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“What is now proved was once only imagined.” 

William Blake 

 

 

  



 

ABSTRACT  
Elastic gridshells are celebrated for their striking biomimetic curves, long spans and 

efficient material usage. Constructed from a grid mechanism of slender beams, an elastic 

gridshell is assembled on a flat surface then repositioned into its final curved shape after 

which stabilising elements are added and the structure becomes a stiff load-bearing shell.  

While elastic gridshells are efficient in their built-state, the established methods with 

which to erect them (‘lift up’, ‘push up’ and ‘ease down’) are associated with substantial 

complexity, cost and time which inhibit their adoption. The central research question of 

this thesis asks whether elastic gridshells can be erected by means of pneumatic falsework 

(i.e. ‘inflate’), if so how and what would be the implications of doing so. 

The work presented in this thesis proves that the pneumatic erection of elastic gridshells 

is not only feasible but can offer many advantages (such as speed of erection, structural 

robustness and architectural qualities) over existing shelters for humanitarian, event and 

architectural applications. A literature review is presented on the historical precedent for 

this novel method. The computational challenges of simulating the complex erection 

process are investigated in depth leading to the development of bespoke simulation 

methods based on the novel application of a projection-based dynamic relaxation solver. 

Case studies and a benchmark compare state-of-the-art finite element solvers based on 

both global and local stiffness revealing their quantitative and qualitative differences 

giving some indication as to the future of finite element modelling for the built 

environment in engineering, research and education. Innovative prototypes of augmented 

and virtual reality engineering tools for education are presented as wider reaching 

applications of the novel simulation method developed for this thesis. 

The simulation methods developed to answer the central research question deliver 

valuable findings relating to the scope of feasibility and the practical execution of the 

novel method including: suitable shapes and sizes of shells, ‘trigger’ pressures required, 

the function and importance of tethering cables during erection, development and detailed 

analysis of erection sequences and identification of material suitability and performance 

criteria. One small and two full-scale physical prototypes were built which validate the 

novel computational methods to a high level of precision, offer practical detailing 

solutions and demonstrate the architectural and humanitarian potential within the 

pneumatic erection of elastic gridshells. 



 

     vii 

KURZFASSUNG 
Elastische Gitterschalen werden für ihre eindrucksvollen biomimetischen Kurven, langen 

Spannweiten und effizienten Materialverbrauch zelebriert. Eine elastische Gitterschale 

wird als Gittermechanismus aus schlanken Profilen auf einer flachen Ebene montiert und 

anschließend in ihre endgültige gekrümmte Form neu positioniert, wobei 

Stabilisierungselemente hinzugefügt werden, um daraus eine steife Gitterschale zu 

bilden. 

Obwohl elastische Gitterschalen im Endzustand effiziente Strukturen sind, werden die 

etablierten Aufrichtungsmethoden („Hochziehen“, „Hochdrücken“ und „Absenken“) mit 

erheblicher Komplexität, Kosten und Zeitaufwand assoziiert, die ihre Umsetzung 

beeinträchtigen. Die zentrale Forschungsfrage dieser Arbeit untersucht, ob elastische 

Gitterschalen anhand eines pneumatischen Leergerüsts aufgerichtet werden können 

(„Aufblasen“) und falls ja, auf welche Art und Weise. 

Die Ergebnisse dieser Arbeit beweisen, dass die pneumatische Aufrichtung von 

elastischen Gitterschalen nicht nur möglich ist, sondern auch, dass die Methode viele 

Vorteile (z.B. Geschwindigkeit der Aufrichtung, statische Robustheit und 

architektonische Qualitäten) gegenüber vorhandenen Überdachungssystemen im 

humanitären, architektonischen und Veranstaltungsbereich zu bieten hat. Eine 

Literaturrecherche über die historischen Präzedenzfälle dieser neuartigen Methode wird 

präsentiert. Die rechnerischen Herausforderungen der komplexen 

Aufrichtungssimulation werden tiefgehend untersucht sowie maßgeschneiderte 

Simulationsverfahren basierend auf der neuartigen Anwendung eines 

projektionsbasierten dynamischen Relaxationssolvers entwickelt. 

Anhand von Fallstudien und einer Benchmark werden aktuelle Finite-Elemente-

Methoden (FEM) basierend auf globale und lokale Steifigkeit bezüglich ihrer qualitativen 

und quantitativen Unterschiede verglichen. Die Ergebnisse vermitteln einen Eindruck von 

der Zukunft des Modellierens mit FEM in Bezug auf Forschung, Bildung und Umsetzung 

im Bau. Innovative Prototypen für augmentierte und virtuelle Reality als Ausbildungstool 

werden präsentiert.  

Es wurden neuartige Simulationsmethodiken entwickelt, um die o.g. zentrale 

Forschungsfrage beantworten zu können mit wertvollen Ergebnissen zum Umfang der 

Realisierbarkeit und zur praktischen Umsetzung der neuartigen Aufrichtungsmethodik. 

Miteingeschlossen wurden hierbei Untersuchungen und Ergebnisse zu geeigneten 



 

Formen, erforderlichem Auslöse-Luftdruck, Funktion und Bedeutung von 

Halterungsseilen während der Aufrichtung sowie die Analyse der Aufrichtung und 

Identifizierung von angemessenen Werkstoffen und Verhaltenskriterien. Eine kleine und 

zwei vollmaßstäbliche physische Prototypen für die pneumatische Aufrichtung von 

elastischen Gitterschalen wurden gebaut, welche die neuartigen Simulationsmethoden auf 

höchste Präzision validieren, praktische Detaillösungen bieten und das 

Anwendungspotential im humanitären Bereich zeigen. 
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1 INTRODUCTION 

 

Working in the discipline of architectural engineering and within a scientific community 

that relishes in its enthusiasm for ‘lightweight’ structures, people’s fascination with 

elastic gridshells is both common and infectious. The near mystical status that the 

Multihalle Mannheim holds is legendary and pervasive. An indisputable engineering feat 

and architectural wonder, the Multihalle Mannheim sits deservedly on its high pedestal. 

However, when researching the Multihalle Mannheim and its edificial descendants I 

couldn’t help but wonder two things: 1) if elastic gridshells really are so great, why aren’t 

more of them built? And 2) surely there must be a cheaper, faster and more efficient way 

to erect them? 

The answer to the first question has a lot to do with the inherent complexity in their design, 

analysis and construction. Architects, engineers and contractors will be forgiven for 

shying away from building a structure that is so slender and instable during assembly that 

extraordinary measures are necessary to ensure that it will not collapse or fail. Chapter 3 

goes some way in exposing some of these complexities. However, given the ever-

increasing accessibility to and speed of finite element analysis and a rapidly growing 

skillset in engineers’ geometric modelling and scripting abilities, it stands to reason that 

even such complex engineering challenges can be overcome. And yet, as is shown in the 

literature review not many elastic gridshells are built and it’s not just down to a matter of 

taste. The erection of an elastic gridshells is, in my opinion, its least elegant feature: 

cranes teetering on unwieldly sites with half-limp skeletons suspended from spiderweb 

cables, jacking towers on roller skates and scaffolding cathedrals for a structure made of 



Pneumatic erection of elastic gridshells: design, simulation & realisation  

2  Gregory Quinn 

matchsticks. And yet each of these erection solutions facilitated the realisation of these 

projects with great ingenuity and commercial viability. The existing erection methods 

aren’t bad, yet I couldn’t help but wonder if it could be done better. The idea of using 

‘big cushions’ to erect elastic gridshells was a thought that entered and refused to leave 

my mind. I am not the first person to have wondered this, but I am the first person to have 

developed a practical solution, defined the scope of feasibility and built two elastic 

gridshell buildings which validate the findings for all of which I am extremely proud. 

The first full-scale prototype was built in the summer of 2017 for exhibition in the garden 

of ANCB The Aedes Metropolitan Laboratory Berlin and rebuilt the following summer 

for the official opening of the Steinplatz public square on behalf of the district council of 

Charlottenburg-Wilmersdorf, Berlin. It was funded by the Berlin University of the Arts’ 

architecture department and featured the first ever pneumatically erected elastic gridshell 

building, the first elastic gridshell to be made from black solid-section glass fibre 

reinforced polyester rods and featured many innovations in the design of its connections 

and detailing. The building spans 14 m and its gross footprint at ground level is 130 m2 

(at a standing height of 1.8 m, this reduces to 71 m2). A second prototype was 

commissioned by the University of Bath for its Healthy Housing for the Displaced 

(HHftD) research project funded by the Engineering and Physical Sciences Research 

Council (ESPRC). HHftD attempts to identify the strengths and weaknesses of 

humanitarian shelters and to investigate novel designs which offer clear improvements 

over existing designs. The HHftD SheltAir prototype spans 10 m and has a gross footprint 

area of 74 m2 (29 m2 at standing height). In accordance with UNHCR recommended 

minimum living area of 3.5 m2, the HHftD SheltAir prototype could therefore 

comfortably accommodate two or three large families. From a technical standpoint, the 

novel method presented in this thesis could also be applied to very large spans (ca. 100 m) 

but from a practical standpoint, the method is probably best suited to spans ranging from 

10 to 40 m. 
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Figure 1.1 Exterior & interior view of the first 14m span SheltAir prototype (ANCB pavilion) rebuilt for 

the opening of a public square in front of the Berlin University of the Arts. [Photo: Fabian Schneider] 

 

Figure 1.2 Exterior & interior view of the second 10m span SheltAir prototype (HHftD shelter) for which 

the design was adapted for a humanitarian context such as the Azraq refugee camp in Jordan. 

 

Figure 1.3 Visionary rendering of the interior architectural quality SheltAir could provide in a 

humanitarian setting with adaptative partition curtains and openings for passive air ventilation. 

[Rendering: Gregory Quinn & Fabian Schneider] 

As well as the development of a novel erection method for elastic gridshells and its 

validation via prototypes, a significant contribution of this work is in the simulation 

methods and parametric pipelines developed specifically for this task but with wider 

reaching application potential in the education and design of structures.  
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The path of development which led to computational pipelines able to simulate 

successfully the complex physical behaviour associated with pneumatically erecting a 

gridshell mechanism with elastic bending was experimental, collaborative and spanned 

several years. 

Original contributions include assisting with the mechanical calibration of and developing 

novel applications for Kangaroo’s innovative projection-based dynamic relaxation solver, 

i.e. its ability to quantify constitutive relationships based on real material properties. Great 

effort was invested in developing simple, informative and attractive graphical assets to 

display reactions and internal forces (bending moments, shear force, axial force) from the 

DR simulations. These mechanically calibrated simulations based on project-based DR 

were some of the first of their kind. 

This thesis not only presents computational methods and results relating to the central 

research question (pneumatic erection of elastic gridshells) but also presents collaborative 

work on a novel interactive tool for on-the-fly design and simulation of form-active 

hybrid structures (FAHS) as well as original prototypes for augmented, virtual and mixed 

reality educational tools. These computational pipelines hint at the changing nature of 

computer-based simulation environments revealing a digital future that is more 

immediate, more interactive, better tailored and more fun. 

 

Figure 1.4 Indicative results from custom simulation pipelines developed for this thesis presenting 

complex physical behaviours in a clear and concise way. 
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2 ELASTIC GRIDSHELLS 

2.1 Definition 
Elastic gridshells are structures made from slender continuous members assembled as a 

regular quadrilateral grid in an initially planar configuration which is then spatially 

deformed to take the shape of a doubly curved, edge supported gridshell. The nodes of 

the grid feature one degree of rotational freedom such than the system effectively amounts 

to a compliant mechanism [1] whose shape can be manipulated by inducing 

(predominantly vertical) deformations and restraint of the boundary. The boundary 

supports necessarily disrupt the regularity of the quadrilateral grid due to intersection with 

the ground plane (in most cases). As the grid takes shape, the squares of the grid distort 

into rhombi and the initially-straight members bend elastically [2]. The footprint of the 

flat grid is larger in plan than the footprint of the shell in its final configuration. 

 

Figure 2.1 An elastic gridshell is assembled as planar reticulated grid (compliant mechanism) and then 

erected into shape and its boundaries fixed in order to create a doubly curved gridshell structure. 

2.2 Qualities 
A key advantage of elastic gridshells over both continuum shells and inelastic gridshells 

is their great weight-saving potential for large spans [3] as has been so masterfully 

demonstrated by the famous Multihalle Mannheim [4]. 

A commonly praised advantage of elastic gridshells over their inelastic counterparts is 

the potential for significantly reduced manufacturing cost and complexity of the structural 

elements which are necessarily continuous, slender and straight. Inelastic gridshells 

would tend to require permanently curved members and / or irregular nodes / element 

lengths. Another key advantage is that elastic gridshells have the potential, if designed 

well, to be highly modular with few but repetitive components. This of course will impact 

the assembly time and complexity on site. 
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In discrete differential geometry, a mesh with constant edge length is known as a 

Chebyshev net [5, p. 123]. While a regular quadrilateral grid can be mapped onto 

practically any freeform curved surface using a Chebyshev net (via the compass method 

[6]) given the curvatures are not too extreme, elastic gridshells are generally designed 

with full consideration of the influence and limitations of the members under elastic 

bending [4], [7]–[10]. As such their shapes tend to be biomimetic, i.e. featuring geometric 

functions or patterns which are prevalent in nature, in this case: the elastica and/or 

funicular curve. It is well established that biomimetic design resonates with humans [11] 

and this goes a long way in explaining why elastic gridshells are held in such high regard 

despite the fact that relatively few have been built.  

Depending on whether the edge length of the mesh is constant or variable, gridshells 

differentiate between regular and irregular gridshells [12]. Irregular elastic gridshells 

have the disadvantage of not being fully deformable onto a plane but also offer the 

potential advantage of adaptively positioned members (e.g. according to stress 

distributions). 

The economic advantages that arise from using elastic gridshells (low material quantities, 

cost effective transportation, large spans and low-tech assembly of linear elements) are 

often undermined by the cost and complexity of the temporary formwork and labour 

which are necessary for their erection. 

2.3 Structural Behaviour 
Immediately after erection, once the members have been fixed at their supports, an elastic 

gridshell is still a compliant mechanism with no in-plane shear stiffness, i.e. it is a 

gridshell of extremely low global stiffness. Depending on its design, the elastic gridshell 

may not yet have sufficient stiffness to support its self-weight at this stage. Typically, the 

load-bearing capacity of the gridshell is dramatically increased in a final step by adding 

stabilising elements whereby in-plane shear stiffness and subsequent shell behaviour are 

activated. The most common methods for stabilising elastic gridshells are by adding 

diagonal bracing cables (e.g. Multihalle Mannheim) or by adding a third layer of bracing 

members capable of sustaining both tensile and compressive loads (e.g. Weald & 

Downland). Other solutions include making the nodes (semi-)rigid (e.g. Seibu) or 

stabilisation by means of sheet materials (e.g. Savill Garden). See Figure 2.2 for a 

schematic representation of these stabilisation methods and see Figure 2.5 to Figure 2.7 

which reference the examples given. 
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Figure 2.2 Methods for stabilising elastic gridshells: a. additional layer of compression/tension struts, b. 

bracing cables, c. rigid nodes, d. membrane restraint. 

Further stiffening (or optimisation of the structural performance) of elastic gridshells can 

be achieved by manipulating the bending stiffness of the elements by modifying the 

number of member layers, their section sizes and the depth and / or spacing of their shear 

blocks [13]. More recently Sehlström et al. investigate the potential of prestressed cable 

networks to improve structural performance of (elastic) gridshells [14]. 

While the structural benefits, conceptual simplicity and economic advantages of elastic 

gridshells are well known and easy to communicate to potential clients, their design tends 

to be rather complex involving in-depth analyses, highly iterative design progression and 

higher-than-average demands on the structural engineers [8]–[10].  

Elastic gridshells tend to be softer than other more traditional shell structures and 

subsequently exhibit larger deflections under external loading. As such suitable cladding 

materials tend to feature low bending stiffness such as woven membranes and films or 

modular systems of deformation-friendly parts such as shingles made of wood or plastic. 

Both the complex design process and low global stiffness of elastic gridshells are 

contributing factors to their limited adoption rates. 

2.4 Residual Stresses 
Generally, the minimisation of deflections is a central goal of structural engineering 

design. In contrast, the application of elastic bending as a forming process [2] depends on 

the prescription and control of very large deflections. Making use of elastic bending to 

form beam or surface elements is a well-established construction method within 

vernacular architecture with examples stretching back to humanity’s earliest dwellings. 

A bi-product of the elastic forming of the slender members during erection of elastic 

gridshells is their residual bending stresses. From continuum mechanics we know that 

bending moments (and stresses) relate directly to the curvature of a beam: 

𝑀𝑀 = −𝐸𝐸𝐸𝐸
𝑑𝑑2𝜔𝜔
𝑑𝑑𝑥𝑥2

 

It has been shown that residual bending strain in the members of elastic gridshells can 

have either an advantageous or disadvantageous effect on shell buckling behaviour (with 
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a slight bias to the latter) depending on the shell’s shape, grid topology and boundary 

conditions and that a clear bias may not be instinctively apparent [12], [15] so detailed 

investigations are always advised. 

Suitable materials are limited to those with a low Young’s modulus but a high ultimate 

bending strength. As such, the most suitable family of materials are fibrous composites 

such as natural timber, glass fibre reinforced plastics (GFRP), laminated veneer lumber 

(LVL), natural fibre reinforced plastics (NFRP), bamboo (to a lesser extent), and carbon 

fibre reinforced plastics (CFRP) [12]. To date, the most common materials used for elastic 

gridshells have been natural timber and GFRP.  

It is also known that elastic strain for fibrous composites tends to creep away with time 

and so, in the mid-term, an elastic gridshell’s buckling capacity may temporarily increase. 

However, in the long run if an elastic gridshell does fail, its most probable failure mode 

will be creep-buckling [15], [16, p. 241]. At the time of writing, the process of creep-

buckling has already begun with the Multihalle Mannheim gridshell for which the city of 

Mannheim has commissioned investigations into its potential renovation including 

contributions from some of the building’s original designers. The Multihalle, built in 

1975, is a building which has long since exceeded its intended 20-year design life and so 

is understandably suffering from severe ageing. 

 

Figure 2.3 Onset of creep-buckling in the Multihalle Mannheim gridshells [17]. [Images courtesy 

Fast+Epp consultant engineers] 

Since it is a younger technology, less is known about the behaviour of fibre reinforced 

plastics (FRP) than of structural timber. Nonetheless, Foakes provides a valuable 

summary of important considerations when using FRP in elastic gridshells [18]. A good 

reason to limit bending stresses during the erection of elastic gridshells is that for both 

GFRP and wood, creep can be accelerated by high internal stresses. Various sources [19], 

[20] recommend limiting the internal stresses of GFRP to between 30 % and 60 % in 

order to prevent worsening of this effect. Ultimately, the design of elastic gridshells 
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demands a delicate balance between a high level of deformability during the erection and 

a sufficient resistance to deformation in the end state. 

2.5 Historical Precedent 
The Figures in this subchapter collate the most significant and relevant western elastic 

gridshell buildings built since 1962. While many comparison tables on elastic gridshells 

exist in published works, few have matched the thoroughness provided by the 1974 IL10 

publication from the University of Stuttgart by Hennicke et al. [6, pp. 268–309]. The 

following tables perform a similar task but are populated by modern projects. It can be 

observed in Figure 2.4 that since 1975, the clear span of elastic gridshells has never since 

matched nor exceeded the 60 m clear span of the Multihalle Mannheim. 

This summary clearly does not include all elastic gridshells ever built since 1962, instead 

it represents a careful selection of the largest and most prominent examples. Many 

valuable research pavilions and prototypes (e.g. Toledo gridshell [21] or the UWE 

research pavilion [22]) as well as eastern examples (e.g. the Nara Silk Road Exhibition, 

Osaka 1988 [23]) are not included for the sake of conciseness and relevance. 

 

Figure 2.4 Clear span of elastic gridshells: a) Essen Pavilion, b) German Pavilion, c) Seibu, d) 

Multihalle Mannheim, e) Japan Pavilion, f) Weald & Downland, g) Savill Garden, h) Chiddingstone 

Orangery, i) Soliday Pavilion, j) Flying Dome, k) Creteil Church. 
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 [6], [7] [6], [7] [7, p. 246] [7], [4] 

Figure 2.5 Gridshell comparison table: part 1. 

 

Essen Pavilion German Pavilion Seibu Multihalle Mannheim
Year 1962 1967 1973 1975
Location Essen, Germany Montreal, Canada Tokyo, Japan Mannheim, Germany
Client - BRD Seibu Construction Co. Bundesgartenschau Mannheim GmbH
Architect Frei Otto Rolf Gutbrod, Frei Otto mit IL Kazunori Matsushita Mutschler + Partner (Atel. Warmbronn)
Engineer ILEK Leonhard + Andrä Toshiyuki Shirayanagi Ove Arup + Partners, IAGB Stuttgart

Single bolted connection. Single bolted conenction.
Circular plate with flanges for beam 
alignment. Upper and lower plates 

connected by M6 bolt

Single 8mm bolt. Upper two layers with 
slotted hole to enable radial slip during 

erection.

Hanging model Hanging model Hanging model Hanging model

"lift up"
mobile crane + light auxilary columns

"lift up"
cable hoists from existing cable net Unknown

"push up"
horizontally unrestrained scaffolding 

towers

Hemlock Pine
laminated from three 1.3mm layers Hemlock Pine Aluminium Hemlock Pine

60x40mm 42x35mm (big shell) 42x28mm (s) 20x20x2mm 50x50mm

0.482m 0.5m 0.5m 0.5m

Transparent plastic sheet nailed to grid 
with cover strips. Insulation + PVC coated fabric. None. PVC coated polyester grid fabric (30% 

translucancy)

Rigid nodes. Shell action from nailed plywood boards.
Rigid nodes. Upper and lower aluminium 
circuluar plates. Four bolts for rigid joint. 
Holes in lower plate drilled after erection.

Wood friction joint (Bellville washer) & 
two 6mm 19 wire strand ties every 6th 

node

Regular Regular Regular Regular

15m x 15m 17,5 10m x 10m 60x60m & 50x50m
Height 4.85m 4m 20m & 18m

im
ag

e
pr

e-
fa

b

Dove-tailed wedge joints. Unknown
At least two joints necessary for each grid 
beam. 150mm long aluminium scarf joint 
with four M5 bolts on horizontal plane.

Finger joints every 4m for 30-40m long 
lath lengths. Finger joint 20mm long with 

a 6mm root. Made in the Poppensieker 
factory.

on
 s

ite

None Unknown None
Long laths joined by 50x25mm lapping 
pieces. 16 nails each side. Also used to 

repair finger joints.

Cross section

Grid size

Cladding

Span

End-to-end 
connection

Grid stabilisation

Grid type

Material

Erection method

Formfinding 
method

Node description

Node detail



Chapter 2: Elastic Gridshells 

Gregory Quinn   11 

 

 [24][25] [26] [27] [28][29] 

Figure 2.6 Gridshell comparison table: part 2. 

 

Japan Pavilion Weald & Downland Savill Garden Chiddingstone Orangery
Year 2000 2002 2006 2007
Location Hannover, Germany Sussex, England Berkshire, UK Kent, UK
Client Expo 2000 Weald & Downland Open Air Museum The Crown Estate Trustees of Chiddingstone Castle
Architect Shigeru Ban Edward Cullinan Architects Glenn Howells Practice Peter Hullbert
Engineer Buro Happold Buro Happold Buro Happold Buro Happold

Fabric tape wrap around
Patented three-plate node. Central plate 
with locator pin. Two exterior with four 

bolts for clamping.

Single bolt on bottom layer only. Top 
layer laid up manually on scaffolding 

supported structure.

Precision engineered stainless steel 
node.

Mathematical definition Mathematical definition Chebyshev net Unknown

"ease down"
Peri Up hydraulic scaffolding + formwork 

girders

"ease down"
Peri Up hydraulic scaffolding + formwork 

girders

"ease down"
Peri Up hydraulic scaffolding + formwork 

girders

"lift up"
slow lifting from scaffold over several 

days, wetting of laths with water

Paper / Cardboard Oak Larch Green Chesnut

Round: 120mm x ?mm 50x35mm 80x50mm 40x35mm

1m 1.0m & 0.5m 1.0m unknown

Fireproof paper with glass fibre 
reinforcement and laminated PE film.

Crown: RoofKrete, Shoulder: 
Polycarbonate, Sides: Western Cedar

Stiffeneing plywood boards + 160mm 
insulation + aluminium standing-seam 

skin + oak laths.
12mm toughened frameless glazing.

Glulam ladders,
Steel wires. "Fifth layer" lath Two layers of nailed birch plywood 

boards.
Doubled steel cables on every second 

node.
Regular Regular Regular Regular

74 x 25 m 48m x 15m 90m x 25m 12m x 5m
Height 16m 7.35m & 9.5m 5m & 8,5m -

im
ag

e
pr

e-
fa

b

None

Finger jointing in 6m lengths. 65% 
moisture content of the green oak 

managed in finger joint with special 
adhesive (Purbond HB 530).

Finger jointing in 6m lengths. Finger jointing

on
 s

ite "20m lengths for transport and then 
connected using a wooden splice rather 

than a joint"

On site the 6m lengths were joined with 
scarf joints (slope 1:7)

On site the 6m lengths were joined with 
scarf joints (slope 1:7) None

Cross section

Grid size

Cladding

Span

End-to-end 
connection

Grid stabilisation

Grid type

Material

Erection method

Formfinding 
method

Node description

Node detail
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 [30] [31] [32]  

Figure 2.7 Gridshell comparison table: part 3. 

