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"A new generation of giant-scale textiles is at the core of a revolution 

in architecture. Soft «textile» foundations are fundamentally 

changing the way we think about architecture. Textile-based 

building concepts range from flexible skeletons and meshwork 

skins to buildings that move and respond to their occupants. These 

structures replace traditional views of solid, gravity-bound building 

with an interwoven, floating new world" (McQuaid, 2005:103-104). 
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ABSTRACT

 Textile Architecture is as old as man itself. However, due to its temporary 

character it has not been developed and considered as a viable solution in the past. 

Nowadays, although technological advancements make tensile architecture possible, 

architects lack the knowledge and experience in this subject. With recent innovations 

in materials and techniques, sinuous and elegant forms are emerging, and membranes 

have proven to be suitable, not only for temporary but also for permanent constructions.

 The aim of this dissertation is to inform architects on the most common varieties 

and respective qualities of modern-day polymeric membranes. This is achieved through 

the analysis of mechanical, thermal, acoustic, fire resistance and environmental impact 

properties. The most commonly used constructive details will be studied as well as all 

the methodology to follow, from form-finding process to patterning of the membrane. 

Two distinct projects were studied: The Shooting Arenas by Magma Architecture and the 

National Aquatics Center by PTW Architects. Both case studies aim to offer a practical 

understanding of the properties listed above and studied throughout this work, thus 

evaluating the main inspirations, challenges and solutions architects must face when 

dealing with tensile constructions.

 To sum up, this work results in a reflection of membranes' potentialities in 

architecture from both aesthetic and technical points of view. The main assets and 

problems are addressed and through the application in the cases studies it is shown the 

reliability of this type of solutions.

Keywords: Polymeric Membrane, film, coated textile, Shooting Arenas, Watercube, 

National Aquatics Center.
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RESUMO

RESUMO

 A arquitetura têxtil data aquando da própria criação do homem, contudo devido 

ao seu carácter efémero, não foi desenvolvida e considerada como uma solução viável 

no passado. Presentemente, e apesar do desenvolvimento tecnológico que torna as 

membranas tencionadas uma solução exequível, a maior parte dos arquitetos carece de 

conhecimento e experiência nesta área. Com as mais recentes inovações em materiais 

e técnicas construtivas, as membranas tencionadas permitem a criação de elegantes 

e sinuosas formas, demonstrando o seu potencial não só no domínio temporário, mas 

também em construções permanentes.

 O objetivo do presente trabalho é informar e dotar os arquitetos sobre as 

tipologias comuns de membranas poliméricas, bem como informar das suas qualidades 

e particularidades, através de uma análise das suas propriedades mecânicas, térmicas, 

acústicas, resistência ao fogo e o impacto ambiental. De igual forma, são sintetizados 

os detalhes construtivos correntemente utilizados, tal como toda a metodologia a seguir, 

desde o processo de apuramento da forma à modelação da membrana para o corte. 

Foram estudados dois projetos distintos: The Shooting Arenas de Magma Architecture 

e The National Aquatics Center de PTW Architects. Ambos os casos têm como objetivo 

dotar uma compreensão prática das propriedades acima listadas e estudadas ao longo 

da presente dissertação, avaliando as principais inspirações, desafios e soluções 

adoptadas.

 Em suma, o trabalho proposto induz uma reflexão das potencialidades das 

membranas do ponto de vista estético e técnico. Os principais problemas e vantagens 

são abordados, onde através da análise dos casos de estudo é demonstrada a sua 

aplicabilidade.

Palavras-chave: Membrana polimérica, filme, têxtil revestido, Shooting Arenas, 

Watercube, National Aquatics Center.
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Anisotropy: The feature of fabric wherein the 

physical properties and behavior are not the same in 

all directions.

Anticlastic: A surface with positive (Gaussian) 

curvature in one principal direction and negative 

(Gaussian) curvature in the other. A addle shaped 

surface.

Base fabric: The uncoated fabric of a coated or 

composite fabric material, also known as greige 

goods.

Biaxial stress: Stresses taken simultaneously along 

two concurrent orthogonal directions, usually wrap 

and fill.

Biaxial: Condition considered in two concurrent 

orthogonal directions, usually the principal orthogonal 

directions.

Cable fitting: Device attached to the end of a cable 

to allow a connection to another member. Fitting are 

typically swaged or speltered on the cable.

Cable net: Surface structure composed of discrete 

cables connected at crossing points.

Cable:  A flexible linear or curvilinear element acting 

in tension. Cable may be wire rope, strand, or web.

Catenary: The curve theoretically formed by a 

perfectly flexible,uniformly dense, inextensible « 

cable » suspended from each of two end points. In 

tensile membrane structures, this curve is generally 

not ever truly developed, but the term is commonly 

used to describe the shape developed at the edge or 

boundary of a tension membrane attached to a cable 

which is restrained only at its end points.

Clamp: Device for clamping the edge of a fabric or 

film panel, usually a bar or channel shape and made 

of aluminum steel.

Cloth: See base fabric.

Coating adhesion: Strength of the bond between 

the substrate of a fabric and the coating.

Coating: A material applied to a fabric for 

waterproofing and protection of the fabric yarns.

Compensation: The operation of shop fabricating 

a fabric structure or pieces of the structure smaller 

in the unstressed condition than the actual installed 

size, to account for the stretch at prestress level.

Connection flexibility: A characteristic of a 

connection which allows for motion between 

components, such as translations (sliding) or rotation.

Connection: Joint, usually mechanical, between two 

separate components. For example, a welded seam, 

a cable fitting connected to a weldment, or fabric 

clamped to a perimeter member.

Creep: An increase in strain in a material with time 

when subject to a constant stress.

Cushion: Multiple layer pneumatic structures, 

typically used as the structural system of ETFE films.

Daylighting: Natural sunlight provided within a 

space due to the translucency of building envelope.

