome gridshells proposed 
two hybrid lift-up/push-up erection systems, consisting of the combination of a 
central jacking tower with a block and tackle uplifting system. This allowed for 
better control of the entity and progression of the uplifting action, while reducing 
the amount of manual fatigue (previously demanded by the use of props; see Figure 
3.8, b).  

Overall, the small size of these projects enabled to propose an artisanal approach 
to construction, nevertheless sharing common traits and criticalities with larger 
projects such as the Mannheim Multihalle. Convenient uplifting systems evenly 
distribute the erection forces, while avoiding the concentration of excessive point 
loads on the grid; it also appears that the combination of such systems with 
monitoring devices can facilitate the control of the whole procedure. Besides, the 
control over the free edges still remains a relevant criticality to address, similarly 
to the risks and the human error involved in working in hazardous working 
conditions. From this perspective, Hennicke (1974) foresaw a natural evolution of 
this method by replacing mechanical lifting devices with a pressurised pneumatic 
falsework. This method will be addressed as the “pneumatic falsework”. 

 

Figure 3.8. Erection of the Mannheim Multihalle (a, image © F. Otto), and Woodome (b, image © S. Colabella).  
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• Ease-Down 

 

 
 
This method was introduced in 2002 by Buro Happold and PERI to erect the Weald 
and Downland gridshell, after all the experience and advancements matured from the 
erection of the 2000 Expo Japan Pavilion.  

The Weald and Downland gridshell introduced a methodological and operational 
shift in the construction process; the flat released configuration of the grid was put 
together over a raised scaffolding system at the apex level of the final shape of the 
gridshell, instead of the ground level (see Figure 3.9). This choice enabled to lock 
the position of the apex of the grid from the beginning of the erection while 
exploiting the combination of gravity bending, modular scaffolds, and mechanical 
formworks (G. Quinn & Gengnagel, 2014; Chilton & Tang, 2017).  

This rather articulated mechanical system bent the flat grid according to 
prefixed trajectories, while lowering the ratio of broken laths. Among the 
advancements proposed, the ease-down method enhanced the control and the 
precision over the prescribed displacement. The mechanical props provided both a 
well-distributed bending action and a visual feedback on the status of the erection; 
furthermore, they constrained horizontal bulging forces. Besides, this method 
improved the occupational health and safety working conditions, as the workers 
could operate the system from outside the unfinished structure (R. Harris et al., 
2003; Richard Harris et al., 2003). 

However, the degree of sophistication of this highly technological method was 
costly and required time-consuming preparation, which also restricted the access 
to the site (Adriaenssens et al., 2014).  

Although the Weald and Downland gridshell is, currently, the only example of 
ease-down method, gravity-bending was applied to the construction of other 
gridshells such as the Savill Garden in 2006, and the ZCB Bamboo Pavilion in 2013. 
The shallow profile of the Savill Garden enabled to lay the separate layers on a 1:1 
jig made of a grid of props (mesh spacing 1x1m2). The two bottom layers were 
eased down in position first; then, shear blocks were screwed on top of these, before 
the two top layers could be eased down on top of this system to finalise the gridshell 
(Harris & Roynon, 2008). 

The combination of mechanically-improved timber, low curvatures, and 
standardised forming strategy, enabled to deliver an elegant architectural roof and 
streamline on-site construction.   
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Differently, the ZCB Bamboo Pavilion was erected by easing down the separate 
elements of each structural layer over a scaffolding ruling system. The whole 
process took two months, during which each bamboo rod was lifted, eased in 
position through key-points (marked over the scaffolding), and joined to the rods 
below. This method had to embed a high degree of uncertainty; on the one hand, 
raw bamboo featured major variations in geometry, dimensions, and physical 
properties; on the other, the vernacular scaffolding system was based on intuitive, 
artisanal construction routines and could not be precisely planned on paper. These 
uncertainties were embedded into a numerical open-ended design and construction 
workflow to minimise the inherent indeterminacy gap that could otherwise spread 
between the numerical and the physical environments (K. Crolla & Fingrut, 2016).  

 
 

 

Figure 3.9. The ease-down erection of the Weald and Downland gridshell. The flat grid (a), and the PERI telescopic scaffolds 
(b) (images © Weald and Downland open air museum).  
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• Pneumatic Falsework 

 

 
 

This method was originally conceived by Hennicke (1974), who envisioned that 
the push-up method could be improved by replacing the system of uplifting devices 
with a pneumatic forming system made of a membrane formwork.  

Bini (2014) showed with the Binishell and the Binistar system that pneumatic 
forming can integrate form-finding and construction at a 1:1 scale, provide a 
homogenous and distributed uplifting action, and bypass the laborious preparation 
of jacking/scaffolding systems (Herzog, 1976; Oñate & Kröplin, 2010). Whereas a 
RC shell can feature a self-weight of about 2.5kN/m2, the self-weight of a gridshell 
ranges between 0.1-1.0kN/m2, thus suggesting that the pneumatic uplifting of a 
grid should not be an issue.  

Due to its inherent potential, the pneumatic falsework method has been 
investigated both by the Author (Liuti & Pugnale, 2015; Liuti et al., 2016, 2017) 
and the research group at the UDK Berlin (Quinn & Gengnagel, 2014, 2015; Quinn 
et al., 2016). 

The interaction of a pneumatic falsework with a bending-active structure would 
require further aspects to consider, such as which membrane and gridshell 
typologies to use, how to interface these two systems, and the range of pressures to 
involve. Furthermore, precision and scalability need to be addressed, since this 
method has never been applied to a full-scale project at the commencement of this 
research work. 
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3.3. Summary and Conclusions 
The design and construction of gridshells feature a tight relationship between structural 
principles and construction criteria; thus, often in this discipline, innovation in construction 
correlates with innovation in design.  

Advancements in the fields of design and analysis are consistent and rather frequent; at 
present, geometry-based and integral design approaches can drive active-bending form-finding 
towards a wide range of shapes. Numerical methods and computational design enable to 
approximate freeform geometries through grid generation/optimisation algorithms, whereas 
non-linear incremental FEM analyses can accurately simulate buckling problems. 

In parallel to such design advancements, construction practice has evolved at a slower 
pace, most likely due to the inertias against technological changes within the AEC Industry, and 
the limited compatibility of gridshells with everyday architectural typologies 104. These 
contingencies have often prevented the diffusion of gridshells, confining their construction 
mostly to circumstances where experimenting is allowed (i.e. academic prototyping, or special 
events with large budgets).  

Whereas timber is a very diffused construction material for gridshells, bamboo and 
composites are proposing compelling alternatives due to their physical and manufacturing 
features. These materials enable to bend structural members with tight radii of curvature, thus 
providing high bending-active load-bearing capacities 105; furthermore, these materials can 
commonly be found with hollow sections, while also allowing for standardised manufacturing 
and assembly processes.  

Nevertheless, active-bending behaviour affects the structural behaviour of a gridshell 
mostly in the short term, thus imposing form-finding to negotiate its curvatures between an 
even trend (coming from the bending-active behaviour) and an uneven trend (coming from the 
funicular behaviour). Still, it is essential to not overstress the bending rods during the activation 
of active-bending, which coincides with the commonly most critical design condition: erection. 
Erection should replicate form-finding by gradually and homogeneously distributing uplifting 
and bending actions on the flat grid. Despite the advancements proposed with the lift-up, the 
push-up, and the ease-down methods, this stage still copes with problems related to the scaling of 
the form-finding operations into a suitable 1:1 scale construction model; the discontinuity of 
such an interface often involves diseconomies and laborious operations of engineering. 

The lift-up method can be effectively used to erect small and medium-scale gridshells, 
however imposing considerable operational costs, limits on control and precision, and the risk 
of overstressing laths with concentrated uplifting forces. The push-up method can provide a 
better distribution of lifting forces, using cheaper and more accessible technology, but imposing 
long operational times and occupational health and safety issues (since workers are generally 
required to work underneath an unstable structure). The ease-down method improves both the 
control over geometry and the safety conditions, but involves a high degree of engineering 
sophistication and machinery, thus demanding consistent resources and time to be prepared and 
finalised. 

After the work of Hennicke (1974) and Bini (2014), the pneumatic falsework method appears 
to be a promising alternative to address these shortcomings. To begin with, such a method could 
bypass the form-finding scalability problems by operating form-finding at 1:1 scale. 

                                                      
 
104 Despite these structures allow covering large spans with a reduced use of material and a fascinating 

interplay of light, shadows, and changing perspectives, architectural applications can be limited due to the difficulty 
of blending a curved shell shape with other horizontal or vertical partition elements, or the problems involved in 
opening discontinuous accesses and apertures or providing flexible space distribution. 

105 Load bearing capacity depends on the internal bending moment and thus on curvature; high material 
utilisation and load bearing capacity occur when there are high imposed elastic deformations. 
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An uplifting pneumatic membrane could provide a homogeneous distribution of bending 
forces, while streamlining and automating the whole erection process. Furthermore, it could 
provide safer working conditions for the workers, who would not operate from underneath an 
unfinished structure during the erection. 

The use of air as a means of erection would, however, require a seamless interface between 
design/form-finding and construction/erection; the dimensions and features of such an 
integrated interface will be addressed according to the following points: 

• Feasibility  
What are the most suitable geometric and material properties for the membrane? 
What are the most suitable gridshell typologies and material systems? What are the 
most suitable gridshell design methods? What is the range of pressures involved in 
relation to the lifting of dead loads and in the triggering of active-bending? What 
happens at the interface between the gridshell and the pneumatic membrane? What is 
the detailing of such interface? 

• Accessibility  
Which and how many resources are involved in the preparation, operation, and 
dismantlement? What/which workforce, skills, and machinery are involved in the 
off-site and on-site operations? What are the costs and the requirements involved 
in manufacturing a pneumatic falsework? What are the transportability 
correlations? 

• Efficiency 
What control is provided regarding precision? What is the speed of this erection 
method? How does the structural grid behave? Does pneumatic form-finding 
provide an acceptable shape? What is the degree replicability/flexibility of this 
method? What is the most convenient shape to use for the falsework? What is the 
cost in comparison with other methods? 

 

 
Figure 3.10. The failure of a lath during the erection phase (image © A. Pugnale, S. Colabella).  
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4. The Technical Ground of  Pneumatic Membranes 

Membrane structures feature a thin flexible skin, able to carry tension only, but no compression 
or bending 106. Shaping these structures requires a rigorous form-finding process, which aims 
to tension the surface in at least one direction (Picker & Sedlak, 1982). Tension can be induced 
by either pulling the membrane at key-points (in the case of tension structures or tent-type structures) 
or pressurising the envelope (i.e. pneumatic “air-structures” 107). Whereas both categories work 
in predominant membrane action, Figure 4.1 illustrates further classification criteria, assessing 
design features, stress conditions, and support typology. 

Tension structures are supported by external elements such as masts, poles, frames, arches, 
or cables. These structures can provide an economical and attractive means for covering large 
spans for both temporary or permanent purposes, as illustrated by both ancient and recent 
examples (i.e. the Native American Tepee, the afore-mentioned Mongolian Yurts, or the masted 
cover for the Munich Olympiastadion by Frei Otto). Commonly, form-finding converges towards 
shapes with negative or null Gaussian curvature (Koch, 2004). This structural typology is 
extensively discussed in the literature (Gründig et al., 2005; Seidel & Sturge, 2009; Knippers et 
al., 2011; Harris & Li, 2012), and will not be covered in this thesis. 

Air-structures are form-found, supported, and tensioned by the action of air instead 108. The 
pneumatic action provides shapes with mainly positive curvatures; two sub-categories can help 
further classify this structural typology. On the one hand, “air-supported structures” are generated 
by fixing the perimeter of a single layer membrane to the ground and swelling it in dome-like 
shapes (i.e. the air-domes used in winter for sports centres). On the other hand, “air-inflated 
structures” are generated through a double-layer, closed membrane (i.e. the elements used for 
rubber dinghies) (Kawaguchi, 1992; Liuti et al., 2016). This research work mainly focuses on 
how innovation affected these typologies; thus, both technical and technological advancements 
will be discussed later in the chapter through representative projects.  

Air-structures provide suitable solutions for a wide range of semi-permanent or temporary 
applications, such as sports facilities roofing and shading systems, storage buildings, cover roofs 
for airport terminals and exhibition halls, emergency shelters, military sheds, community 
service facilities, and lifting or moving devices. High lightness and good tension resistance 
enable the covering of large spans with very little material, and a wide range of shapes. From a 
practical point of view, off-site pre-fabrication allows for the standardisation of detailing quality 
and assembly, since these structures are generally folded and compacted off-site, transported 
and deployed on-site, and tensioned (Picker & Sedlak, 1982; Hopping, 2006). 

                                                      
 
106 Membrane, from the Latin “membrana”, meaning “skin”. 
107 Pneumatic, from the Greek “πνεῦμα” (“pneuma”), meaning “breath of air”. 
108 Variations of this typology can feature also water, fluids, or granular materials fillings. 
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Further advantages are the possibility of featuring translucent materials and a reasonable 
thermal insulation, but also providing excellent seismic performances or the possibility of 
offering an oxygen-enriched environment (Qing & Gong, 2015). As illustrated by successful 
projects in the fields of Civil and Military Engineering, Architecture, and the Aerospace 
industry, membrane structures feature a close relationship between material properties and 
form-resisting behaviour 109 (Ando et al., 1999; J Bonet et al., 2000). This implies that field 
innovation can relate to two main areas of inquiry: the first involving the design and 
construction workflow, and the second related to materials development.  

 
 

 

Figure 4.1. Classification of membrane structures typologies according to stress conditions and support systems.   

                                                      
 
109 Surface conditions are strongly connected to structural performance; this interdependency between design 

technique and technology will lead the literature review to explore how innovation in form-finding, structural 
analysis (in both static and dynamic range), cutting patterns, and erection or inflation process have influenced each 
other and the whole field.  
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Early applications of pneumatic membranes in construction date back to the Romans, when 
animal skins were processed and used to produce buoyant inflatable bags for either building 
rafts or to establish temporary bridges across rivers. Since then, membranes have been often 
negatively associated with either nomadism or temporariness, and little interest/advancements 
was recorded until the introduction of new materials such as early plastic and rubber in the 
second half of the 18th century. Montgolfier in 1783 and Meusnier in 1793 started experimenting 
with buoyant air balloons, airships, and air-supported floating structures. These early 
experiences showed how new materials could provide viable means to explore lightness and 
define new visions and ambitions in design; changing, for instance, the perception of flight. 

Further advancements in air-inflated structures occurred later thanks to Hancock’s 
invention of the vulcanising process, and then Thompson’s application of such process for 
producing the first vulcanised rubber tyre in 1845. Such technology was initially industrially 
applied to the manufacturing of small-sized goods by Dunlop in 1888 to produce bicycle tyres, 
and then Michelin in 1895 to equip racing cars. The worldwide diffusion of inflatable tyres shows 
how these drastically improved the user’s experience regarding comfort, safety, and road 
holding; besides, these objects would embed higher technology in their production line, thus 
contributing to the establishment of more reliable product standardisation. 

The first proper theoretical application of air-inflated structures in architecture comes in 
the early 20th century with the patent “An improved Construction of Tent for Field Hospitals, 
Depots and like purposes” by Frederick W. Lanchester (1917). It is likely that it was after the 
emerging advancements of the Aeronautical and material industry of the time, that Lanchester 
developed an emergency tent system consisting of a sealed balloon fabric anchored to the 
ground; so that, once swollen, this could be supported by internal pressure, while airlocks 
provided entrances. After this first proposal, Lanchester proposed a further design for a 329m 
diameter inflatable dome, which, despite never being built, introduced the idea of covering large 
spans with an air-supported membrane structure.  

These early explorations around membranes, pneumatics, and polymers in general, 
encouraged further research in the field; a long research and development process took place 
over a period of decades in the synthesis of: Neoprene, Butynol, Celluloid (1868), carbon fibres 
(1879) Polyvinyl Chloride (PVC, 1872), Polyethylene (PE, 1933), Polymethyl Methacrylate (PMMA, 
1933), Nylon (1935) Polyurethane (PUR, 1937), Polytetrafluoroethylene (PTFE, 1938), Polyethylene 
terephthalate (PET or Polyester,1939), Epoxy resin (1946), Polystyrene (PS, 1949), Polycarbonate 
(PC, 1956), Polypropylene (PP,1957), Ethylene tetrafluoroethylene (ETFE, 1970)(Knippers et al., 
2011) 110.  

Once reliable materials had become available to mainstream, practical applications, it 
became possible to realise the first prestressed membranes in the late 1940s. It was the military 
industry which consistently boosted this field of research; during WW2, they used polymers for 
making both parachutes and inflatable mock-up vehicles. This second case is illustrative of the 
great potential of inflatables; during WW2, resources were especially scarce, and both time and 
rapidity were essential in executing tactical manoeuvres. The Allied Army saw in this new 
technology an effective means for rapidly manufacturing, carrying, and deploying inflatable 
decoy vehicles, which successfully misleading the air fleet of the Axis from afar.  

The Radome is a further advancement of the military industry. This is the first example 
of an air-supported structure, which was the catalyst for prolific decades of research and 
development in the field of pneumatic architecture (see the following section).   

                                                      
 
110 For a more comprehensive overview on the development of polymers, see (Knippers et al., 2011). 
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The research of Frei Otto further contributed to the field, by introducing new physical 
form-finding techniques. As previously illustrated in Section 2.2: “Learning from “Physical 
Models Form-Finding””, he approached form generation by extrapolating the generative 
principles of geometry from natural phenomena; this is how he developed the methods of the 
hanging cable nets, but also the soap film bubbles. His doctoral thesis dissertation (Otto, 1954), 
and the volumes on tensile structures (Otto & Trostel, 1967; Otto et al., 1967) became key 
references in the field of structural skins and pneumatic structures, as he introduced innovative 
approaches to geometric and structural form-generation of complex skins. 

Otto often mixed his design expertise with the entrepreneurial/manufacturing 
background of Peter Stromeyer’s. This combination led to explorations on a broad spectrum of 
experimental structures, such as the 12.5x12.5m2 Four-point tent and the Mushroom umbrella built 
for the 1955 federal garden show in Kassel 111, the PVC-coated cable-net structures developed 
for the Montreal Expo German pavilion, or the Munich Olympiastadion in 1972. These minimal-
surface projects were mostly developed through the soap bubble analogy, allowing Otto to 
envision new shapes, and engineer them for an easy on-site assembly. On the side, he also 
experimented with air-structures, envisioning applications at multiple scales of different 
typologies of domes, silos and other hybrid structures (Otto & Trostel, 1967; Otto et al., 1967).  

A post-war positive cultural enthusiasm embraced new materials and new design 
techniques. This cultural movement nurtured a considerable interest around air-structures, 
which culminated in different outcomes. The scientific community hosted the First International 
Colloquium on Pneumatic Structures in Stuttgart in 1967. On the other hand, the Archigram group 
and the Utopie community developed a series of aesthetic explorations, embracing the 
ephemerality of air-structures as a value to oppose the inertia and repression of traditional post-
war architecture 112. The interest in air structures culminated with Buckminster Fuller’s utopian 
architectures and, most importantly, with the several projects of the 1970 Osaka Expo.  

Where structural skins provided an innovative means for covering large spans with 
minimal material (i.e. in comparison with gridshells or thin shell structures), they also introduced 
innovation in design, manufacturing, and construction. The design process became heavily 
dependent on off-site preparation, as most of these structures came to be manufactured in 
parts/pre-assembled in specialised workshops, transported on-site, deployed, and tensioned. 
This light and dry tectonic system contributed to standardising the overall construction process, 
but, further elements to consider during design were introduced (i.e. form-optimisation, cutting 
patterns, seaming technology, elements planarization, and erection procedures).  

The great appeal of these structures also fostered research into durability, detailing, and 
material behaviour, so as to blur the scalability issues that can arise in the transposition between 
the design concept and the finished project. 

Here follows a critical overview of the evolution of the two main pneumatic typologies: 
air-supported structures and air-inflated structures. 
  

                                                      
 
111 The first structure was a minimal surface tensioned at the four corners thanks to two opposing couples of 

ground connections and masts; the second one instead consisted of a reverted umbrella membrane stretching from a 
central mast. 

112 The “Utopie” movement organised in 1968 in Paris the exhibition “Structures Gonflables” (Dessauce & 
York, 1999) 
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• Air-Supported Structures  

 
 
Air-supported structures gain their form-resisting shape due to the action of an 
internal air-filled volume buoying the sealed skin; this space is usually maintained 
at a relatively low differential in comparison with the atmospheric pressure; so that 
this action can contrast gravity loads and stabilise the membrane (Herzog, 1976). 
Normally, pressure ranges from 1-10mbar (0.01-0.1MPa/m2). Despite the 
functional space of these objects coinciding with the pneumatic chamber, such a 
slight higher internal pressure does not cause discomfort in the users; however, 
such structures must feature air lock accesses and constant air flow.  

The structural behaviour is rather elementary, and commonly involves single-
layer membranes lifted/tensioned by air against a perimetric compression ring; this 
makes air-supported structures extremely lightweight in comparison with other 
membrane structures, conveniently providing semi-permanent covers for seasonal 
events and activities (i.e. winter covers for tennis courts). When strengthened by 
cable-nets, these structures can span up to 200m; however, diseconomies in 
pressurisation (fans need to operate continuously and often redundantly), and 
collapse risks under severe weather conditions have often limited the use of this 
structural typology (Knippers et al., 2011).  

Walter Bird was the first to propose an air-supported structure to build the 16.5m 
diameter Radomes and provide the US Air Force with a water-proof non-metallic 
structure to enclose large search antennas (see Figure 4.2 a). These early examples 
were built in neoprene-coated glass-fibre and neoprene-coated nylon structural 
skin, supporting the concept of covering large volumes with a single-layer 
membrane and air. Later, Bird also successfully proposed this system for 
commercial applications (i.e. warehouses, swimming pool enclosures and exhibition 
facilities), providing the mainstream public with affordable, ready-made shelter 
solutions. The ground-breaking outfit of this new structural system probably 
reflected the progressive post-war progressive zeitgeist, offering a range of 
modern-looking shapes for everyday activities. Nevertheless, these early structural 
explorations had to resolve consistent design and construction shortcomings, such 
as the lack of advanced representational and analytical instruments on the one hand, 
and the rudimental manufacturing facilities on the other. Bird overcame these 
limitations by combining the shapes of well-known pure solids such as spheres and 
cylinders (Bird, 1962, 1970); like afore-mentioned in Section 2.1: “Building through 
“Analytical Surfaces”, this analytical approach enabled the birth of the design debate, 
albeit presenting limitations regarding form-generation.  
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Frei Otto expanded form generation possibilities through physical form-
finding. This performative approach extended the design language towards 
continuous and fluid shapes, inviting speculation at different scales. At the urban 
scale, Otto proposed these structures as an instrument for regulating the 
environmental behaviour of extensive cultivations (i.e. the 1959 Large-Scale 
Envelope for Agricultural Use project) and also easing the anthropisation of extreme 
environmental territories (see the 1971 Arctic city project in Figure 4.2 b). On a 
smaller building scale, Otto also proposed these structures as a means of storage 
(i.e. the 1959 Oil Storage Tanks Research project), but also as pure roofing or 
enclosing solutions (i.e. the 1966 High-Voltage Test Laboratory in Cologne) (Glaeser 
et al., 1972). At the same time, Gernot Minke focused on pneumatic buildings at 
Delft University. His work focused on freeform multi-purpose domes constrained 
by different point/cable-net systems; the 1971 roof cover for the Alpamare 
swimming pool in Bad Tölz provides a representative example of this (Herzog, 1976).  

After these early explorations gave rise to this field, David Geiger built several 
forward-thinking projects, among which the US Pavilion at the 1970 Osaka Expo 
was one of the most prominent advancements of the time (see Figure 4.2 c). The 
air-dome consisted of a single-layer air-supported cable roof with a super-elliptical 
shape, spanning roughly 80x140m2; the membrane was confined within a reinforced 
concrete raised compression ring, to counter the consistent reactions of the roof. The 
white light skin (made of PVC-coated glass-fibre fabric 113) was patterned with two 
arrays of intersecting cables, tracing a rhomboidal grid across it. With a dead load 
inferior to 0.5kg/m2, this structure performed well both during erection and 
operation114, featuring a rise of 6.1m only, under a constant air flow providing an 
internal pressure of +2mbar (Geiger, 1970; Kawaguchi, 1992). 

Despite the appealing lightness, Geiger-type air-domes (i.e. the 1980 Carrier 
Dome, or the 1988 Tokyo Dome) require massive boundaries to feature such shallow 
shapes, thus implying a semi-permanent use of the structure, rather than a one-off 
ephemeral installation. Also, it is interesting to note that the skin was employed 
mostly as a sealing element, while cables could absorb higher, mono-directional 
tension forces. Mesh-reinforced air-domes pushed this concept even further, and 
benefitted large-span structures for several aspects. Firstly, separating the two 
functions enabled the reduction of the thickness and the self-weight of the 
membrane; secondly, the membrane could be produced flat, as it was the job of the 
cable-net (or the wire mesh system 115) to control the curved shape on it. A few 
examples were built across the 1980s, such as the 36m-span air-dome for the 1981 
Protopia Exposition, and the two World Orchid Conference pavilions by Murata and 
Kawaguchi (namely a 75m diameter and a 40x100m2 air-dome) (Kawaguchi, 1992).  

Consistent advancement has become less and less frequent in the past few 
decades. At present, air-supported structures are commonly used in a limited range of 
pillow-like shapes, generally adopted for low-end seasonal architectures, such as 
inexpensive covers for sports courts, recreational venues, or agricultural storage. 
Current improvements can involve minor functional or detailing solutions.  

                                                      
 
113 This water-tight material was developed in the aerospace industry for making astronaut space suits, and 

consisted of a layer of fine-threaded glass-fibre fabric coated on both sides with a vinyl finish (Geiger, 1970). 
114 The membrane was erected from a raised falsework, on which cables could be stretched first, so allowing 

the joining of fabric skirts on top; eventually the whole system was pressurised and tensioned. 
115 The same way in which it was illustrated for the ice domes in Section 2.2. 
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Figure 4.2. (a) The 1948 Radome, by Walter Bird, and a later patent on the right (images © Birdair inc.). (b) Frei Otto’s 
proposal for the project “Arctic City” (mock-up model on the left, plan and section on the right) (images © F. Otto). (c) The 
1970 USA Pavilion in Osaka by David Geiger; to the right, the massive ground connections (images © Columbia University).  
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• Air-Inflated Structures  

 
 

Air-inflated structures are composed of a multi-layer sealed membrane. Such closed 
cavities (i.e. tubes, cushions, mattresses, spheres) are generally subject to 
considerable pressures (in the range of 200-7,000mbar; 100 to 1000-fold the 
pressures involved in low-pressure systems, corresponding to normal forces of 2-
70MPa/m2) (Herzog, 1976).  

Such structures resemble the structural behaviour of beam-, arch-, or lattice-
systems; however, a much higher lightness allows for far better transportability, 
erection, dismantling, and reusability than traditional structures. These features 
make air-inflated structures suitable for temporary and short-term use applications, 
such as military and civil tents, floating barriers, and applications within the 
maritime industry such as inflatable fenders and rubber dinghies. 

In the 1970s, Frei Otto and Gernot Minke separately proposed small-scale 
studies over this structural typology; after these early studies, however, it was at 
the 1970 Osaka Expo that large-scale explorations could be made. The 1970 Fuji 
Pavilion by Kawaguchi and Murata was the first relevant example of an air-inflated 
structure, featuring a span of 50m across a circular plan (see Figure 4.3 a). This 
ribbed dome was erected by morphing a square flat mattress made with sixteen 
adjacent arrayed air-beams into an anticlastic geometry 116. An internal pressure 
range of 80-250mbar (in operational conditions, and in wind/storm conditions 
respectively) provided an adequate stabilising/stiffening action, and made the 
installation and dismantling procedures quick and straightforward. Along with 
several technological advancements, this project demonstrated the possibility of 
covering considerable spans using an anticlastic surface (as opposed to the 
synclastic features of air-supported structures). Furthermore, a sealed double-skin 
eased on-site preparation while speeding up construction. 

Construction rapidity was the key to the realisation of another more recent 
project: the Ontario Celebration Zone pavilion designed by Hariri Pontarini 
Architects and Tectoniks in Toronto for the 2015 Pan American Games. The 
project featured two catenary-like freeform ribbed domes, which were composed of 
an alternated array of 1.4m Ø air-beams and pneumatic cushions patches 117. These 
two open canopies were meant to be ground-restrained by a light system.  