Soliday Pavilion Flying Dome Creteil Church
Year 2011 2012 2013
Location Paris, France Berlin, Germany Creteil, France
Client Solidays' Festival UdK Berlin Eglise catholique du Val de Marne
Architect - - -
Engineer Olivier Baverel E. Lafuente, C. Gengnagel Esmery Caron / Olivier Baverel

Standard swivel scaffold connectors. "Double clamps" from sailing industry. Standard swivel scaffold connectors.

Compass method Sphere + VaryLab mesh Compass method

"lift up"
crane & cable

"push up"
by hand

"lift up"
crane & cable

GFRP from Topglass (polyester resin from 
DSM & Owens Corning glass fibre) GFRP (Fibrolux GmbH) GFRP from Topglass (polyester resin from 

DSM & Owens Corning glass fibre)

Round: 41,7 x 3mm Round: 20mm x 2mm Round: 41,7 x 3mm

1m 0.66 - 1.27m 1m

Polyester fabric, double sided PVC 
coated, 750 g/m2 + glass fibres None. Polyester fabric, double sided PVC 

coated, 750 g/m2 + glass fibres

"Third layer" GFRP tube. "Third layer" GFRP tube. "Third layer" GFRP tube.
Regular Irregular Regular

25m x 15m 10m 25m x 15m
Height 7m 5m 7m

im
ag

e
pr

e-
fa

b

Two scaffolding swivel connectors. 
Limited bending stiffness in joint.

80mm aluminium tube, diameter 30mm, 
5mm wall thickness. M5 bolts clamp fit 
against outer wall of GFRP tube. No 

penetration.

Threaded steel bar into steel sockets. 
Steel sockets with three through-bolts to 
resist bi-directional bending and torsion.

on
 s

ite

None None None

Cross section

Grid size

Cladding
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End-to-end 
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Grid stabilisation
Grid type

Material

Erection method

Formfinding 
method
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3 ERECTION METHODS FOR 
ELASTIC GRIDSHELLS 

The erection of elastic gridshells presents several technical and logistical challenges. 

Primarily, the ability to assemble a grid flat on the ground means that a vertical 

repositioning of the grid mechanism into its final shape is necessary. Erection methods 

for elastic gridshells can be grouped into four categories: ‘lift up’, ‘push up’, ‘ease down’ 

and ‘inflate’ (Figure 3.1). This chapter provides a review of the established erection 

methods for elastic gridshells (all except ‘inflate’) and explores the historic precedent for 

pneumatic falsework. 

 

Figure 3.1 Schematic representation of established erection methods a ‘lift up’, b. ‘push up’ c. ‘ease 

down’ as well as the novel method ‘inflate’. 

The erection phase is usually a major, if not dominant, load case for an elastic gridshell 

due to high bending stresses induced by tight curvatures and point loads in the laths. Such 

stresses are highly dependent on the method of erection and on the shape and size of the 

shell. The primary motivation for minimizing bending-induced stresses is to prevent 

breakages of beams during erection and to ensure that sufficient stress reserves are 

available in the beams in the end-state for operational load cases. While every major 

gridshell project has experienced breakages during erection, the number of breakages has 

progressively reduced. For example: “...during the assembly of project Essen: due to 

1. Lift up 2. Push up

3. Ease down 4. Inflate
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inherent stresses, several grid rods directly next to joints were broken” [33, p. 219]. At 

Manheim “... quite a number of finger joints broke on site during handling and erection” 

[4, p. 126]. In the Downland gridshell “of the 10 000 joints in the structure, there were 

approximately 145 breakages during forming. Almost all were failures of the finger 

joints.” [26, p. 437]. Finally, in the Savill Garden gridshell, which had extremely low 

curvatures and a fully scaffolding-supported erection there were only “two fractures 

during the construction process” [34]. While this progressive reduction of breakages is 

very positive, it comes at the cost of increasingly slow, precisely measured and costly 

erection. It should be noted that the examples of lath breakages given are also related to 

the material of choice for these projects, namely natural timber. The use of GFRP, with 

its higher bending strength and more plastic failure, goes a long way in mitigating such 

breakages. 

Another relevant point is that the erection process of modern elastic gridshells is hindered 

by modern health and safety legislations which forbid structures “in a temporary state of 

weakness or instability” [35, p. 51]. Scaffolding platforms and safety measures are 

usually necessary when adding grid stabilisation elements (such as struts or cables). As 

such, this puts into question the claim of rapid deployablility often associated with elastic 

gridshells.  

The use of pneumatic falsework as an air-supported or air-inflated structure offers an 

interesting solution to these challenges. Benefits include: the distributed support of the 

soft grid mechanism during forming, the support and restraint of the gridshell during the 

addition of stabilisation elements and the provision of a safe walk-on working surface 

during construction and finally the reuse of the erection membrane as an architectural 

envelope. It is claimed that pneumatic formwork can facilitate a reduction of labour and 

cost during erection while simultaneously further reducing the risk of localised bending-

induced stresses and breakages during erection. The reuse of the erection membrane can 

also be considered for the stabilisation of the gridshell. 

3.1 Lift Up 
The first known example of an engineered elastic gridshell was the experimental timber 

prototype by Frei Otto built in Essen in 1962. This 15 m gridshell was erected by means 

of a single mobile crane (Figure 3.2, left) but also wooden stilts were used to support the 

perimeter. The German Pavilion at the 1967 Expo in Montreal was also erected by cable 

hoists suspended not from a crane but instead from an existing cable net structure (Figure 
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3.2, right). More recent examples of cable and crane erection are the Soliday Festival and 

Creteil Church gridshells by Baverel et al. and the THINkSHELL group [36]: Figure 3.3.  

This erection method has the benefit of speed, however there are several disadvantages. 

Cables, even when branched off into clusters of fixing points introduce large point loads 

and subsequent stress concentrations into the structure. While clusters of cables will better 

distribute the applied vertical loads (out-of-plane), they introduce compressive membrane 

forces (in-plane) which will increase buckling risk for the laths.  

Furthermore, the crane erection method can only apply force in the vertical direction and 

is not restrained in the horizontal direction. The lack of horizontal restraint from the cables 

is beneficial due to the necessary lateral grid distortion during erection. However, global 

horizontal restraint of the gridshell itself or at least its edge must be provided by separate 

means. Typically crane erection requires very calm weather and is only practical for small 

gridshells. 

 

Figure 3.2 Left: crane erection of the Essen Gridshell [4, p. 101], Right: cable hoists from existing cable 

net lifting the German Pavilion [33, p. 247]. 

 

 

Figure 3.3 Crane erection of the Soliday Pavilion left [37, p. 10], and the Creteil Church right [38]. 

3.2 Push Up 
Originally, the Multihalle Mannheim was planned to be erected using four 200 tonne 

cranes but eventually a system of jacking towers was devised by the contractors and 
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engineers in order to cut costs [4, p. 131]. 3.5 m by 2.5 m H-shaped spreader beams were 

connected via ball joints to the 1 m square scaffolding towers which were up to 17 m tall. 

These towers were jacked up vertically using fork lift trucks which were able to 

accommodate the necessary lateral movement of the lifting points. 

A key feature of the erection process was that “the lattice was anchored with cables at 

certain key points to prevent collapse”. The spacing between the towers was 9 m such 

that the laths themselves deflected by 200 mm under bending from self-weight. This 

deflection had to be gradually reduced to around 50 mm by progressive stiffening of 

“strips” along the gridshell followed by height adjustment of grid zones. 

 

Figure 3.4 Horizontally unrestrained jacking towers as used for the erection of the Multihalle Mannheim 

[33, p. 312]. 

3.3 Ease Down 
The three most recent timber elastic gridshells built by Buro Happold (Japan Pavilion, 

Weald & Downland Centre, Savill Garden) were erected by means of scaffolding support 

underneath the entire gridshell area coupled with incremental and controlled displacement 

of the laths. Under the UK’s Construction Regulations, the hazards of working at height 

under a temporarily supported structure, as was the case at Mannheim, are no longer 

permitted [26, p. 440]. The erection of these three projects all made use of the modular 

scaffold system PERI-UP, including the MULTIPROP jack. The unique aspect of this 

method is the high layout level for the flat grid, from which gravity is harnessed and the 

laths are gradually displaced downwards (allowing also for lateral movements). Scaled 

physical models played a crucial role in planning, predicting and checking the erection 

process [26, p. 443]. Detailed labelling and measuring of the structures during 
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deformation was carried out to monitor and control the process. Additional straps and 

ratchets were required to initiate further “scissoring” to successfully form the crowns and 

valleys of the Weald & Downland Centre. 

 

Figure 3.5 The Savill Garden gridshell was lowered into position gradually with vertically adjustable 

formwork [16]. 

3.4 Inflate 
A great body of literature exists on a multitude of pneumatic structures (such as air-

supported and air-inflated buildings [39]–[41]) as well as pneumatic mechanisms [42] 

and hybrid structures [43]. However, the literature study here focuses solely on existing 

examples of pneumatic falsework and formwork where relevant. With the exception of 

the following citation and sketch from University of Stuttgart’s IL 10 [6], it seems that 

there is no other historical precedent for the use of pneumatic falsework for the erection 

of elastic gridshells: 

 “Pneumatic lifting is also possible, using either air-bags (> 7) or a simple membrane 

not cut to any particular pattern (> 8 to > 13), which is held to the ground by sand-bags 

or a low earth wall. The gridshell can be outside (> 11) or inside (> 12 and 13) the 

membrane.” 
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Figure 3.6 Seemingly the first historical reference for the use of pneumatic falsework for the erection of 

elastic gridshells [6, p. 245]. 

While only conceptual and not at all developed to the point of implementation, this 

reference shows that the idea of pneumatically erecting elastic gridshells is at least as old 

as 1974. 

3.4.1 Historical Precedent 
Comprehensive works on pneumatic formwork for dome-like structures have been 

provided by Sobek [44] but also van Hennik et al. [45]. While this work focuses on the 

application for concrete shells, many of the findings and references are relevant and 

applicable to elastic gridshells. Guidelines on permissible sag for pneumatic structures 

are available from Herzog [46] as well as various building codes. The level of sag is 

dependent on the following factors: internal static pressure, external vertical load, 

membrane stiffness, curvature of the pneumatic formwork and aspect ratio of the cushion 

(height / span). Flatter zones of a pneumatic cushion are better able to resist vertical 

external loading with low static pressures than ‘steep’ surfaces and small horizontal 

contact areas, see Figure 3.7. And yet, small curvatures while beneficial for erection are 

undesirable for the final shell geometry due to the resultant low shell stiffness. Therefore, 

the shape of the pneumatic formwork and the final gridshell must be developed in unison.  
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Figure 3.7 Free body diagram for static pressure and dead load for flat (A) and steep (B) zones [45]. 

The self-weight of wet concrete for a ‘thin’ 100 mm shell is 2.5 kN/m2. Comparatively, 

the self-weight of a typical timber elastic gridshell will be in the range of 

0.1 to 1.0 kN/m2. As such the self-weight applied by the gridshell and subsequent sagging 

will be significantly less problematic than for concrete shells. Furthermore, during curing 

concrete shells are extremely sensitive to deformations and strains. By their nature, 

actively-bent gridshells on the other hand can comfortably sustain large deflections 

(provided stress concentrations and utilisation are managed). However, it is important to 

remember the role of air moisture and speed of erection for certain timbers. The 

Chiddingstone Castle Orangery gridshell experienced high ambient temperatures and low 

humidity during erection such that the laths were regularly wetted to maintain moisture 

levels [29]. Furthermore, over or undershooting the target shape due to air temperature 

changes could potentially lead to incorrect curvatures in the final shape which could result 

in overstressing. While Neff and Sobek showed that rotationally symmetric pneumatic 

structures can be stabilised by circumferential reinforcement, more recently in 2014, 

design group Numen have shown through empirical prototypes that precise shape 

manipulation and sagging control can be achieved by means of extensive internal tensile 

bracing [47]. However, the concept of form stabilisation for inflatable structures by means 

of internal cable bracing was patented as early as 1987 [48]. 

 

Figure 3.8 Precise shape and sag control via tensile bracing [47]. 

Making use of pneumatic formwork for dome structures has intrigued engineers and 

researchers for some time. As early as 1940, Californian architect Wallace Neff 
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developed a system of using inflated sailcloth cushions to support flexible reinforcement 

which is then sprayed with shotcrete in increasing thicknesses to create a strong and stable 

shell structure [49, p. 38]. 

 

Figure 3.9 Wallace Neff’s ‘Bubble Houses’. 

 
Figure 3.10 Membrane formwork using circumferential stiffening reinforcement as patented by Wallace 

Neff [50] 

Developed in the 1960s, the Bini method [51] facilitates concrete shell erection via 

pneumatic formwork whereby wet concrete and length-changing reinforcement (sprung 

coils) are all contained within an upper and lower membrane in which concrete curing 

occurs in-situ after inflation. The Bini system enjoyed a strong burst of adoption for small 

to mid-span structures during the ‘70s and ‘80s. More than fifteen hundred Bini shells 

were built in twenty-three countries with spans from 7.5 m to 90 m [49, p. 38], proving 

without a doubt the potential for success in pneumatic formwork. While the double 

membrane system coupled with anchored foundations cleverly restrains the load-bearing 

wet concrete shell during erection, the same system could not be applied to elastic 

gridshells since when flat, they occupy a larger footprint than when erect. 
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Figure 3.11 The Bini method for erecting concrete domes with pneumatic formwork [51, p. 190] 

In the 1980s Sobek [52] explored the use of pneumatic formwork for the erection of 

concrete shells citing the same justification provided in this thesis i.e. the ever increasing 

expense of labour-intensive formwork. A focus of Sobek’s work was on how to limit 

concrete strains during erection by stiffening the formwork by partially filling the 

enclosed membrane with a fluid or by strengthening the membrane with circumferential 

steel cables as previously patented by Wallace Neff [50]. 

More recently Dallinger et al. used pneumatic formwork to erect domes made out of 

prefabricated concrete panels as well as ice sheets [53], see Figure 3.12. Two methods for 

stabilising the kinematic system during erection were developed: firstly, by combining 

pneumatic formwork with radial and circumferential tendons which are shortened during 

erection (polyhedron method) and secondly by combining pneumatic formwork with a 

rigid central mounting tower (cloister-vault method). Kokawa et al. [54] have also 

developed ice shells built on temporary pneumatic formwork. Water is sprayed on in the 

same fashion as shotcrete in Harrington / Neff shells, see Figure 3.13. 

 
Figure 3.12 Pneumatic formwork for the erection of prefabricated concrete panels [53] 
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Figure 3.13 Ice shells created by pneumatic formwork and sprayed water [54] 

The largest known project to have made use of pneumatic falsework for its erection is the 

train car maintenance dome for the Union Tank Car Company in Wood River, Illinois 

designed by engineer Richard Lehr working for Buckminster Fuller’s company 

Synergetics with Chicago architects Battey & Childs [55]. The steel dome with a span of 

114.4 m [56, p. 1137] was the world’s largest clear span building at the time. Using a 

“huge pneumatic nylon bag” [57, p. 216], the crown of the rigid (inelastic) shell structure 

was raised to its target height while the perimeter skirt was attached. This project 

demonstrates that large and heavy dome-like structures can be lifted in a controlled and 

safe manner with pneumatic falsework. 

 
Figure 3.14 Pneumatic falsework system for the large Union Tank Car Dome in Wood River [58, p. 267] 

 
Figure 3.15 Pneumatic falsework for the large Union Tank Car Dome in Wood River [55] 

Zimmermann [59] proposed pneumatically inflated double-layer membrane systems 

featuring patterned cavities which are injected with ultra-high performance concrete 

(UHPC) after inflation of the global membrane structure. Curing of the concrete results 
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in a hybrid membrane-concrete gridshell which remains air-supported at a reduced 

pressure in its end-state. 

 

Figure 3.16 Pneumatically inflated UHPC & membrane gridshells [59] 

A similar experiment from the Institut für Angewante Forschung Schelmenwasen, 

Nürtingen saw the use of a pneumatic falsework to erect a triangular grid of 18 mm PVC 

tubes filled initially only with 3 mm coil springs along their central axis [60]. After 

inflation of the falsework, the tubes were filled with a low-viscosity cement mix which 

hardened to form a rigid, albeit slender, curved gridshell (Figure 3.17). While this 

experiment is novel, one might question whether the benefits of a speedy inflation and a 

slender gridshell outweigh the many challenges presented by the method including: high 

membrane detailing demands due to higher pressures, precise volume control necessary 

during concrete curing, and concrete pouring difficulties in narrow pipe network. 

 

Figure 3.17 Pneumatic falsework for the erection of prestressed concrete gridshell [60]. 

A further interesting application from the same group was to use pneumatic falsework to 

erect and plastically deform perforated sheet metal (auxetic materials) to generate doubly-

curved shell structures; in this case ‘Formetal Y’ made from aluminium (Figure 3.18). 

While this experiment clearly works well on a small scale, upscaling the method to 

architectural dimensions would present challenges relating to input energy (and air 

pressures) required in order to achieve plastic deformation of metal hinges / plates which, 

after deformation, still can provide sufficient global stiffness for structural loads. 

Presumably, the load-bearing capacity of the structure will be similar to the inflating 

pressure unless multiple layers of sheet are secured to one another in the end-state in order 

to increase the shell’s stiffness. 
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Figure 3.18 Pneumatic falsework for the erection and plastic deformation of perforated sheet metal (or 

auxetics) [60]. 

Another combination of auxetics (in this case auxetic linkages) with pneumatic falsework 

is presented by Konakovic-Lukovic et al. [61] which builds on irregular and doubly-

curved auxetics from Friedrich [62], see Figure 3.19. This method demonstrates exciting 

potential in terms of rapidly deploying doubly-curved shells from planar elements 

however implementation beyond the small-scale prototypes investigated would require 

significant further development (i.e. in order to facilitate locking of the kinematic auxetic 

system in the end-state). 

 

Figure 3.19 Pneumatic falsework for the erection of auxetic and kinematic planar systems. 

 

 



Chapter 4: A Novel Method 

Gregory Quinn   25 

4 A NOVEL METHOD 

This chapter describes in detail the proposed novel method for pneumatically erecting 

elastic gridshells, discusses the potential breadth of implementation and puts forwards a 

case for the most suitable and sensible approach based on findings from this thesis. The 

novel method and the means of its realisation proposed constitute a significant 

contribution for this work. 

4.1 Method Description 
A regular elastic gridshell which can be assembled on a plane at ground level is to be 

erected by means of an initially-deflated membrane cushion. The membrane cushion is 

comprised of a flat lower part (ground sheet) and a curved upper part which is the same 

shape as the gridshell’s (funicular) target shape. The cushion parts are clamped at their 

perimeter to form a closed volume. The gridshell mechanism is mounted on top of the 

uninflated cushion. Slack bracing cables can be mounted to the gridshell mechanism 

before inflation and tensioned after. Erection of the gridshell is achieved by means of 

inflation of the cushion by applying positive air pressure from a blower with a high 

volumetric flow rate. Ideally the cushion should be fitted with a pressure release valve to 

ensure that excessive pressures are not reached which could damage the cushion and / or 

the foundations. At the point of desired maximum pressure, the beam ends of the gridshell 

mechanism are pulled to their respective support points by means of non-return 

connectors sliding along guide ropes. Once the beam ends are secured in their supports, 

the gridshell is self-supporting (albeit not yet stabilised) and the cushion can be deflated 

and either removed for reuse or hung from the grid in-situ as an architectural skin. Finally, 

the gridshell is to be stabilised by securing and tensioning the bracing cables or by 

activation of the hung membrane cushion. This method is suitable and applicable for a 

range of spans and materials. This method involves the temporary inflation of pneumatic 

falsework for the erection of a structure and is therefore different to air-inflated structures 

which depend on constant air-pressure. 
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4.2 Implementation Approaches 
As with gridshells themselves, the breadth of possible design variations and methods of 

implementation for the pneumatic erection thereof are wide. Figure 4.1 illustrates and 

categorises the potential modes of implementation for the pneumatic erection of elastic 

gridshells and highlights the approach adopted for each of the demonstrators built for this 

thesis, i.e. the SheltAir ANCB pavilion and the SheltAir HHftD prototype. The methods 

proposed here were developed over the course of more than three years resulting from in-

depth design considerations and accounting for experimental data. For more information 

on the demonstrators and how they were designed / built, refer to chapter 7. 

 

Figure 4.1: Possible and adopted process flows for the pneumatic erection of elastic gridshells. 
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For the gridshell, both the ANCB and HHftD prototypes make use of a funicular target 

shape or base geometry. As shown in section 6.1, the deviation between the funicular, 

pneumatic and elastica forms is minimal for shells with a span-to-height ratio less than 

3:1. Funicular shell surfaces are inherently well suited to resisting evenly distributed 

vertical loading and as such were deemed a highly suitable target geometry for the 

prototypes. Furthermore, it may be argued that the biomimetic funicular form is pleasing 

to the eye. Designers of elastic gridshells may however choose to take the relaxed elastica 

or even a mathematically defined surface as the target geometry instead.  

The method of pneumatically erecting elastic gridshells proposed here sees the cushion 

being removed before the gridshell is stabilised (in this case by means of bracing cables); 

as such the resultant shape of the gridshell in the end-state is in fact the relaxed elastica 

despite the target shape being defined as a funicular. For this to work the gridshell must 

be stiff enough to support its self-weight without stabilisation once the beam-ends have 

been secured in place and the cushion is no longer supporting the gridshell; experimental 

results relating to this are provided in chapter 6.5. As detailed in 6.1.3, the shape deviation 

and resultant differences in structural performance between the funicular, pneumatic and 

elastica shapes are minimal for typical architectural shapes and so it was deemed 

unnecessary to attempt to strive towards achieving an exact funicular shape in the end-

state. Furthermore, to achieve this the pneumatic falsework would have to be kept in place 

and its pressure closely monitored while the stabilisation members are secured. This 

would likely be a challenging task because the cushion can only offer a ‘soft’ falsework 

unless very high pressures are applied which would put high demands on detailing and 

material performance for a technology which strives to be simple and cheap in its 

implementation. 

Further manipulation of the end-state shape could be achieved by means of a cushion 

which actively manipulates the gridshell into a shape other than its relaxed elastica. This 

active shape compensation approach (similar to the approach from Skouras et al. [63]) 

could be suitable for more freeform gridshells but again would require higher pressures 

and put higher demands on detailing. It would also require low-stiffness membranes to 

permit targeted stretching and bulging of the complex simulation and prediction of 

crumpled material. Such simulative complexity would be hard to justify (and fund) for 

one-off gridshell structures which by design strive to be low-tech and cheap. 

The cushion design proposed here is a passive (no shape compensating) cushion which is 

identical to the target shape of the gridshell. It comprises an upper doubly-curved part and 
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a flat ground sheet which, when clamped together at the perimeter edge, form a closed 

volume which is fully restrained. This perimeter restraint ensures that the cushion stays 

in the correct position during and after erection (and doesn’t roll or slip away like a free-

standing cushion might). Once the gridshell has been erected, demounting the perimeter 

clamps results in immediate deflation of the cushion. A single and small inlet / outlet 

orifice would result in extremely slow deflation, just like trying to squeeze the air out of 

an (enormous) inflatable mattress. Further shape manipulation could be achieved with 

internal tethering cables as explored in 6.4.2.3. 

The presence of only one door-sized entrance in the gridshell prototypes was conscious 

and intended to minimise the shell-weakening effects of large and multiple openings. The 

openings in the ANCB and HHftD prototypes do not disrupt the shape of the shell. It 

could be feasible to make use of the pneumatic falsework to support larger openings (as 

attempted in a student workshop shown in section 6.3.4) but this could prove to be 

impractical. If larger openings are desired, secondary support structures or self-supporting 

door frames would be advised. 

A key aspect of this method is that the cushion is shaped accordingly and inflated 

sufficiently such that when the beam ends are pulled to their target support points they 

avoid dragging and snagging along the ground. While the cushion, according to this 

method, primarily applies a lifting force perpendicular to the gridshell one might assume 

that a cushion larger than the gridshell’s target shape may be suitable. However, if the 

cushion is significantly larger than the gridshell’s target shape it could result in excessive 

material blocking the path of beam ends and could result in insufficient height gain during 

erection. A cushion that is the same shape as the target geometry is shown to be the most 

suitable and sensible approach. 

4.3 Untethered and/or Shape Deviant Cushion 
Another key decision relating to the design of the cushion is whether it should be 

untethered or tethered. Untethered or free-standing cushions could take the form of a 

sphere, as trialled by Liuti [64]. This approach was rejected on the following grounds: 

- A spherical cushion will always result in less contact area between the cushion 

and the grid for all typical architectural shell shapes leading to higher internal 

pressures which are harder to maintain, monitor and detail for. 
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- A free-standing or spherical cushion which is not tethered in any way will be 

subject to additional and hard-to-predict instability phenomena such as slippage 

and lateral rolling. 

- A cushion which is fully closed with just a small inlet orifice will be slow and 

impractical when expelling the air after inflation requiring many people to trample 

on it unless a suction function is included in the pump (which is not typical for 

standard blowers). 

- If the cushion and gridshell shapes are not the same, the cushion cannot double as 

the architectural skin in the end-state. 

By using the simulation approach detailed later in chapter 6.4.3, Figure 4.2 shows a study 

performed on the first SheltAir prototype geometry which compares two different 

erection cushions: a spherical cushion and a cushion shaped like the shell’s target 

geometry. It is shown that the spherical cushion requires significantly higher pressures 

than the larger shaped cushion in order to initiate movement. The spherical cushion also 

has a much lower contact area with the gridshell than the shaped cushion. This results in 

much lower precision of shape control and target approximation. Even for less irregular 

architectural shapes, the same challenges would occur. Subsequently, cushions which do 

not match, or at least approximate, the gridshell target shape are judged to be unsuitable 

and inefficient for their pneumatic erection. 