Elongation: The change in lengths of a material 

sample: normally this is associated with some load or 

force acting on the sample. In fabric, this elongation 

does not normally refer to true strain of the fiber 

elements as in the classical sense ; but, rather, 

normally refers to the « apparent » strain resulting 

from a straightening out of the crimped yarns in the 

fabric matrix.
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Equilibrium shape: The configuration that a tension 

fabric surface assumes when boundary conditions, 

prestress level, and prestress distribution are defined.

ETFE Film: Transparent membrane material 

consisting of ethylenetetrafluoroethylene film.

Fabric: A woven or laid cloth of yarns.

Fiber: The basic thread of the material from which 

the yarns and fabrics are made.

Fill yarns: See weft yarns.

Flutter: Excessive, uncontrolled wind induced 

movement of a surface. This can occur when a 

tension membrane lacks sufficient prestress or 

curvature.

Foil: Term generally applied to isotropic structural 

membrane such as ETFE film. Strict use of the term 

applies only to metallic membranes.

Force density: The ratio of the force in a linear 

element divided by its current length.

Form finding, Form generation: The process 

of determining the equilibrium shape of a fabric 

structure.

Greige goods: See Base fabric.

Light transmission: A measure of the portion of 

light striking a fabric surface that passes through the 

fabric and into the space to provide daylighting.

Liner: A secondary interior membrane, usually non-

structural.

Membrane : The flexible, coated, or laminated 

structural fabric or film that supports the imposed 

loads and transmits them to the supporting structure. 

For the purpose of this standard, the membrane 

carries only tension or shear in the plane of the 

membrane.

Minimal surface: Minimal surfaces are defined as 

having zero mean curvature. Typically used to refer 

to a stable surface having the minimum area for a 

given boundary.

Modulus of elasticity: The ratio of the change in 

stress to the change in strain. Usually defined as a 

force per unit width of a membrane material, (this is 

not identical to the definition of modulus of elasticity 

as given for traditional structural materials). 

Orthotropic: Refers to anisotropic materials with the 

axes of anisotropy oriented normal to one another. 

Most woven textiles exhibit orthotropic anisotropy.

Panel: a prefabricated area of membrane fitted with 

boundary attached mechanisms to field-assemble 

multiple panel on site.

Patterning: The process of defining two-dimensional 

pieces of fabric which can be spliced together to form 

a desired tree-dimensional shape.

Permanent structure1: A structure intended to 

remain in its erected position and location for a period 

of 10 years or more.

Pneumatic Structure: Membrane structure in which 

the surface is prestressed and stabilized by air 

pressure.

Ponding: A progressive failure initiated by local 

accumulation of snow, rain, or combined loading 

resulting in changes to the surface geometry that 

prevent drainage of the accumulated area.

Prestress: The stress induced in the structure for the 

purpose of defining the geometry and the initial state 

of the structure.

PTFE / Glass fabric: Woven glass fabric coated with 

polytetrafluoroethylene (PTFE, also known by the 

trade named Teflon). Also referred to as PTFE coated 

fiberglass.

PVC/Polyester: Woven polyester fabric coated with 

polyvinylchloride (PVC). Often provided with an 

additional topping.

Reinforcement: An additional layer of membrane 

1 - According to Eurocode EN 1990:2002
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placed in an area of high stress to protect the main 

membrane.

Rope edge: Edge treatment in which the edge of 

a membrane is folded over itself and a rope, cord, 

or rod that is incorporated in the fold to anchor the 

membrane in a mechanical joint.

Scalloped edge: Refers to an edge detail of 

membrane construction wherein surface membrane 

terminates into a flexible edge cable stretched 

between fixed points.

Seam: Linear connection between individual strips of 

membrane. Usually made by welding, but sewed or 

glued in some membrane material.

Sectionalizing: The manner in which a membrane 

form is separated into separate prefabricated panels 

that are field assembled, usually with mechanical 

joints.

Silicone / Glass: Woven glass fabric coated with 

silicone.

Sound reflectivity: A measure of the portion of 

sound striking a fabric surface that rebounds from 

the surface without being absorbed or transmitted. 

Sound reflectivity may be variable across the 

frequency range.

Sound transmission: A measure of the portion of 

sound striking a fabric surface that passes through it.

Spelter: Type of cable fitting in which the strands of 

the cable are opened inside the fitting and molten 

lead is poured into the fitting to secure the cable.

Support structure: Arches, beams, columns, cables, 

foundations, and other nonmembrane element.

Swage: Type of cable fitting in which a sleeve fits 

over the outside of the cable and the sleeve is 

compressed around the cable to form a tight fit.

Synclastic: A surface with positive Gaussian 

curvature in both principal direction. A bubble shaped 

surface.

Temporary structure2: A structure intended to 

remain in its erected position and location for a period 

of fewer than 10 years

Topping/Top Coat: An additional coating sometimes 

used on fabric for greater protection against UV 

degradation or for ease of cleaning purposes.

Translucency: See light transmission.

Turnbuckle: Threaded devise used with cables or 

rods to allow adjustment.

Ultraviolet (UV) degradation: The deterioration of a 

fabric under long-term exposure to sunlight.

Uniaxial: Taken along one direction, usually a 

principal direction.

Warp yarn: The long straight yarns in the long 

direction of a piece of fabric.

Weaving: The process of making a fabric from yarns 

passing alternately over and under each other.

Weft yarn: The sorter yarns of a fabric, which usually 

run right angles to the warp yarns. Also called the fill 

yarns.

Weldment: A welded connection component, usually 

steel, for the attachment of cables and/or membrane. 

It may be free-floating or connected to other rigid 

structure.

Wrinkles: Furrows or ridges on the normally smooth 

surface of a fabric structure, which are indicative of 

extreme differences between the principal stresses 

typically resulting from a lower stress perpendicular 

to the furrow.

Yarn: A number of fibers grouped together to make a 

thicker strand for weaving. They may twisted together 

or parallel to each other.