                                                      
 
116 Diameter 4m, length 78m. The structural fabric was woven in Polyvinyl Alcohol (PVA), and was externally 

coated in Hypalon and internally coated in PVC –reaching a specific weight of 3.5kg/m2  
117 The beams were constructed in Ferrari Precontraint 702, while the cushions were in a more translucent 

membrane: Ferrari Precontraint 502 (http://en.sergeferrari.com). 
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Figure 4.3. (a) Kawaguchi & Murata’s Fuji Pavilion at the Osaka 1970 Expo (image © Kawaguchi & Engineers). (b) 
Tensairity® air-beam loaded with a military truck; on the right, the static scheme representation (image © Tensairity® Solutions). 
(c) The 2015 Ontario Celebration Zone pavilion (image © Hariri Pontarini Architects).  
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From such premises, numerical modelling and numerical simulations played an 
essential role in establishing a proper shape against gravity and wind loads (see 
Figure 4.3 c).  

The largest dome featured a length of 60m for a height of 15m; as the primary 
concern of the project was on-site construction rapidity, the domes were 
manufactured off-site as two mega-components which could then be transported 
on-site, unpacked, and erected through inflation in 36 hours 118(Jungjohann & 
Woodington, 2016).This example demonstrates how efficiently a closed air-inflated 
structure can facilitate on-site construction. Furthermore, the project illustrates 
how this discipline allows the handling of complex/freeform geometries, due to 
interoperable digital design/CAM simplified construction processes.  

The 2013 Peace Pavilion by Atelier Zündel Cristea provides a further example 
of digital modelling dialoguing with digital manufacturing, developing new shapes 
for air-inflated architecture. Such a mixed system integrated a double-curved air-
beam with a membrane (Cristea, 2015). However, in keeping with previous 
examples, generating a pre-formed shape brings advantages in construction and 
reusability but also disadvantages in reconfigurability, imposing limits on 
reconfigurability and site-adaptability. 

In this sense, the self-organising structure “Aerial Assemblies” (developed at 
MIT) introduces a change in thinking. Each helium-inflated balloon of this 
aggregative system was encased in a frame; at the tip of each edge of the frame, 
positive or negative magnets were attached. After releasing these balloons in a 
closed-building court, magnets determined attraction and repulsion forces, 
imposing autonomous patterns of aggregation. Gradually, the assembly generated 
a flying spatial structure, which landed on the ground once the helium vanished 
(Tibbits et al., 2015; Tibbits, 2016). The emerging self-organisation somehow 
overcame the rigidity which is often noted in temporary structures, suggesting how 
this material system could provide a more responsive means of construction for 
multiple environmental conditions, as is frequently demanded in the field of 
temporary installations (Liuti et al., 2016).  

On another level, a further limit of air-inflated structures can relate to the 
physical limitations of fabric, as higher stability would involve higher internal 
pressures, and thus higher tensile stresses, increased fabric strength, thickness, 
weight, and costs. Similarly to that which was proposed with wire-mesh air-domes, 
an interesting advancement was made in the 2000s by the Tensairity® system 119. 
This concept combined the shaping action of air-beams with the stiffening action of 
cables and struts. This improved the load-bearing capacities of air-inflated 
structures, as higher tensile resistance can absorb higher pressures (see Figure 4.3 
b) (Luchsinger, Pedretti, Steingruber, et al., 2004; Luchsinger, Pedretti, & 
Reinhard, 2004). 

Cables and nets can also help to ease the shaping process, as complex shapes 
typically require a high degree of sophistication and detail. The following sections 
will discuss how several solutions can affect the different stages of conceptual 
design, analytical modelling, detailed design, prototyping, and construction.  

                                                      
 
118 During operation, compressors were used to preserve a constant inner air pressure 
119 This tectonic system addresses several shortcomings of air-filled pneumatic structures such as strong form 

restrictions for air-houses (which tend to feature spherical or bulky shapes) and strong load limitations for air-beams.  
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4.1. Material System 
The elegance of structural membranes draws on a combination of design, manufacturing, and 
construction criteria, which is based on form-active material systems that can work 
predominantly in tension. This enables the use of dramatically thin sections and minimal 
material; nevertheless, a careful skin material selection is required for the stages of conceptual 
and detailed design, to validate them throughout stress analysis and construction. Typically, 
suitable materials feature high elongation stiffness, high tensile strength, negligible bending 
stiffness, and low specific weight, so as to satisfy both structural and construction requirements 
(i.e. loading, time, temperature, and other environmental conditions) (K.-U. Bletzinger et al., 
2009; Seidel & Sturge, 2009). 

Material selection must be conducted along with form-finding, to enable a homogeneous 
stress distribution over the target deformed surface. Stress analysis validates such a design 
under multiple load cases, to inform the detailed design with the cutting patterns of the un-
deformed geometry. Once such a configuration is obtained, the flat elements can be welded and 
tensioned. Only a seamless workflow interoperability between design stages and material 
selection allows for a structurally efficient result (i.e. avoiding wrinkles or failure).  

At present, two main technical membranes material typologies are available to the field 
of pneumatic structures: coated fabrics (or composite textile materials), and films (or foils, or technical 
plastics).  

• Coated Fabrics 
These are the most common materials used for medium to large-span structural 
membranes and, due to their composite nature, they can offer a broad spectrum of 
mechanical and functional features (i.e. high textile strength, stable long-term 
behaviour, lightness, and foldability).  

These skins feature a layered composition, in which a middle layer of woven 
fabric provides the main load-bearing function, and upper/lower coating layers 
protect from external influences. By separating different tasks into different layers, 
coated fabrics combine and optimise multiple performances at once.  

The woven fabric determines most of the tensile resistance; during its weaving 
process, warp threads are fixed to a weaving loom, and weft threads perpendicularly 
interweave them according to a precise pattern 120. The main differences between 
warp and weft are that warp provides higher tensile strength, while weft shows 
stronger crimping 121 (see Figure 4.4) (Seidel & Sturge, 2009). The combination of 
different materials and weaving patterns can provide a large gamma of mechanical 
properties and finishes, thus allowing for various uses 122 (Knippers et al., 2011).  

At the same time, coating layers provide protection against water and moisture, 
UV rays, chemical and fire hazards, but they also influence the material properties 
of the fabric by increasing its shear stiffness and tear propagation resistance.  

                                                      
 
120. A thread is made from twisting multiple roving filaments together; a roving is made from bundling parallel 

fibres of filaments together. 
121 Tensile strength is generally represented with two values referring respectively to the strength of warp 

and weft over 50mm (N/50mm), as it is commonly measured over 50mm strips in uniaxial tensile tests. Crimp is the 
property of fibres exhibiting a wavy, undulating structure (i.e. wool has a natural 3D crimp). 

122 Plain and Basket patterns (symmetric, good stability and reasonable porosity) are difficult to drape, and a 
high crimp induces low mechanical properties, discouraging its use for heavy fabrics. Twill and Satin patterns 
(diagonal ribs, reasonable stability) feature better draping, a smoother surface, and better mechanical properties.  
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Regarding the overall behaviour, the coating’s contribution to tensile resistance 
is negligible (Meffert, 1978; Rainer Blum & Bidmon, 1987), while the effects of 
Poisson’s ratio are small but noticeable, and shear resistance is commonly low. 
Depending on the different design requirements such as tensile strength, cost, 
surface finishing, transparency, and manufacturing features, the combinations of 
layers materials, thicknesses, and arrangements can be multiple (see Figure 4.5). 

PVC-coated polyester fabric is a relatively cheap solution, commonly used for 
applications such as permanent membrane roofs, translucent skins, or convertible 
designs. Due to its molecular triclinic symmetry, it provides excellent dimensional 
stability, while the coating grants a service life of up to 15-20 years. Depending on 
the type (ranging classes 1-5), tensile strengths can range between 3,000/3,000-
10,000/9,000 N/50mm, for specific weights between 0.75–1.45kg/m2. The 
material allows for both high-frequency and impulse welding (see Figure 4.5 top).  

THV-coated polyester fabric is relatively new to the market; due to its good light 
transmittance it is often used as an alternative to ETFE. High-quality surface 
finishing provides better weatherproofing than PVC, and similar mechanical and 
physical properties – featuring a tensile strength between 3,5000/3,500-
5,000/4,500 N/50mm, and a specific weight of between 1.15–1.2kg/m2. 

PTFE-coated glass-fibre fabric is a high-quality material featuring good UV 
stability and high chemical resistance; in comparison with other coated fabrics, this 
material is more eco-friendly, more durable (lifespan > 25 years) but also more 
expensive and more likely to be subject to kinking during erection, thus providing 
a suitable product for permanent structures, where self-cleaning, non-combustible, 
cladding is needed (see Figure 4.5, middle). Tensile strength varies between 
3,500/3,500–8,000/7,000 N/50mm; specific weight ranges between 0.8–1.5 kg/m2.  

Silicone-coated glass-fibre fabric is also a good solution for providing comparable 
mechanical properties and higher light transmittance.  

PVC- or PTFE-coated aramid fabric can be used when high strengths are 
required, providing textile strengths up to 24,000N/50mm for a specific weight of 
approximately 2kg/m2.  

A common feature of these different types of coated fabrics is that their composite 
nature induces a complex orthotropic behaviour, which can reveal bi-axial non-
linearity, and both thermal, viscous-elastic, and viscous-plastic relaxation (Erik 
Moncrieff, 2005); furthermore, criticalities related to layer adhesion and polymer 
lifecycle can affect the durability of such materials. Besides, anisotropy imposes the 
careful selection of a convenient fabric orientation, so as to account for the effects 
of transverse contractions and transverse strains.  

Different fields of application can require several levels of sophistication and 
simplification, there are several analytical descriptions of fabric materials available in the 
literature 123. Common models adopted in the Architecture, Engineering, and Construction (AEC) 
Industry tend to simplify the properties of the separate layers into an equivalent grid of small 
finite elements; as it happens with the cable net link model, the continuum triangles model, and the 
cruciform model (see Figure 4.4) (Wagner, 2005).   

                                                      
 
123 Composite crimp models are widely used in fields where lifespan duration and cost are secondary matters to 

structural performance (i.e. in the Aerospace industry); however, appropriate calibration tools are generally 
unavailable/inaccessible in other industries such as the AEC and, these also demand heavy and slow computational 
processes (Naik & Shembekar, 1992). 
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Figure 4.4. Top: a schematic representation of a coated textile composition. Middle, a graphic representation of the different 
fabric modelling approaches illustrates different degrees of complexity (Wagner, 2005). Bottom, two different PVC-coated fabrics 
exhibiting a smoother finishing (the white on the left), and a coarser coating (the grey on the right).  
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• Films 
Due to their low cost and high versatility, films are often used for small pneumatic 
applications such as thermal insulation elements or weather-proofing.  
For AEC commercial uses, such materials are required to provide standardised 
strengths, weather resistance, UV stability, material homogeneity, and workability 
/weldability; where there can be several candidate films to meet such separate 
criteria, there are very few which match them all-at-once (Knippers et al., 2011).  

Different films can be catalogued according to their layering composition, such 
as single-material single-ply films, single-material two-ply films, and composite 
materials multi-ply films. It is also relevant to mention that loading duration and 
environmental temperature may affect a film’s mechanical properties, such as 
tensile strength, elongation at rupture, tear propagation resistance and elastic 
modulus. Films can be manufactured through either flat extrusion or blown films 
extrusion; during these processes, the molecules’ tendency to organise themselves 
towards a more amorphous or partially crystalline structure determines the degree 
of transparency of the foils (Belofsky, 1995). 

Where Fluorothermoplastics such as ETFE are the most widely used films in the 
AEC Industry, alternatives are also available, such as PVC, PE, and THV. 

PVC features low strength, low UV resistance, and low heat-resistance, but also 
low cost. This material is commonly used for interior applications and temporary 
structures such as fair stands. PE also features low strength, low UV resistance, 
good transparency, and can feature various thicknesses; its cost is commonly low, 
making it a conventional material for greenhouses or construction sites. 

THV (Hexafluoropropylene Vinylidene Fluoride) features good strength, 
transparency, and durability, but low tearing resistance; it can be an excellent 
substitute to ETFE for small spans (i.e. for the openings in cable nets). 

ETFE features an almost isotropic behaviour and a wide range of linear-elastic 
behaviour (implying forgiving elastic/plastic properties); this, along with the fact 
that the material is 100% recyclable, makes ETFE the most common film material 
used in the AEC Industry. These membranes and cushions can forgivingly adapt to 
the supports of uniaxial of biaxial cable structures, as both differential movements, 
changes in temperature, and variable loads can be absorbed through elastic 
deformations, easing both construction tasks and operational life. Furthermore, as 
ETFE enables controlling light and temperature permeability through it, it is often 
used for climate control. ETFE features a limit strength of 23.5MPa (for 2.3 % of 
strain), under a pressure range of 2-6mbar (LeCuyer, 2008); these physical 
properties commonly enable ETFE to support external forces, but only in the case 
that another main structural system supports it (see Figure 4.5, bottom).  

Along with mechanical and physical performances, material selection must also account 
for manufacturing features such as seaming technology. Welding is a safe solution, recreating 
up to 60-95% of the fabric’s strength; there are several available welding methods, such as high-
frequency welding (suitable for thermoplastics such as PVC), or hot-plate and impulse welding 
(suitable for PTFE-coated fabrics). On-site welding is also an option (i.e. suitable for finishing 
large-span membranes), however, involving less precise manual processes based on the empirical 
combination of heat guns and rollers. Glueing can be used for both industrial and on-site 
applications (also as a part of vulcanisation process), providing better ease of manoeuvre, but 
lower strengths. Sewing provides high speed and strengths; however, it demands high costs, 
and additional waterproofing treatments (i.e. further welding) (Seidel & Sturge, 2009).  
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Figure 4.5. Top: PVC-coated Polyester fabric; to the left, the canopy for the 1998 Lutherstadt Wittenberg bus station (a, 
image © Sattler Group), to the right, the façade of the 2012 Stadium Bunyodkor (b, image © Fibresand International). Middle: 
PTFE-coated glass-fibre fabric; to the left, the canopy of the Dimona Market (c, image © Sattler Group), to the right, the 
façade of the Arena da Amazonia (d, image© Sattler Group). Bottom: ETFE films; to the left, the façade cushions of the Beijing 
National Aquatics Center (e, image© Maker, R.), to the right, the Allianz Arena (d, image © Allianz Group).  
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4.2. Design Methods 

Pneumatic membranes can only provide structural stability only when balancing tension forces, 
geometry, and external loads; the design of such form-active structures can be conceptualised 
as a matter of minimal surface form-finding (Gründig et al., 2005; Wagner, 2005). The principle 
is to tension an air-tight cavity through air pressure; since pressure loads act perpendicularly to 
the membrane’s surface, these induce constant curvature distributions, and the stress 
distribution tends to be homogeneous and isotropic (but it can also feature anisotropic behaviour 
in the case of special anisotropic materials). At each point of a membrane, the ratio between the 
main tensions 𝜎𝜎11,𝜎𝜎22 and its respective main curvature radius 𝑅𝑅1,𝑅𝑅2 is generally constant, 
thus, the higher the tensions, the lower the curvatures (see Figure 4.6). These factors make the 
field of design methods complex; nevertheless, this has evolved greatly throughout the decades. 

After the early analytical explorations by Walter Bird, Frei Otto introduced experimental 
physical methods of the minimal-surfaces generation, which relied on the combination of 
photogrammetry and other measurement methods with either stretched rubber, fabric, or soap 
bubbles (Otto, 1972; Drew, 1976). The use of soap bubbles played a particularly relevant role in 
these explorations, as bubbles feature no stiffness, thus reaching a homogeneous surface 
topology in which stresses can be isotropically distributed 124. Even though these tools for 
minimal surfaces generation were revealed to be impractical, the generative principle framed a 
reasonable starting point for form-finding 125. 

Currently, numerical form-finding is the most common means of design in the field, 
providing high precision, speed, and intercommunicability with CAD and CAM design and 
manufacturing platforms. Among the several numerical models developed to apply the minimal 
surface principles, Bézier surface approximations (Monterde, 2004), isogeometric NURBS surface 
modelling (Hughes et al., 2005; Kiendl et al., 2009), and finite element method (FEM) 
approximations (K.-U. Bletzinger et al., 2005, 2010) can be mentioned. Besides, force-density and 
dynamic relaxation methods can be used as form-finding and/or analysis methods.  

At present, FEM are the most diffused approach to form-finding, simulating the 
behaviour of a continuous surface membrane through a discretised model. Membrane form-
finding equilibrium is sought by considering stress 126, distortion and displacement; however, 
the nature of these problems is different from standard problems of mechanics where stresses 
represent the structural response to geometrical deformations. Form-finding is an inverse 
mechanical and mathematical problem in which the stress distribution determines the geometry. 
This implies that mathematical models can encounter singularities to overcome through 
different problem-solving techniques (i.e. the “modified Newton-Raphson iteration”, or the “updated 
reference strategy”) (K.-U. Bletzinger & Ramm, 1999).  

The “force density method” consist of modelling a membrane surface as a spring system 
made by link-like cable elements; here, the equilibrium geometry is reached when internal forces 
balance external forces at each joint. This method initially emerged from special linearization 
and discretisation techniques to solve equations of equilibrium for cable-net structures (Schek, 
1974; Singer, 1995).  

                                                      
 
124 Each point of a minimal surface features zero mean curvature (and identical values of principal curvature) 

and thus identical stresses in every direction. (Barnes, 1976; Bellmann, 1998; Bletzinger, 2002; Gray, 2006). A sphere 
is a minimal surface. 

125 Soap-films don’t allow to consider self-weight, or the provision of easy scalability, flexibility, calibration 
tools, or, most importantly, appropriate structural analysis tools. Nevertheless, these can be suitable for preliminary 
or conceptual design. 

126 Isotropic stress in the case of minimal surfaces. 
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Later, the method was successfully extended to triangular membrane elements also, 
performing membrane analysis as well (B. Maurin & Motro, 1998; Linkwitz, 1999). In pneumatic 
membranes’ “dynamic relaxation method”, each joint of an initial spring system is associated with a 
mass value, a pressure load, and external acting forces. Once the system is altered from the 
equilibrium configuration, each joint oscillates towards a more stable configuration, until 
damping and deformations stabilise the non-linear system according to the Lagrange–
D'Alembert principle127. The pseudo-dynamic simulation runs in sequential time steps until each 
joint reaches equilibrium (Michael Barnes, 1994; Lewis & Lewis, 1996). 

After determining the curved surface design, this can be discretised into two-dimensional 
patches for manufacturing through convenient cutting patterns, so as to developing the separate 
strips on a fabric or film roll and cut them. The close dependency among form generation, 
material, load-bearing capacity, and manufacturing often demand the integration of form-
finding results with practical experience, to interactively adjust and compensate for form-
generation according to features such as anchoring systems and cutting patterns.  

 

Figure 4.6. Design-to-construction workflow.  

                                                      
 
127 The balance of forces acting on a particles system, multiplied by the derivative of the momenta of the 

system itself along any possible virtual displacement, is zero. As previously detailed in Section 3.2.3: “Design 
Methods”, this translates as: 𝑭𝑭 = 𝑷𝑷 − 𝑲𝑲𝜹𝜹 → 0 
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4.2.1. Cutting Patterns  

Cutting patterns generation consists of subdividing the three-dimensional form-found surface 
(𝛺𝛺3𝐷𝐷) into bi-dimensional unstressed patches (𝛺𝛺2𝐷𝐷), which can be sent to manufacturing (see 
Figure 4.6). Development operations draw on the mathematical field of map projection theory; 
these involve the slicing of a surface (normally into strips), the unrolling of the slices, and the 
compensation of the distortions to minimise imprecisions (i.e. in relation to the lengths, angles, 
and area of the membrane) (E. Moncrieff & Topping, 1990; Ishii, 1999). 

Cutting patterns generation must account for both practical and theoretical features. 
Firstly, commercially available cloth rolls impose geometric restraints (i.e. maximum widths of 
between 2-5m). Furthermore, surfaces without zero-Gaussian curvature cannot be developed 
without distortions; where pneumatic structure commonly feature positive Gaussian curvatures, 
it becomes necessary to compensate for such distortions to avoid wrinkles and undesired 
stresses. Depending on the nature of the material, there are two projection methods available 
from the literature: true-length projections for fabrics, and true-angle projections for films. true-length 
projections apply a shear deformation to distort the angles of a polygon while preserving the 
length of its edges; this method can be successfully applied when using fabrics since they feature 
low shear stiffness (thus preventing deformation stress) (R Blum, 2000). Conversely, true-angle 
projections induce non-homogeneous strains in the material, so as to preserve the relative angles 
between the edges, while altering their size; this method can be effectively adopted with films. 
However, it is necessary that the imposed stresses remain below the plasticisation threshold 
(Seidel & Sturge, 2009).  

Correcting the developed surface 𝛺𝛺2𝐷𝐷 (also named “compensation”) must account for both 
stretching criteria and material factors; the nature of compensation commonly depends on the 
curvature of the surface 𝛺𝛺3𝐷𝐷 (see Figure 4.7) 128. Curvature analysis and compensation must loop 
in informing the size of the subdivisions, to conveniently determine the seam lines. Given such 
premises, cutting patterns design must account for appearance criteria (i.e. seam arrangement), 
topological criteria (i.e. curvature, width, and length of the subdivisions), practical erection 
criteria (i.e. mechanical and installation requirements), and processing criteria (i.e. cutting 
technology); from the literature, there are several available strategies. 

A diffuse cutting pattern strategy consists of drawing geodetic curves on 𝛺𝛺3𝐷𝐷, so as to have 
easily-developable profiles that can be straightened when developed to a plane 129 (Erik 
Moncrieff, 2005; Wagner, 2005). Further common strategies are based on FEM subdivision, in 
which triangular elements discretise 𝛺𝛺3𝐷𝐷 in strips made of discrete faces, which can be unrolled 
on a plane. In this fashion, the distortion energy minimisation method optimises the patterns 
distribution through the adjustment theory, this way, the 𝛺𝛺3𝐷𝐷 →  𝛺𝛺2𝐷𝐷 transformation minimises 
the distortion of each triangle, providing good results especially in the case of large-scale 
structures (Gründig et al., 2005; K.-U. Bletzinger et al., 2009). Further FEM optimisation 
methods are based on stress distribution optimisation (Ishii, 1999; Bernard Maurin & Motro, 
1999), or the application of genetic algorithms (Punurai et al., 2012). It is also worth mentioning 
an empirical method called the paper strip method, which consists of laying and pre-stressing 
paper strips on a physical model to overlap the edges as precisely as possible. The edges of each 
strip are then fixed with pins at equidistant points and geodetically connected through on 𝛺𝛺3𝐷𝐷 , 
so as to draw the seaming lines (Gründig et al., 2000).   

                                                      
 
128 𝛺𝛺3𝐷𝐷 surfaces with positive Gaussian curvature can be conveniently stripped with elements with convex 

edges, while surfaces with negative Gaussian curvature feature strips with concave edges.  
129 Moreover, non-geodesic patterns typically result in “banana-shaped” or “s-shaped” outlines, causing larger 

material wastage. 
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Figure 4.7. Top: Cutting patterns on surfaces 𝛺𝛺3𝐷𝐷 of different Gaussian curvatures K. The symbol (*) indicates the distortion 
compensation necessary in the transformation 𝛺𝛺3𝐷𝐷 →  𝛺𝛺2𝐷𝐷. Bottom: true-length projections compensation (left) and true-
angle projections compensation (right).  
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Once the strips have been developed, cut, joined, and pre-tensioned, the stress distribution 
can differ from the design through form-finding, as cutting patterns might induce variations in 
curvature and stiffness, or strips with different orientations might generate anisotropic 
behaviour. Overall, it is desirable to create regular cutting patterns following the main load-
bearing directions, providing, in the case of pneumatic structures, a combination of radial and 
parallel patterns. From a practical point of view, radial patterns involve a more substantial use 
of material, and can be harder to dimension and compensate. 

4.2.2. Structural Analysis Approaches 

After form-finding the 𝛺𝛺3𝐷𝐷 geometry, it becomes necessary to assess its structural response 
under external loads. As previously mentioned, a membrane’s load bearing capacity depends 
mostly on its form-found geometry, but is also influenced by intrinsic factors such as the material 
stiffness and prestress 130, the fabric’s orientation, and the curvature and cutting patterns 
distribution. Curvature plays a pivotal role in the structural behaviour of a membrane, as a 
membrane with a high curvature commonly reacts to loads in a more effective (and more linear) 
way than a membrane with a low curvature; conversely, a membrane with a low curvature 
provides less stability, also reacting in a more non-linear way to changes of stress. 

Stress-deformation analysis enables the evaluation of the quality of the form-found 
structure; as with form-finding methods, these analyses involve non-linearities and, commonly, 
iterative analyses are adopted. To be specific, pneumatic membranes analysis involves large 
deformations, and, most importantly, structure-fluid interaction problems (as often required in 
both the aerospace industry and biomedical applications, such as for thermodynamic numerical 
simulations). The complexity of this analysis derives from structural non-linear boundary 
conditions, in which the position of the points of the fluid moving domain is part of the problem 
formulation, but also part of its solution.  

 

 

Figure 4.8. Configurations of a body under a transformation 𝛷𝛷 through time (image based on J. C. Simo & Tarnow (1994)).   

                                                      
 
130 Geometrical stiffness depends on the geometry’s curvature and prestress (different from elastic stiffness, 

which depends on the material properties)  
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A comprehensive body of literature addresses the problem of membranes’ large 
deformations and thin shells’ geometrical non-linear behaviour 131 (Juan C. Simo & Fox, 1989; 
J. C. Simo et al., 1990; Braun et al., 1994; Taylor et al., 2005; Valdés et al., 2016). To understand 
the topic, it is however necessary to clarify a few basic concepts of kinematics 132. Firstly, it is 
essential to define the motion of a body 𝛺𝛺 (where points 𝑑𝑑𝑠𝑠 ∈ 𝛺𝛺) in time (see Figure 4.8). At an 
initial time t = 0, the system of points 𝑑𝑑𝑠𝑠 assume an “initial configuration” 𝛺𝛺0 (or “reference 
configuration”); in Cartesian coordinates, the position of each point is defined as 𝑿𝑿 = 𝑿𝑿𝒊𝒊𝒆𝒆𝒊𝒊, where 
𝒆𝒆𝒊𝒊 are unit base vectors. When the initial configuration deforms or moves to a new region, a 
“deformed configuration” Ω (or “current configuration”) is reached, and the current points 
position can be determined as 𝒙𝒙 = 𝒙𝒙𝒊𝒊𝒆𝒆𝒊𝒊. The motion of the whole continuum body can be 
described in Lagrangian coordinates through a position vector u that depends on the initial and 
the current configuration 133; a transformation Φ(𝑿𝑿, 𝑡𝑡) maps the reference configuration onto 
the current one. The deformation gradient F indicates a measure of deformation often used in 
non-linear mechanics: 

𝑿𝑿 = 𝑿𝑿𝒊𝒊𝒆𝒆𝒊𝒊     𝒙𝒙 = 𝒙𝒙𝒊𝒊𝒆𝒆𝒊𝒊 = 𝛷𝛷(𝑿𝑿, 𝑡𝑡) = 𝒙𝒙(𝑿𝑿, 𝑡𝑡)  (4.1) 

𝒖𝒖(𝑿𝑿, 𝑡𝑡) = 𝒙𝒙 − 𝑿𝑿 = 𝛷𝛷(𝑿𝑿, 𝑡𝑡) − 𝑿𝑿        (4.2) 

𝑭𝑭 = 𝜕𝜕𝒙𝒙
𝜕𝜕𝑿𝑿

           (4.3) 

To study the effect of forces on the system, the notion of strain 𝜀𝜀 measures the geometrical 
deformation induced by forces on the continuum body 134; this is a tensor quantity, and, in the 
Lagrangian description, the Green-Lagrange strain tensor E is represented as follows. For the 
purpose, it is important to introduce the Cauchy-Green deformation tensor 𝑪𝑪. To link the 
deformations to forces, it is convenient to take a coordinate system local to point x, where n is 
the outwards normal unit vector, and dA is its infinitesimal surface area portion of pertinence. 
Thus, the Cauchy stress tensor 𝑻𝑻 and the second Piola-Kirchhoff tensor 𝑺𝑺 can be described as:  

𝑪𝑪 = 𝑭𝑭𝑻𝑻 ∙ 𝑭𝑭          (4.4) 

𝑬𝑬 = 1
2
�𝑭𝑭𝑻𝑻 ∙ 𝑭𝑭 − 𝑰𝑰� = 1

2
(𝑪𝑪 − 𝑰𝑰)        (4.5) 

𝑻𝑻 = 𝒏𝒏 ∙ 𝝈𝝈          (4.6) 

𝑺𝑺 = 𝝈𝝈 ∙ 𝑭𝑭−𝑻𝑻 = 𝑪𝑪 𝑬𝑬         (4.7)  

                                                      
 
131 A membrane can be considered as basically a thin shell with no flexural stiffness. Further literature can be 

found in (Malvern, 1969; Gurtin, 1982; Holzapfel, 2000). 
132 Kinematics is the branch of classic mechanics that describes the motion/deformation of points, bodies, and 

systems of bodies without considering the mass of each or the forces that caused the motion (Beggs, 1983). 
133 The derivative (or rate of change) of the position vector 𝒖𝒖(𝑿𝑿, 𝑡𝑡) represents the velocity of the point, and 

its second derivative represents its acceleration.  
134 The description of deformation in terms of relative displacement of particles in the body that excludes 

rigid-body motions. In large-displacement theory, small strains are assumed. 
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Given these governing equations, the position and stress state related to a material point 
can be univocally found in time. A weak formulation allows the transference of the concepts of 
linear algebra to the field of partial differential equations to describe motion, and is thus adopted 
(Javier Bonet & Wood, 1997; Hughes, 2012). This enables the development of a Lagrangian 
formulation of the principle of virtual work over the body 𝛺𝛺, where 𝑊𝑊𝑠𝑠𝑛𝑛𝑡𝑡 , 𝑊𝑊𝑇𝑇𝑥𝑥𝑡𝑡 , and 𝑊𝑊𝐸𝐸𝑠𝑠𝑛𝑛 
respectively represent the work due to internal forces (int), external forces (ext), and kinetic 
contributions (kin), 𝛱𝛱 the potential energy, 𝛤𝛤 the first and second order displacement boundary 
conditions, 𝜌𝜌0 the mass density, 𝑐𝑐0 the linear damping coefficient, 𝒃𝒃 = 𝒑𝒑 𝒏𝒏 and the components 
of loads in global coordinate directions; for future reference, 𝑝𝑝 is assumed as the specified 
pressure, while 𝒏𝒏 indicates the surface normal. It is important to underline that, under a 
pneumatic load p, applied forces change their direction each time the surface normal changes in 
the current configuration, thus affecting the generic variation of virtual work of the external 
forces. 