A final cursory note should be added to the option of placing the gridshell inside the 

cushion as seemingly proposed by Hennicke et al. in Figure 3.6. The footprint of a 

flattened elastic gridshell is of course larger that its footprint when erected, see Figure 

6.66 for examples of this. As such there is no obviously practical solution for the shape 

and cutting pattern of a cushion which is larger than its target shape. Furthermore, placing 

the gridshell inside a pneumatic erection cushion would be materially wasteful to 

implement due to the fact that when the quadrilateral grid distorts during erection, one 

diagonal axis will always converge (resulting in excess material, folds and snagging 

hazards) while the other diagonal will diverge (requiring excess material to accommodate 

the change in distance between membrane fixing points. Furthermore, change in diagonal 

distances varies across the whole gridshell. 

 



Pneumatic erection of elastic gridshells: design, simulation & realisation  

30  Gregory Quinn 

 

Figure 4.2: Comparison of an erection cushion deviant from the shell’s target shape (top 6 images) and 

equal to the target shape (bottom). Spherical cushion leads to low contact area, high pressures and 

crucially low precision. 
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5 COMPUTATIONAL METHODS 

Simulating the pneumatic erection of an elastic gridshell with accuracy presents several 

unique numerical & software challenges such that identifying an appropriate numerical 

solver and developing custom computational pipelines proved to be a primary focus and 

significant contribution of this thesis.  

The complex analysis demands the stable simulation of a compliant mechanism (a slender 

lattice with one degree of rotational freedom at its nodes) subject to large deformations 

while colliding with an initially deflated and crumpled cushion which inflates over time 

causing the contact area and stiffness distribution to change dynamically over multiple 

stages of erection with topological changes to elements, stiffness and applied loads (i.e. 

edge pulling cables). Simulating an elastic gridshell in its end-state (after erection) 

presents fewer challenges however the issue of residual stresses in the system (from 

shaping) must not be ignored. 

While this particular simulation challenge could feasibly be achieved with a number of 

different software packages, this thesis breaks new ground with its advanced use and 

customization of the latest version of Piker’s projection-based explicit dynamic relaxation 

(DR) solver Kangaroo [65] within the Rhinoceros3D and Grasshopper parametric 

modelling software environment. Entirely bespoke simulation pipelines based on 

projection-based DR not only facilitated the simulation of the central research question 

(i.e. pneumatic erection of elastic gridshells) but also facilitated the development of other 

novel tools relating to the education and interactive design of structures. The latter 

examples are also detailed in this chapter due to their novelty and the evidence they 

provide of the wider application potential for the simulation approach. Numerical case 

studies were also completed using the more ‘traditional’ FEM simulation package 

SOFiSTiK which, for most tasks, solves a global stiffness matrix implicitly. 

5.1 Comparison of Methods 
This subchapter describes, compares and benchmarks the computational methods behind 

Kangaroo, SOFiSTiK and additionally with Iso-Geometric Analysis (IGA) plugin Kiwi3d 

[66]. Kiwi3D is included in this comparison because it too represents a significant 
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emerging technology in the field of finite element modelling. The findings in this 

subchapter [67] offer a timely insight into one established and two emerging software 

environments each capable of modelling, shaping and simulating bending-active 

structures: a feat that not many FE packages can achieve due to their large deformations, 

complex geometries and geometrically non-linear effects. A benchmark compares 

deformations from an inextensible tip-loaded cantilever and reveals how SOFiSTiK is 

rightly celebrated as one of the industry’s most precise and dependable FE packages. 

Despite usability improvements from CAD-plugins, SOFiSTiK’s FORTRAN and CAD-

based data input methods are showing their age in a world of parametric modelling. The 

Carat++ kernel behind Kiwi3d is reaffirmed as highly robust and precise while the bold 

new world of iso-geometric analysis offers a tantalizing leap of progress for FEM in 

seamlessly combining NURBS modelling with physical simulations by eluding (or at 

least greatly simplifying) discretisation. Kangaroo offers users an unparalleled freedom 

to script geometric constraints or FE formulations to suit their own requirements. The 

stability of Kangaroo’s novel projection-based dynamic relaxation solver introduces a 

completely fresh level of interactivity, accessibility and customizability to the world of 

Finite Element Modelling. 

5.1.1 Discrete Elements, Global Stiffness-Based Solver (SOFiSTiK) 
The Finite Element Method is a general numerical method for the solution of partial 

differential equations. FEM has become the de facto standard in the field of structural 

analysis, and it is commonly used as the tool of choice for a wide variety of engineering 

problems. The Finite Element Method discretises a continuum into finite elements, hence 

its name. 

The Finite Element Method is based on a variational formulation of the principle of virtual 

work. The principle of virtual work states that the sum of work done by external forces 

applied on a system must be balanced by the sum of internal work in an arbitrary (but 

small) virtual displacement. The Finite Element Method is a matrix-based approach, and 

for static and quasi-static problems it uses implicit integration schemes which solve a 

system of algebraic equations where the unknowns are represented by the displacements. 

The Finite Element Method is exemplified in the well-known relationship: 

𝑲𝑲𝑲𝑲 = 𝒇𝒇 
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where K represents the stiffness matrix of the system, d the vector of unknown 

displacements and f the vector of external forces. Typically, the stiffness matrix is derived 

by considerations of virtual work, although other derivations are also possible. 

The commercial software SOFiSTiK is a general-purpose Finite Element based program 

with a strong focus on structural applications. Besides modules for linear static analysis, 

SOFiSTiK also implements geometrically non-linear solving schemes for the simulation 

of large deflections. Benchmarks can be found in [68], [69]. Recently, an Active Bending 

module (ACTB) was implemented which automatically calculates the internal stress state 

from a curved beam under the assumption that it was initially straight. 

5.1.2 Discrete Elements, Local Stiffness-Based Solver (Kangaroo) 
The dynamic relaxation (DR) method for iteratively solving structural 

problems was first developed in the 1960s [70] and has since become 

well established in many fields. In the built environment, DR is 

commonly associated with stiffness-independent membrane form-

finding [71] or with the distribution of architectural grids over curved 

surfaces [72]. The form of DR used in Kangaroo differs somewhat from 

the standard force-based approach, where forces acting on each node 

are summed to calculate accelerations (from which velocities, then 

positions are updated), instead making use of projections. “Goals” are 

defined as functions acting on a set of points, which can describe 

geometric constraints, elastic material elements, applied loads and other 

energies. Each goal returns a set of target positions for each point it acts 

on, projecting them to their closest zero energy state. This can result in 

multiple target positions for each point, depending on the number of 

goals acting on it, and these are then combined in a weighted averaging 

step. The solver alternates between these two simple local steps to 

minimize the global energy - a form of the alternating direction method 

of multipliers (ADMM) [73]. 

Since the strengths of the goals relative to one another are given by the 

scalar weighting factors in the averaging step, this keeps the new 

position for each point within the convex hull of its target points, 

avoiding the problem of ‘overshooting’ which can occur in the force-

based DR method, where elements with high stiffness can result in large 
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acceleration vectors, leading to instability, and reducing the timestep 

sufficiently to mitigate this can be difficult or lead to impractically slow 

convergence. Another simple projection-based constraint satisfaction 

technique which has been widely used in games and animation is to 

apply local constraints sequentially [74], iterating over them with a 

Gauss-Seidel method. However, this is not suitable where 

quantitatively correct physical deformations are sought, since the 

ordering of the constraints and number of iterations performed all affect 

the result, making it difficult or impossible to tune for real material 

stiffness parameters. By contrast Kangaroo performs all the projections 

for one step independently and in parallel, and the energy minimised is 

exactly the sum of the squared distances of the points from the target 

positions of all the goals, each multiplied by the weighting factor for 

that goal. This allows for quantitative simulation of deformations with 

real material stiffness parameters. 

Finite elements can be used here as goals, the key difference with the 

more common form of FEM being that the global stiffness matrix does 

not need to be computed, since only local stiffness is used. This 

technique is also closely related to that described in [75], but there the 

step in which the projections are combined involves a global solve. By 

contrast both steps in the Kangaroo solver are local, meaning topology 

can be freely modified during simulation, making the definition of new 

goals simple and flexible, since they need only return a target position 

and scalar weighting. Furthermore, in Kangaroo the projection method 

is combined with a modified version of the ‘drift damping’ technique 

described in [76] to accelerate convergence more effectively than the 

usual kinetic or viscous damping. 

Generally, a prerequisite for implicitly integrated methods more 

common with FEM is that the systems must be statically determinate or 

indeterminate. Mechanisms can cause numerical instability and are 

more difficult to solve. Kangaroo however is insensitive to the static 

determinacy of a structural system such that mechanisms and large 

deformations are not an issue, provided the solver is able to remain 

stable (as is usually the case). This insensitivity to static determinacy 
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and large deformations is highly suited to experimental and interactive 

design environments. [67] 

During the writing period of this thesis Kangaroo’s second and completely overhauled 

solver (version 2.0 [81] founded on projection-based dynamics as described here) was 

released by Piker. In preparation for a workshop entitled ‘Form-Active Hybrid Structures’ 

for the 2016 SmartGeometry conference in Gothenburg, Sweden, a period of 

collaboration was undertaken together with academic and industrial partners (Daniel 

Piker, Anders Holden Deleuran, Cecilie Brandt-Olsen, Will Pearson and Harri Lewis) to 

assist in the mechanical calibration of Kangaroo’s solver and to explore novel ways in 

which the solver can be applied by means of custom C# and Python scripts. The work 

completed during this period of collaboration helped to establish Kangaroo as DR solver 

capable of constitutive relationships with real-world physical properties. The cross-

pollination of these research projects played a significant role in their success and 

established a new height for integrating parametric and complex geometry with physics 

simulation powered by a DR solver. 

5.1.3 NURBS-Based Elements, Global Stiffness-Based Solver (Kiwi3d) 
Kiwi3d, a new plugin for Grasshopper, is based on Isogeometric 

Analysis (IGA) as introduced by Hughes et al. [77] in order to directly 

integrate structural analysis into CAD. IGA is a subgroup of Finite 

Element Methods. Its special characteristic lies in the usage of Non-

Uniform Rational B-Splines (NURBS) as basis functions for the Finite 

Elements, which are commonly used for the geometry description in 

CAD. Hence, a complete reparametrization (meshing) of CAD models 

for analysis is avoided. The degrees of freedom do not lie on the surface 

of the element but on the control points of the geometry. The refinement 

can be done at every stage before and during the analysis without 

changing the geometry. The applied FEM-kernel is Carat++, which is 

proprietary research from the Chair of Structural Analysis at the 

Technical University of Munich. It is available in combination with 

Kiwi3d as a work-in-progress version. The plug-in Kiwi3d generates a 

text file in order to communicate with the solver. In turn the plug-in 

reads the results provided in a further text file for the visualization and 

evaluation. The text-based interface would also allow the linking of 
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other IGA-enhanced solvers with only small effort. However, Carat++ 

has advanced features for the non-linear simulation of construction 

stages and form-finding process, including cutting pattern, which is 

very beneficial in the design of bending-active hybrid structures. 

Application examples in this context can be found in [78]–[80]. 

Further advantages of using IGA in the design of these kinds of 

structures can be seen in the independence of the parametrisation for 

boundary conditions such as loads, supports and coupling entities. All 

CAD features are available e.g. for the derivation of additional 

structural members. The method-inherent ability to consistently 

represent the whole sequence of construction stages during the design 

process, without losing or having to approximate stresses or 

displacements, enable a detailed evaluation and enhanced design. The 

continuous basis functions allow a smooth representation of geometry 

and results. But this implies as well that discontinuous deformations 

and stresses within the domain cannot exactly be represented. [67] 

5.1.4 Benchmark: Inextensible Cantilever 
While a comparison of the three methods merits in-depth and comprehensive technical 

benchmarking covering many aspects relating to software and engineering performance, 

this chapter presents just one quantitative benchmark for a concise overview. 

Large deformations feature heavily in bending-active hybrid structures. Therefore, a 

classical benchmark for very large deformations is chosen for the comparison of the three 

methods with an analytical solution derived by Mattiasson [82]. A cantilever with length 

L = 10, bending stiffness EI = 100 and axial stiffness EA = 1e9 is loaded by increasing 

load increments with a maximum value Fmax = 10 at the tip as shown in Figure 5.1. For 

each software environment several discretization resolutions, i.e. number of elements n, 

are compared and plotted against the analytical solution in Figure 5.2. Note that for IGA 

the term ‘elements’ corresponds to a non-zero knot span of the underlying NURBS 

geometry.  
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Figure 5.1: Deformed cantilever under tip loading with 8 discretized elements for all 20 load steps. 

 

Figure 5.2: Relative displacement u/L and v/L of the cantilever’s tip computed with SOFiSTiK, Kiwi3d 

and Kangaroo for different numbers of elements n and load steps. 

This benchmark aims to evaluate exclusively the accuracy of method’s bending stiffness 

with an effectively inextensible beam (extremely high value for axial stiffness EA). The 

results are valuable, particularly within the context of bending-active structures. 

However, it should be noted that the Finite Element formulations from each method are 

not the same. Kangaroo’s bending formulation is based on Barnes’ simplified model of 

three sequential vertices with 3 DOF [83]. SOFiSTiK makes use of Timoshenko’s beam 

theory and IGA uses the Euler Bernoulli beam. As such the results from this benchmark 

represent only one aspect (accuracy) within the context of designing and building 

bending-active structures. 

As is to be expected, the simulations with the lowest number of discretized elements 

return the largest errors. For the u/L deflection, IGA shows a deviation of -13.5 % from 

the analytical model and Kangaroo features a deviation of 19.1 % whereas SOFiSTiK 

features only 4.6 % error. At a discretisation of 20 elements, all methods feature high 

precision with errors for v/L deflection at -0.001 % for IGA, -0.003 % for SOFiSTiK and 
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4.305 % for Kangaroo. It may be noted, that in real terms 4.305 % error for a 10 m 

cantilever equates to 24 mm. 

5.2 Wider Application Potential of Projection-Based DR 
Kangaroo’s projection-based dynamic relaxation solver profits from and even depends on 

access to Rhinoceros3D’s extensive RhinoCommon library of powerful geometric 

functions and the immediacy of, and simple debugging logic in, Grasshopper’s visual 

scripting interface. The ability to script custom goals for Kangaroo is not only thanks to 

its own innovatively designed software architecture but also inspired by the example led 

by McNeel and Grasshopper on the whole. The ability to create ad hoc C#, Python and 

Visual Basic scripts on the GH canvas greatly expands its accessibility and versatility 

further than most parametric design or analysis packages. Subsequently the synergy of 

these software environments was, if not essential, at least catalytical in the development 

of the computational pipelines presented in this thesis. The following two research 

projects demonstrate two additional novel applications of the presented method which go 

a long way in demonstrating its wider application potential and relevance to the scientific 

community. 

5.2.1 Form-Active Hybrid Structures (FAHS) 
Form-active hybrid structures (FAHS) couple two or more different structural elements 

of low self-weight and low or negligible bending flexural stiffness (such as slender beams, 

cables and membranes) into one structural assembly of high global stiffness [84]. They 

offer high load-bearing capacity at a fraction of the weight of traditional building elements 

and do so with a clear aesthetic expression of force flow and equilibrium. The design of 

FAHS is limited by one significant restriction: the geometry definition, form-finding and 

structural analysis are typically performed in separate and bespoke software packages 

which introduce interruptions and data exchange issues in the modelling pipeline. The 

mechanical precision, stability and open software architecture of Kangaroo’s projection-

based DR solver has facilitated the development of proof-of-concept modelling pipelines 

which tackle this challenge and enable powerful materially-informed sketching. 
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Figure 5.3: A FAHS modelling pipeline using Kangaroo for shaping (white) and an external FEA 

package (SOFiSTiK) for structural analysis (black) previously commonly used by KET and CITA. 

[Image: Anders Holden Deleuran] 

Defining assembly geometry implies specifying topology and 

dimensions, i.e. defining element types, their dimensions and how they 

connect in a network. This is performed either by directly modelling the 

discrete geometries representing structural elements, or, by developing 

and integrating a parametric model once an assembly topology is 

defined and can be encoded [85]. In either case, this process is typically 

separate from the generative process of shaping the assembly. This has 

the effect that the designer (or a search algorithm) is not allowed to add, 

remove or edit elements during shaping. This prevents a feedback loop 

from occurring between assembly definition and shaping, preventing 

the possibility of iteratively constructing or modifying assembly 

topology based on its currently shaped state. This lock-in of assembly 

topology, or “body plan” [86], during shaping impedes on both the 

creative and objective exploration of the shape space delineated by the 

inventory of the given FAHS. Exploring topological design diversity 

implies interactively or exhaustively exploring the connectivity of 

elements that define an assembly and searching for, fit candidates. 

When any change in topology requires downstream processes to be 

reset and performed again, this becomes intractable. Developing novel 

and unbiased FAHS therefore necessitates modelling pipelines that are 

more conducive to exploring topological diversity. The research 

presented here aims to examine how to achieve this by unlocking the 

body plan and enabling feedback to occur between assembly definition, 

shaping and structural analysis in the FAHS modelling pipeline. [84] 
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Figure 5.4: The interactive Rhino/Grasshopper modelling and analysis pipeline in which assembly 

definition is an iterative process and has feedback connections from shaping and analysis. A toggle 

enables the designer to switch between shaping and calibrated modelling Kangaroo goals on the fly. 

[Image: Anders Holden Deleuran] 

In this context the term hybrid structure is used to describe a structure in which the 

internal forces are assigned to materials or components to which they are best suited. The 

term form-active was coined and popularised by Heino Engel in Structure Systems [87] 

and refers to structural systems whose shape is determined and stabilized by elements in 

a single stress state (i.e. pure tension or compression). Typically, traditional membrane 

structures are supported at their edges either by tensioned cables with negligible bending 

stiffness or by edge beams/foundations with extremely high bending stiffness. In FAHS, 

tensile elements (cables or membrane) are supported at their edges by actively-bent 

slender rods. Edges with relatively low bending stiffness in combination with tensile 

elements of high stiffness present a substantial computational challenge in terms of 

finding stiffness-dependent shapes which feature large initial deformations from shaping. 

If designed well, FAHS can offer high global stiffness, low self-weight and complex 

spatial configurations from initially flat or straight components. The most successful 

structures of this type on the macro scale are perhaps the conventional tent and umbrella. 

In literature substantial work has been carried out on the design and analysis of FAHS 

[88]–[92]. However, until now it has been difficult to design them freely in the digital 

environment because structural analysis had to be carried out in a different program to 

that of the geometric design. The exploration and development of FAHS is valuable 

because of their potential to improve the performance of buildings in terms of efficiency 

of material usage. 
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Figure 5.5: Screenshot of the tower prototype. The modelling pipeline relies on the ability to quickly 

switch Rhino layers using the status bar (below) and through exposing primary pipeline controls via the 

Grasshopper Remote Control Panel (right). [Image: Anders Holden Deleuran] 

The full potential of hybrid structures can only be unlocked with a tool which facilitates 

their design in a geometrically flexible environment (e.g. Grasshopper) and which 

simultaneously provides immediate feedback to the designer in terms of structural 

performance (e.g. Kangaroo). The application potential of the modelling pipeline and 

simulation method presented here reach far beyond FAHS. 

The modelling and simulation methods presented here were implemented at a ‘cluster’ at 

the SmartGeometry conference in Gothenburg 2016. In just two days, participants learned 

how to use the digital tooling and designed a tower based on the principles of FAHS. The 

tower was built in the subsequent two days. The 5.5 m hybrid tower was made from GFRP 

rods of 6 mm diameter and restrained by 6 mm wide polyester strapping bands. The tower 

weighed just 7 kg and deflected roughly 6 mm under its self-weight. It is claimed that a 

designer would not be able to develop and generate the complex spatial geometry or the 

highly effective hybrid restraint of the tower using existing means of sketching, modelling 

and analysis in such a short period of time. As such this hybrid tower, and the speed with 

which it was designed and analysed, is presented as evidence of the method’s success. 
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Figure 5.6: 5.5m tall FAHS tower designed and built in just three days using the documented method 

demonstrating its success. [Photo: Marc Webb] 

A similar workshop was conducted for the 2016 Hello Wood workshop in Hungary. The 

added challenge here was in using slender members made from timber which are more 

prone to failure under high curvatures than GFRP. This workshop lasted for more than a 

week, but the majority of the participants were novices to parametric modelling and yet 

dozens of successful and visually striking FAHS were designed and built. 

 

Figure 5.7: FAHS made from slender timber strips and polystyrene strapping bands at the 2016 Hello 

Wood workshop in Hungary. 

5.2.2 Augmented Reality Structures (StructAR) 
StructAR is a prototypical tool in which users interact with physical objects (educational 

structural systems such as portal frames, cantilevers and beams) which are visually 

augmented by means of projected images of a synchronous simulation of the same 

system. The visual augmentation provides the user with immediate insight into the 
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systems’ structural performance by displaying internal forces (bending moments, axial 

forces and shear forces) as well as reactions resulting directly from the user-imposed 

deflections. This prototype provides an arguably more engaging and intuitive way in 

which to interact with and learn about structural systems and principals than comparable 

teaching aids and again helps to demonstrate the power and versatility of a projection-

based DR solver particularly with respect to large deformations and on-the-fly 

simulations. 

5.2.2.1 Concept 
Many digital and physical aids exist for the teaching of structural engineering principals. 

Physical aids such as sponge blocks or hanging chains can help students develop an 

intuition for structural behaviour via tactile response whereas computer-based aids such 

as PushMePullMe [93] and Stiff [94] can be very effective in developing an intuition for 

the distribution of internal forces and reactions of structural systems and can support the 

teaching of theoretical principals. 

The augmented reality (AR) prototype presented here succeeds in combining physical 

interactions with digital simulations in a colourful, intuitive and engaging educational 

experience. Early feedback on the prototype’s potential has been very positive and further 

trials of the system in classroom settings are planned. 

 

Figure 5.8 StructAR prototype showing a user physically interacting with small structural frame made 

from GFRP rods. The physical objects are augmented by a projected overlay of internal forces from the 

same structural system. 

5.2.2.2 Technical realisation 
The software for the prototype was written in the Rhino / Grasshopper environment in 

which the physical simulations are powered by Kangaroo, the tracking of physical objects 

is powered by reacTIVision [95] (an open source tracking framework for fiducial 

markers), and custom scripts were written in Python and C#. 
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Figure 5.9 A typical demo featuring four different portal frame systems. Proximity sensors were scripted 

to detect when the user’s marker is close to a particular portal frame thereby activating only that system 

to avoid wasting processing power on inactive structural systems. 

5.2.2.3 Physical objects 
In this prototype the physically interactive structural objects were entirely passive in 

terms of the simulation. Their deflections were not recorded or fed back to the computer 

in any way. Instead the computer simulates the same system in parallel based on the 

recorded position of the pointer. The scale of the objects as well as the user being forced 

to interact with them in large deliberate movements effectively eliminates any chance of 

significant deflection discrepancies between the two. Using the pointer also ensures a 

single (and computationally lightweight) imposed load. Ultimately however a 

developmental target for this system should be direct tactile interaction by hand. 

The projection surface of the system is a 1.4 m wide and 1 m high plywood board with 

an array of holes every 20 cm in which custom pin, roller and rigid supports can be 

attached. The pin support is made from steel eyelets welded to M6 bolts. The roller 

support is a ball bearing roller from the curtain industry. 3 mm GFRP profiles were used 

for the structural systems. These feature a suitably high stiffness providing the user with 

a good amount of haptic resistance upon interaction. PVC foam board was also tested 

which, in a dark colour, offers better visibility but results in substantial material wastage 

due to the parts being cut out from larger panels. 
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Figure 5.10 Physical solutions for a pin joint (left), a rolling support (centre) and a rigid corner (right) in 

combination with 3mm GFRP rods. 

5.2.2.4 Interfacing 
The Firefly plug-in for Grasshopper features many gateways to multiple forms of digital 

input including between Grasshopper and the open source reacTIVision framework for 

fiducial markers. reacTIVision is able to detect the position and ID of these markers from 

a webcam image feed. The projection board has a printed marker at each corner so that 

even if the recorded webcam image is distorted or misaligned, the rectangular plane of 

the board is tracked, and the position of the user-controlled marker is remapped to u/v 

coordinates independent of any optical distortions. This setup determines coordinates in 

two degrees of freedom; other fiducial libraries (such as ARTag) are able to record further 

DOF which are not necessary here. 

Fiducial markers are just one of many potentially viable tracking methods for a user-

controlled marker on a 2D plane. Methods which require no (or less demanding) image 

processing, such as infrared LEDs or capacitive signals, could speed up the processing 

required for tracking which is currently the computational bottleneck of the prototype. 

5.2.2.5 StructVR 
StructVR was developed as a progression from StructAR as an immersive and fun virtual 

environment to assist in the teaching of structural engineering theory by allowing the user 

to virtually interact with and impose deflections on a wider variety of structural systems 

(e.g. portal frame, truss, bridge, cable net, cantilever, tower etc.) and then to observe the 

systems’ deformation pattern and the distribution of internal forces and reactions which 

are rendered in real-time directly in the high-fidelity virtual environment. 
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Figure 5.11 Working prototype of StructVR with sample structures of a truss (left) rendering axial forces 

and a stabilised frame (right) rendering bending moments under user-imposed deflections also showing 

the controller-anchored GUI. 

5.2.2.5.1 Implementation 
The core implementation concept for StructVR is to perform structural calculations with 

Kangaroo in the Rhino / Grasshopper software environment (this includes parametric 

geometry definition, discretisation, dynamic equilibrium, mechanics, forces…) and to 

perform the rendering of all visual assets and the handling of the virtual environment in 

a gaming engine. Good gaming engines can render high fidelity 3D structures in real-

time. While it would feasible to write a proprietary engine in OpenGL, Unity was selected 

because of the shared C# scripting language, its extensive features and the ease with 

which it can be linked to other programs. 