2 - According to Eurocode EN 1990:2002: Structures or 
parts of structures that can be dismantled with a view to 
being re-used should not be considered as temporary.
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INTRODUCTION

INTRODUCTION

 

 The present dissertation is part of the Integrated Masters in 

Architecture at the Instituto Superior Técnico - Universidade Técnica de 

Lisboa, which was developed in cooperation with École Polytechnique 

Fédérale de Lausanne (EPLF), during the Swiss exchange program realized 

in the academic year of 2014/2015. This document aims to provide the 

basic guide lines of membranes in Architecture, their reliability and future 

developments.

 The origin of the term membrane comes from the Latin word 

membrana which is described "as a skin, a flexible material that is very thin 

relative to its surface area" (Knippers et al., 2011:100). Being a lighter, 

stronger and flexible solution, membranes' structures started to be used for 

their unlimited length and flexibility. These, compared with traditional 

solutions, are innovative and allow architects to extend their imagination 

into more developed and complex shapes. The idea of a "mere piece of 

cloth" (Dent and Sherr, 2014:11) that is not used essentially for protective or 

decorative purposes but comprises structure and enclosure, spanning great 

distances without providing support points (like columns) was a challenging 

principle. 

 Used worldwide, this construction method was not evaluated 

by the architects in the early ages, mostly due to its historical temporary 

life time. Therefore the first membrane structures could not make it until 

our days. Membranes are easy and quick to assemble and disassemble, 

and their low weight, allows them to overcome earthquakes and suffer 

deformations without causing damage to the entire building. In addiction, 

they are capable of withstanding greater distances and enable different 

translucency possibilities. Unfortunately, they present some drawbacks as 

well: low thermal insulation and a reduced acoustic performance, and their 

limited durability causes them to be used mainly for temporary buildings such 

as theaters, shops and reception areas; traveling constructions, storage 

warehouses, gyms, shows, exhibitions, stadiums, hotels, restaurants and 

walkways. 

 Due to their historic background, properties and small life-span, 

textile architecture is strongly associated with temporary, mobile or light-

weight structures and consequently is not a current solution in architec-

ture. Nevertheless this is changing and with the recent developments in the 
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area, membranes have been proving their potentialities as a constructive 

solution, enabling new shapes and forms. In spite of that, tensile architec-

ture requires a complex design strategy involving the interaction of different 

areas and specialists (architects, designers, manufacture companies, engi-

neers, etc…). Consequently, nowadays most architects experience a lack 

of knowledge in this subject. 

 This thesis has been based on the research surrounding the topic 

of membrane structures, and this came across my interest as a result of 

several factors:

"I have to ask myself whether I am one of the many architects 

who, as conductors of building, arrange what others before 

them have invented as innovators and composing designers. 

Surely not" (Meissner and Moller, 2015:9).

Frei Otto

 During my academic studies at IST, it has always been cultivated 

the importance of knowing construction methods and materials used 

in architecture. This knowledge is part of the base of architecture, and 

only when these principles are kept in mind, can architecture's solutions 

achieve the highest standards and new forms and approaches will emerge. 

Being taught the most commonly used materials, such as concrete, brick, 

metal, glass, among others, I've always been interested in increasing 

my knowledge and seek other possibilities, aspiring to become a more 

conscious and skillful architect in the future. 

" 'What' we made, and 'how' we make, are essential to the 

definition of production of form. Materials are the essence of 

what Architecture actually is" (Dent and Sherr, 2014:11).

 In the development of the exchange program in EPFL, I was given 

the opportunity to come across the work developed by the laboratory of 

architecture and sustainable technologies (LAST). Their approach of 

sustainable architecture, from urban design to building components was 

an interesting analysis to me, and it was within their project "On stage: 

an innovative temporary event infrastructure in Cully - Switzerland",  that I 

experienced first-hand the use of membrane solutions. 

 As we demand more and more from the technical fabrics that we 

use, the primordial materials used in the past are being replaced by new 

polymeric alternatives in order to achieve a more lasting and technical 

architecture, improving their aesthetics properties, strength, self-cleaning, 
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printability, solar shading and acoustic performance among others. As such, 

the present work aims to provide a clear research of the leading properties 

and characteristics of membranes. This research will not only take into 

account the present situation but also introduce some of the most recent 

developments, bringing into question what are the potentialities that 

membrane structures can bring to present-day architecture.

 Furthermore, the information available is highly technical and does 

not provide a general understanding of all the methodology to follow with 

the main assets and limitations of membranes. It became clear the necessi-

ty to introduce not only the materials themselves but also the entirety of the 

development process. In this way, the main goal is to present an overview 

of the implementation of membrane structures in construction according to 

the different processes' stages, from the main materials to the construction 

process (Figure 0.1). In addition, the present work aspires to contribute to 

a more rational and conscious use of polymeric membranes on a technical 

and professional environment.

 Stretched over framing elements such as wires or rigid frames, 

membrane structures present no constraints or limits, and the possibility of 

variating their shape is interesting and infinite, as it can span from temporary 

to permanent structures. Temporary structures are more conscious of 

their own mortality, and the seek for mobility, flexibility and modularity is 

a logical consequence, whereas permanent structures pay more attention 

to the reliability of the material solution in long-term. In this way, two case 

studies ere chosen in order to analyze membranes' solutions in both the 

aforementioned perspectives:

 1) Magma architecture - Olympic Shooting Venue: three temporary 

shooting venues developed for the 2012 Olympic Games hosted in London. 

 2) PTW Architects - "Watercube" National Aquatics Centre: a 

permanent structure designed to host the swimming events for the Beijing 

2008 Olympic Games.

 These two examples were chosen not only as a result of the 

used material, coated solution in the shooting arenas and a film solution 

in the watercube, but also to understand the viability of membranes in both 

INTRODUCTION

Figure 0.1: Development process 
(Author, 2016)
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temporary and permanent constructions.