⎩
⎪⎪
⎨

⎪⎪
⎧𝛿𝛿𝛱𝛱 = 𝜕𝜕𝑊𝑊𝑠𝑠𝑛𝑛𝑡𝑡 − 𝜕𝜕𝑊𝑊𝑇𝑇𝑥𝑥𝑡𝑡 + 𝜕𝜕𝑊𝑊𝐸𝐸𝑠𝑠𝑛𝑛 = 0

𝜕𝜕𝑊𝑊𝑠𝑠𝑛𝑛𝑡𝑡 = ∫ 𝛿𝛿𝑬𝑬 𝑺𝑺 𝛺𝛺 𝑑𝑑𝛺𝛺

𝜕𝜕𝑊𝑊𝑇𝑇𝑥𝑥𝑡𝑡 = ∫ 𝜌𝜌0 𝛿𝛿𝒖𝒖 𝒃𝒃 𝛺𝛺 𝑑𝑑𝛺𝛺 + ∫ 𝛿𝛿𝒖𝒖 𝒕𝒕 𝛤𝛤 𝑑𝑑𝛤𝛤

𝜕𝜕𝑊𝑊𝐸𝐸𝑠𝑠𝑛𝑛 = ∫ 𝑐𝑐0 𝛿𝛿𝒖𝒖 �̇�𝒖 𝛺𝛺 𝑑𝑑𝛺𝛺 + ∫ 𝜌𝜌0 𝛿𝛿𝒖𝒖 �̈�𝒖 𝛺𝛺 𝑑𝑑𝛺𝛺

     (4.8) 

Time integration methods can be carried out through different integration schemes to 
solve equilibrium through such tensors (i.e. implicit and explicit solutions) 135. Explicit time 
integration commonly uses the lumped mass; given the position vector x at time 𝑡𝑡𝑛𝑛, it becomes 
possible to find the value of x at time 𝑡𝑡𝑛𝑛+1. By setting an appropriate time step size Δ𝑡𝑡 136, this 
method would provide stable results, as discrete momentum integration does not require an 
equation to be solved; however, the required time increments would be too small, making these 
methods inconvenient.  

Common practice adopts implicit time integration instead, where material, stress and 
loading matrices depend on the position and velocity at the current time. In these solutions, 
discrete momentum integration requires the solving of algebraic equations, which provides good 
stability, but also deteriorates as the time steps increase.  

Among the most diffused implicit time integration methods that can be conveniently used 
to analyse membranes, the Newmark method (Newmark, 1959), the Hilber-Hughes-Taylor method 
(Hilber et al., 1977), the Bossak method (Wood et al., 1980), and the Generalized-𝛼𝛼 method (Chung 
& Hulbert, 1993) can be mentioned. A few semi-implicit methods propose hybrid 
explicit/implicit solutions, such as the Park-Housner method (Park & Housner, 1982), and the 
Trujillo method (Trujillo, 1977). 
  

                                                      
 
135 In explicit solutions, dependent variables can be separated and thus parameters are calculated on the basis 

of previous levels (i.e. time steps); in implicit solutions, parameters are dependent on each other at the same level. 
Where implicit methods are more computationally demanding, these allow for larger time steps and higher stability.  

136 For a stable solution, the time step must respect the condition ∆𝑡𝑡𝑛𝑛 = (𝑡𝑡𝑛𝑛 − 𝑡𝑡𝑛𝑛−1) < ∆𝑡𝑡𝑐𝑐𝑟𝑟 , in which ∆𝑡𝑡𝑐𝑐𝑟𝑟 
(critical time step) depends on the elements size and the maximum wave speed of the membrane material; this implies 
that time increment is often much too small for practical applications of an explicit method, as computational time 
would be dramatically high. 
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Quasi-static solutions can also be adopted to overcome problems of static nature (i.e. 
coplanar joints inducing singularities). Commonly, the non-linear equation systems involved in 
such problems are solved through numerical iterative procedures such as the Newton-Raphson 
Iterative Method (Reddy, 2014); a delicate task in such numerical methods is linearising the 
governing equations. In analytical notation, given 𝑲𝑲𝑇𝑇 the tangent stiffness matrix 137: 

𝒇𝒇𝑠𝑠𝑛𝑛𝑡𝑡(𝒖𝒖𝑛𝑛+1) + 𝑴𝑴 �̈�𝒖𝑛𝑛+1 = 𝒇𝒇𝑇𝑇𝑥𝑥𝑡𝑡(𝒖𝒖𝑛𝑛+1)      (4.9) 

𝑹𝑹𝑛𝑛+1 = 𝒇𝒇𝑇𝑇𝑥𝑥𝑡𝑡(𝒖𝒖𝑛𝑛+1) − 1
𝛽𝛽𝛽𝛽𝑡𝑡2

𝑴𝑴 𝒖𝒖𝑛𝑛+1 − 𝒇𝒇𝑠𝑠𝑛𝑛𝑡𝑡(𝒖𝒖𝑛𝑛+1) + 𝑴𝑴� 1
𝛽𝛽𝛽𝛽𝑡𝑡2

𝒖𝒖𝑛𝑛 + 1
𝛽𝛽𝛽𝛽𝑡𝑡

�̇�𝒖𝑛𝑛 + ( 1
2𝛽𝛽
− 1)�̈�𝒖𝑛𝑛�  (4.10) 138 

𝑹𝑹𝑛𝑛+1𝑠𝑠 ≈ 𝑹𝑹𝑛𝑛+1𝑠𝑠−1 + 𝜕𝜕𝑹𝑹𝑛𝑛+1
𝜕𝜕𝒖𝒖𝑛𝑛+1

�
𝑠𝑠−1

∙ 𝑑𝑑𝒖𝒖𝑛𝑛+1𝑠𝑠 = 0       (4.11) 

𝑲𝑲𝑇𝑇 = 𝜕𝜕𝑹𝑹
𝜕𝜕𝒖𝒖

= 𝑲𝑲𝑇𝑇𝑥𝑥𝑡𝑡
𝑇𝑇 − 𝑲𝑲𝐸𝐸𝑠𝑠𝑛𝑛

𝑇𝑇 − 𝑲𝑲𝑠𝑠𝑛𝑛𝑡𝑡
𝑇𝑇         (4.12) 

Further considerations are to be made regarding the interaction between the closed 
membrane cavity and the fluid (in this specific case, air). While it is acknowledged that air 
pressure and density can vary (i.e. due to temperature oscillations), this research work will 
consider incompressible gases, whose volume only responds to the conservation of mass, and 
not to temperature variations. In this way, it is possible to neglect gas-related energy equations, 
to improve the model’s stability and convergence (J Bonet et al., 2000; Rumpel & Schweizerhof, 
2003). 

Given such a premise, the fluid’s pressure can be modelled as a single variable, so as to 
become an additional element of the finite element stiffness matrix, which undergoes a rank-one 
update. Where no computational fluid dynamics is required for the pneumatic simulations covered 
in this research, the system thus acquires only one extra degree of freedom, providing reduced 
computational times. 

The fluid-filled cavity is generated by combining air pressure with a closed elastic 
structure and can be modelled through the principle of the virtual works, according to the 
principle of stationarity for the potential energy 𝛿𝛿𝛱𝛱 – where 𝛿𝛿𝑉𝑉𝑇𝑇𝑙𝑙 is the variation of elastic 
potential; 𝛿𝛿𝑊𝑊𝑇𝑇𝑥𝑥𝑡𝑡 is the virtual work of other external forces acting on the structure; 𝛿𝛿𝑊𝑊𝑠𝑠 is the 
virtual work of the pressure loading which acts between the fluid 𝑚𝑚 and the structure, and is 
determined by a body-fixed pressure force 𝒑𝒑 𝒏𝒏 acting normally in relation to the surface element 
with local axes 𝑑𝑑𝑦𝑦1 𝑑𝑑𝑦𝑦2 , and 𝛿𝛿𝒖𝒖 represents the virtual displacement.  

𝛿𝛿𝛱𝛱 = 𝛿𝛿𝑉𝑉𝑇𝑇𝑙𝑙 + 𝛿𝛿𝑊𝑊𝑠𝑠 − 𝛿𝛿𝑊𝑊𝑇𝑇𝑥𝑥𝑡𝑡 = 0        (4.13) 

𝛿𝛿𝑊𝑊𝑠𝑠 = ∫ ∫ 𝒑𝒑𝑦𝑦2𝑦𝑦1
𝒏𝒏 ∙ 𝛿𝛿𝒖𝒖 𝑑𝑑𝑦𝑦1 𝑑𝑑𝑦𝑦2       (4.14) 

  

                                                      
 
137 When pressure follower forces exist, then 𝐊𝐊ext

T ≠ 0 . 
138 This is the residual form of the previous equation, written through the Newton-Raphson method. 
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By referring to adiabatic state equations, and assuming that membrane deformation and 
pressure exerted by the fluid are coupled, the following formulations can thus be expressed. 𝑝𝑝 𝑣𝑣 
and 𝑃𝑃 𝑉𝑉 indicate the pressure/volume constant products in the deformed and initial 
configurations, 𝑝𝑝� indicates the absolute pressure, 𝑅𝑅 represents the gas constant, 𝜃𝜃𝑍𝑍 is the 
absolute zero temperature, 𝜌𝜌(𝑝𝑝,𝜃𝜃) represents the fluid density at pressure 𝑝𝑝 and temperature 𝜃𝜃, 
𝜃𝜃𝐵𝐵, 𝜃𝜃𝑠𝑠 respectively refer to the ambient and initial temperature, 𝑉𝑉𝑀𝑀 the membrane volume, 𝛿𝛿𝛱𝛱∗ 
the augmented virtual work, and 𝛿𝛿𝛱𝛱 the virtual work for the system without the cavity. Under 
such premises, kinetic and potential energy can be neglected, and the energy equation of the 
fluid cavity can be extrapolated from the first law of thermodynamics (Hibbit et al., 2013). 

𝑝𝑝𝑣𝑣 = 𝑃𝑃𝑉𝑉         (4.15) 

𝑝𝑝� = 𝜌𝜌𝑅𝑅(𝜃𝜃 − 𝜃𝜃𝑍𝑍) = 𝑝𝑝 + 𝑝𝑝𝐴𝐴       (4.16) 

𝜌𝜌(𝑝𝑝,𝜃𝜃) = 𝑃𝑃�
𝑅𝑅(𝜃𝜃−𝜃𝜃𝐴𝐴)

         (4.17) 

𝑑𝑑𝑉𝑉�

𝑑𝑑𝑃𝑃
= − 𝑚𝑚

𝜌𝜌2
𝑑𝑑𝜌𝜌
𝑑𝑑𝑃𝑃

= −𝑚𝑚𝑅𝑅(𝜃𝜃−𝜃𝜃𝐴𝐴)
𝑃𝑃�2

       (4.18) 

𝑉𝑉𝑀𝑀 = ∑ 𝑉𝑉�𝑠𝑠(𝑝𝑝,𝜃𝜃,𝑚𝑚) =𝑠𝑠 ∑ 𝑚𝑚𝑖𝑖

𝜌𝜌(𝑃𝑃,𝜃𝜃)
=𝑠𝑠

𝑚𝑚
𝜌𝜌(𝑃𝑃,𝜃𝜃)

       (4.19) 

𝛿𝛿𝛱𝛱∗ = ∑ [𝛿𝛿𝑊𝑊𝑠𝑠 − 𝑝𝑝𝛿𝛿𝑉𝑉𝑠𝑠 − 𝛿𝛿𝑝𝑝(𝑉𝑉𝑠𝑠 − 𝑉𝑉�𝑠𝑠)]𝑠𝑠       (4.20)  

4.3. Summary and Conclusions 

Pneumatic air structures have often been used as means of construction in the field of AEC, 
especially where temporariness and rapid on-site preparation are required. This structural 
system has enabled many designers to cover large spans with ultra-lightweight elements shaped 
simply by air; achieving such results, however, involved important advancements in both 
materials features and design-to-construction methods.  

This section focuses on the features of the several pneumatic systems described in the 
literature, framing the most suitable one(s) to apply to a pneumatic erection system. This critical 
selection draws on the relationship between design, construction, and technological aspects, and 
progressively narrows down the options. After a first, broader cataloguing, two main pneumatic 
typologies can be outlined from the literature: air-supported structures and air-inflated structures.  

Air-supported structures suit semi-permanent purposes, which can justify more demanding 
stages of site-preparation and maintenance such as preparing massive foundations/boundary 
rings and keeping a constant airflow inside the structure. In combination with cable-net systems, 
these structures can provide higher load bearing capacities and easier manufacturing processes 
(as the cable-net can be used to both shape a flat membrane, and absorb most of the tensile 
forces). However, significant curvature radii are commonly associated with these structures, and 
their uplifting action is small (small enough to contrast gravity loads only). This discourages 
the use of air-supported structures as erection devices. However, the role of cable-net control 
systems is inspirational (also referring to the ice-dome experiments described in Section 2.2: 
“Learning from “Physical Models Form-Finding”“), suggesting that cables can provide a useful 
means of geometry control over the air-tight cavity.   
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Air-inflated structures better suit small, portable uses, when rapid deployment and little 
site preparation are required (i.e. no foundations are normally demanded). A much higher 
internal pressure can provide better jacking action, and suggest that these elements could 
potentially perform as erection devices. Also, these cushions can feature tighter curvatures and 
more freeform shapes, providing higher geometric adaptability.  

Regarding materials, a pneumatic erection device will mainly require good tensile 
strength, resistance to pinching/abrasion, and foldability; films will be thus discarded from the 
selection, since they provide both low tensile resistance and low resistance to scratching, 
scuffing, and wearing down. Conversely, coated fabrics provide better response to stress and 
operational requirements; as no specific high-quality finishing is demanded (i.e. against UV), 
selection will mainly focus on budget and seaming criteria (i.e. welding or glueing), and PVC-
coated fabrics will make a suitable candidate for selection. 

Furthermore, it is essential to associate the skin material with an appropriate numerical 
FEM model. Such a model must support form-finding and structural analysis at an acceptable 
degree of precision, so that that erection can take place without failures. This suggests the 
adoption of a simple continuum triangles model that can ease computational time, while still 
providing accurate geometric and mechanical feedback. Membrane design can thus be tackled 
through a spring-system model based on such FEM description.  

Cutting patterns will be conveniently designed in sequence after form-finding; this choice 
arises from the fact that this research work’s aim is to develop a temporary erection system, and 
not a semi-permanent pneumatic structure; thus, cutting patterns will not affect any long-term 
structural behaviour. Geometric regularity, seaming speed, and waste minimisation will be 
considered as the principal design criteria; on these premises, geodetic patterns and 
compensation will be used to develop a form-found pneumatic shape 𝛺𝛺3𝐷𝐷 →  𝛺𝛺2𝐷𝐷. 

From an analytical point of view, there are several FEM solvers available on the market 
such as Abaqus®/CAE and SOFiSTiK™. Given the theoretical assumption highlighted in Section 
4.2.2: “Structural Analysis Approaches”, selection criteria will follow the ease of modelling the 
membrane’s geometry and simulating the fluid-filled-cavity/gridshell interaction.  

From a form-finding point of view, pneumatic membranes commonly feature positive 
Gaussian curvature, which can be locally forced to become negative. Nevertheless, the acting 
pressure induces a homogeneous curvature distribution across pneumatic surfaces (which can 
be locally altered by inserting elements of discontinuity). These form-finding features correlate 
with those of gridshells; despite working under bending and axial action, also these structures 
commonly feature homogeneous and positive Gaussian curvatures (which can be locally forced 
towards negative curvatures). The design spaces of pneumatic membranes and gridshells appear 
thus correlated by similar criteria; this bond encourages the inbreed of these two categories in 
the following work.  
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To date, pneumatic structures have provided promising results within the Architecture, 
Engineering, and Construction (AEC) Industry. The first part of the thesis provided a background 
in which the interface between design and construction is a common feature among all 
lightweight structures. The combination of different design and construction techniques can 
generate continuity or discontinuities within the workflow, making the realisation of a project 
fairly smooth. Pneumatic forming has appeared as a promising means of form-finding, since it 
enables the achievement of lightness, reusability, scalability, and multi-level integration.  

The second part of this thesis will develop the core of operational research, defining the 
technical and technological aspects of a pneumatic falsework erection system for gridshells. After 
drafting the technological aspects of the system (i.e. material features, modelling tools, and 
detailing), case study applications will focus on specifying and refining their effectiveness and 
precision. Prototyping will be the primary means of inquiry; digital and physical prototypes will 
provide evidence to support the initial argument and understanding of the system 139.  

Prototyping will assist the design of the research problem through iterative stages. Early-
stage sketch prototypes will clarify ideas and tasks, externalising the desired concepts through 
qualitative models. These sketch models will then inform advanced-stage 
technical/technological prototypes; these will seek, test, and achieve proof of functionality 
through more quantitative models (Kamrani & Nasr, 2010; Gengnagel et al., 2015). Such an 
open-ended process will enable the modelling of the desired phenomena with an adequate degree 
of complexity and fidelity; more qualitative in early stages, more quantitative in advanced stages 
(see Figure 4.9). Additionally, it will progressively build an incremental library of technical and 
technological knowledge, through which the design problem will eventually be defined and 
resolved (Exner et al., 2015).  

 
 
 

 

 
 

Figure 4.9. Progressive prototyping stages involve different prototyping tasks and levels of modelling fidelity (image based on 
Exner et al. (2015)).  

                                                      
 
139 The etymology of prototype comes from the ancient Greek words πρῶτος (protos, meaning “first”) and τύπος 

(typos, meaning “model”). Mainly, it defines the first model, the archetype or paradigm from which a series of copies 
is produced. It can also indicate a draft model used to study how a product is used (Kimpel, 2016). 
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To begin with, it will be essential to define and establish a balance between the model’s 
fidelity, interactivity, and flexibility, in order to enable the addition of variations or corrections 
in real time (Buxton, 2010). Open-ended fidelity and precision are also relevant to the scale of 
prototyping; where this research work addresses architectural scale, it is unrealistic to carry out 
prototyping, always at a 1:1 scale. Large-scale prototyping will be subdivided into a series of 
sub-prototypes to optimise the allocation of budget, time, and materials, especially in the initial 
development stages (Israel et al., 2016). 

Chapter 5: “Scale Prototyping” will describe a combination of digital and analytical 
modelling strategies for producing more rapid/qualitative models initially, and more 
precise/quantitative ones later. This chapter will address several scales to design, evaluate, and 
communicate according to the research questions framed in Section 1.1: “Research Aim and 
Significance”:  

 

Would an alternative erection method for gridshells be able to integrate 
design and construction? 

How could such a system be developed?  

What would its features be? 

 
In Chapter 6: “Advanced Full-Scale Applications”, the workflow developed in Chapter 5 

will be applied and refined through design-like case studies. This chapter will enable the 
refinement of the answer to the previous research questions, while also approaching the final 
research question for further consideration: 

 

What new applications could this system bring to the design and 
construction of gridshells? 

 
Benchmarks and case studies application will address and develop the interface between 

digital and physical modelling; this link will require fine-tuning and appropriate comparisons 
with well-known designs, according to that which has previously been expressed in Section 1.2: 
“Methodology”. Only by actualising the proposed concept, will it be possible to assess its 
effectiveness. (Croset et al., 2016).  

 

“Every creation implies [an inspiration and] a tension that preludes 
the discovery. […] Unlike inspiration, this tension is not fortuitous, 

but it is methodical and necessary.” (Stravinskij, 1942)  
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5. Scale Prototyping 

This chapter describes the early drafting stages which will be implemented in order to sketch 
the features of the pneumatic falsework erection system. Digital models and small-scale prototypes 
develop through simulations of increasing complexity to progressively build solid procedural 
knowledge. Where the aim is to render ideas into sketches, this requires a good interoperability 
between different models; for this purpose, operating through numerical and parametric 
modelling will boost the explorative potential of this drafting stage (Kilian, 2006, 2016). 

The extent of digital and physical prototyping follows Exner et al. (2015), so that 
prototyping classification will be: design objectives, dimensions, and modelling fidelity. In the 
first instance, research objectives inform task declaration, which features a mostly explorative 
nature. In parallel, dimensions establish the processual features of each task (i.e. adopting a 
qualitative or a quantitative approach). Given the explorative nature and aim of these early 
models, these will provide qualitative rather than quantitative fidelity, focusing on providing 
rapid simulation processing, visualisation, and manipulation through parametric digital tools 
(Petric & Lindsay, 2003). A higher degree of fidelity will later enable more quantitative 
evaluation (i.e. regarding technology).  

This sequential approach will consist of cycles of sketching, critiquing, presenting, and 
validating models and sub-models (see Figure 5.1).This approach will create an incremental 
library of operational routines (Warfel, 2009), as well as bridging and reciprocally validating 
the results of digital and the physical simulations(Thomsen & Tamke, 2016).  

 

 

 

Figure 5.1. The proposed approach to prototyping, based on Warfel (2009). Validation is determined on a case by case basis.  
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Such an incremental approach also reflects the way in which literature separately covers 
the modelling of gridshells and pneumatic structures; where each area of research is 
comprehensively but disjointedly supported, the interaction between the two fields was an 
uncharted topic at the commencement of this research. The following sections thus illustrate 
and focus on the implementation of the two systems and, more interestingly, on their interaction. 
Numerical modelling spanned software platforms such as Rhinoceros®, Grasshopper®, and 
Abaqus®. The Author has described the main outcomes from benchmarks and prototypes in Liuti 
and Pugnale (2015); Liuti et al. (2016) 140.  

Section 5.1: “Digital Framework Setup” will develop a robust workflow using a series of 
benchmarks. Initially, separate Grasshopper® definitions will simulate the gridshell’s active-bending 
and the pneumatic membrane’s swelling; after testing and tweaking these separate simulations, a 
single interaction model will merge both.  

Section 5.2: “Simulating the Pneumatic Erection of the Accoya® Gridshell” will apply the 
modelling pipeline and the advancements emerged from the benchmarking stage to simulate the 
pneumatic falsework erection of a well-known project – the Accoya® timber gridshell 141(see Figure 
5.2). Dealing with a familiar project will be strategic for the following reasons. Firstly, the 
Author originally participated in the construction and was given full access to the design 
documentation; namely, the form-found geometry of the gridshell and the cross-sectional and 
material properties. Furthermore, the small scale of the project will demand fewer resources for 
modelling and computation. Another benefit of this case study will emerge from the possibility 
of comparing the results of the push-up erection method with the pneumatic falsework erection 
simulation. The final part of the chapter will discuss the benefits, shortcomings, and possible 
refinement of the erection method. 

 

Figure 5.2. The Accoya® gridshell at the University of Melbourne Parkville Campus (image © A. Liuti)   

                                                      
 
140 Later used to develop the large-scale applications described in Chapter 6: “6. Advanced Full-Scale 

Applications”. 
141 Built at the University of Melbourne in October 2014 (Pugnale et al., 2014). 
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5.1. Digital Framework Setup  
The defining assumption of the design problem is to propose a pneumatic falsework erection 
system (based on an air-inflated structure), which is able to deform a flat structural grid into the 
desired curved configuration. This requires the (re)development of both the form-finding 
process of the gridshell and the swelling of the pneumatic membrane. The form-found shape of the 
Accoya® gridshell provides the target geometry to be reached through pneumatic form-finding. 

The preliminary benchmarks pair and tune the numerical and physical modelling 
environments. This set of benchmarks native to Rhino® and Grasshopper® (benchmarks 0.1-0.4) 
separately sketch and tests individual parts of the simulation modelling pipeline. The choice of 
this modelling environment appears suitable to this drafting stage since it links geometric form-
generation and simulations with high flexibility/interoperability; plugins such as Kangaroo and 
Karamba provide extensive libraries for such simulations 142.  

In advanced benchmarking, a further set of design application models (benchmarks 1.1-
1.2) focus on the combination of the separate benchmarks developed in stage 0. The knowledge 
gathered in this drafting stage is applied to the Accoya® gridshell case study application; here, 
more precise simulations are carried out using an external finite element model (FEM) commercial 
solver: Abaqus®/CAE. 

Digital and physical means of design are also synchronised using workshop tests and 
small-scale prototyping. This ensures that numerical form generation techniques resemble the 
actual material behaviour, thus providing appropriate control over shape design. This design 
methodology is based on that which was addressed in Section 3.2.3: “Design Methods” as a form 
generation Integral Approach. The final design modelling pipeline is then compared with the 
Accoya® gridshell real-scale application in order to further deepen the knowledge of technological 
features such as joint detailing, materials, and manufacturing, but also the theoretical aspects of 
the problem. 

5.1.1. Preliminary Benchmarks 

• Benchmark 0.1  
This model reproduces the four-point flexural tests performed during the 
construction of the Accoya® gridshell. The test used timber pieces 1m long, loaded at 
2/5 and 3/5 of their length. Cross-sections featured areas of 50x19mm2 and 
50x12mm2.  

A batch of A1-graded timber and a batch of A2-graded Accoya® Radiata Pine 
timber were tested143. Table 5.1 illustrates the results of the tests over these two 
batches, which reached curvature radii tighter than those expected from the 
technical specifications. Respectively, A1 timber responded with 𝜌𝜌min𝐴𝐴𝑐𝑐𝑐𝑐 𝐴𝐴1 ~120-
200 · h/2 (where 𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛 𝐴𝐴𝑐𝑐𝑐𝑐 𝐴𝐴1 𝑚𝑚𝑇𝑇𝐵𝐵𝑛𝑛 ~ 225 · h/2); A2 timber responded with 
𝜌𝜌min𝐴𝐴𝑐𝑐𝑐𝑐 𝐴𝐴2 ~150-170 · h/2 (where 𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛 𝐴𝐴𝑐𝑐𝑐𝑐 𝐴𝐴2 𝑚𝑚𝑇𝑇𝐵𝐵𝑛𝑛 ~ 220 · h/2).  

                                                      
 
142 Kangaroo0.99 (a dynamic relaxation-based solver) was used in preliminary stages. However, the higher 

speed, flexibility, and computational power offered by Kangaroo2 (a position-based dynamics solver) encouraged the use 
of this plugin instead. Preliminary explorations are hereby omitted (Piker, 2013; Suzuki et al., 2014). Karamba is a 
FEM solver instead (Preisinger, 2013). Both Kangaroo and Karamba are further deepened later in this chapter. 

143 Accoya®Radiata Pine is a type of wood which has been processed through a patented process of acetylation; 
this processing technology enables the timber to better resist the aggression of environmental factors such as fungi 
and weather-related phenomena. Along with a high durability, Accoya® also features a high dimensional stability and 
improved physical properties. This timber has its own grading criteria, ranging from A1 (pieces with very little knots 
or defects) to A2, A3, and B (pieces with large knots or more defects). 
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Table 5.1. Top: the four-point bending test data. Bottom, the correlation between empirical and mean values (left); curvature 
limit of two pieces of Accoya Radiata Pine – Graded II (a) and Graded I (b) (image © A. Pugnale).   
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Figure 5.3. Benchmark 0.1. Models made in Kangaroo2 (to the left) and Karamba (to the right); each couple of simulations 
reproduces a sample value from the facing Table 5.1 (see dotted connecting lines); on the right, the margins of discrepancy from 
the physical tests indicate the benchmarking precision.  
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These above-average values were numerically replicated and compared with 
those physically obtained 144. After the Euler-Bernoulli beam equations, results 
were interpreted through building science formulas. Naming F the applied load 
force, 𝐿𝐿 =1000mm the span between the two supports, L/5 the length of the loading 
span, b and d the cross-sectional width and height, 𝛿𝛿 the maximum deflection at the 
centre of the beam, hence the following relations apply: 

𝜎𝜎𝑦𝑦 = 3𝐺𝐺(𝐿𝐿−𝐿𝐿𝑖𝑖)
2𝑇𝑇𝑑𝑑2

          (5.1) 

𝐸𝐸𝑦𝑦 = 𝐺𝐺𝐿𝐿3

2 𝛿𝛿 𝑇𝑇𝑑𝑑3
          (5.2)  

The nature of the four-point bending test allows for a few modelling 
simplifications; due to geometric and loading symmetries, the bending simulation 
is modelled as a linear element belonging to an xz-plane. This assumption allowed 
both the neglecting of out-of-plane bending and torsion-related effects and also the 
consideration of isotropic material properties instead of orthotropic ones.  