The StructVR prototype was developed using Rhinoceros 3D version 5 which cannot 

render visual assets directly in the Rhino viewport due to the demands on framerate and 

resolution for the VR headset. Since the release of Rhino 6 however, the graphical 

capabilities of the viewport have been greatly improved and an in-house RhinoVR plugin 

has already been released [96] which has the potential to greatly simplify the 

implementation presented here. 

Since C# is the native programming language for both Unity and the Kangaroo library, it 

would in theory be feasible to implement the Kangaroo library directly from within Unity. 

However, due to the licensing agreement between Kangaroo and McNeel, the Kangaroo 

solver core is not yet executable without Grasshopper. 

Highly capable physics engines already exist within Unity (such as Havok) and could also 

potentially be used to create interactive virtual reality structures. However, Kangaroo’s 

projection-based dynamic relaxation solver was developed from the outset as a versatile 

physics engine which can be directly governed by mechanically correct finite element 
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formulations. Computer game physics engines on the other hand tend to be fast, look good 

but only exhibit arbitrary or approximate stiffness properties. 

Furthermore, Kangaroo is vastly enhanced by its native environment of Rhino / 

Grasshopper (and vice versa). Kangaroo’s goals can make full access of Rhino’s 

extensive RhinoCommon library which features many powerful and versatile geometric 

functions. For example, this could be checking whether a vertex is inside a mesh, finding 

closest points to objects or any number of Boolean operations.  

In fact, it is the different strengths of each software environment and their combination 

which is synergetic to the realisation of the core concept presented here for virtual reality 

structures. These include: 

• The geometric power and scripting versatility of Rhino / Grasshopper 

• The mechanical precision and speed of Kangaroo’s DR solver 

• The high-fidelity VR performance and design suite of Unity 

 

Figure 5.12 Software and functionality map for the StructVR prototype. 

5.2.2.6 StructMR 
Further to StructAR (augmented reality) and StructVR (virtual reality), an early prototype 

for StructMR (mixed reality) was implemented thanks to the Fologram plugin [97] for 

Grasshopper which facilitates easy interaction with the Microsoft Hololens headset. 

Mixed reality headsets currently offer a lower quality of visual fidelity than high-end VR 

kits but promise a unique and expansive application potential. The engaging and 

interactive user experience of these prototypes is not easily conveyed via images. The 
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ability to impose deflections and observe the immediate structural impact is not only 

thrilling as a user, but also highly educational. 

 

Figure 5.13 StructMR (mixed reality) prototype using the Microsoft Hololens and Grasshopper plugin 

Fologram: 3rd person perspective. 

 

Figure 5.14 StructMR (mixed reality) prototype using the Microsoft Hololens and Grasshopper plugin 

Fologram: 1st person perspective showing pinch gesture interaction with virtual simulation with bending 

moments (left), axial forces (middle) and reactions (right).  

  



Chapter 6: Experimental Results 

Gregory Quinn   49 

6 EXPERIMENTAL RESULTS 

This chapter presents experimental results covering four main investigative topics relating 

to the pneumatic erection of elastic gridshells, namely: shape, existing erection methods, 

physical models and erection simulation of the novel method. For the digital simulations, 

flowcharts are provided which show the methods and software adopted for that particular 

simulation and modelling pipeline. These flowcharts summarize the logic behind, and the 

implementation of, each simulation. The main software packages and scripting languages 

are referenced in the flowcharts with coloured icons (Figure 6.1). 

 

Figure 6.1 Primary software environments used for the modelling & simulation pipelines. From left to 

right: Grasshopper, Python, C#, Kangaroo, SOFiSTiK. 

Several other Grasshopper plugins were made use of regularly too (in particular 

STiKBug, Human, as well as Grasshopper user objects and components from Kangaroo 

0.099).  

6.1 Funicular · Pneumatic · Elastica  
The funicular, pneumatic and elastica forms lie at the very heart of this thesis. Gaining an 

understanding of these individual shapes and, when combined, their influence on one 

another is central to developing solutions for the proposed novel erection method. This 

sub-section attempts to provide that in the form of three distinct digital simulation studies. 

6.1.1 The Funicular Form 
Designing the architectural shape of a shell structure is usually achieved by means of 

digital or physical form-finding. Typically, the objective is to achieve a form which 

maximises the compressive component and minimises the bending component of the 

strain energy i.e. to feature exclusively or predominantly compressive forces in the 
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structural members or continuum. Such a shape is typically referred to as the funicular 

[98]. An ‘optimum’ form in shell structures is elusive due to the reality of multiple and 

compound external loading cases as well as the intricacies of material behaviour, however 

under certain loading and boundary conditions, a funicular shape is usually a good starting 

point for all shell structures. In this thesis the term funicular is adopted in reference to the 

target architectural surface generated by means of digital form-finding. 

 

Figure 6.2 Regular quadrilateral lattice hanging chain model for the Multihalle Mannheim [99]. 

Commonly and historically, shells are form-found with a hanging chain model often 

implemented by means of the Force Density Method [100], [101] however other digital 

form-finding methods exist and have been well summarized by others including Jiang 

[102]. A key distinction between form-finding techniques is whether discrete (one 

dimensional finite) elements, as per the hanging chain [103] and thrust network analysis 

[104], or continuous elements are used and whether the method features additional steps 

for structural optimisation and / or considerations of shell stability. Aish et al. [105] 

provide a comprehensive summary on some of the most typical form-finding techniques 

for shell structures and present their method for using variable isotropic membrane stress 

for generating continuum shells of varying shell thickness for given material and 

boundary conditions. Similarly Bletzinger et al. [106] present funicular form-finding 

methods combining surface finite elements with hanging chain principles and structural 

optimisation [106].  

Elastic gridshells may be regarded as a sub-category of shell structures featuring certain 

characteristics which should be considered when designing and form-finding their shape. 

Due to the rhomboid shear distortion of the equal-edge-length quadrilateral mesh faces in 

the doubly curved end-state, the self-weight of an elastic gridshell is not evenly 

distributed (unlike that of a continuum shell of constant thickness). More importantly, the 

elastic bending of the beams results in residual stresses which affect the unrestrained 
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equilibrium shape of the gridshell as well as its structural performance. The influence of 

the residual bending stresses on the system will vary significantly depending on shape, 

size and material of the elastic gridshell in question. A summary of form-finding 

techniques for elastic gridshells is provided by Hernandez [12]. Essentially, one may 

choose to allow bending stresses to influence the architectural shape and the form-finding 

of the elastic gridshell [16], [107], [108] or not. As the span of elastic gridshells increases, 

the effects from residual elastic strain reduces. Given that elastic gridshells will be 

subjected to loads other (and likely more dominant) than their own self weight, the form 

of the shell represents only one aspect influencing its structural efficiency and capacity. 

Many other features (such as number of layers, section sizes, density, bracing cables, 

openings etc.) are of equal if not higher significance.  

In this thesis a sensible, simple and architecturally effective reference shape for the 

architectural form was desired that does not require time-consuming or computationally 

elaborate form-finding methods (form-finding is not the focus of this thesis). Since the 

chosen architectural design features an amoeba-like nodular shape with 120 ° rotational 

symmetry, a priority for the form-finding method was that it not exhibit directional bias 

(or bulges). Furthermore, a form-finding method that could be achieved within the 

existing Grasshopper / Kangaroo software environment was desirable in order to reduce 

dependency on additional software and to reduce complexity of the digital pipeline. 

6.1.1.1 Modelling & Simulation Pipeline 

 

Figure 6.3: Modelling pipeline flowchart: Perimeter design, funicular form-finding and Chebyshev re-

meshing. 
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The form-finding approach in this work is contextualised heavily by the software 

environment, the design intent and the geometry requirements for creating an elastic 

gridshell. First a perimeter shape is generated by means of differently sized circles and 

tangent arches. The undulating perimeter intentionally serves to create architecturally 

valuable nodes in plan and to create a shell with constantly changing double curvature 

(corrugation) which is known to improve the geometric stiffness of a shell [109]. This 

perimeter boundary is then meshed as a regular quadrilateral mesh and trimmed at the 

boundary or as an semi-regular triangulated discrete mesh inside the boundary (via 

Plankton’s meshmachine component [110]). Using Kangaroo, the edge vertices of the 

mesh are restrained, and a vertical tributary force is applied to the vertices of each mesh 

face which adapts to the changing size of the elements at each iteration of the dynamically 

relaxed solution and so represents a non-linear problem. Once the funicular mesh has 

been form-found, the vertices of the mesh are extracted and used to generate a continuous 

NURBS surface approximation of the funicular shape. This is necessary because in the 

final step a continuous (and smooth) reference surface which extends below the ground 

plane is required for the re-meshing of the surface according to Chebyshev. For this 

Chebyshev re-meshing, a plugin developed by du Peloux [9] was used extensively. 

Finally, the members below the ground plane are trimmed resulting in the reference 

geometry for the elastic gridshell. In this approach elastic bending does not influence the 

form-finding of the funicular shape. 

 

Figure 6.4 Funicular form-finding of quadrilateral and triangulated meshes using Kangaroo. 

trimmed regular quadrilateral mesh

semi-regular iteratively remeshed Delaunay triangulation
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6.1.1.2 Effect of Mesh & Form-Finding on Directional Bias 
Typically digital hanging chain models make use of discrete quadrilateral meshes since 

these are free of shear stiffness, however discrete triangulated meshes with lumped-at-

edge stresses [111] or elements accounting for polyhedral stress potential [112] have been 

used to great success for funicular form-finding. 

Here, directional bias (or tendency to bulge asymmetrically) is compared between 

funicular form-found discrete meshes with lumped-at-edge quantities for both 

triangulated and quadrilateral meshes. Also compared is the influence on directional bias 

due to the target length input for Kangaroo’s length goal (i.e. spring element). By setting 

the target or rest length of Kangaroo’s length goal as zero, one recreates the force density 

method (FDM) within Kangaroo’s projection based dynamic relaxation solver. If the rest 

length of a spring element (length goal) is zero and the element stiffness is determined as  

𝑘𝑘𝑖𝑖 =
𝐸𝐸𝐴𝐴𝑖𝑖
𝑙𝑙𝑖𝑖,0

 

we have constant force density in the elements since extension 𝑥𝑥𝑖𝑖 is the same as element 

length 𝑙𝑙𝑖𝑖 . By defining the rest-length of the spring element (length goal) as its initial 

topological length we are effectively simulating the Potential Energy Method (PEM). The 

actual stiffness properties used here were arbitrary as too were the vertex loads. The 

vertex loads were manually and iteratively modified until the span-to-height ratio was 3:1 

to a precision of 0.1 % or less. As such the directional bias from each of the methods was 

compared directly by rotating the mesh 120° about its centre then measuring and plotting 

the distance between both meshes. 
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Figure 6.5 Directional bias of form-found quadrilateral mesh via PEM & FDM in Kangaroo. 

Comparison between Figure 6.5 and Figure 6.6 clearly shows how the FDM approach 

results in less directional bias with only 14 mm deviation in the quadrilateral mesh and 

80 mm in the triangulated mesh. It is also clear to see in plan that in the FDM approach, 

the mesh only distorts in the Z direction and not on the horizontal (XY) plane. The 

different element stiffnesses in the PEM approach result in the grid behaving 

(understandably) like a physical net under load-imposed displacements. The triangulated 

mesh exhibits less directional bias than the quad mesh in PEM but exhibits more 

directional bias than the quad mesh in FDM. While the semi-regular mesh with lumped-

at-edge quantities approximates an isotropic surface, unlike the quad mesh it features 

shear stiffness due to its triangulation. The global directional bias in the triangulated mesh 

can be attributed to this shear stiffness. Clearly, form-finding using a quadrilateral mesh 

using the FDM features the highest precision and lowest level of directional bias and as 

such should be the preferred method for this work. However due to the speed and simple 

integration of Kangaroo’s meshmachine component for triangulated meshes and due to 

the fact that chronologically these findings were determined at a later stage, triangular 
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meshes were used for the form-finding of all reference surfaces in this work. Furthermore, 

the maximum deviation / error 80 mm represents only 0.6 % of the shell’s span and so is 

quite insignificant. 

Additionally, it should be noted that a small amount of mesh smoothing was applied to 

the form-found triangulated mesh using Kangaroo’s ‘smooth’ goal to reduce surface 

roughness. 

 

Figure 6.6 Directional bias of form-found triangulated mesh via PEM & FDM in Kangaroo. 

Interestingly, as shown in Figure 6.7, if we take an ‘ideal’ form-found reference surface 

(in this case by means of a triangulated mesh) and re-mesh the surface with a Chebyshev 

net and proceed to hang or relax this net as a hanging chain (with high stiffness elements 

and nominally low vertical loads), we observe once again directional bias despite a 

precise funicular starting geometry. This further highlights the influence of starting mesh 

topology of discrete hanging chain models on their funicular form as has been well 

documented elsewhere in literature.  
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Figure 6.7 Directional bias between a close-to-ideal form-found triangulated mesh (yellow) and a 

hanging chain (black) of extremely high stiffness generated by means of a Chebyshev net directly on the 

form-found surface. 

6.1.2 2D Shape Comparison 
As shown by Lienhard [92] and others [6], [113], deviation between the funicular, circle 

segment and elastica is minimal for low height-to-span (or high span-to-height) ratios and 

the funicular form is much more efficient in terms of load-bearing capacity for evenly 

distributed vertical loads. If self-weight is not considered, the circular arch and pneumatic 

inflated line are identical for such curvature studies in two dimensions. The digital study 

presented here shows the same comparison but for a larger range of span-to-height ratios 

and the geometric deviation between these three forms is investigated in greater detail. 

For each dataset a catenary curve is generated for a given span-to-height ratio from which 

an elastic and pneumatic curve of equal length is generated. In total 110 datasets were 

sampled. 
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6.1.2.1 Modelling & Simulation Pipeline 

 

Figure 6.8: Modelling pipeline flowchart: 2D shape comparison. 

An advantage of the Kangaroo length (and rod) goal is that one can easily define a target 

length for a spring element. Here a target length is defined as the only input variable. 

From this target length, three separate (zombie) Kangaroo solvers find the funicular, 

pneumatic and elastica forms each with their respective applied forces. Since self-weight 

is not considered, this simulation is independent of scale, stiffness and load magnitude 

and so these values may be arbitrarily defined. However, suitable values for axial and 

bending stiffness as well as suitable load values were chosen such that axial extension of 

the curve segments was always less than 0.1 % and such that the vertical load is sufficient 

to overcome geometric stiffness and initiate deformation at lower ratios. The height-to-

span ratio referenced is that of the funicular curve. Defining all three curves to be equal 

in length ensures optimal conditions for a comparison of their respective geometric 

deviation. The geometric deviation was measured as the average distance between the 

individual 51 discrete nodes of the elastica and pneumatic curves with respect to the 

funicular curve. 

6.1.2.2 Results 
It is shown that the geometric deviation for both the funicular-pneumatic and the 

funicular-elastica relationships follows a predominantly linear trend with the funicular-

pneumatic relationship exhibiting the highest values of deviation. The pneumatic form 
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deviates more from the funicular source than the elastica form and this deviation diverges 

as the span-to-height ratio increases. 

At a ratio of 1:6 the maximum deviations are less than 1 %. At 1:3, the pneu deviates by 

a maximum of 1.4 % and the elastica by a maximum of 0.4 %. At 1:2, the pneu deviates 

by a maximum of 2.5 % and the elastica by a maximum of 1.3 %. At 2:3, the pneu deviates 

by a maximum of 7.0 % and the elastica by a maximum of 3.1 %. At 1:1, the pneu deviates 

by a maximum of 27.2 % and the elastica by a maximum of 18. 6%. At 3:2, the pneu 

deviates by a maximum of 41.3 % and the elastica by a maximum of 27.6 %. 

 

Figure 6.9 Deviation between the funicular, pneumatic and elastica curves in two dimensions for a large 

range of span-to-height ratios. 
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6.1.3 3D Shape Comparison 
While the results from the 2D shape comparison are valuable, the behaviour of the shapes 

in three dimensions is significantly more complex. Unlike the previous 2D shape 

comparison which was independent of scale and stiffness, this 3D shape comparison is 

based on real scale, stiffness and self-weight.  

6.1.3.1 Modelling & Simulation Pipeline 

 

Figure 6.10: Modelling pipeline flowchart: 3D shape comparison. 

In this simulation a funicular mesh is generated as described in 6.1.1 to the desired span-

to-height ration. Grasshopper’s patch component then approximates a NURBS surface 

from the vertices of the form-found mesh. This funicular reference surface is used to 

assess its curvature as detailed in the results that follow. The funicular reference surface 
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is also re-meshed with a Chebyshev grid to provide the topology for the relaxed elastica 

part of the simulation. The rods of the elastica in this simulation are based on the same 

15 mm GFRP rods from the full-scale prototypes (see chapter 7) with span of 14 m, a 

Young’s Modulus of 38 GPa and a grid spacing of 40 cm. The elastic gridshell is 

supported at its edge, subjected to self-weight and relaxed using a Kangaroo zombie 

solver resulting in a deformed shape dependent on the complex interaction between 

multiple slender elements pinned together (i.e. a compliant mechanism). The vertices of 

the gridshell elements are again used to approximate a reference surface for the elastica 

for comparison. For the pneumatic form, the form-found funicular mesh is simply 

assigned new membrane stiffness and self-weight properties and subjected to the trigger 

pressure (see 6.4.4) of the geometry in question and also solved by means of a zombie 

Kangaroo solver.  

In order to compare the shape-dependent resistance to buckling for these different shapes, 

the approximated reference surfaces were then re-meshed with a Catmull-Clark 

subdivision to supply SOFiSTiK with a quadrilateral mesh for the buckling analysis. 

It should be noted that the (patch) surface approximation at lower span-to-height ratios 

(i.e. taller shells) became less accurate due to the high rates of curvature change on the 

surface. 

6.1.3.2 Results 
Figure 6.11 to Figure 6.13 show in detail the mean curvature distribution and a 

superposition of the funicular, pneumatic and elastica forms for height-to-span ratios 

ranging from 1:6 to 1:1. Three different amoeboid boundary configurations were 

investigated: circular or 1 node (Figure 6.11), 3 nodes (Figure 6.12) and 5 nodes (Figure 

6.13). These boundary shapes were selected in an attempt judge the effects of curvature 

change (undulation) on shape deviation and shell performance for the three forms under 

investigation. Also, the amoeboid shapes are in keeping with the architectural design 

language developed for the SheltAir prototypes and overall shelter concept. 

We can observe that for lower heights, the amount of curvature variation is at a minimum. 

As the height of the shell increases, so too widens the distribution of mean curvature. The 

crown of the shell unsurprisingly features the highest convex curvature and subsequently 

this too is where deviations between the three forms tend to be largest. If we observe the 

funicular (red) / pneumatic (blue) overlay in Figure 6.11 we see how the exposed red 

crown increases in size as the pneumatic form tends to balloon outward while the 
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funicular becomes more pointy. Figure 6.11 also demonstrates very well the orthogonal 

or grid-aligned deformation patterns of the gridshell in comparison to the rotationally 

symmetric funicular form. From edge to apex, the deformed quadrilateral gridshell 

deviates first inwardly then outwardly and finally inwardly again. This is somewhat 

different to the outward-inward pattern of the simpler 2D analysis in the previous section. 

As the height-to-span ratio approaches 1:1, the deviation pattern becomes more complex. 

This is true for all node count variants (i.e. 1, 3 & 5).  

The pneumatic form tends to develop creases at higher height-to-span ratios and 

subsequently the precision of approximating a NURBS surface from mesh vertices 

decreases. 
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Figure 6.11 Curvature distribution and shape overlay for a range of height-to-span ratios showing 

deviation of single node shell. Funicular: red, pneumatic: blue and elastica: green. 
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Figure 6.12 Curvature distribution and shape overlay for a range of height-to-span ratios showing 

deviation of three-node shell. Funicular: red, pneumatic: blue and elastica: green. 
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Figure 6.13 Curvature distribution and shape overlay for a range of height-to-span ratios showing 

deviation of five-node shell. Funicular: red, pneumatic: blue and elastica: green. 
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Figure 6.14 Average and maximum absolute deviation of the pneumatic form from the funicular form for 

a range of span-to-height ratios and nodal configurations. 

Figure 6.14 plots the maximum and average deviation between the pneumatic and 

funicular forms revealing quite clearly the consistent trend of larger deviation for taller 

shells.  

Critically however the average deviation doesn’t exceed 111 mm which in real terms is 

less than 1 % of the 14 m span – this is in fact very low. The maximum deviation is 

465 mm for the tallest shell with three nodes. In fact, the shell with 3 nodes features the 

highest deviations due to its higher mean curvatures. Shapes with higher curvatures and 

curvature changes will tend to flatten under pneumatic load unless the shape and/or 

stiffness distribution of the initial-state membrane is adapted to compensate for this effect. 

average
maximum
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Figure 6.15 Average and maximum absolute deviation of the elastica form from the funicular form for a 

range of span-to-height ratios and nodal configurations. 

Figure 6.15 plots the maximum and average deviation between the elastica and funicular 

forms. The deviation is shown to follow an increasing trend for increasing heights but 

only for the 3 and 5 node configurations. The single node (circular) configuration actually 

features higher deviation at lower heights with a tendency towards a decreasing trend for 

increasing heights. The lower mean curvature (and curvature variation) in the single node 

variants grants the gridshell greater pliability and freedom to adhere to the desired relaxed 

state of the individual members (i.e. straight) which subsequently enforces the orthogonal 

deflection bias of the whole gridshell. The fact that more double curvature actually helps 

to reduce global bending-induced deviation from the funicular form is a significant 

finding. 

average
maximum
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Figure 6.16 Average bending stress utilisation for 15 mm GFRP gridshell rods at 40cm spacings for a 

range of span-to-height ratios and nodal configurations. 

Evaluating the curvature-dependent residual bending stress in the members of an elastic 

gridshell and subsequently its reserve capacity for external loading is a critical design 

step. Figure 6.16 shows clearly the correlation between curvature and residual bending 

stress consistently across each of the nodal configurations. A key observation here is that 

despite resulting in lower geometric deviation from the elastica form, the higher 

curvatures of a more architecturally desirable 3-node configuration contrastingly result in 

higher residual bending stresses and so will impact the decision-making process during 

design. 

 

average
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Figure 6.17 Eigenvalue buckling load (as a factor of self-weight) of the funicular and elastica shapes 

based on a continuous 40 mm concrete shell approximation of their surfaces. 

The study plotted in Figure 6.17 provides an indicative and quick impression of the shells’ 

inherent shape-dependent buckling capacity. The funicular and elastica shapes are 

exported to SOFiSTiK where a relatively simple Eigenvalue buckling load (as a factor of 

self-weight) is calculated for a continuum shell made of 40 mm concrete. Unlike other 

studies which actually determine the buckling behaviour gridshells with residual stresses 

[15], this study gives an indication of simplified shape-related buckling behaviour. Figure 

6.17 clearly shows that the single node shell offers the highest inherent buckling capacity 

with the funicular (red) shape performing better than the elastica (green) shape. Both the 

3-node and 5-node shapes however perform less well. Significantly however, across all 

three shape configurations the height-to-span ratio of 1:3 tends to offer the maximum 

funicular
elastica
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possible buckling capacity providing yet another justification for selecting this 

architectural ratio. 

6.1.3.3 Bias of Elastica Orientation 
Hernandez shows how the orientation of the grid has an influence of target deviation for 

the relaxed elastica gridshell and subsequently on residual stresses [12, p. 68]. Grid 

orientation can greatly affect beam curvatures and stresses particularly for long and thin 

shells such as the Weald & Downland gridshell. For shapes which have more rotational 

symmetry and curvature change, the extremity of this effect is reduced as shown in Figure 

6.18. Grid orientation is yet another important variable in the design of elastic gridshells. 

 

Figure 6.18 Effect of grid orientation on deviation between funicular target (red) and relaxed elastica 

(green). For the SheltAir geometry, this effect was negligible, but the patterns are clearly legible. 

6.2 Comparison of Existing Erection Methods 
There are three tried and tested ways to erect an elastic gridshell: ‘lift up’, ‘push up’ & 

‘ease down’. The practicality of each method and the effect on structural behaviour varies. 

While the benefits and caveats of each erection method have been compared qualitatively 

in chapter 3, this chapter provides a quantitative comparison thereof. 

A series of finite element simulations were developed in order to compare existing 

established erection methods using the global-stiffness based FEM package SOFiSTiK. 

Chronologically, these simulations were among the first completed for this thesis, long 

before work with DR had begun.  

A case study was performed on a dome with a 30 m span and a 10 m pitch. The dome has 

constant convex double curvature (i.e. spherical) and a grid member spacing of 1 m. No 

funicular target shapes were used here. The dome is made of a single layer of timber laths 

with a Young’s modulus of 7970 N/mm2 and a square cross section of 50 x 50 mm (same 

as the Hemlock Pine laths in the Multihalle Mannheim). This dome represents a stiff shell 

shape which was consciously chosen for its simplicity and the subsequent freedom it 

grants to focus on other test variables. An assumed node weight of 400 g (3.92 N) is based 

0° 30° 45° 60°
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on a slightly modified and lighter version of the steel bolt and plate node from the 

Downland gridshell [3]. A span of 30 m was selected at this early stage for its suitably 

architectural scale and because at this point the prototypes had not yet been planned. 

 

Figure 6.19: Span and height of case study dome made from a single layer of 50x50mm timber laths. 