 The present study was divided into two major parts, which 

comprehend the conception and manufacture of current membrane system 

solutions; the analysis of the above mentioned studies, representative of 

temporary and permanent building solutions.

 In the first segment, an extensive investigation was made by 

collecting information from referenced literature, monographic works, 

articles published in architectural journals and dissertations among others 

in order to scrutinize the following main areas:

 -Available materials and their characteristics

 -Methodology of the designing process 

 -Principal components and details

 This provides an analytical base to the next part of this work, where 

application was undertaken. In this part, not only literary research was 

examined, but also surveys to the architects involved: Lena Kleinheinz from 

Magma Architecture; and Chris Bosse and Andrea Cardakaris from PTW 

Architects-Australia, in order to understand:

 -Choice of tensile solutions

 -Limitations and advantages in the procedure 

 -Review of the results. 

 In the second  segment

 This dissertation is subdivided into two parts adding to the 

introduction and conclusion:

 In the first part all the basic principles are addressed, providing an 

introduction to membranes' characteristics as well as a general overview of 

the different steps in the planning process. It is important to highlight that 

this first part is a general guide to introduce membranes and consequently 

no formulas or calculation methods were used. This first part comprises 

the following chapters 02 to 05. In the second part of this dissertation, the 

chapter 06, the case studies are addressed where the theoretical concepts 

presented in the first part are analyzed in a practical setting.

 The main subjects discussed in each chapter are summarized in 

the following paragraphs:

 02 | HISTORICAL INTRODUCTION

METHODOLOGY

THE STRUCTURE

INTRODUCTION
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 This chapter is subdivided into two main sections. The first displays 

the evolution of membranes since their first usage to date, enhancing their 

main functions and potentialities, as well as their main limitations. The 

second part displays the present-day situation where some of the recent 

developments in the area are approached.

 03 | MEMBRANES' MATERIALS

 This chapter presents the different constituents of the membranes' 

surface, as well as their main characteristics. Subdivided by the two main 

groups of solutions: coated/uncoated fabrics and films and foils, this part 

also displays the current mainly used materials, as well as their most 

common uses.

 04 | MEMBRANE'S PROPERTIES

 In this chapter membranes are analyzed according to their 

mechanical, thermal, acoustics, fire resistance, and environmental 

properties, summarizing the main aspects of each commonly used type of 

membrane.

 05 | MEMBRANES SYSTEM DESIGN

  This chapter sums the design process of a membrane solution 

and is subdivided into two sectors. The first sector illustrates the process 

of membrane planing as well as the basics steps to ensure completion, 

from the design process to the pattern cutting. The second sector presents 

the structural systems adopted, as well as the details commonly used both 

to attach the membrane to the loadbearing structure, and the supportive 

elements. Furthermore, it is also approached the main principles behind the 

installation process and the most common pathologies in membranes.

 06 | MEMBRANES IN ARCHITECTURE: CASE STUDIES

 The case studies are addressed in the second part of this 

dissertation and the theoretical concepts presented in the first part analyzed 

in a practical setting. This part is subdivided according to the case studies, 

firstly the Shooting Arenas by Magma Architecture, followed by the National 

Aquatics Center of Beijing by PTW Architects. 

 Oriented towards the detailed analysis of the case-studies, this part 

includes both the description of projects as well as the main inspirations 

behind each of these schemes, their design process and detailed analysis 

of the main problems and solutions encountered during the construction.

 

 In addition, this work also includes in the annexes, the main 

plans, elevations, details and sections of each case studies, as well as the 

technical files of the type of membranes used.

INTRODUCTION
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1.1| MEMBRANES IN THE PAST

 The first "membrane constructions" were designed as a protection 

against climatic influences and having the same principle as today, working 

with a combination of stabilizing linear or network-like structures with 

areas of textile, they assumed the form of tents, shade sails, awnings and 

umbrellas. Made of wood or cotton fabrics, or in the early ages with animal’s 

skins, these structures were often used above other methods, mostly 

because of the need to arise provisional and portable shelters, as the ones 

used by traveling performers, hikers, armies and nomad civilizations. These 

lightweight and portable structures were tough enough to resist hard winds, 

driving snow, sand storms and torrential rains (Monjo-Carrió and Tejera, 

2011).

 Tensile structures date back to early nomadic people, mostly, North 

American, North African and East Asian cultures, which combined the light 

fabric with small and easy structural elements, making this methodology a 

viable solution. The Tuaregs of the western Sahara, for example, used 

arches made of wood, where over those, mats or animal’s skin were 

disposed, creating small bundles easy to transport (Figure 1.1). This principle 

of easy transportation, assemble/disassemble, was the base to other 

cultures. However, some solutions where better than others. For instance, 

the Tipi American Indians introduce a more heavy solution, where the tall 

structural elements presented some difficulties in terms of transportation 

(Figure 1.2) (Berger, 2005).

 Using entirely biodegradable materials, there is no idea how long 

these solutions have been in used. In Moldova, Russia the remnants of a 

campsite have been dated at approximately 4000 B.C where animal skins 

were suspended from poles made of large bones (Berger 2005). 

 One of the first assemblages registered is reported in the Book of 

Exodus: "According to Chapter 26, the first temple or tabernacle built by the 

Jewish people in their journey to the Promised Land was made from ‘ten 

curtains of fine twined linen, forming a rectangle 15.75 m long by 5.25 m 

wide. The tent still in use by Maghreb people has maintained its traditional 

structural conceit, which is much in keeping with what today is known as 

textile technology" (Monjo-Carrió and Tejera, 2011: 327-328). Succeeding 

other registers, a scene was found in a stone relief from Nieveh. An Assyrian 

Figure 1.1:Traditional 
Tuareg Tent
(African desert crafts, 2001)

Figure 1.2:Traditional Tipi Tent
(Indians of the USA, n.d.)

01 | HISTORICAL INTRODUCTION
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tent from the camp of Sennacherib (704-681 BC) was identified as a focal 

center of the capital of Assyrian Empire (Figure 1.3). It is possible to see that 

the tent covering is stretched over a central support with branching struts 

(Habermann, 2004).