The lath is modelled as a 1m-long polyline stretching from the (0,0,0) origin 
along the positive x-direction; this geometry is subdivided into ten equal segments 
to provide an identical link discretisation to use both in the Kangaroo spring system 
and the Karamba FEM solver. Where Kangaroo0.99 relies on spring system dynamic 
relaxation, Kangaroo2 is based on position-based dynamics (PBD) – a modelling system 
introduced mainly for the gaming industry to implement real-time dynamics 
(Muller et al., 2007; Deul et al., 2016).  

The geometry of a PBD system is composed of joints (or particles), which are 
univocally defined by their (x, y, z) position in space 145. Using such a modelling 
strategy provided the benefit of bypassing explicit integration approaches to a 
dynamic problem. This feature enabled for high computational speed and good 
controllability. Unlike computational disciplines (in which accuracy is the primary 
focus), PBD focuses on speed, stability and geometric plausibility.  

These features make this method particularly suitable to preliminary form-
finding and drafting stages, as it can directly address and change the position of 
vertices and particles, while providing a rather straightforward explicit position-
based solver, which is easy to understand and implement. The algorithm represents 
a dynamic object through a set of vertices and constraints. Vertices i ∈ {1, … , N} 
feature a mass 𝑚𝑚𝑠𝑠 a position 𝒙𝒙𝒊𝒊=(𝑑𝑑𝑠𝑠 ,𝑦𝑦𝑠𝑠 , 𝑑𝑑𝑠𝑠) and a velocity �̇�𝒙𝒊𝒊 . Constraints j ∈ {1, … 
, M} feature a cardinality 𝑚𝑚𝑖𝑖 , a “goal” function 𝐶𝐶𝑖𝑖:ℝ3𝑛𝑛𝑗𝑗 → ℝ , a set of indexes 𝑚𝑚𝐸𝐸 ∈ 
{1, … , N}, a stiffness parameter 𝑘𝑘𝑖𝑖 ∈ {0, … , 1}.  

By imposing either equality or inequality constraints, functions can model 
different types of behaviour, such as: rigid body motion, stretching, bending, 
triangle collisions, volume conservation, cloth balloon, fluids, strain limiting, 
wrinkle meshes, damping, parallelisation, and shape matching 146. 

                                                      
 
144 Moisture content and other factors might also have improved the test results. 
145 This implies that each particle features only three Degrees of Freedom (DOF); thus, it is unfeasible to 

compute more complex situations in which six DOF are required (i.e. torsion problems). Nevertheless, this problem 
was bypassed in the latest release of Kangaroo2.4.1, where beam elements with six DOF are available. 

146 For further information, read Bender et al. (2014). 
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The Kangaroo2 library compiles in a non-linear Gauss-Seidel solver, 
overcoming some of the convergence problems which were often displayed by its 
predecessor (and by dynamic relaxation solvers in general) 147. In this approach, 
“goal” functions define geometric constraints, material properties and acting forces.  

In the economy of a PBD model, it is crucial to feed “goal” functions with 
compatible dimensions to have a rapid equilibrium convergence. For the purpose, 
it is important to understand and interpret each goal function from a building 
science point of view, and adequately tweak weight values. The polyline joints of 
benchmark 0.1 determine the I ∈ {1, … , 11} vertices of the system. Two goal 
functions define the axial stiffness 𝑘𝑘 and the bending stiffness 𝐾𝐾; 𝑘𝑘 correlates the 
endpoints of each polyline link with a constraint proportional to the flexural 
Young’s modulus E, its cross-sectional area A, and the inverse of its length. 𝐾𝐾 
relates each joint to its two neighbouring kinks by imposing a spring behaviour 
proportional to E and the moment of inertia I, as follows: 

𝑘𝑘 = 𝐸𝐸𝐴𝐴
𝐿𝐿

           (5.3) 

𝐾𝐾 = 𝐸𝐸𝐼𝐼 𝑑𝑑𝑦𝑦
𝑑𝑑𝑥𝑥

          (5.4) 

𝐼𝐼 = 𝑇𝑇𝑑𝑑3

12
          (5.5) 

The applied test force F is modelled as two equal negative 𝒛𝒛 vectors applied at 
2/5L and 3/5L. The left end is supported by a pinned joint, while a roller joint 
supports the right end, so as to have both ends rotating during the large 
deformation, while relatively approaching towards each other along the x-axis. 
Bending moments and stress values are retrieved by applying the analytical 
formulas previously introduced in Section 3.2.1: “Active-Bending”. Table 5.1 
illustrates how the model effectively reproduced the bending test. 

A more precise and quantitative model is developed in Karamba. Despite its 
more conventional FEM nature 148, this platform is geared towards Grasshopper® 
parametric modelling to have an automated feedback loop between geometry-
generation and structural analysis. Unlike other external stand-alone FEM solvers, 
Karamba is native to the Rhino-Grasshopper® modelling environment; this 
considerably simplifies intercommunicability interfaces, making the tool especially 
suitable for draft designing (Preisinger, 2013).  

Geometric entities are transformed into finite elements in the pre-processing 
stage; here, points, lines and meshes are transformed and discretised into beams, 
supports, shell elements, and so forth. Also, material properties and acting forces 
are defined during this stage. In the second stage, a single FEM model assembles 
all the entities modelled in pre-processing; such a model then feeds into the solver, 
which performs the structural simulation.  

                                                      
 
147 Both versions of Kangaroo allow implementing non-linear problems; however, until version 0.99 (currently 

discontinued), the library was based on dynamic relaxation criteria (Piker, 2014), while from the version 2 the library 
switched to PBD and goal functions. Thus, the models developed in Kangaroo2 are not computable in Kangaroo0.99 
and vice versa. The models of this section are based on Kangaroo2.4.1. 

148 Conventional FEM solvers are geared to provide precise analysis of a structure that is not supposed to 
drastically change throughout the design process. 



162  5. Scale Prototyping 
 

 

A FEM simulation can analyse/predict different effects, such as: first and second 
order deflections, incremental large-deformations, buckling modes, natural 
vibrations, eigenmodes, and topology optimisation. Lastly, simulation results are 
rendered and displayed in the post-processing stage (Preisinger & Heimrath, 2014). 

In benchmark 0.1, a 1m-polyline is processed into a rectangular-section beam 
element supported by a pin joint and a roller joint. After modelling cross-sectional 
properties and other boundary conditions, the simulation performs a large-
deformations analysis (Preisinger, 2016). Unlike the Kangaroo2 model, this algorithm 
requires a δ limit-displacement value and a predetermined number of steps, in order 
to establish a target and a number of iterations for convergence. This information 
is borrowed from Kangaroo2 when required.  

By comparing the geometric and structural results of the FEM and the PBD, 
the two simulations replicate the physical tests with margins of error of below 2%. 
Furthermore, it can be noted that the two simulations integrate each other; whereas 
Kangaroo2 provides information regarding the overall geometric deformation, this 
data can be fed into Karamba to refine the FEM analysis and obtain more 
comprehensive results regarding internal actions and forces (see Figure 5.3). 

The curvature radii found through Karamba more accurately resembled 
analytical calculations and workshop surveys 149; Kangaroo2 provided slightly lower 
values. Nevertheless, the two benchmarking approaches were satisfactory, marking 
a good starting point for faithfully drafting, tuning, and comparing a numerical 
single-element elastica problem to the real-world physical behaviour. 
 

• Benchmark 0.2 
Benchmark 0.2.1 digitally models two orthogonal rods, 1m-long, laid across the xy-
plane. Both rods feature a cross-section of 50x19mm2; one is oriented along the x-
axis, and the other follows the y-axis. This benchmark primarily focuses on 
implementing the nodal connection correctly, in order to determine its definition, 
behaviour, and actions distribution.  

The geometry resembles a 1x1m2 extract from a single-layer gridshell 150; by 
following the technical considerations previously introduced in Section 3.2.2: 
“Material Systems”, it is modelled a hinge whose axis is normal to the xy-plane. 
This connection prevents the two rods’ mutual displacements in the x, y, and z 
directions, as well as rotations about the x-axis and y-axis (torsion and out-of-plane 
rotations respectively). 

For the x-rod, supports and loading conditions are taken from benchmark 0.1; 
both ends of the y-rod are left unrestrained, while a horizontal force F’ (acting along 
the x-axis direction) acts at one of its free ends. 

The benchmark is first tuned within the Kangaroo2 environment; here, two 
elastic rods are modelled to touch in the middle. Preliminary tests illustrate that 
the relative motion of one lath does not induce any deformation in the other (see 
Figure 5.4, top); furthermore, the bending moment is not transferred, as it is 
expected to occur while bending a gridshell. The default connection in Kangaroo2 
resembles a hinge with null rotational stiffness (frictionless rotations; 𝑘𝑘𝑅𝑅𝑥𝑥 = 𝑘𝑘𝑅𝑅𝑦𝑦 =
𝑘𝑘𝑅𝑅𝑧𝑧 = 0), but also null translational freedom (𝑘𝑘𝑇𝑇𝑥𝑥 = 𝑘𝑘𝑇𝑇𝑦𝑦 = 𝑘𝑘𝑇𝑇𝑧𝑧 → ∞). 

                                                      
 
149 Discrepancies might relate to moisture contents, material imperfections and measurement imprecision. 
150 Also, the Accoya® gridshell features bolted nodal connections, perfectly resembled by a hinged joint. 
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Figure 5.4. Benchmark 0.2. Top: the hinged connection in the Kangaroo2 and Karamba environments (static scheme at the top). 
Bottom, coupled bending simulation; vertical forces are applied to the top rod only, while the bottom rod is dragged down due to 
the hinge-connection. On the right, the green rings represent Karamba’s hinged connection.  
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In the more accurate Karamba model, default nodal connections create 
continuity of momentum between two finite elements; this makes it is necessary to 
model an additional connection element. Firstly, the two laths are shifted by 20mm 
on the z-axis, avoiding joint-to-joint intersections. Secondly, the two midpoints are 
linked using a spring element; such a spring features high translational and rotational 
stiffness 𝑘𝑘𝑇𝑇𝑥𝑥 = 𝑘𝑘𝑇𝑇𝑦𝑦 = 𝑘𝑘𝑇𝑇𝑥𝑥 = 𝑘𝑘𝑅𝑅𝑥𝑥 = 𝑘𝑘𝑅𝑅𝑦𝑦 =109N/m, while providing a negligible 
𝑘𝑘𝑅𝑅𝑧𝑧 =1N/m. Such an infinitesimal value allows the two rod elements to rotate 
almost freely about the z-axis, but at the same time prevents rigid body motions; 
furthermore, this value can be incremented to account for a possible friction 
contribution. Figure 5.4 illustrates how the curvature radii of benchmarks 0.1 and 
0.2.1 tend to have similar values under the same applied force F. 

After implementing the kinematic hinge in both environments, benchmark 0.2.2 
implements a coupled bending simulation. Boundary conditions vary slightly; xy-
rollers support the ends of the y-rod, while the horizontal force F’ is removed. The 
modelling pipeline resembles that of the previous simulation; running the 
Kangaroo2 simulation firstly, and informing Karamba with such data afterwards. 
Both simulations converged rapidly, providing two linear distributions of 
momentum, as expected from the static scheme (simple beam under point load and 
triple point load). Kangaroo2 provided more accurate curvature radii with 
increasing loading conditions (see Figure 5.4, bottom).  
 

• Benchmark 0.3 
This benchmark develops a single-layer 10x10m2 square gridshell, featuring a 
50x19mm2 rectangular cross-section for a mesh size of 1m. Both bending properties 
and nodal connections follow previous benchmarks advancements, whereas 
bending is generated by the uplifting action of a point-load force. According to its 
double symmetry, it is reasonable to virtually lock the central joint of both models 
against translations across the xy-plane and rotations about the z-axis; this choice 
would prevent rigid body motions from arising. 

From a preliminary study on the eigenmodes of the system 151, hinged 
connections allow the grid to fold, thus validating the assumptions which have been 
made so far. The four corners are modelled as roller supports; in both the Kangaroo2 
and the Karamba models, these rollers can only slide along the square’s diagonal 
(see Figure 5.5 top). From a design standpoint, it is pivotal to impose an uplifting 
force/prescribed vertical displacement that induces curvature radii below a given 
limit.  

Curvature is considered to be the primary safety parameter; as far as bending is 
operated within a safety radius, thus stresses thus range under allowable values, 
and failure is prevented. Bending tests provided a minimum curvature radius 
𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛 ∈ {155 · h/2; 200 · h/2}; however, by referring to the mean values, a safe 
design value is considered to be 𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛,𝑑𝑑 =220 · h/2 ~ 2m. Figure 5.5 illustrates how 
the central points of the grids in benchmark 0.3 feature the highest curvatures; at 
the bottom of the figure, after several tests, it is illustrated that the load case/rise 
combination is related to the critical curvature 𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛,𝑑𝑑 . Again, both the Kangaroo2 
and the Karamba models provided compatible responses, supporting each other’s 
roles in this intercommunicating design interface.  

                                                      
 
151 Given an oscillating system, an eigenmode is one of its normal vibration modes.  
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Figure 5.5. Benchmark 0.3. Top: static scheme of the 10x10m2 gridshell benchmark; on the right, eigenmode deformation 
illustrating the foldability of the mesh (hinges in green). Middle, form-finding iterations seeking the design values F associated 
to the  critical 𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛  value. Bottom, 𝑀𝑀𝑥𝑥 and 𝑀𝑀𝑦𝑦 graphs rendered in both the models.  
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Figure 5.6. Benchmark 0.4. Top: Kangaroo2 and Karamba inflation simulations. Below, benchmark 0.4.1 illustrating 
Kangaroo swelling simulations: (a) swelling of an elastic flat mesh; (b) swelling of an inextensible wrinkled mesh; (c) swelling 
and colliding of an inextensible wrinkled mesh with a rigid square body (c).  
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• Benchmark 0.4 
This benchmark develops a swelling model for the pneumatic membrane. The static 
scheme of Figure 5.6 illustrates how a vertical point-load F acts normally in 
relation to the upper pole of the geometry; the sphere is pneumatically pressurised 
(1mbar) and locked at the bottom pole against translations and rotations. The 
Karamba2.4.1 platform appears to be the most appropriate one for the simulation, 
providing specific libraries for implementing cloth balloon simulations and volume-
related problems. Conversely, the current version of Karamba1.2.2 does not offer a 
stable and well-controllable large displacement algorithm tool for architectural 
membranes form-finding 152; this preliminary test suggests that this platform 
should be discarded for modelling membranes. Nevertheless, specific load types can 
implement pneumatic loads. Membrane tensile forces are calculated analytically. 
For this reason, benchmark 0.4.1 extends this starting configuration into 
Kangaroo2 only. 

This series of tests investigates the behaviour of a pneumatic cushion in 
different circumstances; firstly, an attempt is made to swell an extensible flat mesh 
into a spherical shape, but this achieved unprecise results (0.4.1-a). Subsequently, 
model 0.4.1-b studies the swelling behaviour of an inelastic cushion starting from 
its spherical geometry to its flat, wrinkled configuration, and back 153; among its 
the technical aspects, it is worth mentioning the self-collision script, which aims to 
provide a realistic wrinkled configuration of the flat membrane. In the last 
simulation, test 0.4.1-c introduces a collision algorithm with a square, rigid body; 
here, the variation in volume at a constant pressure allows the membrane to operate 
a lifting action over the body. 

The following section will combine the knowledge developed in benchmarks 0.1-0.4. 
 

5.1.2. Advanced Benchmarks 

The previous section illustrated the development of separate design and modelling strategies 
for bending a gridshell and swelling a pneumatic cushion. Now, the focus shifts towards the 
interface and interaction between the two systems, in order to combine modelling knowledge 
towards the pneumatic erection of a gridshell. Again, the same modelling-learning approach that 
has been developed so far, is proposed. 

• Benchmark 1.1 
This benchmark develops the simple pneumatic bending of a 10m rod across the 
xz-plane. The static scheme of the elastic rod resembles that of benchmark 0.1, 
while the scheme for the pneumatic membrane recalls benchmark 0.4. The benchmark 
compares bending algorithms in both Kangaroo2 and Karamba; despite the two 
approaches being considerably different, it is relevant to develop and compare them 
both to determine which best suits the final modelling pipeline. A further modelling 
assumption is in the introduction of a specific inextensible material for the 
membrane cushion: a Serge Ferrari® Précontraint 702 S2 (Ferrari, 2005). 

                                                      
 
152 According to a conversation with the developer, it is often necessary to run form-finding over equivalent 

truss systems to bypass the problem, thus making the procedure more qualitative than quantitative. 
153 The wrinkled configuration is obtained by deflating the 10m Ø sphere cushion; this mesh is then kept 

aside, and fed to the inflation algorithm as the starting configuration of algorithm 0.4.1-b and c. 
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The Kangaroo2 model operates on two geometries, the spherical cushion on the 
one hand, and the polyline rod on the other. A primary point of this model is the 
implementation of the collision between these two geometries; thus, the resulting 
shape of both emerges as a negotiation between the rod’s bending stiffness, the 
volume of gas contained in the cushion, and the pressure it exerts at the surface. 
The simulations in Figure 5.7 illustrate that, by approaching the critical curvature 
radius, it is necessary to dramatically increase the applied pressure, while volume 
does not increase. In comparison with benchmark 0.1 (where the critical radius 
arose under point loads ranging 500-1,500N), these acting forces’ values reasonably 
overlap.  

Conversely, the Karamba model uses a single polyline loaded with a line load, 
oriented perpendicular to the geometry’s axis. This approach enables to model the 
pneumatic forming by using a large-displacement algorithm, which undergoes a 
following the pneumatic loads. It is important to remark that such an algorithm 
requires a prescribed displacement value to converge; such value was retrieved from 
the parallel Kangaroo2 simulation. This procedure enabled to obtain a direct 
feedback from the FEM system 154. From comparison, the two models provide a 
similar response. 
 

• Benchmark 1.2 
This benchmark drafts pneumatic lifting in a more complicated situation; the 
pneumatic falsework erection the 10x10m2 gridshell from benchmark 0.3 155 (see 
Figure 5.8). It is noticeable that the final curvature radius is conservatively above 
the limit value of 200 · h/2; this feature can relate to two aspects. Firstly, the 
pneumatic cushion appears too small; the target pitch from benchmark 0.3 was 
approximately 5m, a value close to the 5m diameter of the sphere. It seems 
necessary for the cushion’s diameter to be considerably larger than the desired rise 
to reach, so as to use the volume distribution as the lifting force. For this purpose, 
it is reasonable to dimension the sphere diameter on the form-found gridshell 
geometry directly, in order to provide enough grid-cushion contact area from 
inception to completion. 

Secondly, a pulling action is necessary at the supports, to assist the swelling 
action of the cushion and better control the overall geometry shaping. For this 
purpose, current literature illustrates that ropes or cable-nets provide an efficient 
means of controlling pneumatic membranes (Geiger, 1975; Kokawa, 1985; Pronk & 
Dominicus, 2011; Kokawa et al., 2012). Furthermore, block-and-tackle systems, 
which have been applied by collective Gridshell.it on several occasions, can 
facilitate the procedure (D'Angelo, 2010; D'Amico et al., 2015). 

These considerations and advancements proposed so far are further developed in the 
following section.  

                                                      
 
154 The Kangaroo2 pressure cavity load is set in mBar by referring to a 1m2 portion of the mesh. Such a value 

is halved (one half to be distributed across the x and another half across the y direction) and transformed into N/m 
for the Karamba model. 

155 This benchmark studies the features of a pneumatic falsework erection; thus, the modelling fidelity of the 
support conditions of the gridshell is low. Where support edges should be trimmed at 45 degrees in real life (see the 
plan of the Airshell gridshell), in this case, ideal corner supports simplify the modelling procedure and the visualisation 
of results.  
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Figure 5.7. Benchmark 1.1. Left, Kangaroo2 collision between a fluid-filled cavity and a flexible rod. Right, the Karamba 
simulation. Respectively, the orange and the green diagrams shows the trends of bending moment. 
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Figure 5.8. Benchmark 1.2. Left, Kangaroo2 pneumatic lifting; bending moments are not visualised to avoid disturbing the 
rendering of the interaction between the bodies. Right, the Karamba simulation modelled through linear loads.  
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5.2. Simulating the Pneumatic Erection of the Accoya® Gridshell 
The Accoya® gridshell, developed after an original project of Gridshell.it, was analysed using 
design blueprints and archival construction material. This symmetric double-layer timber 
gridshell came as a variation of the Alida Woodome(see Section3.2.4: “Erection Methods”), and it 
was built at the University of Melbourne in October 2014 as a part of the five-day intensive 
subject “Issues in technology” 156 (see Figure below).  

The released configuration flat grid resembles the shape of a 11x11m2 Greek cross, whose 
arms span 3m in width (see Figure 5.2); the Accoya® laths feature 50x19mm2 cross-sections, for 
a mesh spacing of 500mm. The post-formed geometry features a span of 7.75m and a rise of 
3.6m; its design, manufacturing, and erection involved a supervised group of 16 students for five 
days. Erection took place using a hacked, low-tech push-up technique; this system consisted of 
the manual application of stilts and block and tackles to lift the flat mesh from the ground up. 
Once the erection was completed, it became possible to lock the bolted joints, screw the shear 
blocks, and lay the upper and lower layers of diagonal bracing on the structural grid 157.  

The following sections describe this structure’s re-design and re-engineering through a 
pneumatic form-finding method; this case study provides a convenient starting point due to its 
symmetry, manageable size, and familiarity with the structure. The first part of this section, 
carried out using the Rhino®-Grasshopper® modelling pipelines which have been developed so far, 
reproduces the structural form of the gridshell; the second part extends such sketches in a more 
structured FE software: Abaqus®/CAE.  

 

Figure 5.9. The braced configuration of the Accoya® gridshell.  

                                                      
 
156 The intensive workshop took place between 23rd September and 5th October 2014 at the Parkville Campus 

of the University of Melbourne. It focused on low-tech building techniques for timber gridshells. The project was 
developed and built entirely within the facilities of the Melbourne School of Design. For further information, visit 
www.karamba3d.com/projects/accoya-timber-gridshell. 

157 Diagonal bracing design was carried out by the Author; the generative logic consisted of starting from a 
square element centred with the dome, and applying a series of rotation/scaling/extension operations. This variation 
on the original Alida Woodome stiffened the structural mesh, while breaking its symmetry/regularity with apparently 
slanting elements.  

http://www.karamba3d.com/projects/accoya-timber-gridshell
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5.2.1. Form Finding Approaches  

Theory and practice suggest that each joint of a gridshell should feature double curvature; where 
this naturally happens in points of positive curvature such as the centre of many domes, it can 
become necessary to force curvature in areas that would naturally tend towards flatness, such 
as the supports. As previously explained in Section 3.2: “(Elastic) Gridshells”, form-finding 
makes it necessary to negotiate between short-term active-bending and long-term funicular 
behaviour. In the economy of this case study, the double-curved geometry of the Accoya® gridshell 
is taken as the optimal compromise between these two needs; the aim of form-finding is thus to 
replicate it as closely as possible. 

Given these assumptions, a first qualitative geometric analysis over form-finding is 
attempted in Rhino®-Grasshopper®. The flat geometry of the gridshell is modelled as two 
perpendicular streams of parallel polylines, each one associated with an equivalent cross-section, 
so as to approximate the actual double-layer composition and speed up computational time. This 
choice also affects dead loads distribution. 

Figure 5.10 illustrates how the systemic symmetry enables the controlling of the whole 
geometry through the half of a single arm. Three induced displacements generate post-forming; 
the first one acts vertically on the central gridshell joint (δ = 3.6m), while the other two act along 
the x-direction, through the roller supports 𝑃𝑃1 and 𝑃𝑃2(respectively 𝛿𝛿𝑃𝑃1= 1.6m, 𝛿𝛿𝑃𝑃2= 1.9m, so 
as to provide the desired outwards concavity). From a preliminary analysis, the inner corners of 
the grid feature the most critical curvature values 158. 

 

Figure 5.10. The double-symmetry allows for the description of the full structure by addressing the half of one arm. Points 𝑃𝑃1 and 
𝑃𝑃2 indicate that the two rollers can slide along the x-axis, while the central point can only slide across the vertical.  

                                                      
 
158 And thus, the highest risks for breaks, as witnessed during the push-up erection of the structure. 
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Figure 5.11 Top: a 7.2x7.2m2 square cushion fits the target curvature and topology. Middle top: the block-and-tackle system is 
dimensioned to displace the ground supports along automated trajectories. Middle-low, in red: the primary uplifting action is 
provided by the membrane at the interval 𝑡𝑡0 − 𝑡𝑡∗; afterwards, there is an auxiliary contribution by the cables. Bottom: the shape 
resulting from the simulation (in black) closely overlaps with the target (in red) (image based on Liuti and Pugnale (2015)).  
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Figure 5.12. The Kangaroo2 pneumatic falsework erection simulation. From the initial configuration 𝑡𝑡0(at the top; flat cushion 
and slack ropes in gray), the membrane performs the whole lifting action until stage 𝑡𝑡∗. Once the ropes become tensioned against 
the membrane (curves in red), the supports are directly brought to their final position at stage 𝑡𝑡𝑓𝑓 . Bottom: the radius to rise trend  
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Figure 5.11 and Figure 5.12 illustrate the development of the case study parametric 
model. This model follows what was proposed in benchmark 1.2; however, preliminary tests 
over this grid topology suggested using a flat square cushion over other shapes. This choice 
comes from noticing that a square shape closely adheres to the gridshell’s curvature and topology, 
as the isolines of the two objects can provide a better match 159. Furthermore, a flat-packed 
membrane requires a much easier manufacturing process in comparison with a double-curved 
membrane. The combination of these factors occurs thus performing a parametric form-finding 
exploration designed to pick the most suitable footprint for the membrane. Figure 5.11 (top) 
illustrates the product of this algorithmic modelling pipeline (which consists of modelling a 
mesh box of negligible thickness and equal sides; a single variable ranging between 5-10m thus 
determines the size of the square). The mesh surface is isotropically triangulated and modelled 
as an inextensible material (type Serge Ferrari® Précontraint 702 S2) (Ferrari, 2005). This object 
informs a collision algorithm against the target gridshell geometry. Each candidate solution 
features a volume and an amount of contact area; this model aims to determine which size 
provides the most contact with the least material. A 7.2x7.2m2 square provides an optimal 
solution, featuring the smallest volume to contact ratio.  

After modelling the cushion, the bending/uplifting performance is optimised through an 
auxiliary block and tackle/support system. Its purposes are several: 

• Transform the upwards cushion action into a horizontal force acting on the ground 
connections; 

• Control the position of the free edges throughout the erection process; 
• Reduce the possibility of damages to the membrane, due to punctuation or friction. 

The task is carried out through a trial-and-error geometric approach; planar inextensible 
polylines stretch across the target gridshell geometry and the membrane to connect two opposite 
supports. Figure 5.11 shows this arrangement, in which ropes and fluid-filled cavity membrane 
collaborate into a tensairity-like system (Motro, 2003; Luchsinger et al., 2004). When the gas 
inside the cushion is compressed beyond a certain limit, the membrane and the ropes are 
tensioned; a system of pulleys makes sure the ropes transfer a tension force over the four wing 
ends of the gridshell. Local control of the gridshell nodal displacement is possible through the 
variation of the length of each rope. 

Once the overall system is drafted, the transition from the flat to the double-curved 
configuration is studied, so as to avoid/correct potential interferences or undesired behaviour. 
In this regard, the forming process features three key moments: starting rest configuration (𝑡𝑡0); 
intermediate tensairity configuration (𝑡𝑡∗), and final post-formed configuration (𝑡𝑡𝑓𝑓). A system is 
considered “suitable” if it reaches these three stages without interferences. After some tuning, 
12.45m and 12.15m long ropes are used for the outer and the inner supports respectively; pulleys 
are arranged as closely as possible to the ground projection of the swollen membrane, 
resembling the curvature of the final edge 160. 