While the number of lifting points for cables in the ‘lift up’ method or spreader beams in 

the ‘push up’ method is arbitrary and dependent on subjective design choices, a sensible 

total of 12 lifting points was defined in order to ensure a fair comparison between the 

erection methods. 
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6.2.1 Modelling & Simulation Pipeline 

 

Figure 6.20: Modelling pipeline flowchart: Comparison of erection methods (global stiffness approach). 

The key processes of the simulation approach are illustrated as a flow chart in Figure 6.20 

with reference to SOFiSiTiK’s specific programming modules such as ‘ase’ and 

‘sofimsha’. This process varies slightly for the different erection methods. 
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6.2.1.1 Partial & Fully-Restrained Model 
In order to increase speed and stability of the calculation in the case study, only a quarter 

of the gridshell was simulated by means of appropriate support conditions, see Figure 

6.21. 

 
Figure 6.21: Vertically unrestrained but rigidly connected boundary conditions for the quarter model of 

the case study geometry. 

6.2.1.2 Coupling Elements and Contact Springs 
Unlike most finite elements in SOFiSTiK, the spatial orientation of springs and coupling 

elements does not update after each iterative load step. Instead their originally-defined 

orientation is maintained. Subsequently coupling elements cannot be used to simulate the 

pinned connection between the beam layers. Instead custom cross section properties (with 

very high bending stiffness and very low torsional stiffness) are defined for connecting 

beam elements. This custom ‘bolt’ element ensures accurate rotational freedom and 

transfer of all other forces and moments at the pinned connections. 

 
Figure 6.22: Custom section properties for ‘pin’ beam connector elements between timber lath layers. 

During the simulation of the erection it is important that the laths make contact with the 

ground in order to accurately recreate the draping effect. Without this effect, incorrect 

curvatures would be generated for the beams. A custom working law was defined for the 

contact springs which are very stiff under compression but inactive under tension (Figure 

6.23, left). The orientation of the floor contact springs is defined vertically (Figure 6.23, 

right). 
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Figure 6.23: Contact springs defined with a custom compression-only working law (left) for collision 

simulation with the ground (right). 

6.2.1.3 Erection Stages 
For both the computational and physical models, the erection was divided into three 

separate stages: 1) erection, 2) beams to supports, and 3) relax. In the second phase the 

beam ends are pulled to their respective support coordinates in the simulation by means 

of single-element cables with very low transient stiffness properties such that under 

increasing load increments of pre-stress they shorten in length; i.e. the elastic cable 

approach [114]. Cables converging to zero length is not computationally feasible. The 

average geometric deviation between the beam-ends and the target support points after 

cable contraction was 77 mm for the ‘lift up’ method (0.26 % of 30 m span) and 42 mm 

for the ‘push up’ method (0.14 % of span). Such small deviations of the support positions 

are considered to have negligible effect on the global stiffness of the structure. For ‘ease 

down’ the cables are not used, instead the grid nodes are free to slide on the XY plane 

and only the Z coordinate is manipulated. So, there was effectively zero geometric error 

at the support points for ‘pull down’. 

The erection process was simulated in full only for the established erection methods (‘lift 

up’, ‘push up’ and ‘ease down’). For the ‘inflate’ method, the complexity of simulating 

an initially deflated and arbitrarily crumpled cushion that inflates while making 

indiscriminate contact with a grid of laths subject to large deformations proved too high 

within the constraints of SOFiSTiK. However, a successful approach was developed to 

simulate the final end-state interaction between a pre-inflated cushion and the self-weight 

of an actively bent grid with embodied strain energy as detailed in section 6.4.1. 
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6.2.2 Analytical Results 

6.2.2.1 Comparison of Erection Methods 
As can be observed in Figure 6.24, the simulations show categorically that, of the 

established erection methods, the ‘lift up’ method is most likely to result in overstressing 

of the laths during erection. The maximum stress of the laths for the ‘lift up’ method is 

significantly higher than in the shell’s final state. So much so, that the ultimate strength 

of the material is exceeded which can lead to breakages or permanent damage in the laths; 

a phenomenon that was documented to have occurred in the Essen gridshell, in the 

Multihalle Mannheim and even to a small extent in the Downland & Weald gridshell, as 

detailed in chapter 3. The results also demonstrate clearly that the ‘ease down’ method is 

seemingly the most controlled, the most precise and also the least strenuous on the laths. 

The bending stresses do not peak during erection, but instead rise in a controlled manner. 

Multiple contact points from the scaffold are much more effective at spreading forming 

loads than clustered point loads from lifting cables and pushing platforms. However, it 

should be noted that simulation approach for ‘ease down’ is in fact too forgiving: in reality 

the PERI scaffolding jacks would not provide a perfect sliding plane restraint but instead 

could introduce significant (potentially even excessive) constraining forces at the beam 

tips. 

 

Figure 6.24: Maximum (black) and average (blue) bending stress in the timber laths for three established 

erection methods. Ultimate strength for C40 timber shown in red (dash-dot). 
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Figure 6.25: Equally-scaled stress distribution plots shown at the end of phase 1 (erection) for the ‘pull 

up’ (left), ‘push up’ (middle) and ‘ease down’ (right) methods. Dominant stress concentrations can be 

seen in the ‘pull up’ and ‘push up’ methods whereas the ‘ease down’ method shows evenly distributed 

stresses. Only beams in one of the two directions are show here for graphical clarity. 

6.3 Scaled Physical Prototype 
In parallel with FE simulations, a physical model was used to perform a first ever erection 

of an elastic gridshell by means of pneumatic falsework. For this investigation the same 

30 m dome case study from the previous sub-section was used. Unlike the full-scale 

demonstrators in chapter 7, this model involved no external contractors and was achieved 

by means of modest University resources and was also completed chronologically 

towards the beginning of this thesis. The scaled model makes use of acrylic beams with 

an 8 mm square cross section. The scale of the physical model is one tenth (1:10) of the 

full-scale structure, subsequently it has a span of 3 m. This scale was chosen for the 

following reasons: 

1) Practicality in terms of model fabrication (e.g. welding the polyamide films for 

the cushion and suitable sizing for bolted joints between the acrylic beams). 

2) Practicality & affordability in terms of the chosen method of photogrammetric 3D 

scanning technology. 

3) To maintain a reasonably large volume in order to approximate the large volume 

/ low pressure characteristics of the full-scale structure. 

Dimensional Analysis, which makes use of the Buckingham Pi theorem, is a method for 

establishing dimensionless variable groups in order to reproduce physical behaviour in 

scaled models. This method is well documented in literature [4], [115, p. 6], [116] and so 

will not be elaborated upon here. The dimensionless group used for the scaling of this 

model was: 

𝜔𝜔𝑆𝑆3

�𝐸𝐸𝐸𝐸𝑎𝑎 �
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Where 𝜔𝜔 is the load per unit area, 𝑆𝑆 the span, 𝐸𝐸𝐸𝐸 the bending stiffness of the members, 

and 𝑎𝑎  the member spacing [117, p. 93]. The above dimensionless group prioritises 

bending stiffness which, during the erection, is the dominant behavioural property. Other 

dimensionless groups can be found for analysing other behavioural properties in the shell 

such as lateral stiffness from bracing members however this is not of relevance during the 

erection.  

For the 3 m scaled physical model with half the mesh density and the acrylic beams, the 

self-weight of the model needed to be increased by a mass of 104 g per node. This was 

achieved by means of adding steel weight (nuts, bolts and washers) to each node (Figure 

6.27). The stiffness of the membrane was not scaled for this model but instead membrane 

strain is assumed not to be excessive at both full and model scales. In total 18 in-line 

connections were necessary for connecting beams end-to-end. These were made from 

brass sleeves with single M2 bolt at each beam end (Figure 6.28) and their effect on local 

bending stiffness and global stiffness is assumed to be negligible. 

 

Figure 6.26: Experimental set-up for the pneumatic erection of a (physically scaled) elastic gridshell. 

 

Figure 6.27: Increased self-weight of the gridshell by means of an additional 104g at each node to 

account for scaled physical properties according to dimensional analysis. 
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Figure 6.28: One of 18 in-line connections made from a short length of a brass box-section profile one 

M2 bolt in each beam end creating a rigid connection (with a small amount of slack). 

A Young’s Modulus for the acrylic bars was determined to be 2783 N/mm2 by means of 

a custom 3-point bending test (Figure 6.29). Based on Euler-Bernoulli bending theory: 

𝐸𝐸 =
𝐿𝐿3𝐹𝐹

4𝑏𝑏𝑑𝑑3𝑣𝑣
 

Where L is the beam span (300 mm in this case), F is the force applied by the turnbuckle 

and read in the Newton metre, b & d are the cross-section dimensions (both 8 mm) and v 

is the vertical deflection at the centre of the span.  

 

Figure 6.29: Custom 3-point bending test to determine the Young's Modulus of the acrylic beams. 

 

Figure 6.30: Low pressure blower (Greenco 0.7 kW 50 Hz) used to pump air into the pneumatic 

falsework using modified bicycle valves. 
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Figure 6.31: Edge beam detailing which includes clamping strips for membrane lip, support positions 

with channels to feed support cables and anchorage (screw) for the cable. 

 

Figure 6.32: Ultrasonic welding of the polyamide film cushion. 

6.3.1 Photogrammetry 
A Rhinoceros 3D plugin called rhinophoto [118] was used to record the 3D coordinates 

of 83 nodes in the lattice. Using photogrammetry techniques, Rhinophoto calculates the 

coordinates of printed markers by comparing distances between them in multiple 2D 

photographs of the same scene. The more photos that are taken, the higher the accuracy 

of the scan. The software and technique were employed to good effect for the experiment. 

The biggest handicap in using this technique for the given application was maintaining 

constant air pressure in the cushion such that the structure and markers would not move 

during the time it took to take the photos (around 50 per scene). In order to orientate and 

scale the 3D point cloud during post-processing, fixed markers on the floor are referenced. 

6.3.2 Analytical Results 
The erection by means of pneumatic falsework for this shell geometry worked extremely 

well. Both the flat lattice and the uninflated cushion were positioned in the centre of the 

circular test area before inflation. During inflation the shell remained central with 
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negligible sideways deviation. This is due to the distribution of self-weight loading and 

the inherently stable form of the rotationally symmetric cushion. For asymmetric shapes, 

the degree of horizontal deviation (and potential need for lateral restraint) during erection 

is yet to be investigated but self-centring shapes are advised. Figure 6.33 shows a snapshot 

of the erection process in elevation photos and 3D points from the photogrammetric scan. 

 

Figure 6.33: Four snapshots from the inflation process with elevation photos (below) and 

photogrammetric 3D point cloud data (above). 

6.3.2.1 Air Pressure 
A total of twelve intermittent steps or ‘snapshots’ of inflation were recorded via 

photogrammetry. Initially, it was planned to subdivide the steps of inflation equally by 

observing pressure changes in the manometer however the pressure readings proved to 

take too long to settle at such low pressures resulting in pressure variations of around 

+/- 50 % between steps. Subsequently a vertical visual reference scale was used to 

subdivide the inflation process from flat to complete inflation. It cannot be guaranteed 

therefore that the subdivisions progress with equal intervals of internal pressure change. 

By making use of the dimensionless scaling group it can be shown that the proportionality 

of pressure acting on the structure between the real and scaled models is: 

𝜔𝜔𝑟𝑟𝑟𝑟𝑎𝑎𝑙𝑙 = 1.13 ×𝜔𝜔𝑠𝑠𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑑𝑑 𝑚𝑚𝑚𝑚𝑑𝑑𝑟𝑟𝑙𝑙 

This means that the internal air pressure required in the scaled physical model is almost 

the same as required for the full-scale structure. In this case the internal air-pressure 

ranged from 0 to about 2 mbar (0.2 kN/m2) when considering self-weight only. This is 

slightly lower than typical pressures necessary for air-supported membrane structures 

(0.25 - 1.0 kN/m2) and significantly lower than pressures required for air-supported 

falsework for concrete shells (3.5 – 10 kN/m2) [45]. These initial findings show that, 

generally, internal air-pressures for the pneumatic erection of elastic gridshells are low 

and subsequently easily produced and maintained. 
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Despite the low air pressures in this system, leakages still occurred. In this experiment, 

as soon as the pump was switched off, gradual loss of air pressure occurred meaning that 

procedures which took a prolonged period of time (such as fixing the beam ends to their 

support points) lead to separation between pneumatic falsework and the gridshell (Figure 

6.34 left). While not critical under self-weight alone, this effect is undesirable because 

the gridshell has yet to be stabilised and in absence of the air pressure from the falsework, 

is subsequently prone to large deformations. For concrete shells supported by pneumatic 

falsework, maintaining a constant internal air pressure while hardening has been shown 

to be of critical importance due to shells’ inherent sensitivity to geometrical deviation 

from force thrust paths [49, p. 39]. Maintenance of the internal air pressure for this method 

could be easily achieved to a satisfactory level of precision by means of a pressure release 

valve. 

 

Figure 6.34: Separation between pneumatic falsework and grid due to gradual deflation in end state 

(left). Re-established contact between cushion and grid after re-inflation (right). N.B. wrinkles on surface 

are from protective film and not the cushion itself. 

6.3.2.2 Uplift 
During the final stages of the inflation as the air pressure increased, the ring beam began 

to lift up from the ground due to increasing surface tension in the membrane resulting in 

an uplift force along the perimeter edge. Figure 6.35 (right) shows the perimeter edge 

lifting up during erection and then being anchored down with paving slab ballasts (left). 

In early FE simulations using SOFiSTiK the vertical uplift force along the edge was 

shown to be around 0.14k N/m. This uplift will have an effect on the design and detailing 

of the perimeter foundations which have to perform under a variety of loading situations. 

More results and discussion on uplift are provided in subsequent chapters and analyses. 
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Figure 6.35: Uplift at membrane edge-restraint due to internal pressure. Left: ring beam loaded and 

restrained against uplift. Right: Illustrative lifting of edge beam. 

6.3.3 Comparison with FE Simulation 

6.3.3.1 FE Simulations 
The distance between the position of the gridshell and its target geometry during the 

erection in the scaled physical model was compared with FE results from section 6.2 for 

the established erection methods. From a total of 83 photogrammetric marker points in 

the physical model, 55 markers were located in a single quarter of the shell so that a higher 

density of points was available for comparison with the FE simulations which also 

considered only a quarter-model. Of the 55 marker points available in the quarter, only 

42 were recorded successfully in each photogrammetric scene. Subsequently the distance-

to-targets was evaluated based on this selection of 42 nodes. It should be noted that 

comparing simulated deflections from precise FE simulations with those from a scaled 

physical model is arguably not a fair test, but the following results do provide insight into 

each method and give a valuable initial impression of their behaviours. 

6.3.3.2 Results 
Figure 6.36 to Figure 6.38 show that ‘ease down’ features the most direct and least erratic 

deflection path of the existing erection methods. During the erection (stage 1), the 

distance to target for the ‘ease down’ method starts off closer to the target because the 

grid is laid out above the shell and not on the floor. Figure 6.37 shows that the rate of 

reduction of distance to target geometry for the ‘inflate’ method appears to be more erratic 

that the other methods. On the one hand we may surmise that this is due to the fact that 

the pneumatic falsework can shift and find multiple intermittent states of equilibrium as 

it inflates. On the other hand, this is also a result of the lower level of precision tolerances 

in the physical model compared with the digitally created simulation model. 

Figure 6.38 would seem to imply that erection by means of pneumatic falsework, at least 

for this initial experiment, is the least precise in terms of converging with the target 
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geometry; on average 278 mm deviation from the target nodes. However, assuming the 

boundary conditions (i.e. beam supports) in the end state are equal for all of the erection 

methods then the relaxed elastica gridshell geometry should be identical for each. 

Therefore, it should be noted that the discrepancies evident in these results are more likely 

related to the precision of the physical model and the errors in photogrammetric recording 

of the coordinates. 

 

Figure 6.36: Average distance from target geometry during erection of an elastic gridshell in the shape of 

a simple rotationally symmetric dome for four different erection methods. Data for ‘lift up’, ‘push up’ and 

‘ease down’ from FE simulations whereas data for ‘inflate’ from scaled physical model. 
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Figure 6.37:Extract of zone A from Figure 6.36. 

 

Figure 6.38:Extract of zone B from Figure 6.36. 
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This first physical prototype demonstrates a proof-of-concept for the novel proposition of 

using pneumatic falsework for the erection of elastic gridshells. Within the context of a 

geometrically simple elastic gridshell, it has been shown that the ‘lift up’ and ‘push up’ 

erection methods are likely to cause overstressing of the laths during erection.  

6.3.4 Student Workshop 
Even before the engineered physical prototype, an experimental 2 x 3 m gridshell of 

arbitrary stiffness made from 5 cm strips of 7 mm thick flexible plywood was erected by 

means of a pneumatic cushion within the context of a student architectural design 

workshop. The gridshell geometry was designed by students and form-found by means 

of the educational software tool ‘Push Me Pull Me 3D’ [119]. The physical prototype 

demonstrated a successful initial attempt at pneumatically erecting an elastic gridshell 

and despite the poor choice of structural shape with insufficient curvature and too large 

an opening, the model was significant in helping to formulate some of the important 

questions which went on to guide subsequent investigations. 

 

Figure 6.39: Freeform experimental shell from student workshop on the pneumatic erection of elastic 

gridshells. 

 

Figure 6.40: Inflation sequence of scaled student model. 
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6.4 Simulation of Pneumatic Erection Method 
This chapter presents some of the most significant findings of the thesis. Novel use of the 

Kangaroo solver is presented. The computational pipelines presented in the chapter took 

several years to develop and refine. Their results provide valuable findings on both 2D 

and 3D analysis of the pneumatic erection of elastic gridshells and help to define precisely 

the scope of feasibility of the novel method. Importantly the findings also help to identify 

suitable computational methods for the novel method. 

6.4.1 3D Erection Analysis: Global Stiffness Approach 
Towards the very beginning of this investigative work attempts were made to simulate 

the interaction between a slender grid mechanism draped on top of an air-inflated cushion 

by means of the global stiffness-based solvers within SOFiSTiK. These initial 

experiments required somewhat convoluted and lengthy TEDDY definitions which were 

time-intensive to generate, usually at the limit of solver stability and yielded limited 

results. In fact, it was these initial studies with SOFiSTiK which provided a major 

motivation to explore DR methods as an alternative means for simulation. This 

subchapter will summarise the findings and briefly explain the implementation and 

limitations of the 3D erection analysis using SOFiSTiK’s global stiffness-based solvers. 
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6.4.1.1 Modelling & Simulation Pipeline 

 

Figure 6.41: Modelling pipeline flowchart: 3D erection analysis (global stiffness approach). 

6.4.1.1.1 Scale, Geometry & Materials 
The shape of the gridshell structure in this case study represents a plausible architectural 

gridshell loosely based on the shape of the Weald & Downland gridshell (bounding 

dimensions x/y/z = 60/23/9 m). The mechanical properties of this virtual case study were 

loosely based on the specifications of the Multihalle Mannheim. Hemlock pine, with a 

triangulated 
mesh

funicular 
formfinding

funicular
ref. srf

shell perimeter 
definition

chebyschev
remesh

generate & 
discretise all 

elements

ase: relax grid via ACTB

STiKBug

formulation of 
elements & forces

flatten grid

generate 
pulling cables

footprint 
evaluation

ase: relax grid via iterative 
cable shortening

activate cushion membrane, 
contact springs & ‘sliding 
spines’ restraints – release 

temporary grid node supports.

ase: 3rd order non-linear dynamic 
relaxation with increasing time steps to 

find equilibrium

ase: update 
geometry

STiKBug



Chapter 6: Experimental Results 

Gregory Quinn   87 

self-weight of 5 kN/m2, a Young’s modulus of 7970 N/mm2 and a solid 5 cm square cross 

section was assumed. A grid spacing of 1 m was assumed. The bending strength of the 

timber was assumed to be 40 N/mm2. The steel nodal connector was assumed to be similar 

in construction to that of the Multihalle Mannheim, adding a global factor of 1.16 to the 

beam’s self-weight. The membrane is assumed to be PVC coated polyester of the lowest 

grade (type I) with a thickness of 0.8 mm, a self-weight of 1390 kg/m3, a Young’s 

modulus of 500 N/mm2 (or 400 MN/m) and a tensile strength of 60 kN/m. 

6.4.1.1.2 Volumetric Pressure 
SOFiSTiK can define volumetric loads which follow Boyle’s law of proportionality 

between pressure and volume. The ‘VOLU’ definition [120] accurately modifies the 

pressure matrix applied to the mesh elements of the cushion depending on incident loads. 

In this case the initial volume definition of 985 m3 reduces minimally to 984 m3 and the 

surface pressure increases by 0.07 kN/m2 under self-weight of the gridshell. 

6.4.1.1.3 Residual Stresses 
At the time of writing there are two methods available for calculating the residual stresses 

and elastica-form from bending in SOFiSTiK. 

As popularised by Lienhard [92, p. 125], the elastic cable approach makes use of pulling 

cables with a temporary reduction of axial stiffness which facilitates large deflections 

along the axis of the cable under a given pre-stress (Figure 6.42). Using this method, the 

structure may follow freely a geometric path of equilibrium thereby avoiding excessive 

or unstable element stresses from the alternative of sliding supports. Convergence is 

achieved when the cable elements have reached a satisfactorily small length at which 

point support conditions and / or coupling elements must be updated in the system. The 

rate of convergence can be improved by adapting the rate of increase in axial pre-stress 

in the cable elements. Generally, much higher pulling forces are required towards the end 

of the shaping process. Subsequently various power laws were implemented to accelerate 

convergence here. Adaptive load increments can also be achieved based on the number 

of iterations to converge from the previous load-step. For this case study, all element 

nodes for one of the two lath directions were assigned pulling cables towards fixed target 

supports on the surface of the shell. The initial plane of the flat grid was set at half the 

structure’s height in order to minimize the travel distance for nodes in the system. At the 

start, the longest pulling cable was 6260 mm and after convergence, the biggest deviation 

between a node and its target reduced to just 99 mm (which for a 60 m span structure is 
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very precise). Similar convergence lengths from the elastic cable approach for elastic 

gridshells were achieved by Hernandez [12, p. 69] 

 

 

Figure 6.42: Gridshell forming by means of the elastic cable approach [92] is precise but requires the 

definition of suitable pulling cables, temporary supports and prestressing loads. For this geometry the 

starting plane for the grid was taken at half height in order to reduce travel distances for nodes. 

Another method for calculating residual stresses and deflections from actively bent 

members is SOFiSTiK’s active bending (ACTB) function [94] developed by Bellmann 

and made public in the 2018 software release although pre-release versions were used in 

this thesis. The benefit of this method is that only an approximation of the structural 

system with correct support conditions must be generated and the relaxed shape plus 

residual stresses can be solved in a single non-linear load case. This bypasses the need 

for pulling cables and the associated complex topology definition and convergent-

sensitive simulation. 

6.4.1.2 Special Modelling Measures for Successful Convergence 
For the given simulation task several elaborate measures were necessary in order to 

achieve convergence within SOFiSTiK’s global stiffness-based FEM environment. The 

most noteworthy of which were as follows. 

• Simulation of erection process not possible since deformations (between the 

crumpled and inflated cushion) were too large. 

• Instead only the very final state of interaction between the fully inflated cushion 

and the relaxed grid on top could be simulated. 

1 2

3 4
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• For this final step, deflections were small enough not to be affected by 

SOFiSTiK’s inability to reorient the contact springs (between grid and cushion) 

at each iteration. 

• The grid had to be artificially restrained along orthogonal axes or ‘sliding spines’ 

to ensure the system was fully restrained. 

• Even then convergence was only possible by means of solving dynamically via 

direct (Newmark-Wilson) integration with approximated Rayleigh damping and 

ever-increasing time steps. 

 

Figure 6.43: Artificial restraint along orthogonal axes or ‘sliding spines’ for a sample shell geometry to 

ensure the system was fully restrained. 

Once the gridshell has reached its relaxed elastica equilibrium (via ACTB or elastic 

cables), the underlying pneumatic membrane cushion is activated. Also activated are 

contact springs between the grid and the membrane elements. The same contact springs 

described in 6.2.1.2 were used here (i.e. compression = high stiffness, tension = no 

stiffness). A linear lateral friction relationship could feasibly be simulated by applying a 

lateral stiffness to the contact springs, however this was not investigated because lateral 

friction is judged (and in physical tests validated) to be negligible. 

6.4.1.3 Analytical Results 
Figure 6.45 shows the interaction of the hybrid structure. Evident is the ‘skirting’ effect 

at the perimeter of the gridshell due to its embodied residual stresses from forming. The 

separation between the laths and the pneumatic falsework occurs at around 30 % of the 

structure’s height for the dome case study considered here (Figure 6.45, left).  

Despite the limited breadth of results from these initial studies, the findings relating to 

this ‘skirting effect’ played a significant role in the development of a key design aspect 

for the proposed method, namely the pulling of beam ends to their support points. The 

speedy erection and realisation of this method in applied architecture depend wholly on 

effectively managing this ‘skirting effect’. 
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Figure 6.44: Left: grid-membrane configuration before dynamic relaxation. Right: dynamically relaxed 

solution showing separation of elastica-grid from inflated cushion membrane. 

 

Figure 6.45: Left: Separation zone between falsework and laths (i.e. the bulge) shown to occur at around 

30% of the total height of the structure (3x magnification). Right: grid and cushion shown together. 

6.4.2 2D Erection Analysis: Local Stiffness Approach 
For the 2D erection analyses, an entirely bespoke simulation method was developed using 

the Kangaroo plugin within the Rhinoceros 3D Grasshopper software environment with 

substantial custom modifications and programming scripts. All the 2D studies presented 

in this subchapter take the form of a 2D simplification of the more complex 3D problem. 