 All these tents made part of one of the first assemblages produced 

by the human, and even presenting different solutions, all of them provide a 

basic shelter structure against climatic agents. Latter, the advantages of 

mobile structures were taken into account, and tent structures began to be 

used for military purposes. A military tent is easy to be found on the 

wonderful reliefs on a Trajan’s column in Rome (Figure 1.4) (Drew, 1979). 

The tent is a wooden frame covered with cloth. The roof and wall coverings 

were made of sheepskin. Noteworthy, is the modular layout; these tents 

were organized in groups and disposed in an overall campus. Another 

important roman tensile solution was used to cover the coliseum, the 

Retractable Roman Valarium, that provide sun shading for a more 

comfortable experience (Figure 1.5) (Habermann, 2004).

 In the case of the Roman Colosseum Velarium, the pockets in the 

grandstands for the masts and pylons are the only remaining evidence of 

their existence today, and even though, there were very sophisticated forms 

of construction, the reality was that these solutions were mostly temporary 

and associated wholly with engineering and not architecture, and therefore 

not recorded. According to the Handbuch der Architektur (Manual of 

architect) published around 1900, these type of temporary structures could 

not be considered as architecture (Durm, 1905).

 This knowledge of tensile structures was perpetuated until the 

middle of the 20th century, where many credits arise to the tensile 

architecture, thanks to the American aerospace engineer, Walter Bird 

(1912-2006), who designed and built the first pneumatic radôme in USA 

(Figure 1.6). This project results from the need for non-metallic protected 

enclosures for the sensitive radar of the American armed forces. This air 

supported concept permitted minimal material, thin thickness and avoided 

structural frame members that would interfere with the radar waves 

(Huntington, 2013).

 Another revolutionary Bird’s (1957) project was the pool enclosure 

displayed on the cover of Life Magazine, a good example of the use of 

these air-supported structures in real life applications. The project was 

innovative since, through the use of an air-supported pool enclosed, the 

pool could be used in winter time (BIRDAIR, n.d.) (Figure 1.7).

 In Europe, the panorama was different and membrane structures 

only reached the spotlight of construction’s concern after the traumatic 

Second World War, where Utopians and Visionaries started to look for new 

ways of living, as an improvement of life quality (Nerdinger, 2005).

Figure 1.3: Stone relief from 
Nieveh: Assyrian tent
(Detail, 2000) 

Figure 1.4: Stone relief on a 
Trajan’s column in Rome
(Trajan's Column in Rome, n.d)

Figure 1.5: Roman 
colosseum velarium
(Colosseumv5, n.d.)

Figure 1.6:Pneumatic 
randôme prototype: 
Walter Bird, USA, 1954
(Birdair,1954)

Figure 1.7:Cover of 
Life Magazine: Bird's 
Pool Enclosure
(Old Life Magazines, 1957)
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 One of those visionaries, in the middle of twentieth’s century, 

was Frei Otto. Born in Siegmar, Saxony, Frei Otto (1925-2015) was one 

of the few people with a social commitment after the Second World War. 

He created a new approach, where the future of architecture was in the 

allowance to live, and the rejection of any heavy, solid, earthbound building, 

which was associated with the Nazi-Style cult of blood and soil. Like he 

said in 2003: "My hope is that light, flexible, architecture might bring about 

a new and open society" (Die Zeit, 2003). From the studies of traditional 

tents and nature structures such as skeletons, vertebrae, spider webs, 

plants, water bubbles, among others, Frei Otto was able to implement the 

same principles to architecture, led to the use of cable structures, stressed 

membranes and pneumatic solutions (Nerdinger, 2005).

 In 1955, Frei Otto set up a small four point tent, inspired from the 

light and aerialist look of a butterfly, measuring 12,50 x 12,50m at the 

German Horticulture Show in Kassel. Although the fabrication and 

assembling took only six weeks, this roof marked the new era of membrane 

architecture. "This light filigree structure, almost floating, and yet firmly 

braced, with no other function than to protect the people underneath them, 

and simply taken down again when the people go away" (Nerdinger, 

2005:11), was a fluent transition between the outdoor and the inner space, 

where Frei Otto was able to reach a technical perfection associated with a 

simple shape to the eyes, where the space was not confined, but it was a 

smooth transition, like himself quoted: “a gently roof like a cloudscape" 

(Nerdinger, 2005:11) (Figure 1.8) .

 

 Far from being confined to only occasional and ephemeral 

achievements, the membrane started to grown not only in size but also 

Figure 1.8:German Horticulture Show: Frei Otto, Kassel, 1955
(Frei Otto, 1955)

01| HISTORICAL INTRODUCTION
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in the range of possible applications, extending to other programs. The 

structural and architectural form were inseparable, and thanks to Otto 

tensile structures, started to gain ground in architecture, enabling new 

forms and uses (Berger, 2005).

 Frei Otto's masterpiece-work was the roof of the Munich Olympic 

stadium built in 1972 (Figure 1.9), where the tensile form made the structure 

one of the 20th century's landmarks. Composed by a grid of 75cm covered 

with plexiglass panels, making a total surface of 75000m2, it was, at the 

time, the largest permanent structure of its kind. Through the use of flying 

masts, the cable net was suspended, reaching a catenary form and was 

supported by a total of 8 mats of 76m in height. "They help create hight 

points and so generate the vaulted volumes of the undulating ceiling which 

soars over this great space" (Berger, 2005: 33).

Figure 1.9: Olympic Stadium / Stade Olympique: Frei Otto, Munich, 1972
(Mojtahedi, n.d.)