It is worth mentioning that each rope is modelled as an inextensible geometry belonging 
to either an xz- or a yz-plane. Figure 5.12 illustrates the erection simulation through four key-
moments; the simulation is carried out in Kangaroo2 only, as the aim is to draft the overall 
behaviour and geometry. Overall, this preliminary simulation provides a minimal margin of 
discrepancy with the target geometry, encouraging the development of further work. 

                                                      
 
159 This is also due to the fact that the four corners of the membrane can stretch under the four entrance 

arches, while the rest of the surface cushion reaches the gridshell. 
160 This theoretically allows the transformation of the vertical traction into a horizontal traction through a 

90 degrees angle. 
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Two further parallel models are therefore developed. On the one hand, a qualitative 1:7 
physical prototype was built, with the aim of testing the systemic interaction and providing an 
analytical proof of concept. On the other, a more precise FE model was prepared to provide 
quantitative results and a better understanding of the structural performance of the system (see 
Figure 5.14). The results of these models have previously been published in Liuti and Pugnale 
(2015) and Liuti et al. (2016). 

The prototype features a single layer of Poplar timber strips connected at the joints with 
small bolts and nuts. It is worth mentioning that the fidelity of this model is limited to the 
geometric proportions among its parts, and no calibration is involved. Also, the 1:7 Poplar grid 
features a proportionally lower bending stiffness in comparison with the 1:1 Accoya® grid; this 
factor aims to have an easier bending procedure and lower pressures involved.  

The square cushion is modelled by vinyl-cement glueing six rectangular strips of PVC-
coated fabric in two larger patches in the first instance 161. A two-piece valve is then placed on 
one patch, and the two are superimposed. The two perimeters are thus seamed together at the 
four edges by taping-sewing-taping, to prevent tearing failure and air leaks from occurring. 

The layout of the digital model is reproduced on a timber plane by marking the positions 
of the gridshell, membrane, ropes, and pulleys. Lag thread screw eyes are set to work as pulleys, 
while a multifilament twine embodies for the rope elements. A commercial air compressor swells 
the cushion in a few minutes; several reflections can then be made on these test results. 

Firstly, a two-stage lifting behaviour is noted. Erection is carried out primarily through 
the cushion-gridshell contact in the first swelling interval {𝑡𝑡0 → 𝑡𝑡∗} (see the “primary action” 
schematised in Figure 5.11, middle); throughout this stage, the ropes are slack, and the 
membrane’s pitch rises while its ground projection shrinks. At a specific time 𝑡𝑡∗, however, the 
membrane starts tensioning the cables, thus inducing an inward pulling action at the inner and 
outer support points. During the second swelling interval {𝑡𝑡∗ → 𝑡𝑡𝑓𝑓}, thus, the “primary action” 
of the membrane is aided by an “auxiliary action” provided by the ropes. 

On the side of this structural benefit, the rope elements also contribute to self-adjust the 
position of the ground supports, thereby automating the geometric monitoring task. It is 
acknowledged that the final curvatures of the gridshell do not accurately replicate those of the 
Accoya® gridshell, but they relate to material scalability and calibration factors, not to the bending 
technique. The ends of the gridshell moved close to the desired position with no major 
adjustments, meeting the geometric goal of the system. Figure 5.12 illustrates how the test 
finalises the pneumatic falsework erection effectively, providing promising results that endorse 
the ideas behind the development of the digital model. 

In parallel to this model, a FEM simulation was also carried out in Abaqus®/CAE 162, 
whose flowchart featured the classic sequential stages of modelling, pre-processing, solving, and 
post-processing. The modelling approach is borrowed from the Kangaroo2 case study. The flat 
gridshell geometry generates from two orthogonal arrays of flat wire parts: one oriented along 
the x-direction, and the other along the y-direction. These two mats are subsequently staggered 
along the z-direction, to prevent orthogonal elements from intersecting and creating rigid 
connections. Nodes with the same xy coordinates are filtered, connected along the z-direction, 
and used as hinge-type connections. A 7.2x7.2x0.05m3 mesh solid part models the cushion and, 
always according to the Grasshopper® geometry, auxiliary cables are modelled as linear wire parts 
passing through slipring parts. 

                                                      
 
161 Each seaming line also embeds a few external eyelets sticking out of it; these specific points are meant to 

constrain the ropes’ trajectories throughout the erection. 
162 The Abaqus®/Complete Abaqus Environment 6.14 includes a pre-processor, a FEM solver, and a post-

processor (Hibbit et al., 2013). For further information visit www.simulia.com  

http://www.simulia.com/
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Figure 5.13. Top: the swelling test; (a) cushion primary uplifting action (𝑡𝑡0 − 𝑡𝑡∗); (b) cables tensioning at time 𝑡𝑡∗; (c) primary 
and auxiliary actions combined (𝑡𝑡∗ − 𝑡𝑡𝑓𝑓). Middle, the final configuration of the prototype. Bottom: manufacturing stages: (a) 
glueing; (b) stitching and taping the edges; (c) the folded gridshell (images © A. Liuti).  



178  5. Scale Prototyping 
 

 

 

Figure 5.14 Top: the sections of the flat starting configuration (a) and the swollen final configuration (b); the white dots indicate 
the hinge connections, while the colours on the laths render Von Mises stresses. Bottom: push-up (above and dashed line) and 
pneumatic falsework erection (below and continous line) simulations; 𝑗𝑗∗and 𝑗𝑗∗∗ indicate the most stressed node on the structure 
(image based on Liuti et al. (2016)).  

8·107 

6-107 

2·107 

j* 
I 

: (ti) 
I 

* * ad (N/m2) , ... - - - ... - ... 
• •• u ......................... . .......................... . ........ ,u, .. , ••••• .,. ..: ' / ;r-- - ••. •. •..•.•. ' ... - . -- - - ."" ......... - . ...,, ......... .. 

•···· ................ . .... .. ..... . 
I ; ·· ..................................................................................... . •······ 

• ········ ................................... ·········· , ·(.······························--·····""·······--· .................................................. . 
........ ... ,,. ,,. . ........... . , .. . 

/ 
I 

,,. ., 
......... .. ,,. ....... ... .................................................................... ................... ......... ..... ...... ........... . ,. -• ·················- .. ....................................................................................................................................... . 

.," t 



 179 
 

Post-processing borrows basic concepts from the Karamba benchmark 0.3; each element, 
however, features six degrees of freedom in this platform. The model’s scale and fidelity allow 
for the processing of the gridshell wire parts as beam-type elements featuring an equivalent cross-
section. Each beam features a linear-elastic isotropic material based on the Accoya® Radiata Pine 
physical data described at the beginning of Section 5.1.1: “Preliminary Benchmarks”. 

Auxiliary cable wire parts are pre-processed as frictionless virtual elements, while the 
cushion solid part mesh is pre-processed as a membrane section-type element. This allows for the 
association of the faces of the mesh with the material properties of fabric; namely, a tensile 
strength value, and negligible values of bending stiffness and shear stiffness. The material is set 
to follow a linear-elastic behaviour. The solid part mesh is also pre-processed to perform as a 
surface-based fluid-filled cavity; this feature allows the internal volume of the mesh to swell under 
specific pressure loads. This operation associates the enclosed volume of the cushion with the 
behaviour of an ideal gas; through the assumptions and equations described in Section 4.2.2: 
“Structural Analysis Approaches”, it is possible to set the transformation conditions to 
“adiabatic”, so that swelling can depend on a pressure value only. 
The solver can thus handle a displacement matrix with an extra variable only, the pressure. For 
this purpose, a mixed-formulation is adopted (Hibbit et al., 2013). The problem non-linearities 
suggests using an explicit dynamic simulation, in which pressure ranges from 0mbar (timestep 0) 
to 10mbar (timestep 1). In parallel, a push-up erection model is also modelled, in which vertical 
forces uplift the flat grid at a few joints 163; forces are here applied at timestep 0, while horizontal 
prescribed displacements affect the ground supports at timestep 1.  

Figure 5.14 compares the trend of maximum stress for both the simulations; in both cases, 
the most critical points are those with the tightest curvature – joints 𝑗𝑗∗ and 𝑗𝑗∗∗ at the inner 
corners of the cross. It is interesting to notice how the activation of the ropes’ “auxiliary action” 
induces the highest stress peak during the pneumatic erection; nevertheless, from 𝑡𝑡∗ → 𝑡𝑡𝑓𝑓 this 
value slowly decreases, and is always kept below the risk treshold. It also emerges that the push-
up method features a slower 𝜎𝜎𝑚𝑚𝐵𝐵𝑥𝑥  trend; however, the comparison reveals that the pneumatic 
falsweork method induces lower stresses overall, making it structurally more efficient. 

5.3. Results and Conclusions 
Prototyping translated the initial ideas into operational tools. The development of physical and 
digital benchmarks/case studies enabled testing several modelling strategies, while exploring 
and refining different modelling environments. These models revealed strengths and 
criticalities, providing the initial elements to support the implementation of a pneumatic falsework 
erection system for gridshells.  

Early benchmarks met the objective of bridging the physical and digital bending 
behaviour; benchmarks 0.1-0.3 enabled the calibration of the numerical modelling platform with 
workshop data, thereby validating a reliable digital-to-physical modelling interface. This first 
modelling pipeline has proven to work well, providing a valuable design platform in which it is 
now possible to extend simulations to different physical properties and cross-sections. By 
comparing the modelling approach and results of both Karamba and Kangaroo2, the second 
appears a more straightforward and flexible modelling/simulation environment, as it enables 
the implementation and combination of the several modelling sub-problems such as bending, 
swelling, and collision.  

                                                      
 
163 Nodes are selected according to those used during the real erection; given the risk of overstressing the 

corners of the grid, these were picked around these areas, so as to be able to better control its curvatures. 
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Conversely, Karamba matched the numerical results of this platform, although it 
presented consistent modelling and flexibility limitations. In parallel, Abaqus®/CAE simulations 
also supported the results of Kangaroo2; thus, for the following work, Kangaroo2-based 
modelling pipelines will be preferred.  

Both preliminary and advanced benchmarking contributed to the building of an 
incremental library of operational routines, which were merged into the more complex 
modelling pipeline developed for simulating the pneumatic falsework erection of the Accoya® 
gridshell. 

The proposed modelling pipeline consists of precise steps. Firstly, it is necessary to form-
find a target gridshell geometry according to its material properties (i.e. minimum curvature 
radius); then, a membrane cushion is form-found upon it 164. Once the two separate systems have 
been prepared, these can be set to their rest configuration and run in a single simulation.  

In the case of the Accoya® gridshell, where a square footprint was preferred over double-
curved footprints, other shapes might also suit this grid and will be investigated in the following 
chapter. Nevertheless, this design feature suggests that each gridshell can be erected through a 
non-univocal range of shapes, while choosing one cushion over another must account for multi-
disciplinary aspects. To begin with, the shape of the cushion must adhere closely to the curvature 
of the shell, to distribute the uplifting forces as evenly as possible. Furthermore, it is convenient 
to pick an easy-to-manufacture geometry (i.e. flat regular seaming lines are easier to weld than 
curved or jagged ones). Plus, a cushion could be used for different grids, thereby overcoming 
some of the flexibility/reusability limits featured by the Binishell or Binistar systems.  

Related to this, the membrane must also account for the complementary action of an 
auxiliary block-and-tackle/support system; this system provides a pivotal aid in shape control, 
as it transforms the distributed uplifting jacking action (by the membrane) into a localised 
horizontal tension acting (on the ground connections). This behaviour restrains and controls 
the position of each free end throughout the whole erection, automating procedures which would 
otherwise be resource-heavy and annoying. The technological detailing of such a system needs 
further work in order to understand its full potential and tackle potential criticalities.  

Additional aspects emerged while considering upscaling the 1:7 physical model. For 
instance, cables do not usually slide onto membranes in tensairity systems, as the ropes of a full-
scale model could generate friction (with both the pulleys and the membrane) and create the risk 
of abrasion/failure. Besides, it appears convenient to distribute the action of the ropes more 
homogeneously throughout the entire erection, so making the trend of stress and curvature 
radius values more gradual from inception to completion. The following chapters will address 
these aspects by separating the ropes and the membrane into two detached yet collaborating 
systems. A further criticality to address at scale 1:1 will be that of how to monitor the precision 
and advancement of the erection. 

Lastly, the comparative reflections provided by the Abaqus®/CAE simulations suggest 
broader considerations for this technology. To begin with, a pneumatic falsework erection 
technology appears to distribute the trend of stress through time better; furthermore, it could 
prevent people from operating in unsafe working conditions.  

All these aspects and considerations of modelling, technology, and construction, will be 
further developed in the following chapter through further numerical and physical full-scale 
prototyping.  
  

                                                      
 
164 An integrated, iterative approach might be possible, but would require further thinking. 
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6. Advanced Full-Scale Applications  

This chapter resolves the methodology developed so far on a more practical and operational 
scale. The procedural knowledge described in Chapter 5: “Scale Prototyping”, along with material 
from the literature, are condensed in the realisation of a full-scale prototype: the Airshell gridshell 
165 (see Figure 6.1). Initially, Section 6.1: “Airshell Design and Construction” describes the 
parametric re-engineering of such a case study, then investigates the prototyping, detailing, and 
manufacturing of both the timber gridshell and the pneumatic membrane more deeply. 
Subsequently, the section focuses on the development of the erection monitoring systems, to 
later describe and comment on the erection procedure. Finally, the pneumatic falsework and the 
push-up erection methods are compared and discussed.  

On top of these advancements, Section 6.2: “(Virtual) Design Applications” numerically 
develops further reverse-engineering case studies, so as to apply and test the procedural 
knowledge gathered through the full-scale case study in different scales, support conditions, and 
materials. The precedents are selected among the projects illustrated in Section 3.2: “(Elastic) 
Gridshells”.  

In comparison with the other illustrated precedents, Airshell features small dimensions 
and a simple geometry; however, such features allow the geometric and structural design 
problems to be tackled more efficiently, focusing on the development of the erection protocols. 
Its engineering and manufacturing are developed starting from the solutions proposed in 
D'Angelo (2010), and combining these with the requirements of the pneumatic falsework erection 
modelling pipeline.  

After preliminary benchmarking, this more advanced prototype validates the principles 
and ideas that were initially defined. In the first stage, the development of technical and 
procedural knowledge provides grounding for the much broader field of theoretical knowledge; in 
the second stage, the aim becomes to extend such knowledge to further (virtual) case studies 
applications and challenge the method under further scales and boundary conditions.  

This full-scale case study blends the gridshell structural system with a pneumatic falsework 
erection method; the gap in interface between structure and erection system is bridged by using 
numerical modelling and physical-to-numerical tools, such as the Arduino® monitoring boards. 
Such a full-scale prototype describes the engineering, manufacturing, erection, and construction 
of this 7.5x7.5x3m3 timber gridshell structure, which was built in December 2016 in Pesaro 
(Italy), during the fieldwork of this doctoral research.  

The Author led and coordinated the project, and was given access to a 
materials/processing budget of approximately 8,000AUD; this 6-month project involved an 
interdisciplinary team of people, companies, and institutions to contribute to the manufacturing 
workforce, but also to technical knowledge and advice. Among these were: 
  

                                                      
 
165 Named to synthesise the concept of using “air” for bending a “(grid)shell”. 
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• Melbourne School of Design, The University of Melbourne; “Green2” – for funding and 
patronage; 

• The University of Naples “Federico II”; “Gridshell.it”; “Grottaroli, wood engineering 
solutions” – for technical and logistical assistance and consultancy on the design 
and manufacturing of the timber gridshell; 

• Textiles Hub, Politecnico di Milano; “Serge Ferrari, flexible composite materials” – for 
technical and logistical assistance and consultancy on the design and 
manufacturing of the pneumatic membrane. 

• Franco Del Prete, Massimiliano Del Prete, Di Luca Maria Teresa, Timothy 
Chung, Nicola Dolci, Matteo Forlani, Gianlorenzo Franceschini, Marco 
Gaudenzi, Daniel Horvath, Gianpietro Marconi, Matteo Marconi, Giacomo 
Mataloni, Mattia Mercatali, Mirco Tombari, Matteo Tonucci, and Matteo Trebbi 
– for assistance during on-site and off-site processing. A special mention goes to 
Lorenzo Meccoli, who also assisted in the implementation of the Arduino 
monitoring system and the gathering of video documentation.  

It is worth underlining that, given a limited amount of resources to deliver a result, 
prototyping primarily focused on developing the erection procedure; thus, after careful 
consideration, it seemed reasonable to replicate the geometry of an existing gridshell: the 
Woodome1, built in Lecce in 2009 by the Italian company Gridshell.it. This archetype combines a 
reasonable degree of prefabrication for off-site manufacturing, and automation for on-site 
construction; the flat grid was erected using a hacked push-up technique. The erection involved 
a group of four people pushing the grid up using props; in the meantime, a system of block-and-
tackles/supports ruled the position and symmetry of the edges, so as to pull each inwards along 
the diagonals. After the erection, the final configuration was locked by placing a flowerpot at 
each support edge and tightening the joints 166. 

The Author was given complete access to the design and the construction drawings, as 
well as direct feedback about the design workflow, the construction process, the erection 
technology, and the strengths and weaknesses featured by the project. This comprehensive body 
of material and knowledge permitted: 

• Bypassing the Uncertainties Involved in Dimensioning a Gridshell from Scratch 
Having a given form-found shape, design-related problems, such as structural 
dimensioning and detailing, were bypassed; thus, it became possible to invest more 
resources and time in testing and materialising the pneumatic falsework erection 
technology; 

• Having a Direct Metre of Comparison 
Having a same-scale, same-geometry reference structure was essential to perform 
direct comparisons between the two erection methods and the two resulting 
structures; it was possible to reflect on the logistics, timeframe, workforce, budget, 
form-finding precision, and overall sustainability of the new technique. 

  

                                                      
 
166 Such dead loads would contrast with lateral displacements, countering the outwards pushing action 

generated through active-bending 
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Figure 6.1. The Airshell prototype. The picture was taken in Pesaro in December 2016 (image © A. Liuti). 
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6.1. Airshell Design and Construction 
The re-engineering and manufacturing of the Airshell gridshell follows the geometric and 
material features of the Woodome1 gridshell (D'Angelo, 2010; Pone et al., 2013). The two projects 
also share a common principle: the adoption of a low-tech block-and-tackle/support system, 
used for driving the bending process of the grid. During the erection, such system is used to 
restrain the support-edges of the gridshell, so that these can behave as symmetric rollers sliding 
towards the centre of the structure (see Figure 6.3); once the erection is completed, the system 
will also help the convenient transformation of the support points into pinned supports. As with 
Woodome1, the footprint of the bent structure covers an area of 6.5x6.5m2, for a pitch of 3.3m; 
the arch entrances provide a clearance of 2.1m. The geometry preserves its double symmetry, 
the two orthogonal two double-layer mats, and both the joint and the diagonal bracing systems 
(see Figure 6.3).  

A significant difference, however, lies within the erection technology. Where the 
Woodome1 push-up method involved consistent workforce, the Airshell mostly required 
supervision over the pneumatic swelling. A further difference can be found in the form-finding 
methods. The design of the Woodome1 started from small-scale physical models and was 
validated through numerical simulations; conversely, the design and erection engineering of 
Airshell relied solely on numerical modelling. These premises ground the overall design and 
construction process of this case study. 

The conceptual flowchart in Figure 6.2 illustrates how the open-ended workflow starts 
from numerical form-finding (1), informs materialisation/preparation (2), loops back for refining 
form-finding and eventually informs the pneumatic erection (3); here an analog / Arduino® 
monitoring system provides interoperability and information exchange across interfaces (Stark 
et al., 2009; Kamrani & Nasr, 2010). This approach enabled the workflow to seamlessly embed 
pneumatic form-finding criteria across-scales, at both the design and construction stages. In 
parallel, it also provided a direct monitoring loop over the construction performance, requiring 
little effort but high accuracy. Using an appropriate analog-to-digital monitoring system was 
also pivotal in ensuring correspondence between digital simulations and physical form-finding.  

In a different interface, form-found geometries informed CAM modelling pipelines and 
vice-versa. Determining the optimal shape for the cushion followed multi-level criteria related 
to the lifting performance, on the one hand, and manufacturing optimisation criteria (such as 
waste and welding minimisation) on the other. Figure 6.3 illustrates how the form-finding 
procedure is performed from a flat mesh, featuring a footprint of 8.5x8.5m2, and a 500mm 
spacing. This flat mesh originates from trimming the four corners of a square grid, providing 
three aligned ground-supports rather than one. This operation provides an octagonal footprint 
mesh approximation, featuring four 7.5m-long opposing edges, and four 1.4m-long opposing 
ones; where the long edges must bend into the four entrance arches, the short edges must touch 
the ground.  

The mat features eighteen lines in the x- and y-direction; each line features a double layer 
made by 45x15mm2 laths, staggered on top of each other by 15mm. This cross-section provides 
the benefits of a double-layer grid, intersecting the two mats as shown at the bottom of Figure 
6.3. Nevertheless, due to modelling purposes, an equivalent cross-section approximates this 
composite; the approximation follows the following formulas: 

𝐼𝐼 = 13
6
𝑏𝑏𝑑𝑑3          (6.1) 

𝐼𝐼𝑇𝑇𝑞𝑞 = 1
12
𝑏𝑏𝑑𝑑𝑇𝑇𝑞𝑞

3         (6.2) 

𝑑𝑑𝑇𝑇𝑞𝑞 = √263  𝑑𝑑 = 44.4𝑚𝑚𝑚𝑚        (6.3)  
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Figure 6.2. The open-ended methodology workflow adopted for the design and construction of Airshell.  
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Figure 6.3. Top: the doubly-symmetric grid of Airshell in its flat and curved configurations (respectively in grey and black). The 
red dotted lines show the trajectories of the rollers. Bottom: the form-finding of Airshell (in black) overlayed on that of 
Woodome1 (dashed in red); below, the respective physical properties.  
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For both Woodome1 and Airshell, locally-available timber species were selected due to 
material availability; the first project was built in Sweet Chestnut, while for the latter a European 
Silver Fir was selected. The table at the bottom of Figure 6.3 illustrates similar material 
properties among these species of timber; however, an increase in flexural rigidity, along with a 
decrease in flexural strength, results in a larger limit radius of curvature (from about 250 · h/2 
to about 265 · h/2). This margin of discrepancy suggests the need for implementation of minor 
design adjustments to the form-finding procedure. 

Numerical form-finding follows the Kangaroo2 modelling pipeline previously illustrated 
in Section 5.2.1: “Form Finding Approaches”; the two form-found geometries present slight 
differences, mainly related to the position of the ground supports 167 (see Figure 6.3). Once the 
target geometry is validated, this loops back in the design workflow, to inform detailing, 
manufacturing, and erection engineering. 

Overall, the geometries of the two projects are compatible; thus, the following 
technological solutions were borrowed again from the Woodome1 gridshell; a primary focus 
involved the nodal connection engineering. Assuming the previously introduced single-
wireframe simplification, the structural grid was represented by 18x18 discrete polylines, 
intersecting at 312 joints; each one featured a cylindrical-hinge connection, which is able to 
provide various actions: 

• Warping 
During the erection/bending phase, the hinge must allow each quad face of the grid 
to warp in-plane in a rhombus 168; normal vectors remain parallel (see Figure 6.4, 
top left). 

• Bending 
During the erection/bending phase, the hinge must enable each quad face of the 
grid to bend out-of-plane; normal vectors become slanted (see Figure 6.4, top right).  

• Restraining 
During the erection/bending phase, the hinge must restrain the relative vertical 
and horizontal translations among the laths, as well as rotations about the local 
horizontal axes. Once the erection is finalised, the cylindrical hinge must allow for 
locking of the relative translations and rotations between the laths, and the 
transformation into a rigid joint. 

Whereas a pivoting bolt can readily grant warping behaviour, bending requires more 
careful consideration, as the cross-section features a compound geometry. It was indeed pivotal 
to provide the upper and lower layers of the cross-section with an appropriate shear-behaviour. 
Where, in theory, the wireframe approximation of a gridshell structure features a single 
curvature radius per each rod, in practice, the lower laths feature a slightly tighter curvature 
radius than the upper laths. Since the laths on the two layers feature an identical length, nodal 
rotations enable the achievement of such a curvature differential. The bottom laths must then 
feature drilled holes, while the top ones feature slotted holes. This technical detail enables each 
upper element to slide over the lower one along the longer direction, and thus provide the 
correct sectional behaviour (see Figure 6.4, top). 
 

                                                      
 
167 The ground supports of Airshell are offset outwards by about 25cm; this generates a more gentle curvature, 

although it drags down the pitch of the arches, along with the pitch of the gridshell. 
168 All the joints must align along kinematic lines, to allow each hinge to rotate freely; a mesh with regular 

spacing automatically meets this requirement. 
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Figure 6.4. Cylindrical hinge behaviour warping in-plane and bending out-of-plane, with regard to local axes n, u, v. Middle: 
exploded axonometric view of one macro-part. Below, assembly: (a) slipping a washer and a bolt from below; (b) loosely adding 
a washer and a nut from above; (c) loose connection (image © A. Liuti).  
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The nodal connections of Airshell proposed the solutions adopted in the Woodome1, by 
holing the joints of the bottom (in both the global x- and y-directions, or local u- and v-
directions), and slotting the joints at the top (see Figure 6.4, middle). The hinged connections 
were made with M6 zinc-plated bolts, washers, and nuts. These elements loosely joined the four 
layers in their flat released configuration, only to be tightened after finalising form-finding. 
Washers played an essential technological role, as they both prevented pinching the timber, and 
protected the inner cavity of the joint from weathering. Using standard off-the-shelf elements 
furthermore enabled the manufacturing to be finalised through the repetition of elementary 
tasks. Technological serialisation also extended to the assembly procedure, which was quickly 
finalised using spanners and electric screwdrivers. Overall, these technical choices contained 
costs and simplified the assembly procedure 169. 

The diagonal bracing system consisted of a Ø3mm steel rope and cable tensioners; its 
geometry stretched onto the form-found geometry, so as to connect lines of joints belonging to 
different rows. The system performed on two levels. In the plan, this double-hooped the 
structure; on the single quadrilateral faces, it split them into triangles, stiffening the whole 
geometry (see Figure 6.3 and Figure 6.1).  

After finalising structural re-engineering, the focus shifted towards manufacturing and 
construction; several considerations were made to ease both off-site and on-site construction. 
Firstly, the flat 8.5x8.5m2 mesh (ideally made of 8.5m laths), was split into nine 3.3x3.3m2 
modular macro-parts; this divided the continuous 8.5m structural elements into a set of smaller 
pieces. Having a reduced size offered several benefits; during grading and selection, a more 
extensive range of supplies became available, as knots could be avoided more easily. 
Furthermore, small elements did not require special vehicles for transport and handling, while 
facilitating manufacturing processes, as industrial machines also have geometric limits. 

Through this modular solution, most of the structure was assembled off-site, transported 
on-site, deployed in position, and assembled into a continuous object. The nodal connections had 
to respect both geometric and structural criteria, providing the correct shear behaviour while 
restraining relative rotations and translations. The ends of adjacent modular elements were 
designed to overlap for a length of about 20·h (see Figure 6.16 a). Resembling the behaviour of 
the nodal connections, lower laths were drilled in three points, while the upper ones were triple 
slotted, enabling the implementation of a slightly sliding action along the longitudinal direction, 
and the reduction of the bending stiffening of a double cross-section 170. Section 6.1.1: “Structure 
Preparation” provides further details on the manufacturing stages. 

Once the overall structure had been preliminary drafted, the design phase moved on to 
drafting the pneumatic falsework erection system. Considering Section 5.3: “Results and 
Conclusions”, the gridshell topology suggested adopting a spherical shape; a wrinkled starting 
configuration was preferred over a flat configuration, to provide better contact between the 
cushion and the grid. After a few pneumatic forming simulation, a 5.2m Ø sphere provided the 
optimal behaviour, offering the largest contact area at the lowest volume (see Figure 6.5). The 
membrane engineering and manufacturing are further explored in Section 6.1.2: “Pneumatic 
Falsework Preparation”.  

Eventually, the block and tackle and the monitoring systems were developed. The first 
system featured four independent ropes and rail systems, which restrained the free edges of the 
grid with roller supports. The second one consisted of Arduino® control sensors, built to retrieve 
real-time feedback over the trend and precision of the erection. Both are described later on in 
the chapter.  

                                                      
 
169 This nodal connection technology demands significantly fewer resources in comparison with the more 

complex and more expensive clamping plates of the Downland Gridshell. 
170 The cross-section would double up in case of a nodal connection that does not allow the upper and lower 

layers to operate in this way. The joints need to be tightened like the bolted cylindrical hinges connections. 
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Figure 6.5. Kangaroo2 pneumatic forming numerical simulation; the red dotted lines indicate the supports trajectories.  
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6.1.1. Structure Preparation 

Once the dimensions and quantities of the laths had been confirmed, digital modelling data was 
sent to the manufacturing stage. The laths of each macro-part of the grid were grouped into 
four lengths of 2m, 2.5m, 3m, and 3.5m.; a few1.6m special pieces were also prepared to brace 
the ground supports. The flat grid was subdivided into 244 timber laths featuring a 45x15mm2 
cross-section; since each element had to be precisely drilled/slotted between seven and twelve 
times, it became relevant to streamline a cost-effective manufacturing process. 