The following simulations are therefore only valid for singly curved continuous shapes 

(and not doubly curved shells). A 1 m ‘strip’ of membrane cushion is simulated with a 

single elastic beam on top. The beam represents a single strip of gridshell with a regular 

square mesh. These 2D studies were developed as a progression from the comparative 

erection analysis (detailed in section 6.2) and as a pre-cursor to the more detailed 3D 

erection analysis which took significantly more time to develop and implement. The 2D 

studies also focus on topics relating to scale and tethering. 

~ 0.3h

h



Chapter 6: Experimental Results 

Gregory Quinn   91 

6.4.2.1 Modelling & Simulation Pipeline 

 

Figure 6.46: Modelling pipeline flowchart: 2D erection analysis (local stiffness approach). 

6.4.2.1.1 Scale, Geometry & Materials 
2D investigations were carried out on a dome case study of constant curvature. The ratio 

of height-to-span was 1:3 and the spans investigated were 10 m, 30 m and 50 m. The 

mechanical properties of this virtual case study were once again loosely based on the 

specifications of the Multihalle Mannheim. Hemlock pine, with a self-weight of 5 kN/m2, 

a Young’s modulus of 7970 N/mm2 and a solid 5 cm square cross section was assumed. 

A grid spacing of 1 m was assumed: subsequently the ‘strip’ of structure analysed also 

represented a width of 1 m. The bending strength of the timber was assumed to be 

40 N/mm2 (C40 according to Eurocode 5). The steel nodal connector (every 1 m) was 

assumed to be similar in construction to that of the Multihalle Mannheim, adding a factor 

of 1.16 to the beam’s self-weight. 

The membrane is assumed to be PVC coated polyester of the lowest grade (type I) with a 

thickness of 0.8 mm, a self-weight of 1390 kg/m3, a Young’s modulus of 500 N/mm2 (or 

400 MN/m) and a tensile strength of 60 kN/m. 
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6.4.2.1.2 Structural Calibration 
The Kangaroo solver is based on the manipulation of vertices with three DOF each. For 

the given simulation, only a few primary constraints or ‘goals’ were required to describe 

the structural behaviour of the system: axial stiffness according to Hooke’s law, 3-point 

bending stiffness according to the Barnes / Adrieanssens model [83] as well as nodal 

loads and support conditions.  

The bending model defines bending radii on a plane of three sequential nodes and does 

not account for orientation or anisotropy of cross sections. Nor is beam torsion accounted 

for. As such the beam model is simple yet fast to compute. While more accurate 4 and 6 

DOF solutions exist to describe beam behaviour using DR [121], [122], their increased 

computational demands can reduce their speed. 

6.4.2.1.3 Adaptive Stiffness 
In Kangaroo (as with any other DR solver) large differences in the numeric value of goal 

weightings can significantly slow down the speed of convergence. The bending stiffness 

of the beams (EI) is roughly 10,000 times larger than their axial stiffness (EA/L) which 

caused the solver to slow down significantly. The axial stiffness of the beams was 

subsequently reduced to one tenth of its real value in order to speed up convergence. This 

reduction of the beam’s axial stiffness has a negligible effect on the structural behaviour 

of the whole system. All other stiffness properties in the system were correct. 

6.4.2.1.4 Graphical User Interface 
Visual representations of internal forces (bending moments, axial and shear forces) were 

scripted using native Grasshopper components and Python scripts to provide visual 

feedback for the user on structural behaviour. These and other graphical assets can be 

manipulated on the fly by extensive use of Grasshopper’s ‘custom remote panel’ 

embedded in the Rhino sidebar. 
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Figure 6.47: Custom GUI for given simulation displaying internal forces (axial, shear and bending) in 

different Rhino viewports. Custom remote panel shown to the right of the screenshot. 

6.4.2.1.5 Automated Simulation 
The DR solver in Kangaroo seeks equilibrium for a user-defined threshold of the root 

mean square of particle velocities or ‘VSum’ in Kangaroo terminology. The default value 

of 1 e-15 m/s was increased to 1 e-10 m/s since, during inflation the semi-inflated cushion, 

by its very nature, struggles to find equilibrium as the membrane folds and slides. These 

low-resolution convergence steps are essentially snapshots of an instable system during 

inflation. Only when the cushion is fully inflated, and the structure sufficiently restrained, 

can precise equilibrium be found. More suitable convergence criteria could be the 

particles’ acceleration or residual energy, which may be available in later Kangaroo 

releases. 

Custom GHPython scripts monitor the VSum output and flag when the solver has 

converged. Convergence then triggers logging of result data (such as bending stresses and 

screenshots) and then the Grasshopper slider for the internal air pressure is signalled to 

progress to the next increment. Manipulating sliders is made possible by accessing the 

Grasshopper software developer kit (using GHPython). Sending data upstream (i.e. 

disrupting GH’s directed acyclic data-flow) is made possible by accessing the 

RhinoPython ‘sticky’ variable (a dictionary / hash-table data structure) which can be 

accessed from anywhere in the current Rhino session using either of the Python editors 

(EditPythonScript or GHPython). The stored result data (.csv format) is finally loaded 

into a second GH file which automates the drawing of graphs. 
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6.4.2.1.6 Collisions 
Physical collisions are central to this simulation method. Kangaroo offers several 

collision detection goals. In these 2D studies, ‘line-line’ collision detection was used for 

the collision between the beam elements and the membrane elements. This goal pushes 

particle pairs away from one another if they move within a given boundary capsule 

(cylinder with hemispherical ends) defined by the line itself and a radius length. The 

radius used in these studies was 5 cm, so line elements never come closer than 10 cm to 

one another. Friction between colliding elements is not accounted for in the simulation 

and should be minimized in practice. 

In the initial state of these simulations, the line segments of the fully-deflated cushion do 

not always lie flat on the ground but instead crumple and fold into small localized spikes 

which are as high as the discretisation length of the membrane. Since the spring elements 

of the membrane can sustain compressive forces, they can subject the beam to unrealistic 

bending stresses in the initial deflated state. Tension-only springs were trialled but caused 

incorrect pressure loads and instabilities. To avoid these initial-state bending stresses a 

raised floor, as high as the membrane discretisation length, was simulated which made 

use of solid body particle collision detection (Figure 6.48). 

 

Figure 6.48: Cushion in fully deflated initial state without raised floor (left) and with (right). Raised floor 

added to avoid collisions with ‘folds’ of the membrane elements which cause unrealistic beam bending 

stresses. 

6.4.2.2 Analytical Results 

6.4.2.2.1 Case Study Findings 
Figure 6.49 shows results from the dome case study at three different spans: 10 m, 30 m 

and 50 m. Each of the three domes exhibit zero beam deflection until a critical minimum 

or ‘trigger’ pressure is reached at which point inflation initiates. For the 1 m strip, the 

self-weight of the beam and nodal connectors (7.1 N/m) and of the membrane (11.1 N/m) 

combined is 18.2 N/m (so 0.0182 kN/m2). The distributed self-weight of the structure and 

cushion is independent of scale and subsequently the critical minimum or ‘trigger’ 

pressure is very similar at each scale, i.e. between 0.020 and 0.025 kN/m2. For these 2D 
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studies, it was therefore possible to calculate an approximate general trigger pressure as 

1.23 times the combined self-weight of the structure and cushion. 

 𝑝𝑝𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ≈ 1.23 ∗ 𝑔𝑔 

The reason it is not equal to the system’s self-weight is due to the difference in catchment 

area between the flat beam (or grid) and the deflated cushion. The footprint area of the 

deflated cushion is smaller than that of the flat grid and so a higher proportion of internal 

pressure is required. A more detailed definition for the trigger pressure dependent on 3D 

shape is provided in chapter 6.4.4. 

 
 

Figure 6.49: Erection simulations for the dome case study at a span of 10 m (top), 30 m (middle) and 

50 m (bottom). Plots show the maximum beam utilisation stress, maximum membrane utilisation and the 

average distance from the beam target for internal pressure ranging from 0 to 0.5 kN/m2. 
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Bending stresses in the beams also remain null until the trigger pressure is reached, after 

which a rapid increase can be observed at each of the three scales. Crucially however, the 

bending stresses climb gradually and overstressing, as can occur with other erection 

methods such as ‘lift up’ and ‘push up’ (see 6.2.2), is avoided entirely demonstrating the 

effectiveness of the method. 

For each of the three tests the average distance of the beam to its target reduces rapidly 

during initial inflation and gradually reduces afterwards. A minimum distance (inflexion 

point) is reached for the medium (30 m) dome at 0.28 kN/m2 and for the large (50 m) 

dome at 0.23 kN/m2. This pressure value should be taken as the upper limit of inflation 

pressure, beyond which the beam only drifts further away from its target. Note that these 

pressures are significantly lower than those required for most air-supported structures 

(0.5 kN/m2) and significantly lower than pressures required for concrete shell formwork 

(3.5 – 10 kN/m2) [45]. 

The membrane stress is also very low throughout the inflation process, reaching a 

maximum utilisation of 35 % in the largest dome (50 m). Larger spans result in lower 

curvature and subsequently higher membrane strain for a given pressure. However, even 

for the weakest type (I) of PVC coated polyester membrane, the membrane stresses are 

non-critical. The exhibited membrane stresses are even low enough to satisfy typical 

safety factors accounting for long term effects, temperature and environmental 

degradation [123], however due to the very temporary demands on structural 

performance, membrane utilisation stresses up to 90 % are deemed acceptable for the 

proposed erection method. 

6.4.2.3 Tethering 

6.4.2.3.1 External Tethering 
The need for external tethering cables is twofold. Firstly, external tethering cables can 

prevent excessive lateral sliding of the beam/grid on the cushion as illustrated in Figure 

6.50. Secondly, when the falsework is fully inflated, the grid boundary ‘skirts’ outwards 

and must be pulled towards its support points before the gridshell can support itself 

independently of the falsework. The external tethering cables can be shortened (by 

various means – see 7.2.2.1) in order to pull the beam ends to their target support points. 

The shortening of these edge cables can occur at different stages during (or after) the 

inflation process. The strategic value and structural impact of when to shorten the edge 

cables is investigated in the following four case studies. The length of the edge cable is 
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shown on the right of the plots along the floor plane. The tethering cables were assumed 

to be made from steel (E = 130 MPa) with solid circular cross section (diameter = 6 mm) 

and with a self-weight of 1,850 kg/m3. 

 

Figure 6.50: Demonstration of lateral sliding of beam along membrane surface highlighting the need for 

external tethering cables. Notice the change in axial forces from predominantly tension (blue) to 

compression (red). 

The following 3D plots display 5 axes of data. The three vertical axes show the bending 

utilisation of the beam (red / dash-dot), the membrane utilisation (green / solid) and the 

average distance of the beam from its target (blue / dotted). The two horizontal axes 

represent internal air pressure and length of the edge cables. The results in Figure 6.51 

clearly show that if the cable is shortened before the cushion has been inflated, this will 

lead to buckling and overstressing of the beam/grid. The pinned beam contains the 

membrane falsework and prevents it from being subjected to even small strains meaning 

that its utilisation is effectively zero throughout inflation.  

 

Figure 6.51: Erection of the 30m dome with edge cable length set to zero throughout inflation. Buckling 

and overstressing of the beam occurs at the initial state due to the premature shortening of the cables. 
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The test in Figure 6.52 starts with fully extended edge cables which are reduced in length 

at a constant rate with a simultaneous increase in pressure. These results show that 

premature shortening of the cable (i.e. before the trigger pressure has been reached) also 

causes buckling of the beam / grid as can be seen in snapshot i). The membrane utilisation 

stress only reaches a maximum of 13 %. During the shortening of the final 20 % of the 

edge cable, a rapid decrease in distance to target can be observed as well as a reduction 

in membrane utilisation (due to containment provided by the newly restrained beam). The 

most sensible inflation strategy is shown in Figure 6.53: here the edge cables are not 

shortened until the trigger pressure has been reached. After this, the edge cables are 

reduced at a constant rate. This approach exhibits very controlled shaping with only very 

gradual increase in bending stresses, with no stress peaks and very low membrane 

stresses. 

 

Figure 6.52: Erection of the 30m dome with edge cable length initially at full length and then 

progressively shortened at a constant rate. 
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Figure 6.53: Erection of the 30m dome with edge cable length initially at full length and then 

progressively shortened at a constant rate after the trigger pressure has been reached. 

6.4.2.3.2 Internal tethering 

For both architectural and structural reasons, it is common for elastic gridshells to be 

designed with double curvature alternating between synclastic (peaks) to anticlastic 

(valleys). Pneumatic inflation can accommodate shells with some level of alternating 

curvature, but pneumatic structures are subject to significant restrictions in terms of 

buildable shapes. Pneumatic structures will tend towards convex or spheroid shapes 

however one method for the shape manipulation of pneumatic structures is to use internal 

tethering cables. Internal tethering cables can be strategically positioned such that they 

restrain the membrane into a shape that would otherwise be impossible for a pneumatic 

structure. This method of internal tethering was tested in a separate case study of a 2D 

simplification of the Weald and Downland gridshell which features changing curvatures. 

Vertical internal tethering cables were modelled every 1.4 m anchored to support points 

on the ground and fixed to the membrane. 

The material properties of the beam were modified to those of the Weald and Downland 

gridshell, i.e. D30 oak laths, E = 10,000 N/mm2, cross section = 35 x 50 mm and a 

bending strength of 30 N/mm2 [26]. Figure 6.55 plots the results from this study. The 
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distributed combined self-weight of the grid and membrane is 0.0253 kN/m2 and 

accordingly the trigger pressure is a factor of 1.23 higher at 0.031 kN/m2. Once the trigger 

pressure is reached and the cushion starts to rise, so too do the internal tethering cables. 

As such, the self-weight of the system to be pneumatically lifted increases at it rises 

leading to a less abrupt fall in the distance-to-target curve when compared with the 

previous study. For this particular study, the rise in bending stresses is also more gradual 

but overall stress values are higher due to the material properties and curvatures of the 

laths. A key aspect to the feasibility of this method relates to whether the grid will deflect 

sufficiently under self-weight at valley points. The curvature of the target shape should 

therefore be designed to coincide with the grid’s stiffness-dependent ability to drape into 

the correct position under self-weight. 

 

Figure 6.54: Pneumatic erection of 2D simplification of the Weald and Downland gridshell using a 

cushion with internal tethering cables. 

 

Figure 6.55: Alternative fan-like arrangement of internal tethering cables for the shape manipulation of 

an inflated cushion. 
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6.4.3 3D Erection Analysis: Local Stiffness Approach 

6.4.3.1 Modelling & simulation pipeline 

 

Figure 6.56: Modelling pipeline flowchart: 3D erection analysis (global stiffness approach). 

6.4.3.1.1 Scale, Geometry & Materials  
These 3D simulations of the complete erection process were completed towards the end 

of the thesis and in conjunction with the design and build of the first SheltAir prototype. 

Subsequently the geometry and materials in these simulations match those of the first 

prototype, i.e. span of 14 m, 15 mm GFRP rods with a Young’s Modulus of 

38,000 N/mm2 and a grid spacing of 40 cm. 

6.4.3.1.2 Automated Simulation 
Unlike the 2D erection analysis (chapter 6.4.2) in which the DR solver first seeks 

convergence before the internal pressure variable is instructed to progress to its next 

increment, waiting for successful convergence at intermediate stages of inflation for the 

3D erection analysis was not possible for the following reasons: 
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- The 3D simulation is a much more complex system with significantly more 

vertices (ca. 5500 in the 3D simulation to ca. 100 in the 2D simulation). This 

means that Kangaroo’s velocity- (not acceleration- or energy-) based convergence 

criteria is much harder to satisfy particularly given the frictionless slipping and 

sliding of the partially-inflated and arbitrarily-crumpled cushion underneath the 

gridshell mechanism. 

- The collision goal which pushes gridshell vertices away from the cushion is 

susceptible to catastrophic failure when the solver is given a long time to seek 

convergence (i.e. one vertex ‘pops through’ the surface boundary causing all 

others to follow). 

- Even if intermediate semi-inflated erection stages can find successful 

convergence these intermediate steps can take over 30 minutes to solve due to the 

persistent slipping and sliding of cushion vertices. This amount of time was 

impractical and inefficient for an erection simulation that ideally has a high-

resolution of intermediate steps. 

Subsequently for this simulation, convergence at intermediary steps is not sought after 

but instead the system solves continuously and input parameters (such as internal air 

pressure) progress at a fixed rate of 40 seconds for each step of which there are a total of 

300 (100 for each of the three erection phases). The time is retrieved by accessing the 

Python time library and is logged via Grasshopper scripting components. 

This setup worked very well for the given simulation, but a great deal of optimisation was 

required to find the most suitable time intervals for a given model complexity (i.e. number 

of vertices and goal dependencies). If the time interval was too short, then there was a 

risk that the inflation was slow to ‘catch up’ with the air pressure at a given time step and 

if the time interval was too long the gridshell ran the risk of slipping and sliding such that 

the extracted snapshots in the erection process would not follow a continuous and fluid 

progression. 

6.4.3.1.3 Erection Stage Manager 
The proposed erection is a dynamic process with multiple stages: 

Stage 1: Inflation, Stage 2: Beams to supports, Stage 3: Deflation 

As such, the simulation features multiple variables which need to be manipulated 

throughout. This was achieved by means of a series of simple Python scripts which 

converted one single input variable (a GH slider from 0 to 300) into all other necessary 
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control variables. 100 steps for each of the three erection stages were deemed suitable to 

ensure a suitably high resolution for results and a high framerate for animations. 

Dependent on the single variable input (from 0 to 300), the Python script outputted values 

including but not limited to: air pressure, pull down cable strength, Boolean values to 

activate or visualise certain assets, the height of the raised floor, etc. 

 

Figure 6.57: Erection stage management achieved by simple Python script component which produces 

multiple changing parameters for a single ‘animator’ input of incremental steps. 

The primary variables are the air pressure and the force in the pull-down cables. Figure 

6.58 shows the plot of these two variables and how they affect the erection simulation. 

The air pressure (blue line) is scripted to increase at a linear rate from 0 to 0.600 mbar 

which is 39 % higher than the trigger pressure of 0.366 mbar (dashed blue line) for the 

simulated case study. Selecting an upper air pressure limit higher than the trigger pressure 

ensures that a full erection can take place. Furthermore, some level of over-inflation 

(beyond the trigger pressure) is to be expected because accurate measurement of internal 

pressures in a physical application may prove too cumbersome or time consuming. 

Subsequently, such over-inflation should be accounted for in the simulation. 

Experimentation with input variables revealed that pressures higher than 0.6 mbar were 

also undesirable due to the increase in membrane stress and uplift at the foundation. The 

air pressure remains constant during the second stage of erection; pulling the beams to 

their support. During this second stage, the edge pulling cables are activated and then 

shortened. At the very start of stage 2, the current average length of the cables is stored 

(via Python Sticky Variable) and set as the initial length. The cables are then given a 

contraction force which increases quadratically from zero to 2 kN. The quadratic increase 

of the pulling force was necessary because the resistance from the gridshell grows very 

quickly and a linear increase (which was tested initially) would not result in a sufficiently 

rapid cable length reduction. The average cable length (green line) in the plot represents 
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the resultant average length of all the pulling cables and is resultant of the quadratic force 

input. Subsequently the plotted green curve doesn’t perfectly follow a quadratic curve 

since it is subject to the equilibrium in and resistance from the gridshell. 

Finally, the deflation of the air pressure in stage three also follows a linear path however 

at a faster rate than the inflation in order to provide a ‘resting period’ at the end of the 

simulation to ensure that the dynamic solution has truly converged. 

 

Figure 6.58: Primary variables (air pressure and edge cable length) control the three stages of the 

erection simulation. 

6.4.3.1.4 Adaptive Stiffness 
Similar to 2D erection analysis, the axial stiffness of the beams was also reduced in order 

to avoid numeric instabilities. Here it was reduced to less than 1 % of its real value in 

order to speed up convergence. This reduction of the beam’s axial stiffness has a 

negligible effect on the structural behaviour of the whole system. 
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6.4.3.1.5 Membrane FE elements 
Despite time committed to developing, and experimenting with, various membrane FE 

elements (including a constant strain triangle) with varying degrees of success, the 

cushion membrane was ultimately modelled in this simulation by means of a triangulated 

mesh with edge ‘springs’ of high, arbitrary but length-dependent axial stiffness.  

This method of modelling was chosen predominantly to reduce computational demands 

on the already heavy simulation. Due to the number of mesh elements in the system, any 

FE goal which required area-dependent stiffness led to significant reductions in 

computational speed. Furthermore, maximum membrane stresses could be easily 

calculated using the largest radii of curvature and internal pressure. It was obvious from 

simple hand calculations and curvature evaluation that the membrane is unlikely to be 

highly stressed or feature critical stress concentrations. Subsequently the stress 

distribution in the membrane was simply not important enough to merit the development 

of advanced finite elements. 

6.4.3.1.6 Air Pressure 
The air pressure goal defines the area and perpendicular vector to the triangular mesh 

faces by calculating the cross product of two edges. These operations are performed at 

every iteration and so the air pressure adapts to any expansion of the membrane surface 

(albeit minimal in this case due to the high stiffness and low pressure). 

6.4.3.1.7 Collisions 
The collision operation (Kangaroo’s Solid Point Collide goal) is very simple and yet very 

effective. By exploiting geometric functions from the RhinoCommon library, it is 

possible to return whether a point at a given moment is inside or outside a closed mesh 

for a given tolerance. If the colliding point is situated inside the closed mesh, a move 

vector is generated from this point to the closest point on the mesh’s boundary which 

effectively pushes this point to the surface. The corners of the mesh face with which the 

point is currently colliding are also given barycentrically weighted move vectors in the 

opposite direction. This latter step ensures that the collision acts in two ways (i.e. both 

the cushion and colliding points are affected). A user can freely define the weighting for 

these move vectors. Changing the weighting does not affect the overall equilibrium of 

forces between colliding objects, but instead ‘softens’ the collision boundary such that 

the grid will drift below the cushion surface for lower weightings. Higher weightings 

provide a more precise collision boundary but can be slower to compute. 
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Figure 6.59: Triangulated mesh of the cushion (blue) with the quadrilateral mesh of the gridshell (black). 

The vertices of the gridshell collide with the closed volume of the cushion. 

6.4.3.1.8 Raised Floor 
The initial state of the pneumatic erection of elastic gridshells involves a deflated and 

arbitrarily crumpled cushion at ground level with the developed (flat) reticulated grid 

resting on top. Since the membrane edge elements are stiff springs, they can take 

compressive loads as well as tension loads. This means that in its crumpled initial state, 

membrane edge elements will protrude from the floor up to the height of their lengths. If 

the grid only collides with the cushion and floor plane, in this initial state the cushion-

grid collision is highly susceptible to grid vertices being pushed not only to the upper 

membrane boundary, but also below to the lower cushion boundary at floor level because 

this boundary is closer to the grid vertices. Subsequently the grid is pushed downwards 

to the bottom of the cushion and the cushion inflates without the grid. An artificial raised 

floor was modelled to overcome this phenomenon. The raised floor is only present during 

the first erection phase of the simulation. It’s initial height (45 cm) must be at least as 

high as the membrane edge lengths (30 cm) to avoid snagging and unsuccessful 

collisions. As air pressure increases inside the cushion, the raised floor is lowered 

facilitating a smooth transition of weight distribution from the floor to the cushion, see 

Figure 6.60. 
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Figure 6.60: Progressive reduction of the raised floor (blue) during the first erection phase of the 

simulation to avoid unzipping and snagging of the cushion colliding with the grid. The floor starts at a 

height of 45cm and reduces to 0. 

6.4.3.2 Analytical Results 

6.4.3.2.1 Axial Forces 
The most significant finding from the plot of axial forces during erection is that the 

gridshell members transition from predominantly tension during erection and to 

predominantly compression during deflation and in the end-state. This phenomenon is 

similar across all erection methods however the distribution of tension forces during 

erection via pneumatic falsework is more even due to the continuous support that it 

provides. The spikes in both the compression but predominantly tension forces towards 

the end of stage 1 in Figure 6.61 are not a result of genuine jumps in axial member force 

but instead a result of ‘snagging’ effects between the cushion mesh and the grid vertices. 

Cushion mesh faces can fold and gather in between grid lines such that as the cushion 

inflates, some mesh faces become trapped and cause a momentary increase in axial force 

on local grid members until they eventually slip and release. Were the gridshell axial 

stiffness not drastically reduced for the sake of convergence speed (see 6.4.3.1.4), this 

effect would be mitigated. In reality, this effect is not to be expected. If snagging or 

catching does occur between the cushion and (details of) the gridshell, this is more likely 
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to result in tearing of the membrane than stressing of the gridshell members. If neglecting 

the discussed force peaks, it is shown that the rate of change of axial forces in the system 

is gradual throughout. 

 

Figure 6.61: Plot of axial forces in the gridshell beams during the three erection phases. 
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6.4.3.2.2 Bending Moments 
When compared with the progression of bending moment utilisation during erection from 

the ‘lift up’ method (see 6.2.2.1), it is shown that not only is the progression of bending 

moments very gradual, but it also rises constantly. Under the ‘lift up’ method, the 

maximum bending is likely to be reached during erection and not at the end-state. The 

curve of maximum moments (red) in Figure 6.62 is more irregular during the first stage 

of erection due to element ‘snagging’ as described in the previous paragraph but also due 

to the simulation featuring much higher motion and relative displacements than in the 

latter two stages of erection. As the cushion inflates, it becomes free of folds which 

provides the gridshell with a smooth support surface. 