 Besides Otto and Bird, other important contributions came from 

David Geiger (1935-1989) and Horst Berger (1928-). From 1968 to 1983, 

they worked as partners and collaborated in countless projects. Geiger 

worked mostly with air-supported structures, and Berger with tensioned 

fabric membranes. One of their contributions was The Haj Terminal of 

Jeddah in Saudi Arabia in 1981 (Figure 1.10).Through the usage of 210 

cone-shaped canopies square in plan, it was possible to cover 47 hectares, 

thus producing the world's largest fabric roof until today (Huntington, 2013).

Figure 1.10: King Abdulaziz International Airport – Hajj Terminal: 
Horst Berger, Geiger Berger Associates, 1981
(Langlois, n.d.)

01| HISTORICAL INTRODUCTION
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1.2 | MEMBRANES IN THE PRESENT

 The last decade has witnessed a shift towards a more practical 

model of architecture where the advanced computational techniques, from 

parametric modeling to direct design-based processing, have changed the 

scale of how we manage the complexity of information and form.

 Nowadays, architects are looking for new models and shapes 

where the form is not determined by engineering and physics but is part 

of the architectural concept. This change brought clear advantages to 

tensile structures and membrane materials started to be an integral part 

of the project. The cultural context and progress in the design of tensile 

membranes helped this development, but the key factor was the evolution 

of the materials themselves, such as the introduction of polymers.

 Whereas building with textiles can look back in a great amount 

of years of tradition, polymeric materials, represent a relatively new class 

of materials. Polymers were born as a substitute for the valuable and 

scarce natural resources such as ivory, shellac, cotton or animal horn. They 

are economic solutions easy to be manufactured from largely available 

resources (Bell and Buckley, 2014).

 The primordial materials used in the past have been replaced by 

new polymeric materials in order to achieve a more durable and technical 

architecture, improving their esthetical properties, strength, self-cleaning, 

printability, solar shading, acoustic performance, among other properties. 

As an example, the first project of Otto, the German Horticulture Show 

in Kassel, in 1955, was made integrally from cotton fabric, but the clear 

disadvantages of natural fibers appeared evident when exposed to natural 

environments, and Otto started to use synthetic fibers in his projects.

 When compared to the structures of the 1960s, where the use of 

polymers was initially directed to protective envelops, radar installations 

or pneumatic roofs, the present situation displays material solutions that 

satisfy the growing demands in construction quality and appearance, and 

go along with the increasing growth of city centers, thus providing a fast and 

changeable architecture (Bell and Buckley, 2014).

 The use of new materials in combination with developments in 

computer technology brought a new term to architecture, where form and 

materiality are not dissociated anymore. The digitally generated forms bring 

us more versatility, and the "immateriality" of the lightweight polymeric 

solutions lead to a freedom of form (Jeska, 2007). "More than a substance, 

plastic is the very idea of its infinite transformation" (Barthes, 1972:97).
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 Present-day architecture is dealing with this key issue and 

membranes are now being addressed in its full potentiality of form and uses. 

From temporary structures to permanent buildings, membranes are being 

increasingly used due to the new ways they can be applied (Wakefield, 

2006).

 The Allianz Arena in Munich by the Architects Herzog & de Meuron 

(2005), it is a great example of the potentialities of new membrane solutions. 

Built in 2009 this project presents a rhomboidal grid facade and roof of 

3,000 ETFE foil cushions. Designed to be an illuminated body, the building 

changes its appearance and adapts according to the events happening at 

the time. The idea of using light projection in architecture is relatively new 

and the project was one of the pioneers at its time (Figure 1.11) (Jodidio, 

2006 & Morris, 2008).

 Apart from using projected images and colors, current membrane 

systems can be rapidly built, which is a great ally to temporary and pop-up 

structures. The Pavilion in Noda, constructed in 2012 and developed by the 

architectural students at the Tokyo University of Science cooperating with 

Kazuhiro Kojima, illustrates how fast membranes can be assembled. This 

structure was extremely lightweight and was comprised of only two kinds of 

components: the metal bearing system and the membrane of polyester 

fabric. With the use of a membrane it was possible to assemble a 6-metre-

long, 7.5-metre-wide and 4.25-metre-high volume in one day, without the 

help of any machinery (Figure 1.12) (Detail, 2012).

  Being more durable than before, these membranes exhibit 

improved properties, and some of them are better than other previous 

materials. Solar control is one of their best assets and architects are more 

conscious of it. The King Fahad National Library by Gerber Architekten, 

built in 2014, illustrates this feature well, where the membrane material 

helps to control the sun's incidence inside the building and acts as a 

Figure 1.11: Allianz Arena: Herzog & de Meuron, Munich, 2005 
(Abendzeitung Muenchen, 2015)

Figure 1.12: Temporary pavilion 
in Noda: Architectural students 
at the Tokyo University of 
Science in cooperation with 
Kazuhiro Kojima, Noda, 2012. 
Top: The Pavilion; Bottom: 
Construction Process 
(Hotta, 2012)
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sunshade system that allows the entrance of diffused light. Furthermore, 

the membrane structure was stretched over steel cables and created a link 

with the traditional Arabian tent structure, reinterpreting it in a more 

contemporaneous way (Figure 1.13) (Monticelli, 2015).

Figure 1.13: King Fahad National Library: Gerber 
Architekten, Riyadh Saudi Arabia, 2014
(Richters, n.d.)

  The high translucency of membranes can either be seen as a asset 

or a problem, and solar control systems have been developed to explore its 

advantages to the maximum. The first variable ETFE envelop was developed 

in 2000 for the temporary Cyclebowl in Hannover, where through the use of 

a dual cushion of ETFE it was possible to completely block the sun, by 

alternating the pressure between the two cushions. Additionally an 

interesting feature was added, where leaves figures appeared in the facade 

due to the use of a well defined pattern in the ETFE foils (Figure 1.14) 

(LeCuyer, 2008).

 Photovoltaic cells are now being incorporated into membranes, 

where highly flexible and thin solar cells embedded in ETFE laminates, 

provide not only direct shade, but also generate electricity in a thin and 

lightweight support (Figure 1.15) (Cremers, 2009). 