Manufacturing was carried out as sustainability as possible, so as to respect the notion of 
a low carbon footprint intrinsic to both this gridshell and a pneumatic means of erection. In the 
first instance, low-end and low-tech tools were preferred over more energivorous ones (i.e. by 
balancing the use of simpler workshop tools such as circular saws and table saws over CNC 
machines). Furthermore, local processing facilities were favoured over delocalised ones; likewise, 
materials were sourced from local markets when possible. 

Since Woodome1 was built in Southern Italy, the local Sweet Chestnut provided a reasonable 
material choice; Airshell is in found Central Italy; thus, different market availability allowed for 
different varieties of timber. Extensive market research led to the selection of a European Silver 
Fir (or Abies Alba); this pine grows in Central and Southern Europe, reaching maximum heights 
of 40-50m for a diameter of 1.5m. Its wood is resinous and thus ideal for outdoor applications, 
for durability and resistance issues; furthermore, this species displays low instances of knots. Its 
physical properties are compared with those of the Sweet Chestnut in the table of Figure 5.14; as 
previously mentioned, this species enabled slightly higher limit of radius of curvature to be 
reached 171, nevertheless providing compatible performance of elasticity, resistance, and 
durability 172. Although European Silver Fir is commonly supplied in different sizes, 15x45mm2 
slats are not directly available off-the-shelf; thus, it became necessary to cut these elements from 
raw planks. In theory, the pieces of a timber stockpile are supposed to feature the same geometry; 
however, timber can manifest shrinkage, bending, and twisting if stored in flawed or variable 
environmental conditions. Furthermore, human error can introduce further imprecisions in 
dimensioning same-size elements. CNC-milling the raw elements 173 or outsourcing the job 
appeared unrealistic and out of budget; thus, manufacturing was tailored to two sequential 
stages of precision, sophistication, and cost. A first phase focused on quickly cutting the pieces 
to size, while a second phase CNC-refined them; procedures were carried out as follows: 

1. Quick Workshop Cutting 
Quick and cheap, this stage was carried out in the in the timber reseller’s 
workshop, in parallel with grading the raw material (see Figure 6.6). The 
procedure consisted of manually slicing raw timber planks with workshop tools; 
tolerance ± 2mm. The safest way to obtain slats of the desired section was to take 
20x200mm2 raw planks (commonly available in lengths between 4-5m), and first 
plane them down to 15mm. Then, these elements were longitudinally sliced into 
four strips with a circular table saw (see Figure 6.6 a); hence, the four slats’ 
dimensions (3.3m, 3m, 2.5m, and 2m long) could be manually nested along these 
strips, by avoiding the knots, and cut to size. Scrap leftovers and cut-outs were 
recycled as shear blocks and test pieces, to minimise material waste (see the pile in 
Figure 6.6 b). Overall, the workshop processed a gross amount of 0.7m3 of timber 
for 800m of linear strips. After approximately 60 man-hours of work, 300 laths 
were packed and brought to the second manufacturing facility for refinement.   

                                                      
 
171 1.88m for the Sweet Chestnut, versus 1.98m for the European Silver Fir. 
172 As a safety precaution, the structural parts were coated with a protective treatment against weathering. 
173 Due to the size variability of the raw planks, versus the high precision required by CNC machines. 
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Figure 6.6. Top: initial manufacturing workflow. Bottom: workshop manufacturing stages (images © A. Liuti). 
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Figure 6.7. Top: final manufacturing workflow. Bottom: CNC manufacturing stages (images © A. Liuti).  
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2. CNC-Milling Refining 
Slow and expensive, this stage CNC-processed the dimensioned laths in the 
production facility of “Grottaroli, wood engineering solutions” 174 (see Figure 
6.7). The procedure consisted of drilling, slotting and radiusing each slat to a 
tolerance of ±0.1mm. The joints on each lath were to be precisely drilled 
according to the grid, so that bolts could slip through the four layers without 
misalignments. Since error propagation could easily compromise the outcome of 
the whole manufacturing process, the central criticality to address was overriding 
the ±2mm tolerance of the previous stage. A further requirement was also to 
speed up and streamline the process as much as possible. 

After double-checking the lath measurements for the whole batch, these 
premises suggested using disposable jigs and registering/locking the position of 
each slat on the milling plane (see the callout image in Figure 6.7). This solution 
defined a univocal origin point at a corner of the jig and aligned it to the origin 
point of the machine’s coordinate system; in this way, each drill/slot was 
univocally referred to the same origin, and relative spacing was not affected. The 
±2mm tolerance was shifted to the end of each slat, at the part which is supposed 
to overlap with the neighbouring piece (where such tolerance is irrelevant). Once 
secured in the jig, the pieces were milled and rounded. After that, the laths were 
sanded and coated. 

While finalising the making of the timber slats, ground connections were also engineered 
and detailed. The end supports of the grid were to slide as rollers during erection and turn into 
pin-joints during the structure’s service life. These requirements were addressed by developing 
a folded plates system made of two parts: a steel shoe to bolt at each ground joint of the grid, 
and a fork-plate to be anchored where the support is supposed to end its run. At the beginning 
of the erection, the shoe is restrained along a Ω-profile rail by a block and tackle system, so as 
to restrain possible lateral displacements and only enable radial rolling. Once its final position 
was reached, the welded rod on the shoe was to slot into the fork-plate, so that winged fastenings 
could lock vertical translations, and transform it into a pin-joint (see Figure 6.8).  

Referring to the Italian national code (“NTC 2008 - Norme Tecniche per le Costruzioni” 
2008), each element was dimensioned under the most penalising loading conditions. Both the 
Karamba and the Kangaroo2 models provided matching quantities about the reactions at the 
supports 175. These uplifting actions first informed the design of the footings (0.3x0.5x1.8m3 
reinforced concrete elements featuring a dead weight of approximately 6.5kN). The dead weight 
of these plinths, along with the soil passive resistance, provided a sufficient safety factor against 
any horizontal actions. On such an arrangement, the dimensioning of plates, nuts, bolts, and 
steel straps followed the hypothesis of infinitely-rigid soil behaviour and was carried out 
according to the Eurocode 3 (2005), assuming S275 steel 176 for the plates, and stainless steel for 
the remaining carpentry. The beginning of Section 6.1.4: “Pneumatic Falsework Erection” 
provides further details on the ground connections. Both the shoe and the fork plates featured a 
3mm thickness, and were laser-cut and folded in a steel workshop facility; after this, a threaded 
rod was welded to the lower part of each shoe, to complete the support system. 

                                                      
 
174 Technical partner of this research; see www.grottaroli.it 
175 The site is listed by NTC in “zone 3-II”, 50m over the sea level, in a rural context classified as “class D”; 

this provides a coefficient of exposure 𝑐𝑐𝑇𝑇(𝑑𝑑) = 2.21, and a design wind speed 𝑣𝑣𝑇𝑇 = 𝑣𝑣𝑇𝑇,0 = 27 𝑚𝑚/𝑠𝑠. Due to the lack of 
significant load such as show or winds in service life, the most penalising design condition is the one during erection, 
when horizontal impulse forces are applied. 

176 Yield strength 𝑓𝑓𝑦𝑦 = 275 𝑁𝑁/𝑚𝑚𝑚𝑚2; ultimate tensile strength 𝑓𝑓𝑢𝑢 = 430 𝑁𝑁/𝑚𝑚𝑚𝑚2 

http://www.grottaroli.it/


197 
 

The development of a control system concluded the design of the ground connections; as 
previously hinted, it was decided that any friction between the ropes and the cushion would be 
prevented. Developing four block-and-tackle/support systems external to the cushion was 
advised; one linked at each support edge of the structure. The systems pulled inwards at each 
end while preventing bending actions to push it back. The system was made of 6mm Ø ropes, 
eye nuts, dead weights, and boat clam cleats; their on-site arrangement is further outlined at the 
beginning of Section 6.1.4: “Pneumatic Falsework Erection” when describing site preparation. 

 

Figure 6.8. Top: diagram of the rope system; dead loads are displayed in dark grey. Bottom: a close-up on the fork-plate (a), the 
steel shoe rolling on it (b), and the winged flanges turning the support into a pinned joint (c) (images © A. Liuti).  
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6.1.2. Pneumatic Falsework Preparation 

The pneumatic falsework was developed and engineered to minimise waste and optimise 
manufacturing operations 177. Early explorations focused on a range of both flat and double-
curved cushions.  

In early iterations, flat square membranes provided a smooth manufacturing process, as 
the flat parts making up these cavities can be welded through planar seaming lines. However, 
these required a significant amount of fabric (an optimal size would be 145m2); furthermore, the 
corners and perimetric edges featured curvature discontinuity, thus concentrating stresses on 
it, and therefore attracting a higher chance of tear rupture. On top of these technical aspects, a 
four-corner geometry would restrain the potential reuse of this falsework on gridshells of 
different shapes (i.e. featuring a different number or layout of openings); thus, after these 
considerations, a different shape was proposed. 

Double-curved spherical membranes provided a more favourable contact/surface ratio; as 
confirmed by the Rhino®-Grasshopper® numerical simulations (see Figure 6.9), a slightly abundant 
spherical cushion better adhered to a gridshell’s geometry (i.e. a diameter equal to 1.5-2 times 
the gridshell’s pitch would provide an adequate lifting action). For this project, a 5.2mØ cushion 
(surface area 85m2) was tailored to the geometry and size of the post-formed Airshell gridshell. 
The swelling/collision simulations illustrated how the sphere would ovalise under the opposing 
action of the grid; this behaviour would provide a distributed lifting area during the erection, as 
also confirmed by the parametric erection simulations in Figure 6.5.  

The spherical membrane was also used to simulate the erection of different flat grids; the 
tests below illustrate the excellent adaptability of this shape to multiple boundary conditions. 

 

 
 

Figure 6.9. Top: alternative square and spherical membranes. Bottom: further erection simulations on different gridshell 
geometries.  

                                                      
 
177 i.e. minimising the amount of fabric needed to reduce the amount of welding, resolving the problems 

involved in seaming double-curved surfaces, and maximising the area of contact between the falsework and the 
gridshell. 

7.9·;;~·-··· ······ ... ... ....... . 
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After drafting form-finding, it became essential to study how to make the membrane; this 
implied focusing on the type and extent of forces involved, as well as on the material properties 
of the membrane. From a work point of view, erection can begin when the volume work of the 
membrane exceeds the work produced by the internal bending actions of the grid (see Equation 
6.4). From a stable equilibrium condition 178, erection happens when the membrane’s internal 
pressure (𝑃𝑃 = 𝑃𝑃(𝑡𝑡)) contrasts with the combined actions of the dead loads (constant in time, as 
with the weights of the gridshell 𝑊𝑊𝐺𝐺𝑅𝑅𝐷𝐷 and the membrane 𝑊𝑊𝑚𝑚) and the bending actions (variable 
in time, 𝑃𝑃𝑇𝑇 = 𝑃𝑃𝑇𝑇(𝑡𝑡)). This translates in the differential condition 𝑑𝑑𝑃𝑃 ≥ 𝑑𝑑𝑃𝑃𝑇𝑇 , meaning that 
erection can take place when the increment in internal pressure or, more appropriately, in 
volume is larger than the contribution of bending active forces. In mathematical notation, the 
lower end erection condition reads as: 

𝛿𝛿𝑊𝑊 = ∫𝑃𝑃 ∙ 𝑑𝑑𝑉𝑉 ≥ ∫𝑀𝑀𝑠𝑠 ∙ 𝑑𝑑𝜃𝜃        (6.4) 

𝑃𝑃(𝑡𝑡) ≥ 𝑃𝑃𝑤𝑤 + 𝑃𝑃𝑇𝑇(𝑡𝑡)         (6.5) 

During erection, pressure acts perpendicular to the membrane’s surface and transfers to 
the gridshell’s slats through linear loads q. From such a premise, the system was studied in its 
final bending configuration, which simulations showed to be the most penalising one. Under 
such a condition, design pressure counteracted the constant action of dead loads 𝑃𝑃𝑤𝑤 , and the 
increased bending active value 𝑃𝑃𝑇𝑇(𝑡𝑡𝑓𝑓). Conservatively, the contact area between the gridshell and 
the membrane was assumed constant and equal to a 5.2mØ circle 179, while the bill of quantities 
provided the weight of the gridshell. Also, a membrane self-weight of approximately 10N/m2 

was considered. In parallel, the results from the Kangaroo2 erection simulation were interpreted 
through the formulas of building science, under Euler-Bernoulli assumptions; the following 
relationships were developed over a 1m2 portion of the system (see Figure 6.10): 

𝑀𝑀𝑠𝑠 = 𝐸𝐸𝐼𝐼𝑘𝑘 = ∑𝑞𝑞𝑞𝑞𝑎𝑎𝑇𝑇 =𝑀𝑀𝑇𝑇        (6.6) 

𝑃𝑃𝑇𝑇�𝑡𝑡𝑓𝑓� = ∑𝐸𝐸𝐼𝐼𝐸𝐸3

2
~100𝑚𝑚𝑚𝑚𝑎𝑎𝑟𝑟       (6.7) 

𝑃𝑃𝑤𝑤 = 𝑊𝑊𝐺𝐺𝐺𝐺𝐺𝐺
𝜋𝜋∙𝑟𝑟2

+ 𝛾𝛾𝑚𝑚 = 2.5𝑚𝑚𝑚𝑚𝑎𝑎𝑟𝑟        (6.8) 

𝑃𝑃�𝑡𝑡𝑓𝑓� = 102.5𝑚𝑚𝑚𝑚𝑎𝑎𝑟𝑟         (6.9) 

The maximum pressure analytical calculations confirmed the order of magnitude of the 
numerical simulation; it then became important to select a suitable material for the membrane. 
This operation translated into establishing the higher end pressure limit above the maximum 
pressure design value: 

𝑃𝑃�𝑡𝑡𝑓𝑓� < 𝑃𝑃𝑚𝑚𝐵𝐵𝑥𝑥          (6.10) 

                                                      
 
178 I.e. at the beginning of the erection, or when external forces would induce small deviations on the system, 

which tends to return to its initial state. 
179 Contact area would morph into a larger double-curved surface during erection; the increment appeared to 

be close to the 3%. Modelling such a variable would considerably complexify analytical computation, and would 
provide a 3% incidence top. Thus, from here, the conservative approximation. 
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This threshold depends on the membrane’s geometry and physical properties. An 
extensive market search, initiated with the technical partner Serge Ferrari, led to select a PVC-
coated fabric type Ferrari Précontraint 920 S2. This material features a specific weight γm = 
9.5N/m2, for a tensile strength 𝜏𝜏𝑚𝑚𝐵𝐵𝑥𝑥 = 4,200/4,000 N/50mm (Ferrari, 2005). The critical 
pressure limit was calculated under reasonable safety considerations, by taking a 1m2 portion of 
the swollen system (see Figure 6.10, bottom), and imposing equilibrium conditions on it. In such 
a configuration, the polygon of forces must be closed, thus the resultant tensile force has to 
balance the resultant pressure force (Sondericker, 1903). By mixing trigonometry rules, 
geometric measurements, and the material data sheet, the following relationship applies: 

𝑃𝑃𝑚𝑚𝐵𝐵𝑥𝑥 = 2 ∙ 𝑠𝑠𝑚𝑚𝑚𝑚𝛼𝛼 ∙ 𝜏𝜏𝑚𝑚𝐵𝐵𝑥𝑥 = 30.5𝑘𝑘𝑁𝑁/𝑚𝑚2 = 305𝑚𝑚𝑚𝑚𝑎𝑎𝑟𝑟      (6.11) 

Prudently, this limit was lowered by 20% to 250mbar. On such premises, the membrane’s 
range of internal pressures was conveniently established as follows: 

105 𝑚𝑚𝑚𝑚𝑎𝑎𝑟𝑟 <  𝑃𝑃(𝑡𝑡)  <  250 𝑚𝑚𝑚𝑚𝑎𝑎𝑟𝑟       (6.12) 

Once the membrane’s geometry had been engineered, the focus shifted towards 
manufacturing. A first task focused on cutting patterns/surface discretisation.  

 

 

Figure 6.10. Pneumatic erection cross-sectional static scheme. In the call-out, the pressure distribution modelled as linear q-loads. 
Right: graphic solution of the static system and its force polygon.  
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The double-curved surface was to be developed through planar elements. Therefore, the 
criteria illustrated in Section 4.2.1: “Cutting Patterns” were adopted to flatten the 𝛺𝛺3𝐷𝐷 spherical 
surface into its unstressed 𝛺𝛺2𝐷𝐷 planar configuration.  

The spherical shape first suggested the study of a polyhedra discretisation 180 (Stuart, 1963); 
however, despite a reduced use of material and an accurate discretisation, this solution seemed 
impractical. Overlapping a variable number of layers (see the numerous 3-way manifold points 
in Figure 6.11, top) would indeed generate welding and leaking problems; due to the difficulty 
of tweaking the welding machine’s heat and pressure, welding could either burn the fabric or 
fail to join all the edges at all.  

A geodetic meridian subdivision, featuring more regular seaming lines, was thus 
preferred. From a manufacturing point of view, this translated into easier welding; from a 
structural point of view, this better accompanied the hydrostatic distribution of internal 
pressures. By definition, such a subdivision enables unrolling flat patches (Moncrieff & Topping, 
1990; Moncrieff, 2005); however, such patches would feature curved edges, thus complexifying 
the welding operations. Accordingly, the smooth sphere was discretised through planar quad 
faces. The discretisation followed the criteria of distortion minimisation, while transposing also 
the manufacturing restriction, such as the respecting of the width of the roll (2.67m) and the 
length of the welding rod (850mm). 

Given a 1% material elongation, it was decided that the sphere into should be subdivided 
into twelve slices, to restrain each meridian segment around an approximate length of 800mm. 
Through true-length projections, these meridian slices were unrolled into twelve identical flat 
elements of eight faces each, and two dodecagons. It is worth mentioning that both the curvature 
trend and the cutting patterns influence pressure distribution in the 1:1 prototype scale; thus, 
having polygonal patches at the poles avoided the rise of stress singularity points. 

The sphere was oriented with a pole touching the ground, and the other pointing the 
Zenit; this symmetrically distributed the tensile forces along the seam lines. Also, a zip-lock 
access was designed on the other upper dodecahedral patch, to provide access to the interior 
space of the sphere. Before cutting, tabs were arranged along the perimeter of each patch, in 
order to have a 30mm overlap between adjacent edges, which is useful for seaming. These 
geometries were then nested on the fabric roll and cut.  

Seaming was carried out after determining how to join the patches into a closed object (as 
common welding machines feature clamp-like rods, which can only manufacture objects with 
non-closed topologies). After some tests, adjacent tabs were tangentially overlaid and welded 
where possible, and glued where not. The two seaming methods were load-tested on 5cm-wide 
PVC-coated fabric sample strips; in both cases, samples failed outside the seaming area, due to 
tensile tear failure, under loads of 2.5kN (see Figure 6.11 d).  

Operating on a limited number of straight segments 181 sped up manufacturing time while 
bypassing the preparation of jigs or special workshop tools. Before closing the sphere, an inlet 
and a safety valve were placed; one at the top, and one on the bottom of the sphere. Also, a few 
handles were welded onto the surface, so as to ease the movement of the object. Once 
manufacturing had been finalised, the membrane was then inflated at 150mbar with an industrial 
compressor and kept under pressure for a few days (see Figure 6.11 e); this visual test confirmed 
the air-tightness of the seams, the valves, and the zip-lock utility hole. Thus, the cushion was 
deflated, packed, and brought on site. 

                                                      
 
180 As in Buckminster Fuller’s domes, a geodesic polyhedron discretisation consists of triangles. By 

icosahedral symmetry, all the vertices touch six triangles, except the twelve vertices that touch five triangles (Fuller, 
1975). Such a subdivision is dual to the Goldberg polyhedron, which features hexagonal faces instead. 

181 Among the double-symmetric cutting patterns, i.e. a 9-meridians pattern would be a bit jagged and would 
require 139 seaming lines; the12-meridians solution appears smoother, featuring 180 seaming lines. Denser patterns 
would result in more seaming lines, without relevant shape benefits. 
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Figure 6.11. Top: sphere discretisation tests; polyhedra discretisation to the left; meridian subdivisions to the right. Below, the 
final twelve-meridians cutting pattern, its exploded axo and development. Middle: membrane cut-outs (a, b; the dashed line 
delimits the welding area). (c) Seaming process. (d) Cloth sample after the load test. (e) The fully swollen membrane during the 
inflation test (images © A. Liuti).  
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6.1.3. Analog-to-Digital Interfaces 

The erection monitoring interface was developed according to strategic performative 
parameters; this protocol enabled the behaviour of the gridshell and the membrane to be 
described through time, so as to provide useful information for adjusting the erection devices. 
After careful consideration, the minimum curvature radius appeared to be a suitable key-variable 
for the gridshell, while internal pressure seemed an appropriate dimension to monitoring the 
cushion. The gridshell geometry appears as double-symmetric; thus, a single-quadrant model can 
describe its whole geometry. An equivalent cross-section planar representation can further 
simplify this static system, thus eliminating three of the six degrees of freedom from each 
element of the system. The central point of the gridshell can therefore be assumed as a double-
symmetry point, which is prevented from rotating about the x-, y-, or z-axes; the only degree of 
freedom of this point is thus vertical displacement. In parallel, roller supports restrains the end 
of each edge against vertical movements, allowing only linear translations and in-plane 
rotations. 

These premises allow each geometric configuration of the gridshell to be described 
through the position of its apex and the edge displacement. Thus, the gridshell curvature was 
controlled by monitoring its vertical displacement at the central point, and manually displacing 
the roller supports accordingly; numerical simulations provided the prescribed displacement 
values. In parallel, Equation 6.11 defines a link between the membrane’s tensile forces and the 
internal acting pressure; thus, pressure appeared a suitable monitoring value. 

After careful consideration on where and how to locate the sensors 182, the optimal 
solution appeared to be embedding a distance and a barometric sensor onto a single Arduino® 
“emitter” monitoring board (to be placed inside the cushion cavity through a zip-lock). The emitter 
was equipped with a Wi-Fi transmitting antenna and a 7800mAh power bank, in order to 
operate from inside the sealed cushion for the entire erection. The surveyed data was transmitted 
to a second Arduino® “receiver” board, which was connected to a computer (the erection control 
station). This emitter-receiver setup retrieved and plotted the two trends of pitch rise and internal 
pressure in real-time; such data was both plotted on an LCD screen and stored in a .csv file – 
used to render a line chart on the workstation display, and to produce the final graph (see Figure 
6.12 d and Figure 6.14). The emitter board was laid flat, and secured onto a heavy concrete tile, 
which provided sturdy support, preventing oscillations/tilting. This assembly was centrally 
placed inside the cushion; this way, the distance ultrasonic sensor could cast its waves towards 
the zenith (ideally perpendicularly to the upper membrane) and receive a reading of the distance 
between the bottom and the apex of the membrane. This echolocation system featured a field of 
view of approximately 20 degrees, for a relative measurement below 4.6% at 4m; despite some 
noise which was later recorded, this degree of precision was considered acceptable.  

A BMP 180 piezo-resistive component (see Figure 6.12 a) was assembled on the emitter as 
the barometric sensor; such a sensor transformed the physical pressure dimension into digital 
data through a 12C bus. The device was tuned to the absolute atmospheric pressure; thus, any 
differential variation would be related to the action of the air pumped inside the membrane 
through the industrial blower. Before and after being assembled, the sensors and the Wi-Fi were 
tested and calibrated (Figure 6.12 b). After preparing the site, the emitter was thus registered at 
the centre of the system, establishing a univocal origin point. On reflection, enclosing the 
emitting device within a sealed membrane helped to contain the influence of outdoor climatic 
effects, such as temperature and air density variations.  

                                                      
 
182 Initially, either using stereophotogrammetry or a barometric sensor placed at the top of the sphere was 

considered (to measure the change of altitude through the barometric pressure). Nevertheless, internal pressure 
would have required an extra internal board/sensor. Thus, scarce precision and/or devices redundancy discouraged 
the development of these paths. 
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Figure 6.12. (a) The Arduino® BMP 180 piezo-resistive component during assembly. (b) The naked emitter and receiver systems 
during testing. (c) The final assembly on site, linked to the control station. (d) A close-up of the control station, showing the rise 
and pressure measurements being plotted on both the LCD screen and the workstation (images © A. Liuti).  
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6.1.4. Pneumatic Falsework Erection  

The first action to tackle was to sort and assemble the separate parts coming from the different 
workshops. The finished slats were arranged and pre-assembled into the nine modular elements 
of the mesh; this facilitated both on-site construction and transportation. Each macro-part was 
assembled by laying an array of six laths (drilled along with the x-direction; see Figure 6.13 a), 
and then overlaying the second array (drilled battens along the y-direction; see Figure 6.13 b). 
The third layer would follow on top (slotted along the x-direction), and the fourth layer would 
be put upon the stack (slotted battens along the y-direction). Provisional guides aided the 
stacking operations, by vertically aligning the slots and holes (see Figure 6.13 c); this action 
facilitated slipping bolt connections through the four layers (see call-out image in Figure 6.13). 
This joint system consisted of a combination of washer-bolt-washer-nut. Longer bolts were used 
at the ends, to better connect with the steel shoes. After the first macro-part was ready, this was 
folded and stored aside, the next macro--part was assembled, and so forth.  

At the same time, the ground connection system was prepared. Firstly, ground supports 
were marked on the ground, and reinforced concrete footings were cast; then, steel fork-plates 
were fixed to it using filleted rods and nut locks. In the second instance, the four Ω-rails were 
laid and restrained under dead weights on one end, and under the fork plates on the other (see 
Figure 6.13 top); at each rail end, one eye nut bolt acted as a pulley to transform the outwards 
pulling actions into inward forces. Also, a concrete tile was laid at the centre of this arrangement 
to have a univocal marker for registering the Arduino® monitoring system. Site preparation was 
thus finalised by laying the pneumatic formwork at the centre of the site, aligned with the tile-
marker, with the zip-lock facing upwards. On the top of the deflated membrane, the nine modular 
elements were laid and loosely bolted, to realise the cylindrical hinges connections and allow for 
marginal sliding between upper and lower layers (see Figure 6.4). After the modular macro-
parts had been loosely joined together, the grid regained its material continuity and became 
ready for erection. Before that, the Arduino® emitter was placed inside the membrane through the 
zip-lock access, while adjusting the four block-and-tackle/support systems. At each one of the 
four supports, one end of a rope was knotted to the central steel shoe. The free end was instead 
tucked along the Ω-rail, and threaded through the eye nut; then it was brought back and fixed 
to a dead weight through a clam cleat (see Figure 6.8 and Figure 6.13). In such a configuration, 
pulling the free end of the rope would linearly displace the shoe towards its final position, due 
to the presence of the eye nut acting as a pulley 183. The clam cleat provided a fundamental 
contribution to the system, by preventing the rope from sliding back. 

Once the site was ready, and the parts laid in position and connected to each other, an 
electric blower was plugged into the cushion’s inlet valve to run a quick test on the setup 184. 
After adjusting the final details, the erection took place on the morning of the following day. 

In theory, the swollen sphere measured approximately 74m3, for 74,000l of air; given an 
air flow of 800l/min, the membrane would reach its maximum volume in about 90min. 
Nevertheless, it was decided that cycles of blowing and rest should be alternated, to prevent the 
blower from overheating and permit the timber to absorb the curvature variations more 
gently185. The first erection cycle started from the flat resting configuration with the gridshell 
touching the ground; this session ran until the pitch reached a height of 1.7m (see Figure 6.14). 
During this stage, the roller supports were pulled through minor displacements, as the bending 
action of gravity prevailed over the auxiliary contribution of the block and tackle system. At the 
end of this stage, the blower was paused for 60 minutes.   

                                                      
 
183 This was screwed onto a filleted steel rod laid in the footing. 
184 The blower was selected to provide suitable pressure at a non-industrial voltage; a device was picked, 

which was able to provide an air flow of 800l/min at a maximum pressure of 190mBar. 
185 The Downland gridshell was erected also undergoing cycles of bending/rest (30cm/day). 
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Figure 6.13. Top: site preparation; in the left and right callouts, respectively the steel fork-plates and the dead weights / clam 
cleat system. Bottom: the assembly of a macro-part; the bottom layer is laid (a); the second, third, and fourth layers are laid using 
provisional guides (b-c). Bottom callout: the final assembly folded into a small stack for storage and transportation (images © A. 
Liuti).  
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The description of this stage in Figure 6.14 reveals noisy data collection, especially 
regarding the trend of the vertical displacement. This probably related to the high presence of 
wrinkles, creases, and folds in the membrane; nevertheless, this data would become crucial only 
later in the erection, so the erection proceeded without second thinking. 