Another significant observation from the bending moments (Figure 6.62) is that in the 

final phase of the deflation stage, when the cushion remains fully deflated for a short 

period, we see that the average bending utilisation in the system falls while the maximum 

bending utilisation rises. This reveals that, at least for the shell shape in question, the 

relaxed elastica form of the gridshell is less stressed on average than the cushion-

supported gridshell but for individual members the system is in fact more stressed. 
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Figure 6.62: Plot of bending moments in the gridshell beams during the three erection phases. 

6.4.3.2.3 Deviation from Target 
Figure 6.63 plots the mean and maximum deviation between the nodes of the gridshell 

and their target location as originally defined by the Chebyshev net on the funicular 

surface. Here we observe a progressive reduction in deviation from the target throughout 
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each of the three erection stages, i.e. the gridshell is moving quickly and deliberately 

towards its target. The only exception to this trend can be observed at the beginning of 

stage one, where the deviation appears to increase. This is simply due to the artificial 

raised floor as described in 6.4.3.1.8 which causes the nodes of the gridshell to move 

away from their target as the floor falls until the cushion picks up the grid and starts 

moving it back up towards its target. This is purely a phenomenon of the simulation and 

would not occur in reality. 

Another key observation is that when the cushion is no longer supporting the gridshell 

(end of stage 3), it relaxes into its elastica form with both the mean and maximum 

deviations falling further down to just 31 mm and 110 mm respectively. This means that, 

for the given shell shape, the relaxed elastica shape of the gridshell is closer to the 

funicular target shape than the pneumatically supported gridshell. Not only does this 

reinforce findings from section 6.1.3.2 (Figure 6.14 & Figure 6.15), but it reconfirms that 

for certain gridshell shapes removing the cushion before stabilizing the gridshell (and 

thereby ‘locking’ the geometry) is not advisable. Instead, it is better to choose a shell 

geometry which is able to closely approximate its target shape when relaxed as a fully-

supported elastica grid. 
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Figure 6.63: Plot of deviation from the gridshell target geometry during the three erection phases. 

6.4.3.2.4 Reactions 
A novelty of this proposed erection method is that the perimeter foundations are subjected 

to both significant uplift and downforce during the erection. Figure 6.64 plots the sum of 

reaction forces for both the membrane (black) and the gridshell or ‘beams’ (red). We can 

observe that, in this case for a maximum air pressure 39 % higher than the trigger 
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pressure, we may expect uplift forces (ca. 2.4 kN) that even exceed the system’s self-

weight (2 kN). 

Another key observation is that uplift forces from both the membrane and gridshell 

dominate the erection process and only when the cushion is fully deflated do the uplift 

forces disappear, and the self-weight forces dominate. Despite the gradual and linear 

increase in air pressure during stage one it is interesting to observe the sudden increase in 

membrane reaction force immediately after the trigger pressure has been reached. During 

stage two it is interesting to observe that the curves of the membrane (black) and gridshell 

(red) reaction sums are equal and opposite such that their sum during this stage is 

effectively constant. 
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Figure 6.64: Plot of the sum of reaction forces from the membrane edge (black) and the beam supports 

(red) during the three erection phases. 
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Figure 6.65: The reaction forces of the supported membrane edge were taken as an average of n-1, n and 

n+1 in the sequence of support nodes in order to smoothen the jagged forces resulting from the 

triangulated membrane mesh (left vs right). 

6.4.4 Trigger Pressure 
An important aspect of being able to pneumatically erect elastic gridshells is knowing 

how much pressure is required to do so. Low pressures are desirable because they are 

easy to supply (with low-cost blowers) and because they have simpler and more 

affordable demands on detailing for the membrane.  

The pressure required to inflate a gridshell (trigger pressure) can be defined as: 

𝑡𝑡𝑟𝑟𝑡𝑡𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟 𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑝𝑝𝑟𝑟𝑟𝑟 = 𝑔𝑔𝑚𝑚𝑡𝑡𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚𝑚𝑚𝑡𝑡 + 𝑓𝑓𝑚𝑚𝑡𝑡𝑡𝑡𝑚𝑚 ∙ 𝑔𝑔𝑡𝑡𝑡𝑡𝑖𝑖𝑔𝑔𝑔𝑔ℎ𝑡𝑡𝑒𝑒𝑒𝑒 

Where gmembrane is the distributed self-weight of the membrane, ggridshell is the distributed 

self-weight of the gridshell and farea is a factor for area compensation between the 

footprint of the gridshell in its end-state and in its initial / flat state. This area factor will 

increase for higher height to span ratios and is also dependent on the shape of the 

gridshell. 

Figure 6.66 shows the influence of span-to-height ratio and shell shape on area 

compensation factor necessary when calculating the trigger pressure required to initiate 

pneumatic erection of an elastic gridshell. Shown in blue is the end-state gridshell and in 

black the initial and flat configuration. 

 



Pneumatic erection of elastic gridshells: design, simulation & realisation  

116  Gregory Quinn 

 

Figure 6.66: Influence of span-to-height ratio and shell shape on area compensation factor necessary 

when calculating the trigger pressure required to initiate pneumatic erection of an elastic gridshell. 

Shown in blue is the end-state gridshell and in black the initial / flat configuration. 

6.5 Fitness Criteria 
This section summarises the most important findings from this chapter. It was found that 

the range of materials, spans and shapes can and must be selected very carefully in order 

to ensure the method’s success. If the rods are too stiff, the grid mechanism will not 

deflect sufficiently under its own self-weight and will subsequently reduce its contact area 

with the cushion, requiring much higher air pressures and membrane detailing in order to 

achieve successful erection. Conversely if the rods are too soft, the gridshell will not be 

able to support its own self-weight in the transition phase after erection (including 

removal of the cushion) and before the gridshell has been stabilized (e.g. with bracing 

cables), see Figure 6.67. 
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Figure 6.67: For GFRP rod diameters ranging from 5mm to 45mm, the interaction between the grid and 

cushion, under its respective trigger pressure, is shown. 

At higher rod diameters, the self-weight component from the membrane (0.0111 kN/m2 

in the case of typical PVC coated polyester fabric) to the trigger pressure is dominated by 

the gridshell self-weight component meaning the cushion must crumple and deflect 

downwards in order to ensure sufficient contact area between the grid and the volume of 

air. Gridshells with smaller rod diameters are less stiff and so deflect more under self-

weight and in doing so make contact with the cushion which means that in this case the 

cushion must not deflect to ensure sufficient contact area. Similarly, gridshells with 

higher rod diameters are stiffer and will deflect less under self-weight meaning that unless 

the cushion deflects, only a small area of contact would be available between it and the 

cushion. 

Simply increasing the air pressure to compensate for this phenomenon is only a feasible 

solution within strict limitations. Higher pressures result in overstressing of the 

membrane, adding to the demands of the membrane details (welds in particular) and will 

be much more difficult to effectively seal at boundaries. 
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Figure 6.68: Range of experimental results which show the bandwidth of viable specifications for the 

SheltAir prototype. SW stands for self-weight. 

Figure 6.68 shows the range of experimental results which highlight the bandwidth of 

viable specifications for the SheltAir prototype. Simply increasing air pressures for 

heavier rods is shown to be unviable by the columns to the right in Figure 6.68 which 

show excessive membrane utilisation. The membrane utilisation was not evaluated 

directly from the membrane finite elements (because of their simplified definition) but 

instead from the largest radius of curvature of the cushion (Figure 6.69) and the internal 

pressure. 

 

Figure 6.69: Maximum membrane stress was not calculated via the finite elements but instead by using 

the maximum membrane curvature and the internal pressure. 

In Figure 6.70 the buckling load of elastic gridshells without bracing cables (erection-

state) and with bracing cables (end-state) is shown for a variety of rod diameters. This 

shows how smaller rod sections are not stiff enough to support the gridshell’s self-weight 

while large diameters are too stiff and inefficient. Rod diameters between 15 and 25 mm 

are clearly the most efficient for the given shell geometry (i.e. SheltAir ANCB pavilion). 

This demonstrates once again the importance of detailed analysis to ensure that the 

undesirablefailure desirableviable

rod diameter 5 10 15 20 25 30 35 40 45 mm

gridshell UDL 1,9 7,6 16,8 29,8 46,6 67,2 91,4 119,4 151,1 N/m2
trigger pressure 0,01 0,02 0,04 0,06 0,08 0,11 0,15 0,19 0,24 kN/m2

deviation from target 13 61 150 307 446 579 711 812 939 mm
manual anchorage load 0 3 8 16 27 42 60 86 114 kg

beam utilisation 5 9 13 18 22 27 31 36 40 %
membrane utilisation 10 16 26 40 58 80 106 137 171 %

buckling load no cables 0,1 0,4 1,5 2,1 2,5 2,7 2,8 2,8 2,9 SW factor
buckling load cables 1,6 4,2 9,6 10,6 11,1 9,4 8,3 7,4 6,6 SW factor

R = 314m
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distribution of stiffnesses is finely balanced to facilitate the pneumatic erection of elastic 

gridshells. 

 

Figure 6.70: Difference between buckling load of the gridshell with and without bracing cables for a 

range of rod diameters for based on the first SheltAir prototype geometry, Rod diameters between 15 and 

25mm offer the most efficient performance. 
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7 FULL SCALE 
DEMONSTRATORS 

A primary objective of this body of work from the outset was to investigate and develop 

a novel method which has real-world application potential. The ability to erect beautiful, 

efficient and large span shell structures represents significant potential in the fields of 

humanitarian relief and event shelters. Securing funding, developing a design and 

identifying partners added at least another year to the completion of this work but the 

built prototypes not only validate the simulation methods with a high level of precision 

but also go a long way in supporting the claims put forward for the fast and practical 

erection of elastic gridshells. 

Two full scale prototypes were developed within the context of this doctoral thesis. This 

chapter focuses mainly on the first of these since the second was built at the same time 

this thesis was submitted. The first prototype was built in the garden of ANCB The Aedes 

Metropolitan Laboratory, an architectural exhibition, event and debate venue in the 

Prenzlauer Berg district of Berlin. The 14 m span prototype was erected then displayed 

from the 27th of August until the 31st of October 2017 serving as an exhibition piece and 

summer pavilion. The funding of the first prototype was granted by the Institute of 

Architecture and City Planning at the Berlin University of Arts, with sponsored or part-

sponsored materials and services from Hightex, Pultrex, Serge Ferrari and Spirafix. 

The second prototype was commissioned by the Universities of Bath and Cambridge for 

Healthy Housing for the Displaced (HHftD), a research project focusing on humanitarian 

shelters funded by the Engineering and Physical Sciences Research Council (ESPRC). 

The second shelter was built in September 2018, it spans 10 m and its design made many 

incremental improvements in relation to the first prototype and was adapted significantly 

for application as a family dwelling shelter. The second full-scale prototype will test not 

only the pneumatic erection but also various aspects of thermal design and will collect 

thermal performance data over a period of about a year. 

This chapter documents the most important aspects of the shelters’ design, computation, 

construction and erection. 
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Figure 7.1: Exterior and interior view of the 1st SheltAir pavilion in the garden of the ANCB Metropolitan 

Laboratory in Berlin, August 2017. 

 

Figure 7.2: The 1st SheltAir pavilion rebuilt for the opening of the Steinplatz public square on behalf of 

the district council of Charlottenburg-Wilmersdorf, Berlin Aug 2018. [Photo: Fabian Schneider] 

 

Figure 7.3: Exterior and interior view of the 2nd SheltAir prototype for Healthy Housing for the Displaced 

built at the University of Bath’s Building Research Park (BRP) in Swindon, September 2018. 
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7.1 Modelling Pipeline 

 

Figure 7.4: Modelling pipeline flowchart: Entire modelling and simulation. 

The modelling pipeline developed for the realisation of the prototypes contributes 

significantly to the feasibility of the proposed method. While the pneumatic erection of 

elastic gridshells is shown to be feasible in theory and in practice, if the method is to stand 

a chance at successful dissemination and implementation the computational aspects must 

also be shown to be simple, efficient and effective. As such, it was deemed valuable to 

document the computational pipeline developed for the prototypes. With this 

computational pipeline, the realisation of further pneumatically erected elastic gridshells, 

which are geometrically highly complex structures, is shown to be feasible and practical. 

The modelling pipeline used here for the realisation of the prototypes was a single 

Grasshopper file which facilitated three primary functions: 

1. The generation of all production data and drawings. 
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2. All geometry and TEDDY files necessary for static analysis of the end-state 

structure in SOFiSTiK. 

3. Detailed erection analysis via the custom method developed with Kangaroo. 

These three primary functions are represented by three distinct geometric models in the 

pipeline each with their own appropriate geometric detail and information. The model 

required is selected at the very start of the pipeline (Figure 7.5). 

 

Figure 7.5: The appropriate geometric model can be chosen for subsequent operations at the very 

beginning of the parametric pipeline. 

For example, the erection model has a low resolution of subdivision for the elastic rods 

to ensure a fast erection simulation in Kangaroo. The erection model also models the 

cushion below the grid with a triangulated mesh for the collision operations. The analysis 

model however, provides a higher resolution of subdivision for the rods and geometrically 

separates the rods in warp and weft directions by a distance equal to their diameter. 

Additionally, the analysis model precisely models contact springs, connection bolts and 

both inner and outer membranes with quadrilateral meshes for accurate static analysis. 

The production model on the other hand draws the rods as continuous swept profiles for 

high quality rendered images and facilitates the output of all production data and 

geometry (such as membrane cutting pattern, rod lengths, foundation plates, labelling 

etc.). 

 

Figure 7.6: The level of geometric detail and embedded information is different for each of the three 

models in the pipeline. From left to right: analysis, production and erection models. 

The parametric robustness of the pipeline is important to facilitate the evaluation of 

geometric variants, as required for this thesis, but also to enable easy manipulation of the 
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design for different design criteria. As shown in Figure 7.7, geometric parameters can be 

modified in the pipeline with ease such that subsequent operations are not hindered in any 

way. 

 

Figure 7.7: Parametric robustness and versatility of the geometric pipeline to facilitate quick, efficient 

and repeatable analyses and production data. 

7.2 Design 

7.2.1 Shape 
The design of the SheltAir ANCB pavilion was influenced by both objective and 

subjective factors. Primarily an elegant design was sought after which complemented its 

surroundings; i.e. a square garden with historic masonry walls on two sides (from a 
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brewery which had stood in its place), opening up to the other two sides and featuring a 

prominent tree in one corner. A single opening was deemed appropriate for the moderate 

number of visitors expected and multiple openings would have weakened the shell and 

diminished the aesthetic continuity of the shell.  

The amoeboid, with its three nodes, was developed with the following logic and 

motivation: 

• Change in curvature of the footprint in plan in combination with the adopted 

funicular form-finding technique results in a shell with constantly changing 

curvature, which is known to stiffen shells. 

• The inclusion of concave curvature was desired as it is less common and more 

challenging to achieve with precision for pneumatic shapes and subsequently sets 

a higher standard of technical challenge. 

• The architectural value of changing curvature and three pockets or zones which 

can be used separately or combined was judged to be high. 

• A shape which is rotationally balanced about its central vertical axis is desirable 

because as the cushion inflates, the grid mechanism it carries will tend to stay 

centred and not drift away due to an otherwise eccentric or rotationally 

asymmetric shape. 

• A high level of slenderness (i.e. small rod sections and large grid spacings) was 

desirable to demonstrate clearly the potential architectural ‘lightness’ with such a 

method. 

• The structure was designed to be as big as the site would allow (span of 14 m). 

Originally a prototype spanning 30 m was planned as the proposed method is in 

fact well suited to larger spans. 

• Finally, a design was sought which looked original, distinctive and attractive. 

 

Figure 7.8: Visualisation of the ANCB SheltAir pavilion clearing showing its size and capacity via section 

view. 



Chapter 7: Full Scale Demonstrators 

Gregory Quinn   127 

7.2.2 Details 
The details developed for the SheltAir pavilions were designed primarily to be effective, 

fast to assemble and architecturally refined. The effectiveness of the details is inextricably 

linked to the potential success of the novel method itself. Simply proving the feasibility 

of the system with simulations does not prove its feasibility in the built environment. 

Figure 7.10 shows a collage image of the architectural details from the SheltAir ANCB 

pavilion (i.e. first prototype). The use of black pigmented GFRP rods was desirable due 

to the attractive contrast of white PVC with matt black. As the rod section diameter was 

only 15 mm, jointing proved a challenge. All rod connections (crossover, in-line and 

beam end) were achieved by means of 5 mm steel pins or screws which penetrate the 

section completely. Modified garden trellis connectors made from cast-steel were used 

for the connections between steel cables and the GFRP rods. Cut steel tube details were 

developed for the beam end connection which dock into vertically (laser) cut openings in 

the steel foundation plates. The 1 cm steel foundation plates were designed to be heavy 

to act as a ballast against uplift during inflation. A clamping strip on the inner edge of the 

foundation plates served to (temporarily) clamp the cushion upper and lower parts to 

achieve a sufficiently air-tight seal. The foundation plates interlock into their neighbours 

to define the perimeter without the need of on-site measuring or marking. The foundation 

plates are anchored to the ground via rammed earth screws (partly sponsored from 

supplier SpiraFix) which not only secure the foundation against lateral and vertical 

movement but also serve as an anchor point for securing and pre-tensioning the outer 

architectural membrane. All in all, great effort was made to develop details which 

performed as many tasks as effectively and elegantly as possible with as little material 

and as few components as possible. 
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Figure 7.9: Collage image of architectural details for the ANCB SheltAir pavilion. 

 

Figure 7.10: A typical foundation plate geometry with annotated cuts. Black lines are cut and blue lines 

are engraved. 

 

 

cut-out for end connector

anchor hole for pulling cable

interlocking detail for neighbouring parts

holes on inner edge for membrane clamping plate

anchor hole for bracing cable eyebolts
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7.2.2.1 End Connectors 
As identified in the simulations, pulling the beam ends to their support points immediately 

after inflation is an essential step in the proposed erection method and one that must work 

well if the method is to be successful in practice. 

The performance criteria for the end connectors are unique and manifold: 

• They must protect the end of the beams and transfer any compression or tension 

loads from the gridshell. 

• They must facilitate repositioning from a cantilevered position directly after 

inflation to pin-supported at the perimeter in the end-state. 

• The repositioning must follow the shortest possible but equilibrium-dependent 

path to its target support point. 

• The angle of incidence in the final state is not perfectly perpendicular to the rod 

and so a certain amount of rotational freedom must be permissible in the guiding 

path as it shortens. 

• The end connector should be operable by a single person such that he or she can 

sequentially secure the beams in place alone. This means that the pull-down 

operation must have a non-return function (i.e. it can only get closer to its target 

and not further away). 

• It must look architecturally refined. 

• It must be easy to preassemble. 

• It must be cheap. 

Subsequently, great effort was committed to the development of end connectors which 

could satisfy the above. Several generations were prototyped over the development period 

as shown in Figure 7.11 and Figure 7.12. 
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Figure 7.11: End connector development progress showing the component (above) and the non-return 

functionality (below). Left: galvanised CNC-milled connector & laser-cut rotating washer for 1st SheltAir 

prototype. Middle: Revised stainless laser-cut connector with horn cleat for 2nd SheltAir prototype. Right: 

User friendly stainless laser-cut cam cleat variant ideal for rapid assembly and re-use. 

 

Figure 7.12: The cam cleat variant with quick squeeze-to-release mechanism. Design features more 

parts, is more expensive but offers greater speed and reusability. Ideal for event applications. 
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7.3 Static analysis 
Static analysis of the gridshell was conducted to assess and validate the structural load-

bearing capacity of the prototypes. The static analysis was primarily performed with 3rd 

order non-linear SOFiSTiK simulations. Although not documented here, hand 

calculations were also performed to check the bearing capacity of the 5 mm bolts and the 

bracing cables. 

7.3.1 Residual Bending Stress & Elastica Deformation 

7.3.1.1 Assumptions 
The Young’s modulus of the GFRP rods was determined by means of a custom 3-point 

bending test as in chapter 6.3. Three samples of the 15 mm diameter GFRP rods at 1.5 m 

lengths were drilled with 15 mm holes every 400 mm – as per the design of the 

prototypes. The 3-point bending test determined a Young’s Modulus of 38 GPa (40 GPa 

was suggested by the supplier Pultrex for the source material without penetrations). A 

bending strength of 800 MPa was assumed (850 MPa suggested by supplier). There were 

no detailed considerations of creep or UV degradation because the prototypes are 

temporary structures. 

7.3.1.2 Results  
Despite the differences in finite element formulation for beams in Kangaroo (simplified 

3 DOF Barnes model) and in SOFiSTiK (precise 6 DOF Timoshenko model) both 

software environments produced highly similar results for the bending stresses (Figure 

7.13) and deflections (Figure 7.14) under self-weight for the unrestrained gridshell. Both 

SOFiSTiK and Kangaroo simulations predicted a maximum characteristic bending stress 

in the GFRP rods of exactly 106.6 MPa for the ANCB SheltAir pavilion which equates 

to a utilisation of just 13.3 % for that load case. The equality of these results highlights 

how little influence torsion (which is not modelled in the 3DOF Kangaroo finite element) 

has on this (and most) elastic gridshells and how for many simulations, simpler models 

suffice. 

It is worth reiterating at this point that the relaxed elastica gridshell must be calculated as 

a starting point for the structural calculations because according to the proposed and 

investigated method, after inflation the gridshell is both self-supporting and unrestrained. 

Only in a final step are the bracing cables fixed in pace and restrained thereby converting 

the gridshell from a compliant mechanism into a fully-restrained gridshell.  
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Figure 7.13: Accurate bending stresses calculated using the new ACTB (active bending) function in 

SOFiSTiK which imposes stresses to a system under the assumption that the curved members were 

originally straight. Rods separated into their orthogonal directions (left, right). 

 

Figure 7.14: Inward and outward deviation of relaxed gridshell from funicular target surface as 

calculated by Kangaroo (left) and SOFiSTiK (right) showing high correlation despite the differences in 

finite element definition formulation (i.e. 3 DOF Barnes vs 6 DOF Timoshenko). 

7.3.2 Wind 

7.3.2.1 Assumptions 
The wind load distribution was approximated by applying the wind load distribution for 

domed roofs according Eurocode (EN 1991-1-4). A peak velocity pressure (Qp) of 

0.8 kN/m2 was assumed. Figure 7.15 shows how this code was redefined parametrically 

in order to facilitate the simulation of any wind direction. The accuracy of this model 

outward
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reduces as the shape of the shell deviates from a rotationally symmetric dome, as is the 

case here. Figure 7.17 shows the wind distribution on the shell surface according to EN 

1991-1-4 compared with a more accurate distribution on a similar shape as calculated by 

means of CFD using OpenFoam. Given greater time and resource, the CFD-generated 

distribution would be preferable.  

 

Figure 7.15: Wind load distribution according to EN 1991-1-4 for domed roofs. 

 

Figure 7.16: Wind distribution for domes according to EN 1991-1-4 applied parametrically to the model 

for user defined wind direction. 

 

Figure 7.17: Wind distribution for domes according to EN 1991-1-4 applied to the prototype shape (left) 

and wind load distribution according to CFD analysis using OpenFoam for an earlier, but similar, 

version of the shell shape (right). Suction zone further back. 

7.3.2.2 Results  

A combined design load of 1.5 × 𝑆𝑆𝑆𝑆 + 1.5 × 𝑆𝑆𝑡𝑡𝑊𝑊𝑑𝑑 resulted in beam utilisation stresses 

of just 26 % with peak stresses occurring at the stiff nodal connections. In reality the 

bolted nodes are more pliant and so the stress peaks in reality will be less prominent. In 

terms of reactions from the support points from both the beams and the bracing cables we 

observe a maximum downward point load of 3.66 kN and a maximum upward point load 

of 2.51 kN. These point loads will be spread out significantly by the 1 cm steel foundation 
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plates. However, the maximum uplift is still not exceeded by the 2.9 kN (minimum) pull-

out force of the 610 mm Spirafix anchors, see Appendix 1 for anchor load table. 

 

Figure 7.18: Left: Bending stress distribution in the GFRP profiles. Right: Vertical component of the 

reaction forces at grid and cable supports. 

7.3.3 Person Load 
A design point load of 1 kN, spread over two nodes, was also evaluated resulting in a 

non-critical 26 % beam utilisation, albeit visibly large deformations (376 mm). The 

gridshell’s ability to accommodate such large point loads and deformations despite its 

low weight and slender elements is a testament to its robustness and structural capacity. 

 

Figure 7.19: Left: True-scale deflection of 1kN point load distributed over two nodes through a section of 

the gridshell. Right: Significantly smaller point loads demonstrated on the prototype by the author and 

his son. 
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7.4 Pre-Fabrication 

 

Figure 7.20: Pre-fabrication steps for the ANCB SheltAir pavilion. 1) CNC milling of tube connectors, 2) 

Drilling and tapping holes into cast steel cable connection, 3) Fabrication of membranes, 4) Pultrusion 

of GFRP rods, 5) Jig-assisted drilling of GFRP rods, 6) Laser cutting of steel plate parts, and 7) Hot-dip 

galvanizing of steel plate parts. 

See Appendices 2 and 3 for the membrane cutting patterns for the first and second 

prototypes respectively. 
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7.5 On-Site Construction 

 

Figure 7.21: On site construction of the ANCB SheltAir pavilion. 

1. Positioning of cushion ground sheet, which acts as template for the foundation 

plates. No measuring or marking on site required. 

2. Placement of foundation plates, using ground sheet as guide. 

3. Ramming of self-tapping ground screws. 
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4. Clamping of upper and lower cushion membranes at perimeter to form closed 

cushion volume. 