 Apart from these examples, the present developments are 

introducing reactive construction materials. Textile solutions make part of 

an adaptive response spectrum, being able to sense and respond to the 

environment conditions. Known as smart textiles their range is wide, from 

electricity generating solutions, chromic materials, conductive solutions, 

amount others (Tao, 2001; Stimpfle, 2015, & Güemes, 2010).

 The future of membranes is very promising and as its usage 

becomes more widespread, this can only lead to a more rational use of 

textile and film solutions. The evolution of the manufacturing process with 

the combination of the most advanced technologies, bring more than 

a simple enclosure to the building, as well as providing a wider range of 

design choices. Becoming communicative and reactive to their environment, 

membranes solutions are bringing new possibilities to architecture, "that 

delivers structural strength, stiffness, weatherproofing, insulation, power, 

heat and light to exactly where is required" (Self and Bosia, 2006:89).

Figure 1.14: Dual ETFE foil 
cushion used in the Cyclebowl 
in Hannover: Atelier Brueckner, 
Hannover, 2000. Right: system 
open; Left: system closed.
(LeCuyer, 2008)

Figure 1.15:PV Flexibles 
on PTFE membranes
(Detail, 2009)
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 Membrane architecture is no longer the tent of the past, and with a 

fast assemblage, erection and dismantling, it is a key element in buildings' 

design processes. Membranes are opening a new range of possibilities, 

where the economic and environmental aspects bring a higher value to 

the final solution. However, despite their many advantages, nowadays 

membranes are still in an initial state, mostly consequence of their limited 

life-span, low insulation and acoustics. As membranes are highly exposed to 

the environment it is important to invest in the development of the materials 

and constructive techniques in order to improve their resistance, enabling a 

wider range of applications and possibilities.
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2.1 | INTRODUCTION
 

 Presently the universe of membrane materials is wider and offers 

more and better solutions than before, with membranes being chemical 

and mechanically engineered to provide an effective solution to the desired 

demands (Bahamon, 2004).

 The membrane system is based on a double surface curvature and 

as a result the material is chosen according to its ability to transmit tension 

forces and to allow shear deformation (Houtman, 2015). Consequently, 

woven materials and foils are used, woven in the case of synclastic and 

anticlastic forms, and foils in synclastic systems. 

 The structure’s integrity will be related with the material used, and 

a series of tests are made in order to select the best solution. Besides 

the typical tests that determine the specific weight, thickness and water 

absorption, other types of tests ensure that the selected membrane, and 

the selected conditions will resist the calculated loads and stresses under 

harsh conditions. 

 In this chapter, the types of materials used in membranes are 

present and discussed, namely their constitution and coating system.

2.2 | COATED/UNCOATED FABRICS
 

 Fabrics are always an anisotropic material and its properties 

will change according to the considered direction (Drew, 2008). These 

mechanical properties are influenced by the thread material and type of 

weave, and when water resistance is required, a coating layer is applied 

over the fabric. As a result, in the membrane systems, it is possible to 

distinguish two types of fabrics: the coated, also known as closed materials, 

and the uncoated or open materials (Pudenz, 2004).

 The latter, a purely fabric mesh, is water permeable and put together 

by sewing or welding processes, while the first, a water tight solution can 

protect the membrane against humidity, solar radiation, fire, and attacks by 

micro-organisms (Schock, 2001).

02 | MEMBRANE'S MATERIALS
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2.2.1 | TEXTILE FABRIC

 Knowing that the various filaments of fibers form the threads, the 

textile weave is a result of the crisscross process of the waft and weft 

threads, and can be distinguished into three main categories: the plain (also 

known as basket bond) obtained by lifting alternately above and below the 

pair and the impair threads; the twill, where the filaments are arranged 

obliquely and united on the back; and the satin, characterized by its thin and 

bright look yon one side and the matte finishing on the other (Figure 2.1) 

(Giuli and Ferrari, 2012 & Araújo et al. 2000).    

 To select the most appropriated woven fabric it is important to 

consider the load-bearing behavior related with the orientation of the fibers, 

their undulations, and the weight per unit area. The plain weave displays 

a good stability and a resistance to fraying but presents the greatest 

angle deformation due to the rotation of the perpendicular fibers into non 

perpendicular positions (Huntington, 2013). Being stiffer and stronger than 

the plain, the twill weave reduces the strain in the warp direction, once the 

weft thread passes at least once above and then twice below the warp 

thread. Whereas in the case of the satin, the weft goes more than twice 

below the warp, giving it an excellent drapeability (Knippers et al., 2011).

 In some cases, to reduce the orthotropic behavior under the load 

application, the yarns are pre-stressed before coating, using a series of 

pins on the edges to stretch them, allowing a more nearly equal behavior in 

Figure 2.1: Plain weave (a); Twill weave (b); and Satin Weave (c)
(Knippers et al. et al., 2011)
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both directions (Huntington, 2013).

 Besides the woven pattern, another important factor is the type of 

fiber used. The polymer fibers are often used in membrane systems as a 

result of their extensibility, once they do not exhibit a high elastic modulus (like 

carbon or metal fibers), allowing the system to compensate any geometrical 

discrepancies and set a more reliably prestress (Knippers et al., 2011). 

However, polymers exhibit a higher tendency to creep, and consequently 

polymeric membranes demand a constant tension readjustment (Patil and 

Nachane, 2009).

 Cotton based fabrics were primarily used in the early ages, which 

in turn led to a cotton mix fabric usage (Schock, 1997). Presently, the 

most common fibers used in membranes are made of PET (polyethylene 

terephthalate, from the polyester family), PTFE (Polytetrafluoroethylene, 

also known as Teflon ©), and glass (Milwich, 2010). 

 Concerning the use of polymers, PET is the most cost effective 

solution (Figure 2.2) as its fibers display good tensile strength and high 

flexibility, however they are not very resistant to the UV radiation. On the 

other hand, PTFE fibers (Figure 2.3) with a high flexibility, good self-cleaning 

surface, great resistance to buckling and to chemical attack, display a good 

UV stability (Huntington, 2013).