The second erection cycle resumed at a faster pace, by prescribing the rollers with more 
significant displacements; this increased the auxiliary action and thus the curvature. The 
swelling’s relatively slow pace enabled a few members of the crew to gradually operate on the 
supports; two people would simultaneously pull the opposite ends first, so as to switch to the 
remaining two, and so forth. This progressive and iterative approach involved little manual 
strength while providing an understanding of the behaviour of both the timber and the ropes 
(i.e. the amount of elastic stretch to compensate for). Both the clam-cleats and the Ω-rails 
performed efficiently, preventing the timber mesh from widening its supports. This stage 
continued until a central pitch point of 2.2m. At this point, the increased stiffness (and a few 
crackling noises) suggested that the resting time should be prolonged, as the curvature radius 
of the slats at each arch approached low values, requiring more time to dissipate the residual 
bending moments186. The third erection cycle was carried out more slowly, to distribute and 
dissipate the changes in curvature more gradually. Through short periods of swelling, pause, 
and pulling, the structure reached a pitch of 3m, after which a considerable resting time was 
imposed. This stop (cycle 4 in Figure 6.14) also allowed for the overall condition of the structure 
to be surveyed, and for the development protocols of intervention. A first relevant fix was carried 
out on the archways, which seemed to curve too quickly. A stiffening slat was added to the 
outermost side of the arches to stiffen these sections and distribute the curvature over the 
adjacent elements. This adjustment was performed manually and required a considerable 
amount of time, through which a little amount of elevation was lost, due to a slight 
depressurisation of the membrane. This correction protocol reacted to an unexpectedly stiffer 
and more fragile response of timber; however, the manoeuvre also required the adjustment of 
the position of the ground supports. Whereas the fork-plates were directly anchored to the 
footings through stud bolts, these were removed, mounted on an adjustable Ω-element, and 
shifted 20cm outwards. These two operations promptly responded to unexpected material 
behaviour, containing the risk of overstressing the laths, and thus generating a fragile failure.  

The following erection cycles pushed up the grid to pitch goal of 3.3m; however, due to 
the depressurisation witnessed before, it was decided to surpass this target point and stop the 
erection at 3.5m instead. This extra tolerance compensated for the increased stiffening at the 
edges, shaping the gridshell towards a more funicular shape; furthermore, it eventually provided 
more time to tighten the bolted joints. However, most importantly, it enabled the supports to 
be slotted into position more easily (see cycle 6 in Figure 6.14). It is worth mentioning that, 
during this last cycle, bending-active forces were inducing consistent uplifting forces at these 
ends; thus, dead weights were placed above each steel shoe to counteract these actions 187. Each 
steel shoe was gently accompanied and slotted into its respective fork-plate; once locked through 
the two pivoting winged flanges, this roller became a pin-joint.  

After securing all the supports, it became possible to stiffen the structure. First, shear 
blocks screwed between the couples of parallel laths, equidistantly from the neighbouring joints. 
Then, bolted connections were tightened and, eventually, diagonal bracing was stretched and 
tensioned across the whole structure. 

                                                      
 
186 As foreseen in the simulations, these elements are the most stressed throughout the whole erection. As 

geometric stiffness is largely dependent on both geometry and internal actions (Lienhard & Knippers, 2014), 
increasing curvatures and tensile forces increase the stiffness as the erection proceeds. 

187 Overall, ropes, rails, and roller details allowed the position of each end to be controlled without 
complications; however, these dead loads provided a practical contribution to the most critical stages, where friction 
would generate problems. These masses also helped to reduce the rollers’ transversal wobbling. 
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Figure 6.14. Synoptic erection graph. In red, the trend of pressure; in black, the trend of the rise. In the call-outs, thumbnail 
snapshots from each erection cycle (the image follows on the next page; images © A. Liuti).  
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The final fixings were carried out over the easily accessible parts, by keeping the 
membrane in pressure; after providing this lower belt with enough structural stiffness, the 
blower was switched off. As this joint technology often imposes, the final fixing procedure was 
quite time-consuming; the falsework was gradually depressurised, but kept as a precaution 
against unforeseeable circumstances.  

The diagonal bracing consisted of 3mm Ø steel cables, crossing specific faces of the grid; 
each external face was triangulated across both diagonals, from bolt to bolt, to lock possible 
shear/warp deformations (see Figure 6.14, “Final Adjustments”, and Figure 6.16). It was also 
pivotal to place tensioners in each quadrant, to enhance the bracing action of each cable 188. 

The graph in Figure 6.14 shows that erection cycles 1 to 3 were rather rapid, reaching a 
rise of 3m easily; comparatively, cycles 4 and 5 reached the last 0.3-0.5m much more slowly. The 
combination of the Arduino® and a multiple visual control system provided good feedback on the 
behaviour of the structure, and timely feedback on when to speed up or slow down the erection. 

On the qualitative side, a fixed bird’s eye photogrammetry system also assisted visual 
monitoring, helping to monitor overall symmetry, curvatures and so forth. On the quantitative 
side, the Arduino® boards provided precise values to characterise each step of the erection, 
providing a real-time comparison with the data extrapolated from the numerical simulations. 
Such data is interpreted and retro-fitted through the previous modelling pipeline, in order to 
obtain a direct comparison between the initial Kangaroo2 simulations and the actual erection 
feedback. 

Figure 6.15 overlays these two data sets; it is relevant to highlight that, where erection 
was mapped in time, numerical timesteps were normalised; thus, the two numerical domains 
were remapped to compatible ends. The cross-comparison reveals that the prototype provided 
a higher stiffness than the simulations, thus demanding higher bending pressures. Furthermore, 
the real trends of curvature radius to rise and pressure to volume were jagged/ due to the 
unforeseen need of having cycles of swelling and resting. Therefore, these discrepancies mainly 
arose due to unforeseen circumstances and the resulting protocols of interventions 189; 
nevertheless, simulations acceptably predicted the overall behaviour of the system and resulted 
in a suitable design tool. 

Prototyping provided the initial problem formulation with knowledge under both the 
methodological and the technical sides; these aspects, further developments, and criticalities will 
be explored further in the following section.  
  

                                                      
 
188 Bracing split the four corners of each rhomboidal face through (ideally) rigid triangles; this way, one 

element at least would always work in tension. 
189 i.e. the necessity of displacing the supports to a more outward position. 
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Figure 6.15. Kangaroo2 simulation on the left, on-site erection on the right. The views on the right are distorted by perspective, 
if compared to the axonometric views on the left (images © A. Liuti).  
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Figure 6.16. Detailing close ups. (a) The connections between the macto-parts and the shear-blocks; it can be noted how the 
changing curvature twists the slats. (b) Shear blocks, diagonal bracing, and tensioning turnbuckles. (c) The final ground 
connections (images © A. Liuti).  
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6.1.5. Results and Conclusions 

The Airshell prototype was used to test the construction and pneumatic erection method of a 1:1 
scale gridshell, providing a consistent amount of technological and procedural knowledge (Ryle, 
1945; Beck, 1968), therefore contributing to building a solid knowledge base on the topic. Before 
this case study, the topic was covered in the literature only through digital simulations or small-
scale models (Liuti & Pugnale, 2015; Quinn et al., 2015, 2016; Liuti et al., 2016); this 1:1 scale 
prototype provides a full-scale validation of the original idea. It is central to underline that the 
role of simulations was to give realistic design dimensions and develop a material system 
accordingly 190.  

Regarding the erection method, the push-up method of Woodome1 comprised a 
combination of low-tech tools and consistent workforce. Where a central block and tackle 
arrangement dragged the edges inwards, workers pushed up the flat mesh at a few joints with 
struts. Workers could pull the ropes of the block and tackle from outside the perimeter; however, 
internal ropes were in the way of any pushing manoeuvre. This created unsafe working 
conditions, while also making it difficult to homogenously push up the structure from 
symmetrical points. These factors generated asymmetric lifting forces, and thus the risk of 
humps, sags, and stress concentrations. Furthermore, the artisanal nature of this method 
frequently demanded the manual measurement of the erection advancement; this combination 
of aspects made the overall lifting process time-consuming, energy-consuming, and subject to 
human error. In response to these aspects, the combination of a pneumatic falsework and a real-
time survey system provided several benefits, such as: 

• Enhancing the Erection’s Control and Accuracy  
Automating a homogeneous incremental application of lifting forces allowed for an 
even erection, preventing asymmetric lifting forces distributions. This resulted in 
a more gradual bending process and, consequently, in a lower probability of 
overstressing/breaking the battens 191. Also, automation noticeably speeded up 
both bending and measuring, since inherent geometric values described each stage 
of the erection. In this sense, the combination of Arduino® boards, rails, and ropes 
worked seamlessly; conversely from its predecessor, this system provided each edge 
with a starting point, a predefined end, and trajectory to follow 192. This 
arrangement provided enough control over bending between the initial and the 
final configurations. 

• Reducing Potential On-Site Construction Hazards. 
Workers monitor and operate the erection from outside its perimeter, working at 
the ground level; this prevented any staff from operating underneath or above the 
unfinished structure.  

                                                      
 
190 Multiple factors influenced the structural behaviour of the Airshell – i.e. the released configuration, the 

erection method, the ground connections, the bracing system, and the nodal connections. The technical details of the 
Airshell drew from the solutions previously tested in the Woodome1 gridshell – proposing minor technological 
improvements such as for the ground connections. As previously discussed while comparing the results between 
simulations and reality in Figure 6.15, numerical modelling served as a testing and design tool – and not as an aim. 
Since modelling precision per se was not addressed as a goal, discrepancies between the digital simulations and the 
built structure are considered negligible to the overall quality of the results. Nevertheless, these differences opened 
reflections upon what to improve in the process (i.e. material grading).  

191 Failure also occurs due to timber imperfections, assembly human error or design faults. Commonly, failure 
occurs when bending an element beyond its critical curvature radius. Thus, this should be accounted for during 
design. 

192 This solution however presented resilience in adapting to the grid’s material behaviour. This aspect is 
further explored later in this section. 
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This implied that in case the unstiffened grid buckled, it would not fall on any 
element of the crew. Furthermore, using a swelling falsework prevented muscular 
fatigue, back pain and injuries often involved in manual labour; body muscles 
engagement was limited to soft actions, such as pulling the ropes attached to the 
roller supports. The automation and reduction of human labour also reduced human 
error, which is likely to arise in repetitive and stressful tasks such as propping up 
or measuring 

• Standardising On-Site Construction through Off-Site Preparation. 
Woodome1 already moved off-site parts of the on-site construction (i.e. by preparing 
the modular macro-parts in a workshop). Airshell further standardised on-site 
construction by preparing the erection system off-site as well; this provided a 
precise and replicable site preparation. Working off-site also provided better 
control of the production timeline and better working conditions. In comparison 
with the Woodome1’s more artisanal design-to-construction system, this provided 
better control over delays and imprecisions.  

Furthermore, a ready-to-use cushion would enable operation on uneven sites or 
hardly accessible areas. In comparison with Woodome1, manufacturing a one-off 
bespoke pneumatic formwork 193 demanded a more consistent resource investment; 
however, this membrane can be reused for erecting multiple gridshells (whose 
footprint and scale are of a compatible size). The membrane provides a reversible 
mounting and dismounting; by using it in multiple projects, this would provide a 
sustainable construction resource allocation. More broadly, the erection device 
reversibility/reusability meets the sustainability criteria of a lightweight structure 
194, which is meant to optimise the use of resources in both material and 
construction logic. Also, off-site preparation is made more flexible by combining 
the pneumatic membrane with the block-and-tackle/support system; where the 
membrane features a fixed size and shape, ropes and pulleys can be easily tailored 
to a wider gamma of configurations. 

• Technology Scalability 
This erection technology can ideally adapt to larger structures applications. The 
erection of Woodome1 relied on muscle strength; scaling this up would be impossible 
without the introduction of machines such as those proposed for the Mannheim 
Multihalle 195. Conversely, Airshell was erected by using mainly machines, which can 
be conveniently scaled up and adapted within analogous technical solutions. 

However, where the pneumatic erection system found validation, gridshell technology still 
presents consistent bottlenecks which limit their appeal on the market. Despite the 
advancements provided so far, nodal connections technology still features criticalities; 
tightening operations are still highly laborious, and challenging to finalise 196.  

                                                      
 
193 The membrane manufacturing required a team of three people working for two days. 
194 As the Binishell® system proved, reusing a falsework multiple times amortises the project’s costs and carbon 

footprint. 
195 Jacking towers, spreader beams, cables, and forklifts for the Mannheim Multihalle, operating like the props 

and body muscles of the Woodome1 – see Section 3.2.4: “Erection Methods”. 
196 Nodes can be located several meters above the ground, or in areas that are hard to reach; this can create 

potentially hazardous situations, or the need for appropriate safety measures. 
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The cladding is also an unresolved challenge, since unforeseen circumstances can arise 
while bending timber, thus providing different geometric outcomes. Aside from these technical 
aspects, there is also an open debate on the functional aspects of gridshell structures in general; 
all these factors still need to be persuasively resolved before gridshells can gain attention in the 
Architecture, Engineering, and Construction (AEC) Industry again, despite the many benefits they 
can possess. From a manufacturing point of view, small structures especially feature an inherent 
disconnection between their artisanal and industrial nature; this case study partially addressed 
the issue. With a tight budget available, the artisanal and industrial tasks were tailored to each 
other, so to optimise the allocation of resources, time, and accuracy 197.  

As a side note, predetermining the position of the plates was a double-edged sword; on 
the one hand, it informed how far to pull the ropes; on the other, it limited the adjustability of 
the system. The erection control system could be improved by using a more flexible/better 
adaptable anchoring system, which can be adjusted responding to the behaviour of timber 198. A 
lighter footing system would also ease and quicken site preparation; an alternative footing 
system could benefit from off-site preparation logics again, so to better react to unforeseen 
circumstances. 

In conclusion, the use of a pneumatic falsework and an Arduino® monitoring system gently 
bent a flat gridshell towards its final shape, avoiding undesirable deformations and local lath 
overstressing. Although a crew of untrained workers was used, a satisfactory level of precision 
was achieved while also controlling the quality of working conditions. The technology worked 
robustly, encouraging further studies to envision how this can work under different boundary 
conditions. 

 

Figure 6.17. The site during an advanced erection stage; on the bottom right, the control station with the electric blower (in blue), 
the receiver, and the workstation. At the back, under a tree, the bird’s-eye camera on the ladder (image © A. Liuti).  

                                                      
 
197 i.e. the deelopment of the two-step manufacturing of the slats, or the combination of the membrane’s 

industrial manufacturing and the site artisanal preparation.  
198 i.e. adjustable dead-weights footing system such as heavy flowerpots, or modular bracing rings, or refillable 

tanks. 
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6.2. (Virtual) Design Applications  
This section develops further numerical applications of the pneumatic falsework method to a set 
of well-known gridshell precedents. Three projects of different size are strategically chosen, 
articulating how different scales, structural material properties, and mesh typologies may affect 
the proposed erection methods: the Accoya® gridshell, the Soliday gridshell, and the Weald and 
Downland gridshell.  

The pneumatic erection of the small-sized Accoya® gridshell was previously discussed in 
Section 5.2: “Simulating the Pneumatic Erection of the Accoya® Gridshell”; however, it is now 
proposed a variation of this, based on the use of the 5.2m Ø sphere cushion used for erecting 
Airshell. This simulation discusses about the reusability of the same membrane in multiple 
projects of compatible size.  

The Soliday gridshell is considered a medium-sized gridshell structure, spanning 26x15m2, 
for a 7m-pitch, and a mesh spacing of 1m. The structural mesh features a single-layer grid of 
quad faces (braced by a third diagonal layer on top); battens are made of circular hollow GFRP 
tubes. The structural design by UR Navier / Ecole des Ponts / TESS followed the guidelines 
of “Structural design of polymer composites: Eurocomp design code and background document” (Clarke, 
2003). The physical properties of the grid allowed for its erection using mobile cranes, without 
much trouble. This gridshell is chosen for the following reasons. Firstly, the uneven plan and 
elevation make form-finding challenging to tackle through cushions; secondly, the material’s 
higher flexibility and standardisation provide better bending ease, while limiting unpredictable 
material behaviour (Baverel et al., 2012, 2013). These factors open a feasibility debate over the 
pneumatic erection of medium-sized gridshells, and gridshells in composite materials.  

The Weald and Downland gridshell is considered to be large-sized gridshell structure, 
spanning 50m in length, for its pitch ranging 7.35-9.5m, and its width varying between 12.5-
16m. Its mesh is made with 50x35mm2 slats arranged in a double-layered section (later braced 
by a fifth diagonal layer on top); mesh spacing is variable, measuring 0.5m in the more stressed 
strips and 1m in the rest of the structure. The structural design by Buro Happold / the 
University of Bath followed the guidelines of “Eurocode5: Design of Timber Structures” (2003). An 
ease-down method erected the tree elongated saddles of this structure, forcing variable 
curvatures over the flat grid. The design featured a challenging form-finding, also providing the 
structural system with a consistent specific weight (Kelly et al., 2001; Harris et al., 2003); these 
boundary conditions opened a feasibility debate over the pneumatic erection of large-sized 
gridshells. 

Besides, as previously illustrated throughout Sections 3.2.2: “Material Systems” and 3.2.4: 
“Erection Methods”, literature comprehensively covers the geometric and physical features of 
the two other structures. The pneumatic erection of these two projects was re-imagined through 
the technical and technological protocols developed so far. To begin with, every geometric shape 
was form-found through the modelling pipeline algorithms of Section 5.1: “Digital Framework 
Setup”; then, a pneumatic membrane was form-found and combined with an auxiliary block-and-
pulley system to simulate the pneumatic erection in Kangaroo2. 
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6.2.1. Small-Sized Application 

The following re-development of the Accoya® gridshell draws on the knowledge and solutions 
developed building the Airshell gridshell. Overall geometric and physical properties are taken 
from the previously described Kangaroo2 models: the flat grid features the shape of a 11x11m2 
Greek cross (arms 3m wide, see Figure 5.2); the structure features a double 50x19mm2 cross-
section (mesh spacing 500mm). Focusing on the erection preparation, firstly, the final position 
of the supports are marked on the site plan, so to provide the ground supports with precise 
trajectories. Secondly, the depressurised, wrinkled cushion is laid at the centre of the site; then 
the flat grid is put on top of it. The grid is made of two single polyline layers, featuring an 
equivalent bending stiffness to that of the double-layered structure: 

𝐼𝐼 = 13
6
𝑏𝑏𝑑𝑑3 = 1

12
𝑏𝑏𝑑𝑑𝑇𝑇𝑞𝑞

3 = 𝐼𝐼𝑇𝑇𝑞𝑞        (25) 

𝑑𝑑𝑇𝑇𝑞𝑞 = √263  𝑑𝑑 = 56.3𝑚𝑚𝑚𝑚        (26) 

Timestep 0 characterises the resting configuration, in which pressure, volume, and rise 
are null; then, as swelling begins, the pitch rises, while the four groups of supports follow linear 
prescribed displacements. 𝑃𝑃𝑇𝑇�𝑡𝑡𝑓𝑓� is retrieved from Kangaroo2 as the sum of the most penalising 
bending moments over a square meter of the structure; the gridshell’s dead weight is considered 
𝑊𝑊𝐺𝐺𝑅𝑅𝐷𝐷 = 20N/m2. The trend of inner pressure 𝑃𝑃(𝑡𝑡) follows that which was previously expressed 
in Equations 6.6-6.11; assuming a membrane with physical properties identical to the one used 
for the Airshell project, erection would require the following lifting pressure: 

𝑃𝑃𝑇𝑇�𝑡𝑡𝑓𝑓� = ∑𝐸𝐸𝐼𝐼𝐸𝐸3

2
~77.8𝑚𝑚𝑚𝑚𝑎𝑎𝑟𝑟       (27) 

𝑃𝑃𝑤𝑤 = 𝑊𝑊𝐺𝐺𝐺𝐺𝐺𝐺
𝜋𝜋∙𝑟𝑟2

+ 𝛾𝛾𝑚𝑚 = 1.5𝑚𝑚𝑚𝑚𝑎𝑎𝑟𝑟        (28) 

𝑃𝑃�𝑡𝑡𝑓𝑓� = 79.3 𝑚𝑚𝑚𝑚𝑎𝑎𝑟𝑟 < 𝑃𝑃𝑚𝑚𝐵𝐵𝑥𝑥        (29) 

Figure 6.18 illustrates the trend of these design variables throughout the erection; the 
edges are displaced only along the central ground support, with the premise of a rigid behaviour 
of the ground borders, as assumed while erecting Airshell. From a comparison with the 
performance of the square cushion, the trend of pressure over volume is higher. This is as 
expected, since the sphere volume is smaller than that of the square. Also, the contact area 
appears slightly smaller; however, the development of an independent auxiliary system 
compensated for this. Despite the square cushion allowing a more automated erection, the ropes 
would provide their contribution only after timestep t*; a manual, more flexible ropes system, 
provides for a more constant and consistent pulling action. In comparison with Figure 5.12 
(labelled in grey as “square”), the pneumatic forming of a spherical cushion appears quicker at 
the beginning and less effective towards the end. The auxiliary action of the ropes (dotted red 
lines) however balanced this shortcoming, providing a more constant contribution from 𝑡𝑡0 to 
𝑡𝑡𝑓𝑓 . The maximum pitch is also slightly lower than the previous one (3.4m vs 3.6m), but still 
acceptable; this shortcoming might be addressed by laying a 20-30cm pedestal underneath the 
cushion. Furthermore, such a structure might embed a light footing/anchoring system, so to 
avoid having otherwise invasive solutions. 

Overall, the minimum curvature radius was never exceeded, and the erection simulation 
appeared gradual and efficient. These results suggest that the same membrane can indeed be 
reused among multiple grids of similar height, area, and stiffness.   
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Figure 6.18. Accoya® gridshell Kangaroo2 pneumatic erection simulation.  
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6.2.2. Medium-Sized Application 

This case study simulates the pneumatic erection of the Soliday gridshell, an asymmetric gridshell 
of variable height; the increased strength and bendability of its material, furthermore, should 
allow for an easier bending. 

The gridshell is modelled after the original shape by applying the compass method onto a 
suitable NURBS surface; the modelling pipeline relies on the Gridmaker algorithm developed by 
Mirra et al. (2016) and Pignatelli et al. (2017). After form-finding and developing the grid, the 
first step is to shape the cushions conveniently. Given the variable curvature and the elongated 
“peanut” shape of the structure, it seems convenient to use two spheres (one for each dome of 
the peanut). After modelling these parametrically, a collision algorithm enables the 
determination of their most suitable size. After a few trial-and-error iterations, the two radii are 
set to 5.5m and 4m. The cushions’ material properties are taken from those of Airshell. 

As in the built project, there is supposed to be a perimetric support system around a slab; 
such perimeter is taken as the target curve for the end joints of the grid to reach, in order to 
simulate the block-and-tackle/support systems through prescribed horizontal displacements 199. 
After such premises, the two cushions are placed in their depressurised wrinkled configuration. 
On top of the two membranes, the two layers of laths lay as continuous polylines. After Baverel 
et al. (2012), the following dimensions are considered: external section diameter 𝑑𝑑𝑇𝑇 = 41.7mm; 
internal diameter 𝑑𝑑𝑠𝑠 = 38.7mm; structural dead weight 𝑊𝑊𝐺𝐺𝑅𝑅𝐷𝐷 =50 N/m2; flexural Young’s 
modulus 𝐸𝐸𝑦𝑦= 25GPa; flexural strength 𝜎𝜎y = 400MPa. Again, the trend of inner pressure 𝑃𝑃(𝑡𝑡) 
follows that which was previously expressed in Equations 6.6-6.11; the moment of inertia I and 
the maximum lifting pressure 𝑃𝑃�𝑡𝑡𝑓𝑓� are determined as follows: 

𝐼𝐼 = 𝜋𝜋
64
�𝑑𝑑𝑇𝑇

4 − 𝑑𝑑𝑠𝑠
4�        (30) 

𝑃𝑃�𝑡𝑡𝑓𝑓� = 106.1 𝑚𝑚𝑚𝑚𝑎𝑎𝑟𝑟 < 𝑃𝑃𝑚𝑚𝐵𝐵𝑥𝑥        (31) 

Simulations illustrate a smooth transition between timesteps 𝑡𝑡0 → 𝑡𝑡𝑓𝑓 . Figure 6.19 shows 
how the high flexural Young’s modulus, along with the lower moment of inertia, speed up 
reaching the goal curvatures; furthermore, these properties allow the reach of much tighter 
minimum radii (𝜌𝜌𝑚𝑚𝑠𝑠𝑛𝑛 =62.5 · h/2 ~ 0.8m). Nevertheless, the easier bendability, along with the 
slower pressurisation of the cushion, appeared to trigger some unwanted buckling in the central 
areas of the grid. This phenomenon can be further explored through more detailed simulations; 
however, this aspect might constitute an emerging criticality related to the increased scale of 
the system. 

Besides this, the irregularity of the shape might also constitute a further challenge to 
control. A revised membrane’s form-finding might be useful in tackling both these aspects (i.e. 
by modelling a stronger or non-spherical membrane, whose shape can better adhere to the target 
gridshell or to the original peanut NURBS surface). This eventuality might also enable the 
solution of the structure’s cladding, where this was designed to be cut-out and converted into a 
covering membrane after erection, as per the Binistar system by Dante Bini. Despite embedding 
more resources in preparation, this scenario might enable the optimisation of the allocated 
resources of one-off projects. Further SWOT studies would be necessary in this case as well, so 
as to better understand the economic appeal of this potential alternative.  

                                                      
 
199 The lift-up erection of the built project involved mobile-cranes and ten additional people. In this model, 

all the ~100 enspoints are displaced simultaneously; in a real-scale application, these shal be bound in clusters of 
three/four joints – to ease the manual superision and demand a similar amount of workforce. 
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Figure 6.19. Soliday gridshell Kangaroo2 pneumatic erection simulation. Respectively dotted in red and black, the initial and 
final position of the end supports.  
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6.2.3. Large-Sized Application  

This case study simulates the pneumatic erection of the Weald and Downland gridshell, an 
elongated gridshell of variable height; the material and geometric properties are expected to 
make bending harder.  

The gridshell modelling starts from drawing a flat grid of orthogonal polylines; following 
Kelly et al. (2001); Harris et al. (2003), this array is trimmed with a 30x52m2 rectangle rotated 
by 45 degrees on the main directions of the grid. Form-finding operates on the developed grid 
under multiple actions: vertical nodal forces bend the slats; perimetric joints are displaced onto 
a target perimeter (sinusoidal curves along the long directions in the plan, catenoid curves on 
the short sides in elevation); joints on the longitudinal symmetry axis are displaced onto a target 
sinusoidal curve. The combination of these actions shapes the three desired saddles, generating 
crowns and valleys according to the original design. Given the elongated shape of the form-
found geometry, three identical lifting falsework cushions will be used, placing one of them 
underneath each crown. After some parametric explorations, the diameter of each sphere was 
set at 6.5m. 

The pneumatic erection started from laying the deflated cushion on site and laying the 
flat grid on top of these. Each polyline is modelled as one slat of equivalent section 50x103.7mm2, 
featuring the properties of D30-grade Oak timber: bending strength 𝜎𝜎y = 30MPa; flexural 
Young’s modulus 𝐸𝐸𝑦𝑦 = 10GPa; structural dead weight 𝑊𝑊𝐺𝐺𝑅𝑅𝐷𝐷 =50-100 N/m2 200. The trend of 
internal pressure 𝑃𝑃(𝑡𝑡) again follows Equations 6.6-6.11: 

𝑃𝑃𝑇𝑇�𝑡𝑡𝑓𝑓� = ∑𝐸𝐸𝐼𝐼𝐸𝐸3

2
~193.5𝑚𝑚𝑚𝑚𝑎𝑎𝑟𝑟       (32) 

𝑃𝑃𝑤𝑤 = 𝑊𝑊𝐺𝐺𝐺𝐺𝐺𝐺
𝜋𝜋∙𝑟𝑟2

+ 𝛾𝛾𝑚𝑚 = 2.1𝑚𝑚𝑚𝑚𝑎𝑎𝑟𝑟        (33) 

𝑃𝑃�𝑡𝑡𝑓𝑓� = 195.6 𝑚𝑚𝑚𝑚𝑎𝑎𝑟𝑟 < 𝑃𝑃𝑚𝑚𝐵𝐵𝑥𝑥        (34) 

As in the original project, the erection simulation took place within pre-built boundary 
beams and perimetric arches (see Figure 6.20, dashed/dotted black lines). Once the swelling 
started, the edge supports followed prescribed displacements, to simulate the action of several 
block-and-tackle/support systems; the simulation also pulls a rose of points at the valley of the 
two saddles downwards, so as to force the anticlastic curvature on top of the gridshell. 