5. Placement and pinning of GFRP rods. 

6. Placement of initially-slack bracing cables. 

7. Inflate. 

8. Pulling of beams to support points and securing in place. 

9. Tensioning of bracing cables. 

10. Addition of door frame and other details. 

11. Deflate and remove cushion. 

12. Mount architectural cover. 

For the ANCB SheltAir prototype, the profiles were mounted as a single assembly on 

site. For the second HHftD SheltAir prototype, the profiles were first as pre-assembled 

into hexagonal tiles which can scissor together, be stored and transported easily. On site 

the tiles are to be opened and connected to one another. See Appendix 4 for the tiling 

system. 

7.6 Experimental Results 
The primary finding from the prototypes is that the method worked as predicted and that 

the simulation worked with a high level of accuracy. The prototypes validate the viability 

of the proposed method and help to communicate its practical and architectural benefits. 

7.6.1 Geometric Precision 
Thanks to a 3D colour point scan of the final structure, it was shown that the method of 

using the ground sheet as a template for positioning of the steel foundation plates resulted 

in an initial alignment error of up to 121 mm in plan (see Figure 7.22). Other parts of the 

perimeter feature much lower or even zero deviation from target. For this structure, the 

error represents less than 1 % of its 14 m span. However, the initial deviation of the 

foundation plates undoubtedly affects the geometric precision of the rods above them. 
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Figure 7.22: Deviation between the intended and actual position of the perimeter foundation plate was 

shown to vary between 0 and 121mm from the outset. Any subsequent deviation of the rod geometry 

above ground level is therefore also affected by this initial error. 

 

Figure 7.23: Close to the ground at the point of largest foundation error, rods are shown to deviate up to 

152mm from their target positions. This too will be a direct result of the tolerance error in the initial 

positioning of the foundation plates. 

Despite this initial deviation of the foundation plates, the rods were shown to have a very 

high geometric correlation to the target and the calculated relaxed elastica under self-

weight (see Figure 7.24). The maximum vertical deviation at the apex of the structure was 

only ca. 45 mm from the funicular target and ca. 22 mm from the elastica under self-

weigh. The maximum vertical deviation elsewhere in the structure (measured digitally 

from the model) was 92 mm from the funicular and 78 mm from the elastica. 

121mm

152mm
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Figure 7.24: 3D scan of the pavilion superimposed with the funicular target geometry (red) and the 

relaxed elastica under self-weight (green). High precision and correlation of the geometries can be 

observed. 

 

Figure 7.25: Overlay between 3D-scan and funicular target geometry (red, left) and the relaxed elastica 

under self-weight (purple, right). 

7.6.2 Air-Tightness 
Ventilators for the inflation of bouncy castles have high flow-rates of air and are 

subsequently suitable products for the proposed application which aims to erect the 

pneumatic falsework as quickly as possible. A Gibbons FP5005 1.1 kW blower was used 

which according to its specification can provide a flow rate of 1784 m3/hr at a pressure 

of 1000 Pa (10 mbar). The volume of the cushion is, V = 188 m3. The inflation time was 

determined to be, t = 11 min (acquired from video footage time stamps). So, if the blower 

can fill 1784 m3 in 60 minutes, it should fill 188 m3 in: 
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60𝑚𝑚𝑡𝑡𝑊𝑊 × 188𝑚𝑚3

1784𝑚𝑚3  = 6.32𝑚𝑚𝑡𝑡𝑊𝑊 

And since the actual inflation took roughly 11min, we can define the efficiency in the 

system as 

𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑠𝑠𝑡𝑡𝑟𝑟𝑊𝑊𝑠𝑠𝑒𝑒 =
6.32𝑚𝑚𝑡𝑡𝑊𝑊
11𝑚𝑚𝑡𝑡𝑊𝑊

= 57% 

Meaning that around 43 % is lost to backpressure in the system and leakages at the 

clamping detail. However, the erection is still extremely fast, and this leakage does not 

represent any handicap to the method. 

 

Figure 7.26: Leakage between the upper and lower parts of the cushion from the clamping plate detail is 

shown to contribute to the 43 % efficiency loss. 

7.6.3 Uplift 
As was also observed in the scale model in chapter 6.3.2.2 and as shown in the 

computational results in chapter 6.4.3.2.4, uplift during inflation is significant and special 

care must be taken not to over-inflate the cushion and to design the foundation ring such 

that it can comfortably cope with the large uplift. During the erection of the ANCB 

SheltAir pavilion, a test inflation of the cushion was conducted before the grid had been 

mounted on top. The cushion, without the added self-weight of the grid, inflated very 

rapidly to the delight of those conducting the test. The uplift was calculated for a 

maximum internal pressure of 3mbar which was clearly overshot during the momentary 

period of celebration. Subsequently the uplift exceeded the combined ballast weight of 

the steel plates and the anchor resistance of the ground screws for one section of the 

perimeter causing the screws to be ripped out from the ground. Deflation of the cushion 

however facilitated remounting of the ground screws with ease and no lasting damage. 



Chapter 7: Full Scale Demonstrators 

Gregory Quinn   141 

This serves as a helpful warning about the risks of over-inflation during erection but could 

easily be fixed by integrating a constant pressure relief valve into the cushion. 

 

Figure 7.27: Excessive uplift from momentary over-inflation during test-inflation of cushion without grid 

led to the foundation plate and ground screws being ripped out of the ground. Deflation of the cushion 

facilitated remounting of the ground screws with ease and no lasting damage. 
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8 OUTLOOK 

This thesis has proven that the novel system not only works in theory but also in practice. 

An important question then is whether this knowledge can be harnessed and developed 

further to provide a meaningful and valuable contribution to the built environment. This 

chapter attempts to answer this question focusing on its application potential for 

humanitarian causes, architecture and events. Wider novel applications for pneumatic 

falsework in combination with structural systems other than elastic gridshells are also 

proposed. 

8.1 Architecture & Events 
One potential architectural application was developed in 2015 as the structural and 

architectural proposal for the 4,000 capacity main exhibition hall for the 2019 Beijing 

Horticultural Show in collaboration with the Chinese Architecture Design and Research 

Group (CADG Co.Ltd). The proposed structure for the main exhibition hall is an elastic 

gridshell made from natural bamboo (or GFRP tubes) with a 100 m span. The shape was 

developed by a combination of focused architectural intent (circular in plan), parametric 

form-finding (digital funicular model) and optimisation of compressive force flow. The 

gridshell is intended to be erected by means of pneumatic formwork and in its final state 

it is to be stabilised and covered by the same membrane that was used for its erection 

resulting in a novel and holistic example of lightweight structural engineering. 

The architectural scheme of the Beijing 2019 Horticultural Exposition as provided by 

CADG is composed of bridges, a tower, greenhouses and a performing arts centre. Each 

of these four primary structures must make use of bamboo, and technological innovations 

are sought after in order to promote advances in bamboo structural technology. 
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Figure 8.1: 3D printed model of the 100 m pneumatically inflated natural bamboo gridshell architectural 

scheme developed for the exhibition hall of the 2019 Beijing Horticultural Show. 

 

Figure 8.2: Erection sequence: 1) construct foundations & perimeter ring, 2) assemble membrane 

cushion and flat grid on inclined site, 3) inflate to erect, 4) secure perimeter and connections between 

membrane & gridshell, 5) deflate & suspend membrane, 6) excavate and complete rest of structural 

works under cover of gridshell. 

 

Figure 8.3: Special reticulated node developed for the natural bamboo (or synthetic GFRP) tube 

segments on a single plane (i.e. no offset). 

 



Chapter 8: Outlook 

Gregory Quinn   145 

8.2 Humanitarian Relief 
At the end of 2017 it is estimated that there were 68.5 million forcibly displaced people 

worldwide [124] with 102,800 refugees resettled; a new record. The global problem of 

displaced peoples is severe and causes a great deal of human suffering. 

The novel method presented in this thesis was founded plainly on a concise scientific 

hypothesis however, from the outset, the scope of the work sought to develop a solution 

which has the potential to contribute to humanitarian relief efforts. It remains to be seen 

whether these intentions will be realised but this subchapter sets out substantial 

groundwork for a research trajectory for the humanitarian application of pneumatically 

erected elastic gridshells. 

 

Figure 8.4: Visualisation of a large span (60 m) pneumatically erected elastic gridshell for humanitarian 

applications requiring large areas such as medical, religious or municipal buildings. [Rendering: 

Gregory Quinn & Saqib Aziz] 

The importance of large shelters for medical treatment, social convalescence and religious 

gatherings in refugee or disaster-stricken areas is generally underserviced due to the 

necessary focus on smaller family dwellings but also due to the cost, time, complexity 

and energy demands associated with their construction.  

The holistic solution developed and presented in this thesis has the potential to facilitate 

the fast, safe and low-energy erection of elastic gridshells by means of pneumatic 

falsework. Benefits are to be found in the ability to generate large, stiff and beautiful 

doubly curved shells from slender and straight beams with very little material or 

embedded energy. The biomimicry of the shell curvature and repeating patterns of the 
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grid complement the sustainability aspects of the solution and offer a refreshing contrast 

to typical planar shelter systems. 

The second SheltAir prototype built in partnership with the University of Bath for Healthy 

Housing for the Displaced (HHftD) modifies the original design with the aim of 

dramatically increasing its suitability for application as a rapidly deployable disaster relief 

shelter in extreme climates. The modifications include simple design improvements 

which help to increase the speed and ease of erection; however, the modifications also 

tailor the design to achieve a home which is thermally comfortable, adaptable in terms of 

function and programmatic partitioning and architecturally pleasant for users who find 

themselves in extraordinarily adverse living conditions. A primary point of reference for 

the design of the humanitarian SheltAir was provided by Albadra et al. [125]. Another 

point of reference were the HHftD research objectives (RO) [126]: 

• RO1: Complete the largest ever uniform linked thermal, air quality, and social 

study in five camps. Collect the views of camp occupants and aid agencies on 

possible shelter improvements and limitations. 

• RO2: Create an optimisation process that will seek to improve living conditions 

in displacement camps through the creation of low-cost, easy to construct housing 

that moderates temperature while providing dignified living and customary 

domestic and intracommunity relations. 

• RO3: Prototype, measure, and develop shelter solutions using novel combinations 

of conventional and non-conventional materials appropriate for a range of 

climatic, social, political, and economic conditions. 

• RO4: Create a methodology for the future creation of new designs as technologies 

change, new disasters occur and further data is collected by all actors. 

• RO5: Develop a two-way process of architectural design suitable for working with 

displaced people who may have suffered personal and societal breakdown. 

Although in Spanish, work by Rodriguez [127], provides a good summary of family-sized 

rapidly deployable shelters with particular focus on actively bent systems. 

8.2.1 Thermal Comfort 
Albadra et al. [125], [128] demonstrate how thermal comfort is major issue for many 

refugee shelters, particularly in arid desert climates (which currently accommodate the 

majority of the world’s displaced people) such as the Zaatari and Azraq camps in Jordan 
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respectively housing 80,000 and 45,000 refugees fleeing the conflict in Syria. This 

climate features temperature extremes between night and day, winter and summer: “The 

mean maximum outdoor temperature in Zaatari is 32.7 °C and the mean minimum is 

1.9 °C. In Azraq the mean maximum outdoor temperature is 36 °C and the mean minimum 

is 2.8 °C.” [129] 

 

Figure 8.5: Corrugated steel huts of the Azraq camp provide zero thermal insulation with internal 

temperatures often exceeding those externally. This image shows some of the makeshift modifications 

installed by occupants (solar shading, basic insulating and privacy measures). [125] 

The need for improved thermal performance in refugee shelters in arid desert climates is 

severe. This can be addressed by both thermal insulation and mass. The single PVC 

membrane cover of the basic SheltAir design does not by default offer any significant 

thermal barrier. By modifying the design such that the cushion membrane is suspended 

from the inside of the gridshell after inflation, the cushion is re-used as an architectural 

envelope and the gridshell is exposed providing a sacrificial formwork for any number of 

insulation or thermal mass materials (albeit materials which can accommodate the shell’s 

curvature). Preserving the cushion is only important for structures which will be mounted 

and disassembled many times, such as event covers. In the case of humanitarian shelters 

it has been shown that actual shelter usage periods usually far exceed those initially 

planned by years. As such having a shelter which is rapid to deploy, structurally robust 

and adaptable in function is highly desirable. It is also commonly accepted now that 
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shelters (or any humanitarian relief efforts) which are sensitive to local building 

preferences and cultural aspects are far more likely to succeed. While the SheltAir 

structure is a closed system, the freedom to apply any and every insulation material to its 

exterior (e.g. mud render, animal hide, straw & clay, insulation fibres) is a formidable 

design strength. The robustness of the gridshell structure (e.g. to accommodate additional 

openings) and its multiple nodes for hanging points (e.g. for partition curtains or utilities) 

offer interesting advantages over tent or panel shelters. The concept of adding thermal 

insulation or mass to the gridshell is shown in Figure 8.6. 

 

Figure 8.6: Sketch illustrating the option to add thermal insulation and/or mass to the exterior of the 

elastic gridshell after erection. 

Initial thermal studies on the HHftD SheltAir prototype were carried out by Farhad Mofidi 

from the University of Bath for a variety of seasons and thermal insulations based on a 

resistor-capacitor (RC) thermal network. The findings show that the SheltAir design 

insulated by means of fibrous wool or mud render in combination with night purge 

cooling has the potential to dramatically reduce the daily external temperature peaks, see 

Figure 8.7. Reducing the temperature peaks is about as much as can be achieved passively 

or without significant quantities of thermal mass. In order to actively reduce the average 

temperature additional measures would be required. 
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Figure 8.7: Initial findings on the thermal performance of a fibrous wool insulated SheltAir gridshell in 

summer on the Azraq refugee camp in Jordan showing significant reduction of external temperature 

peaks (blue line) internally (red line). [Analysis: Farhad Mofidi] 

Hanging the cushion membrane from the gridshell in the end-state offers a practical 

solution to basic cover from UV, wind and rain. However, the number of hanging points 

will have an impact on the aesthetic quality of the interior skin as shown in Figure 8.8. 

 

Figure 8.8: Re-use of cushion as architectural skin for humanitarian (single-use) applications by hanging 

it from the gridshell in the end-state. Number of hanging points affects aesthetics. 

8.2.2 Partitioning 
Occupants of shelters seek to partition interior spaces according to their functional and 

cultural requirements. Custom partition walls constructed by occupants at the Azraq camp 

were shown to increase internal temperatures even further by stifling air flow and 

localising heat gain [125]. Instead of hard surfaces and closed thermal zones, the HHftD 
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Sheltair prototype makes use of partition curtains which ensure that air can flow 

throughout the shelter and the effects of natural ventilation can be maximised. PVC was 

used for the curtains in the prototype, but a thick natural woven fabric would be ideal due 

to its acoustic absorption and tactile qualities. 

 

Figure 8.9: Partition curtains (red) permit effective programmatic segmentation of the architectural 

space while preserving a single thermal zone thus avoiding localised overheating. [Rendering: Gregory 

Quinn & Fabian Schneider] 

 

Figure 8.10: Variations of partition curtains can accommodate different programmatic needs. 

8.2.3 Clustering 
A further demand of good humanitarian shelters is the ability to modify, repurpose and 

even physically move them as occupants’ needs adapt within the camp. The 

correspondents of HHftD team put emphasis on this. The amoeboid design language of 

the SheltAir system lends itself well to both regimented and organic clustering. 
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Figure 8.11: Left: Organic clustering of SheltAirs with different sizes and nodal frequencies. Right: linear 

clustering and bridging of equally sized SheltAirs. 

8.2.4 Lean Construction and Value Stream Mapping (VSM) 
The cost and logistical implications of a disaster relief shelter will impact its success and 

adoption significantly. Michal Oginski from the University of Bath completed a research 

report comparing the manufacturing, life cycle and value-added aspects of the first 

SheltAir prototype (ANCB pavilion) and compared this with IKEA’s “Better Shelter” 

product, see Figure 8.12. 

 

Figure 8.12: HHftD SheltAir prototype next to IKEA’s cleverly named “Better Shelter”. 

…in 1993, the construction industry was introduced to the philosophy 

of Lean, together with its most prominent tool of value stream mapping 

(VSM), creating ‘Lean Construction’[131]. VSM is one of the crucial 

lean tools created by Toyota Motor Corporation and initially described 
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in the Toyota Production System (TPS) as a ‘flow of material and 

information’ [132]. 

VSM represents the central principles of lean methods, which allow for 

the identification of processes’ main problems and wastes as well as the 

facilitation of future improvement [131]. VSM is an extremely versatile 

tool that creates process flow diagrams that provide a representation of 

work progress during all stages of product development, from initial 

planning to completion [132]. The mapping captures both the flow of 

information and material in a given process, thus encouraging effective 

management of resources and promoting communication within the 

team. [133] 

Oginski’s findings were based on detailed manufacturing times, processes and costs of 

the first SheltAir prototype which was designed as a one-off with the primary objective 

of satisfying research criteria related to the novel erection method (i.e. not yet a 

streamlined consumer product like IKEA’s “Better Shelter”). Nonetheless his findings 

show that SheltAir has the potential to offer higher quality in shelter design (thanks to its 

robustness, durability and quality of building materials), see Figure 8.13. Given the vast 

potential for optimisation of the SheltAir design in areas such as supply chain, 

manufacturing processes, material choices and resource management, it clearly hints 

towards a promising and fruitful future for the novel technology. 

 

Figure 8.13: Project Management Diamond (PMD) assessment comparing SheltAir with IKEA’s Better 

Shelter. [133] 
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8.3 Alternative Structures for Pneumatic Falsework 
The benefits of rapid, safe and affordable erection of large-span structures via pneumatic 

falsework is not only limited to elastic gridshells. Two further potential applications are 

considered here. 

8.3.1 Auxetics 
Generally, auxetic structures are best suited to small scale applications (such as interior 

design, art or automotive) where the plastic deformation of perforated sheet metal does 

not require much energy input and the structural performance criteria is low. Conversely, 

mechanical solutions could be developed to facilitate the deployment of auxetic structures 

on a building scale. Initial computational studies were conducted to evaluate this idea 

based on quadrilateral auxetic mesh tiling for single and double layered systems (as 

proposed by Friedrich et al. [62]). See Figure 8.14 & Figure 8.15. 

 

Figure 8.14: Single layered quadrilateral auxetic tiles on the SheltAir target shape (left). Flattened onto a 

plane with no restraint at the perimeter nodes (middle) and with perimeter restraint (right).  

 

Figure 8.15: Double layered quadrilateral auxetic tiles on the SheltAir target shape flattened onto a 

plane with no restraint at the perimeter nodes.  

8.3.2 Bent-Plate Gridshells  
Another potential application for pneumatic falsework could be in the ever-expanding 

field of bent-plate gridshells such as the 2010 ICD/ITKE research pavilion [92] or the 

2017 inside/out pavilion from the University of Munich [134]. Both examples feature 

laminar strips (of plywood and steel respectively) under single curvature locally (with 

small amounts of torsion in the latter) and globally the former features both positive and 



Pneumatic erection of elastic gridshells: design, simulation & realisation  

154  Gregory Quinn 

negative Gaussian curvature whereas the inside/out pavilion is hyperbolic due to its strict 

adherence to asymptotic curves. Bending plates can offer certain practical advantages 

over slender profiles such as integration of structure and façade surface, however 

disadvantages can be found in the necessarily thin axis of the lamina sections and their 

susceptibility to local buckling. The advantage of rapid erection via pneumatic falsework 

could however prove valuable for certain shapes and fabrication methods. 

 

Figure 8.16: Left: 2010 ICD/ITKE research pavilion [135]. Right: 2017 inside/out pavilion from TUM 

[136]. 
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9 CONCLUSION 

The central research question of this thesis set out to establish whether elastic gridshells 

can be erected by means of pneumatic falsework and if so what are the merits, caveats 

and technical challenges therein. The body of work presented in this thesis categorically 

proves that the pneumatic erection of elastic gridshells is feasible under certain, but broad, 

conditions. 

A literature review highlights the historic significance and varied practical realisation of 

elastic gridshells and their established means of erection, namely: 'lift up', 'push up' and 

'ease down'. The historical precedent for pneumatically erecting structures is also detailed 

where relevant. The literature studies paint a clear picture of the context for this work and 

justify why it is necessary and valuable; i.e. to address the cost, complexity and risk of 

profile breakages which feature in established erection methods and, related to this, the 

lacklustre adoption rates of elastic gridshells despite their end-state structural efficiency, 

architectural qualities and widespread popularity. 

A novel method is proposed based on findings from multiple computational studies, a 

scaled physical test and construction of two full-scale prototypes. The novel method 

proposes the following eight axioms: 

1) The erection cushion should be equal in shape to the funicular target shape of the 

shell. 

2) The cushion should be constructed of a curved upper part and a flat ground sheet 

clamped at their perimeter (for rapid assembly initially and rapid deflation later). 

3) Erection will initiate when the internal pressure reaches the so-called 'trigger 

pressure' (for the first SheltAir prototype this was just 0.366 mbar and therefore 

easily and cheaply achieved). 

4) Internal pressures should not exceed roughly 140% of the trigger pressure (in 

order to avoid unnecessary demands on detailing from excessive membrane 

stresses and to limit uplift). 

5) While not implemented here, the maximum internal pressure should be ideally 

regulated by a constant release pressure valve. 
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6) At the point of maximum inflation, the beam-ends of the gridshell mechanism 

should be pulled to their support points (via non-return connectors along guide 

ropes). 

7) For smaller spans (≤ 40 m), the un-stabilised gridshell should be designed with 

sufficient stiffness to support its self-weight while stabilising elements (e.g. 

cables) are secured and prestressed. For larger spans, the pneumatic falsework 

should remain in-situ while grid stabilising elements are added due to the 

impracticality of the additional mass and stiffness from a self-supporting 

unsrestrained gridshell on such scales. 

8) The design of the elastic gridshell must account for the structural demands during 

the erection process and its intermediary load cases. 

Within these given axioms, the range of possible shapes, sizes and materials for 

pneumatically erected gridshells is large and indicates that the novel method offers great 

potential meriting yet further execution and exploration. 

In order to answer the central research question with numerical and engineering precision, 

novel and highly customised computational pipelines were developed using Kangaroo's 

projection-based dynamic relaxation solver. Additional studies and comparisons were 

conducted with traditional FEM based on implicitly solved global stiffness and the new 

and exciting field of NURBS-based isogeometric analysis. The development of complex 

and versatile physical simulations with constitutive relationships and their scripted 

display of reactions and internal forces constitute a significant contribution of this work. 

Citing additional case studies (FAHS and StructAR), the computational methods are 

shown to offer wider reaching potential particularly for applications involving quick 

computation of large deformations, on-the-fly topological changes and immediate, 

interactive and engaging user interfaces. 

Findings from a range of computational studies were presented concisely and their 

individual simulation pipelines summarised via flowcharts. 

Computational investigations into both 2D and 3D funicular, pneumatic and elastica 

forms reveal their similarity up to a height-to-span ratio of 1:3 and subsequent suitability 

for the novel method. The amount of curvature and variation thereof in a shell’s funicular 

target shape are shown to have an influence on both its structural performance and shape 

deviation from a relaxed elastica gridshell and a pneumatically inflated cushion based on 

the same initial geometry. It was shown that on average the relaxed elastica gridshell form 
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will deviate more from a funicular target shape at lower height-to-span ratios than the 

pneumatic form but that the structural performance of a gridshell which strictly adheres 

to its funicular target shape is rarely higher than that of a relaxed elastica for typical 

architectural shapes. 

The influence of mesh discretisation, form-finding methods and grid orientation on 

elastica deflection bias was investigated reinforcing the suitability of force density 

method for form-finding and the importance of the holistic and considered design of 

elastic gridshells. 

Computational studies of existing erection methods show that the 'lift up' method is most 

likely to result in overstressing of the gridshell (due to concentrated and insufficient point 

loads). The 'ease down' method is shown to be more controlled and efficient in theory but 

in practice may be subjected to hard-to-predict constraining forces from the telescopic 

jacks at the beam tips. 

Erection simulations were shown to be impractical using traditional FEM package 

SOFiSTiK which solves a global stiffness matrix implicitly. In fact, a dynamic solution 

was required to find the equilibrium state of a relaxed gridshell mechanism making 

contact (via custom working law springs) with a pressurised cushion, i.e. a snapshot at 

the very end of the inflation and not the inflation process itself. 

Instead erection simulations were developed using completely bespoke simulations based 

on Kangaroo's projection-based dynamic relaxation solver. Initially 2D studies helped to 

identify the significance of the trigger pressure, the influence of when to shorten the edge 

cables and the potential of shape manipulation via internal tethering. Later 3D studies 

were able to fully and accurately simulate the entire complex erection process which 

involves large deformations, collisions, topological changes and multiple erection stages. 

Findings from these reveal the range of suitable cross section sizes, necessary trigger 

pressures and material utilisation to expect for a given gridshell design. These findings 

also represent a significant and original contribution of this work. 

Documentation of the physical prototypes demonstrate in detail how this novel method 

can be realised practically and successfully. Architecturally refined detailing solutions 

were developed which, crucially, facilitate the realisation of the novel method on site but 

which are also practical and affordable to fabricate. Particular innovation is evidenced in 

the non-return beam-end connectors which are an essential part in realising the novel 

method. 
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The wider application potential of the method is demonstrated particularly within the 

context of humanitarian relief. The versatility of a stiff, doubly curved gridshell in this 

context offers novel features which existing shelters do not, such as pleasant and effective 

architectural spaces, regular hanging points for partition curtains and a structural 

framework for the optional addition of thermal insulation and additional skins. The 

importance of large shelters for medical treatment, social convalescence and religious 

gatherings in refugee or disaster-stricken areas remains underserviced due to the 

necessary focus on smaller family dwellings but also due to the cost, time, complexity 

and energy demands associated with their construction. This method has also the potential 

to facilitate the rapid deployment of larger structures for municipal buildings. 
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