In comparison with the previous models, the pneumatic lifting appeared much slower and 
less effective, due to an increased structural stiffness, and higher dead loads. Furthermore, the 
built project underwent a slow bending process 201; such slow forming times would be hardly 
replicable with a pneumatic membrane. A prolonged bending session would demand a consistent 
airflow to compensate for depressurisation, as well as further considerations regarding semi-
permanent, accidental, loading conditions. 

Overall, a large gridshell features a high degree of inertia and complexity for both its 
structural and construction aspects; these would be better addressed through quasi-static 
erection systems, which can appear more laborious, but more reliable, and better justified in 
terms of the economy of a permanent project 202.  

                                                      
 
200 Depending on the mesh spacing. 
201 Easing down the grid took from March 2nd – April 20th 2001; after that, structural detailing took until 

September 2001. 
202 Furthermore, diagonal bracing and cladding would require the installation of further scaffolding after the 

pneumatic falsework erection, thus reducing the convenience of using a pneumatic cushion 
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Figure 6.20. Weald and Downland gridshell Kangaroo2 pneumatic erection simulation. Respectively dotted in red and black, 
the initial and final position of the end supports.  
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6.2.4. Results and Conclusions 

The three numerical simulations open a series of broad speculations over the features of 
pneumatic erection systems. 

Pneumatic erection performs well on a small scale, where the buckling of the structural 
grid can be better controlled and guided; this erection method would especially suit the case of 
erecting multiple small-sized domes. In this case, the same cushion geometry can post-form 
grids of multiple shapes, thereby streamlining both construction time and resources (i.e. roofing 
structures for resorts, archaeological sites, or parks, fairs).  

More broadly, this erection method would benefit small gridshell projects in which rapid 
construction and serialisation are assets (i.e. temporary structures in which there is little time 
for preparing the construction site). 

Pneumatic erection might also suit one-off temporary installations, if properly developed. 
Whereas reusability would not be a point to invest in, one-off installation might benefit from 
using the uplifting membrane for both bending the grid and providing cover to the deformed 
structure. This case would suggest shaping the gridshell and the membrane over the same 
starting NURBS surface. This would necessitate the rethinking of the typology of the uplifting 
membrane (i.e. as an air-supported structure rather than an air-inflated structure, or a combination 
of the two). Also, it would open a consistent technological investigation into the detailing of 
ground connections and nodal connections; according to these considerations, the membrane 
could be designed to either hang from underneath the structure (like the Binistar system by 
Dante Bini), or to be stretched over the top of the gridshell. 

Large and permanent gridshell projects can also be pneumatically erected; however, 
several reasons make this solution less appealing than others. With increasing scale and 
structural lifespan, construction times and inertias become more consistent, thus making this 
lightweight means of construction more difficult to embed. Also, it would be inappropriate to 
reuse the membrane as a cover layer for a permanent structure, as PVC-coated fabrics provide 
poor insulation, and are also visually perceived as cheap, temporary materials.  

Regarding the relationship between the pneumatic membrane and the grid material, timber 
and GFRP provide different responses. Regarding the different specific weights, a lighter 
material marginally benefits the pneumatic erection, as a bending action requires the 
predominant actions. On the one hand, timber is stiffer and requires considerable bending times 
due to residual moment dissipation; on the other, GFRP features better bendability, allowing 
for a speedier but still gradual bending procedure. In comparison with timber, GFRP enables 
design curvature radii to be reached through smaller bending actions, thus involving less 
energy, reducing the carbon footprint of the erection, and therefore becoming a better choice to 
match the system’s technology.  

In all cases, the combination of pneumatic cushions and auxiliary control systems appear 
to provide enough control over form-finding; however, the larger the scale, the more relevant 
the auxiliary action becomes – and adaptations might be required at a large scale 203. 
Nevertheless, it appears that commercially-available membranes can uplift gridshells of small, 
medium, and large sizes, thus suggesting that this technology is scalabile. Furthermore, the 
combination of synclastic membranes with auxiliary control systems enables to pneumatically 
form-find gridshells with both positive and negative Gaussian curvatures. This combined 
solution makes form-finding rather flexible, while matching the design spaces of gridshells and 
pneumatic membranes. 
  

                                                      
 
203 The block-and-tackle systems, as well as the ground connection detailing, would require further 

considerations and studies to improve their activation, automation, scalability, and precision. 
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7. Summary and Conclusions  

This thesis work proposed an innovative design and construction interface for lightweight 
structures. More specifically, the work presented the question of how to erect gridshells with air, 
and deepened the simulations and technologies behind it. The development of this pneumatic 
erection system was carried out over a time span of four years, and it was grounded both 
technically and technologically from the concepts of Frei Otto and Dante Bini, who both 
resolved design-to-construction discontinuities using 1:1 form-finding methods. The proposed 
pneumatic form-finding method was developed after a critical literature review of lightweight 
structures, which focused on their historical, structural, and theoretical background – and, 
specifically, on the interface between design and construction methods. Such a critical reading, 
carried out in the first year of this research work, framed the strengths, weakness, and 
opportunities involved in the different methods, serving to outline the research problem.  

The second year focused on developing operational research through small-scale and digital 
prototyping, and developing technical and technological procedural knowledge of the subject. 
Subsequently, in year three, operational research focused on tackling full-scale prototyping to 
prove the original concept in the field. During the fourth year, the Author processed and 
synthesised the information/insights gathered across the whole research. 

The two parts of this research work contributed to the final result in the following ways: 

• Part One: The design and Construction of Lightweight Structures 
The first part of this thesis framed the research problem by carrying out a historical 
and a technical literature review. This introduced, from an engineering 
background, the basic concepts and implications around lightweight structures, 
form-resistant behaviour, and design-to-construction methods, focusing on the role 
of innovation in the interface between design and construction. Chapter 2 provided 
a critical review of the main approaches to design and construction of shells, 
framing the features and innovations driving the workflow of several projects. 
Initially, with the analytical surfaces method, designers and builders could link tasks 
through geometric rationality; in these projects, construction principles would 
drive the design-to-construction interface and inform the architectural expression 
of a project. The design-to-construction interface changed with physical models, in 
which design became the driving engine of the process. This conceptual shift 
initially generated a fracture in the workflow, as construction techniques needed to 
replicate the shape, not of a rational, but a physical model. Frei Otto narrowed the 
gap by introducing a combination of technological and sketching models, proposing 
innovation in on how to implement scalable form-finding projects. The trend 
towards integrating design and construction became even more explicit with Dante 
Bini’s pneumatic air-forming, a method which seamlessly resolves the problem of 
design-to-construction scalability.  

The workflow evolution of numerical models followed a trend similar to that of 
physical models, focusing on design first and moving towards integration later.   
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Here, computational design-and-fabrication bridged and innovated both the design 
and construction ends of the process, enabling the definition of new architectural 
expressions through new materials and technologies. Overall, the history of 
lightweight structures illustrates a figurative tension between design and 
construction methods, revealing the importance of a continuous interface between 
them. After conceptualising the area of the problem, Chapter 3 explored the 
technical and technological aspects involved in the design and construction of 
gridshells more deeply – illustrating, through the available erection methods, that 
erection is a critical task. From this review, the Author proposed a fourth 
(pneumatic) erection method, which seemed capable of integrating design and 
construction. This method also appeared promising under dimensions such as 
construction speed, scalability, precision, replicability, sustainability, and cost (a set 
of aspects later used to evaluate the outcomes of operational research). Along with 
drafting the main research problem, this chapter also identified essential notions 
regarding the structural design and construction methods of gridshells. This review 
contributed to grounding the procedural knowledge later proposed during operational 
research, framing notions on how to design a released configuration, dimension 
adequate cross-sections, select a suitable material, and detail end-to-end and joint-
to-joint connections. Chapter 4 then focused on how to actualise the envisioned 
pneumatic system through the pneumatic membrane technology. This chapter 
reviewed the technical and technological aspects involved in air-structures, enabling 
the Author to select a suitable typology to use in developing the research problem. 
At the end of this technical and technological review, the air-inflated structures 
typology was preferred over others for its easy applicability for portable uses, and 
the higher pressures (and thus higher bending potential) generally involved 204. 

Part One was more reflective and analytical, and it enabled the research problem 
to be stated. Through this part, the Author envisioned that a pneumatic erection 
system was not only possible, but it could provide a link for the design-to-
construction interface for gridshells (see Figure 7.1). This critical analysis also 
gathered technical and technological knowledge of the material features of gridshells 
and pneumatic systems, while establishing the evaluation criteria to use while 
assessing the outputs from operational research in Part Two.  

• Part Two: The Pneumatic Erection of (Elastic) Gridshells 
The second part of this thesis developed the core of operational research through 
prototyping. Chapter 5 resolved the simulation interface between swelling and 
bending; an uncharted area to inquiry in the literature. Firstly, two sets of 
benchmark simulations separately modelled the bending and the swelling 
behaviours on two platforms. Subsequently, these simple simulations were 
combined and linked into more complex algorithms to address the interaction 
between bending and swelling. This stage served to pick one modelling platform 
over the other and define the library of operations to use in the modelling pipeline. 
The parametric form-finding workflow was then refined and tested with a small-
scale prototype: the Accoya gridshell. This test bridged physical and digital 
simulations, underlining the importance of physical-to-digital calibration.  

                                                      
 
204 Air-supported structures could suit different design requirements; overall, pneumatic membranes appear a 

viable means for delivering a result in both cases. 
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The matching results demonstrated the reliability of the parametric modelling 
pipeline in predicting the behaviour of a bending/swelling system. This justified 
carrying out modelling by means of computational design tools only 205. The 
modelling pipeline developed by adding sequential elements in an open-ended 
fashion; such an algorithmic architecture allowed for iterative adjustments, while 
also enabling the Author to easily insert new elements in the simulation, such as 
the block-and-tackle system, the support system, more advanced FE solvers, or 
more detailed engineering (i.e. for a cladding system).  

The modelling pipeline was then further refined and tested to make a large-
scale 1:1 prototype: the Airshell gridshell. This prototype validated the 
computational design-and-fabrication workflow, while resolving the technical and 
technological details of the system. Automating laborious and repetitive tasks 
optimised the resources involved, while providing a sustainable means of erection, 
which was flexible in integrating the design and construction interface. The 
strength of this design-to-construction method relies on the fact that form-finding 
happens at a 1:1 scale. Furthermore, the Airshell represents more than the final 
outcome of prototyping, embodying the proof that the underlying design-to-
construction method can be successfully implemented, tested, and refined.  
 

In conclusion, this work proved the possibility of developing and applying a pneumatic 
erection system for gridshells. The proposed solution was grounded both according to an 
engineering and a manufacturing background, and did not require other tools or machines, apart 
from a reusable pneumatic cushion, Arduino® boards, and ropes. From a practical point of view, 
the speed of this method appears to match the performances of others (such as the push-up or the 
lift-up). However, it distributes the uplifting/bending forces better and more homogeneous 
across the grid, while also featuring more control/precision. Furthermore, automation and 
control improved the workers’ safety conditions, while optimising the use of resources involved 
in the erection process. Besides, less construction waste was produced on site, easing the impact 
of construction on the carbon footprint of this lightweight structure typology. The proposed 
solution implements a hi-level concept through a low-tech/low impact means of construction. 
This lowers the technological access threshold necessary to build a gridshell; furthermore, it 
enables the replication of form-finding across scales, with good control and precision.  

Looking towards further work, improvements can be made from a sustainability point of 
view by reducing the impact of the ground supports on the system, and “touching the Earth 
lightly” (Drew & Murcutt, 2001); i.e. a reversible light system of ballasts/pegs would reduce the 
energy and time required to prepare the site. This construction ethos enables the achievement 
of more with less, enabling an ecology of sustainably 206 (Zanelli et al., 2015). This concept also 
embraces the new emerging post-Fordist paradigms of design and production, in which the 
roles/skills of designers, engineers, manufacturers, workers, and users are blurred and merged, 
and seek convenient DIY means of making, especially on a small scale. The core strength of the 
method is nevertheless its resolution of the several issues involved in scaling form-finding from 
the conceptual scale to the working site. This means of pneumatic form-finding intrinsically 
replicates the desired structural shape, similarly to the Binishell and the Binistar systems.  

                                                      
 
205 The Author deliberately developed the simulation algorithm using commercial software, so that any 

designer from the industry can better access, understand, and replicate it. 
206 At the current rate of growth, the population on earth will reach ten billion people in 2050; this will initiate 

a global market demand of roughly 1,000 buildings per day, thus here the relevance of minimising waste and having 
light construction processes. 
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However, where the forms of Dante Bini’s are strictly dependent on the shape of the 
pneumatic falsework, this method establishes a looser dependence between structural form and 
pneumatic cushion, so enabling the use and re-use of the same membrane for multiple gridshells 
of compatible scale and/or different shape.  

In this sense, flexibility is improved, providing an appealing solution to those cases in 
which the establishment of a sequence of similar structures is required (i.e. for touristic resorts, 
open-air events facilities, or specific post-disaster situations) 207. In these scenarios, a small-scale 
system requires a low level of technical induction, and a few untrained workers can operate it.  

Further work could focus on the case of one-off installations, in which a pneumatic 
solution of this kind might not be optimal; however, the pneumatic erection principle could be 
adapted in order to, for instance, provide an enclosing skin at the end of the erection. Further 
work could also focus on scaling the technology up to more extensive projects, which would 
require the development of further levels of engineering. In this sense, future work could also 
deal with more detailed dimensional analysis and estimative metric costs to better evaluate the 
advantages and shortcomings of pneumatic forming for gridshells. 

From an academic point of view, this work fills a gap in the literature, as, at the beginning 
of this research work, pneumatic erection methods had never been applied to a full-scale gridshell. 
In the meantime, a separate research group from the Universität der Künste Berlin has been 
developing another pneumatic erection system. The interest around this topic appears 
promising in terms of unfolding further scenarios and applications; however, this system does 
not aim to replace other established construction methods, but rather provide a “lightweight” 
alternative to them. This thesis work establishes a methodological pathway, which now needs 
further work to better address the implications involved in scaling the system up towards 
industrial applications. Further research could better explore occupational health and safety 
matters across scales, as well as the analysis of different materials (such as composites) on the 
effectiveness of the erection system. Last but not least, it would be interesting to further inquire 
the relationship between pneumatic form-finding and bending active shapes (i.e. synclastic vs 
anticlastic shapes and pressure-driven vs bending-driven shapes). 

 

Figure 7.1. Synopsis of the pneumatic erection method.  

                                                      
 
207 For reference, the 1970s cost of the equipment necessary to build one Binishell in Australia was around 

300,000AUD; Bini conquered this market by spreading construction costs over many domes – priced around 
110,000AUD each. Eventually, Bini built over twenty domes spanning 18-36m, demonstrating a successful business 
model (Pugnale & Bologna, 2015). 
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Key Terminology 

The following section clarifies the meaning of the keywords, the acronyms, and the definitions 
used in this research work. Since the scientific community can associate multiple meanings to 
the same term, this section is aimed to disambiguate such an interpretation. 

 
Algorithm  
A mathematical procedure that produces the solution to a problem in a finite number of 

steps. An algorithm that leads to a yes or no answer is a decision procedure. An algorithm that 
leads to a numerical answer is a computational procedure (Shaw, 2001). 

 
AEC – Acronym for “Architecture, Engineering, and Construction” (industry) 
The design-to-construction industry where separate entities (the architects, the 

engineers, and the contractors) work together to bring a project to completion. 
 
CAD – Acronym for “Computer-Aided Design” 
Design process based on the use of computer systems (Sarcar et al., 2008). 
 
CAM – Acronym for “Computer-Aided Manufacturing” 
Manufacturing process where software control machine tools (Chang & Wysk, 1997). 
 
CIM – Acronym for “Computer-Integrated Manufacturing” 
Manufacturing process where computers control the entire manufacturing/production 

process as a single data management/networking problem (Kalpakjian & Schmid, 2006; Scheer, 
2012).  

 
Computational Morphogenesis 
The term defines those form-finding processes based numerical/computational 

simulations (Ohmori, 2011; Bletzinger & Ramm, 2014). Following Menges (2010), 
Computational Morphogenesis defines an approach to form-generation in which form emerges 
through a series of algorithmic, ruled-based processes. This form-generation strategy involves 
a process of differentiation, which is commonly based on evolutionary optimisation algorithms 
(A. Pugnale et al., 2014). Shape unfolds as the result of the interaction of system-intrinsic 
information and external influences; in other terms, shape emerges as the performative 
phenotypic material system of a genotypic definition (Menges, 2008). Oxman (2009) addresses 
the concept as “Digital Morphogenesis”  

 
Construction 
The construction process is understood as the material arrangement of the environment 

and the materials required are found the appropriate space for consideration (Seidel & Sturge, 
2009).  
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Construction – Erection 
Construction process of gridshells in which the flat grid (the “released configuration”) is 

lifted and bent into its final shape. This task is often critical to bending-active structures; three 
erection methods are available from the literature: the lift-up, the push-up, and the ease-down 
(Quinn et al., 2015). These all require manifold considerations around structural performance, 
bending execution, and finalisation. 

 
Digital Fabrication  
The making of physical objects through the use of computer-controlled tools. (Pfeiffer, 

2009). “Digital” refers to the fact that computer tools control the analogic processing of physical 
materials (i.e. through CIM or CAM processes) (Gershenfeld, 2012). 

 
Form  
Form is intended as the expression of the structure and the material (Forty, 2000). The 

term is interpreted as a medium of the process and not as a final goal or anything related to 
“formalism”. In lightweight structures, every material possesses its own language of forms, 
which relate to the available design, production, and construction methods.  

 
Form-finding 
Design process in which structural form emerges as the optimal geometry of a static 

equilibrium problem (Adriaenssens et al., 2014). This process relies on the simulations of the 
mechanical behaviour of a system and can be implemented using either physical models and/or 
numerical models (Frei Otto & Rasch, 1996). Among these methods, the “Reverse hanging method” 
can be used to form-find arches, vaults, shells, or any “funicular” structure working in 
compression-only membrane action. The “Pneumatic or inflated hill method” is another method for 
shells. The “Minimal surfaces method” can be used to design tensile structures instead (Chilton, 
2010). Nowadays, form-finding is opening towards computational tools to ember more 
comprehensive simulations into form-generation (A. Pugnale, 2014).  

 
Form-Resistant Structure 
Structure whose form and curvature bear loads mainly through in-plane stresses and 

reduced bending. These structures carry loads mainly through membrane action behaviour thus 
featuring a homogeneous stress distribution, which allows form-resistant structures to fully 
exploit the resistance of the full cross-section (Mutsuro Sasaki, 2014). 

 
Form-Resistant Structure – Gridshell  
Form-resistant structure discretising the shape and strength of a shell through a structural 

grid, which is assembled flat into a “released configuration” and subsequently erected (or bent) 
into its final shape (F Otto et al., 1974). Along with membrane action, gridshells feature bending-
active load-bearing behaviour; this combination requires more careful design consideration, in 
which it is advised to provide double curvature at each point of the geometry. These structures 
work best under compression forces and are made of linear laths running continuous through 
the joints; laths are made of flexible materials such as timber, bamboo, and composite materials. 
The literature can address these structures as “elastic”, “strained”, or “post-formed” gridshells. 

 
Form-resistant structure –Lattice structure 
Form-resistant structure discretising the shape and strength of a shell through a structural 

grid, which is assembled in its final unstrained configuration. Lattice structures are made of short 
rigid elements connected through rigid joints; common materials are steel or timber. These 
structures work best under compression forces.  
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Form-Resistant Structure – Membrane Structure 
Form-resistant structure made using thin sheets of material that cannot resist compression, 

bending or shear, but only tension (Marks, 2004). Membrane structures need can carry loads 
after being stabilised i.e. through pre-tensioning  

 
Form-Resistant Structure – Shell 
Single/double-curved Form-resistant structure which carries loads through membrane 

action. Shells feature continuous surfaces and can be made i.e. of reinforced concrete or composite 
materials. These structures generally feature synclastic geometries, and work best in 
compression. 

 
Form-Improvement 
Optimisation process aimed to improve the structural performance of a given 

architectural form. Form-improvement does not necessarily reach the structural optimum, thus 
working differently from form-finding (Alberto Pugnale, 2014). The Sensitivity Analysis applied 
over the Kagamigahara crematorium is an example of Form-improvement (Sasaki, 2005). 

 
Freeform 
A form generated regardless any structural or construction principle (i.e. Greg Lynn’s 

blobs or Marcos Novak’s virtual “transarchitecture”) (Pugnale et al., 2011). 
 
GFRC – Acronym for “Glass-Fibre Reinforced Concrete” 
 
Genetic Algorithm 
A subclass of evolutionary algorithms, which Goldberg (1989) defines as a “search 

algorithm based on the mechanics of natural selection and natural genetics”. These algorithms 
catalogue individual candidate solutions through an associated fitness function value; using 
operations developed after the Darwinian principles of reproduction and survival of the fitness, 
these candidates are selected, combined, and driven towards an optimal candidate solution. In 
other words, in a random population of potential solutions, the best individuals are favoured and 
combined to create better individuals at the next generation (Koza, 1992). Genetic Algorithms 
provide robustness due to a few rules: 

• Evaluate a pool (or “population”) of candidate solutions, and not only a single one; 
• Work with a coded version of the parameter set, and not the parameters themselves; 
• Use stochastic transition rules and randomised operators; 
• Are blind to auxiliary information; they only need an objective “fitness” function. 

Genetic Algorithms require two main elements to provide an effective and reliable result: 

• A representation scheme able to describe each possible solution through a set of 
variables (“chromosomes”) This is commonly done using parametric modelling;  

• A fitness function capable of evaluating each phenotypical solution on the basis of 
a well-defined performance parameter. 

At present, Genetic Algorithms are often implied to solve those problems where there no 
consolidated analytic ways of resolution are available (Pugnale et al., 2014). 
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Innovation – Incremental Innovation 
A series of (small) improvements or upgrades made to an existing product, process, or 

method – i.e. to improve its efficiency, productivity, or performance. This type of innovation is 
more common on the market, and less associated with risk (Gomory, 1992; Slaughter, 1998). 

 
Innovation – Seminal Innovation 
A new product, service, process, or method – i.e. introduced to make a significant impact 

by replacing existing technologies and methods. This type of innovation (also called “Radical” 
or “Disruptive”) requires a significant investment of time and resources (Gomory, 1992; 
Slaughter, 1998). 

 
Integrated (Process, Workflow, or Interface) 
A holistic approach which emphasises the unity of the process and creates seamless 

interactions between the unit operations of the outset – i.e. material tectonics, construction 
techniques, form, and structure. In such a process, each part of the workflow seamlessly informs 
the others (El-Halwagi, 2006). 

 
Knowledge – Declarative Knowledge 
In cognitive models, declarative knowledge involves knowing that something is the case 

(the “know-that” of a question or a problem) – i.e. that “a” is the first letter of the alphabet, or 
that Rome is the capital of Italy. This type of knowledge is conscious and can be often verbalised 
(Ryle, 1945; Beck, 1968). 

 
Knowledge – Procedural knowledge 
In cognitive models, procedural knowledge involves knowing how to do something (the 

“know-how” of a question or a problem) – i.e. how to write the letter “a”, or how to ride a bike. 
This type of knowledge involves implicit learning and may not necessarily translate into 
verbalising the process (Ryle, 1945; Beck, 1968). 

 
Method – Experimental Method 
A systematic investigation approach to research in which the researcher manipulates one 

or more independent variables to trigger a change in other dependent variables. This scientific 
approach is adopted to predict phenomena and establish cause-and-effect relationships (Gay, 
1992; McLeod, 2012). 

 
Method – Operational Research 
A sub-field of applied mathematics aimed to assist/solve decision-making-related 

problems. This method consists of the application of advanced analytical methods such as 
mathematical optimisation and mathematical modelling, which often consist of problems of real-
world objectives maximisation/minimisation. This method provides a solid background for 
grounding model-based research (Ackoff, 1979).  

 
Model – Analytical Model 
A mathematical representation of a shape, phenomenon, relationship, structure, or real-

world system. The set of equations require a closed form solution, and can require simplifications 
to describe the performance of a system (Buzen, 1984). 

 
Model – Physical Model 
A physical representation of the structural behaviour of a shape, phenomenon, 

relationship, structure, or real-world system. These objects require approximations at both the 
scale and the material system of a given system, providing however manifold benefits such as: 
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provide an understanding of the relative dimensions and disposition of the structural elements; 
provide an understanding of the structural and construction behaviour of a system (Addis, 2013). 

 
Model – Parametric Model 
A model whose features are defined through parameters (i.e. dimensions). Modelling 

consists of creating relationships between a set of variables – whose variation affects the 
configuration of the whole model. From a mathematical standpoint, a parametric model is a set 
of explicit functions / independent variables (the parameters) which express a set of quantities 
(E. W. Weisstein, 2003). From an architectural standpoint, Moretti and Figus (1951) adopted 
this approach to generate topological rather than metric spaces. This approach was born in the 
automotive industry within the research activity by Citroën; quickly, it became an indispensable 
aid to problems of shape-exploration. More recently, parametric models have found broad 
applications in the development of numerical models-pipelines. Currently, parametric software 
platforms such as Rhino® Grasshopper® often support conceptual design stages, offering an 
interactive approach to design208 (Shea et al., 2005).  

 
Optimisation – (Mathematical) Optimisation 
In computer science, this term defines the selection process of the best element from a set 

of available alternatives. This mathematical process can assist design problems through 
computational methods, which generally consist of minimising/maximising a mathematical 
function (the criterion or “fitness” function) (Frazer, 1995). In the case of structural optimisation, 
parameters are implicitly/indirectly optimised to find the optimal geometry of a structure that 
minimise a given objective function (Adriaenssens et al., 2014).  

 
Optimisation – Topology Optimisation 
A mathematical optimisation method used to optimise the material distribution (or layout) 

within given boundary conditions such as: a design space (or region), a set of loads, and a set of 
supports (Bendsoe & Sigmund, 2003). This process finds applications commonly at the 
conceptual design stage in aerospace, mechanical, and civil engineering problems – combining 
finite element method analyses and evolutionary algorithms (Xie et al., 2005). Form-generation 
can reach any shape and topology possible within the design space – and often provides non-
conventional forms difficult to manufacture with conventional manufacturing strategies.  

 
Performance-Based Design  
Oxman (2008) defines Performance-based design as a design approach where “the building’s 

performance becomes the guiding factor in design”. This approach relies on simulating the 
performative behaviour of a system and modify/optimise its geometry to improve an objective 
performance. This approach synthesises multiple elements: a parametric model (i.e. generating 
and transforming a geometry), an analytical evaluation process (i.e. environmental 
performance), and a control interface for the designer. Due to these elements, performance can 
guide the form-generation (Kolarevic, 2005). 

 
Process – Bottom-Up  
A process which puts together a set of sub-systems to create a more complex emerging 

system (i.e. physical models form-finding). 
 

                                                      
 
208 Parametric Building Information Modelling (or “BIM”) is also gaining popularity in the design and 

construction management of the AEC Industry. These parametric models embed parameters related to structural, 
energy, and construction features. This Parametric model typology is not addressed in this work.  
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Process – Top-Down 
A process which starts from an established system (the “bigger picture”) to break it down 

into sub-system and gain insight into them (i.e. Freeform form-generation). 
 
Prototype 
An early sample/model built to test a concept / process to be replicated or learned from. 

Prototypes are commonly developed between the formalisation and the evaluation of an idea 
(Rebelo & Soares, 2012); depending on the features to evaluate, these and can be either physical 
or numerical. A prototype can explore several aspects within a design problem; in this work, 
prototypes are intended as: 

• Proof or principle prototypes, aimed to verify specific key functional aspects – 
however lacking the full functionalities of the final design; 

• Working prototypes, aimed to represent all the functionalities of the final design 
(or as many as possible); 

• Functional prototypes, aimed to capture the functionalities and the appearance of 
the final design – however allowing using materials, scales, or realisation 
techniques different from those of the final design. 

Prototypes are addressed as creative tools within the design process, aimed to inspire and 
test new ideas (Gengnagel et al., 2015). In this thesis work, the term is also associated with the 
concept of “Rapid prototyping” commonly used to describe the creation of physical scale models 
from digital sources (Petric & Lindsay, 2003; Kamrani & Nasr, 2010).  

 
RC – Acronym for “Reinforced Concrete” 
 
Robustness 
The ability of a system to resist change without adapting its initial stable configuration. 

(Wieland & Wallenburg, 2012). 
 
Surface – Ruled Surface 
A surface that can be swept out by a moving line in space – and therefore has a 

parametrisation of the form (𝑣𝑣, 𝑣𝑣) = 𝒃𝒃(𝑢𝑢) + 𝑣𝑣𝜹𝜹(𝑢𝑢) , where 𝒃𝒃 is called the directrix (or base 
curve) and 𝜹𝜹 the generatrix curve. The straight lines themselves are called rulings and are 
asymptotic curves. The Gaussian curvature of such surface is everywhere non-positive. Examples 
of ruled surfaces include the elliptic hyperboloid and the hyperbolic paraboloid (E.W. Weisstein, 
2002). 
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