 Glass fibers (Figure 2.4) are, currently, the only inorganic fibers 

used in membranes. With the highest modulus of elasticity of all, this type 

of fiber has a great transparency to light and displays high tensile strength 

but has a low elastic strain and brittle behavior (Houtman, 2015). 

Furthermore, their good resistance to creep and moisture are positive 

aspects in membrane structures. Because of its brittle behavior this type of 

fiber needs to be handled carefully and is not recommended for folding 

applications (Milwich, 2010 & Houtman, 2015).

2.2.2 | COATINGS

 The membrane, the most visible and important element in the 

membrane system, is exposed to all environmental conditions, and in most 

cases, it is necessary to adopt a coating layer over the woven fabrics.

 The coating process (Figure 2.5) covers all gaps between threads 

and increases the strands’ resistance to diagonal shear, thus making the 

membrane surface less prone to deformations on three dimensions. 

According to the cost and quality of the membrane the coating may be 

composed of one to three layers (a base coat to ensure the correction 

adhesion to the fabric, a intermediate coat for mechanical properties, and a 

top coat for surface characteristics, such as color, UV protection, abrasion 

resistance, among others (Drew, 2008 & Milwich, 2010 ).  

Figure 2.2:PET Fibers 
(natural colour)
(Alpha Polymer, n.d.)

Figure 2.3:PTFE fibers 
(white colour)
(Changzhou Xingcheng 
Polymer Materials Co., n.d)

Figure 2.4:Glass Fibers 
(natural colour)
(Something Better Corporation, n.d.)

Figure 2.5: Basic constitution of a coated membrane
(Seidel, 2009)
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both directions (Huntington, 2013).

 Besides the woven pattern, another important factor is the type of 

fiber used. The polymer fibers are often used in membrane systems as a 

result of their extensibility, once they do not exhibit a high elastic modulus (like 

carbon or metal fibers), allowing the system to compensate any geometrical 

discrepancies and set a more reliably prestress (Knippers et al., 2011). 

However, polymers exhibit a higher tendency to creep, and consequently 

polymeric membranes demand a constant tension readjustment (Patil and 

Nachane, 2009).

 Cotton based fabrics were primarily used in the early ages, which 

in turn led to a cotton mix fabric usage (Schock, 1997). Presently, the 

most common fibers used in membranes are made of PET (polyethylene 

terephthalate, from the polyester family), PTFE (Polytetrafluoroethylene, 

also known as Teflon ©), and glass (Milwich, 2010). 

 Concerning the use of polymers, PET is the most cost effective 

solution (Figure 2.2) as its fibers display good tensile strength and high 

flexibility, however they are not very resistant to the UV radiation. On the 

other hand, PTFE fibers (Figure 2.3) with a high flexibility, good self-cleaning 

surface, great resistance to buckling and to chemical attack, display a good 

UV stability (Huntington, 2013).

 Glass fibers (Figure 2.4) are, currently, the only inorganic fibers 

used in membranes. With the highest modulus of elasticity of all, this type 

of fiber has a great transparency to light and displays high tensile strength 

but has a low elastic strain and brittle behavior (Houtman, 2015). 

Furthermore, their good resistance to creep and moisture are positive 

aspects in membrane structures. Because of its brittle behavior this type of 

fiber needs to be handled carefully and is not recommended for folding 

applications (Milwich, 2010 & Houtman, 2015).

2.2.2 | COATINGS

 The membrane, the most visible and important element in the 

membrane system, is exposed to all environmental conditions, and in most 

cases, it is necessary to adopt a coating layer over the woven fabrics.

 The coating process (Figure 2.5) covers all gaps between threads 

and increases the strands’ resistance to diagonal shear, thus making the 

membrane surface less prone to deformations on three dimensions. 

According to the cost and quality of the membrane the coating may be 

composed of one to three layers (a base coat to ensure the correction 

adhesion to the fabric, a intermediate coat for mechanical properties, and a 

top coat for surface characteristics, such as color, UV protection, abrasion 

resistance, among others (Drew, 2008 & Milwich, 2010 ).  

Figure 2.2:PET Fibers 
(natural colour)
(Alpha Polymer, n.d.)

Figure 2.3:PTFE fibers 
(white colour)
(Changzhou Xingcheng 
Polymer Materials Co., n.d)

Figure 2.4:Glass Fibers 
(natural colour)
(Something Better Corporation, n.d.)

Figure 2.5: Basic constitution of a coated membrane
(Seidel, 2009)

 Most of the coatings used are made from synthetic materials 

as a result of their easiness to work with and better watertightness, dirt 

and oil repellent, UV protection, flame retardant and abrasion resistance. 

Furthermore, synthetic materials provide protection to the woven fabric as 

well as color characteristics to membranes, and better mechanical behavior 

(Milwich, 2010).

 Currently, the most common coating materials are PVC (Polyvinyl 

chloride), PTFE (Polytetrafluoroethylene) and silicone (Huntington, 2013).

 PVC has a higher strength and elastic modulus than other 

thermoplastics, but even with good resistance to chemical substances, 

it is sensitive to UV radiation and easily attracts dirt to its surface; thus 

demanding a series of top surface coatings to protect it (Huntington, 2013). 

It is a material with reasonable resistance and its brittleness requires the 

use of plasticizers to apply it. Moreover, its lower environmental resistance 

should be corrected by the use of stabilizing additives (Knippers et al., 

2011).

 PTFE (another thermoplastic) is used not only in fibers but also 

as a coating material due to its chemically inert properties that provide the 

membrane surface with great self-cleaning features and good resistance to 

environmental conditions (Milwich, 2010).

 The elastomer silicone is very resistant to weather and ageing, 

however due to its electrical charge it has a has high tendency to collect dirt 

(Houtman, 2015). Albeit PVC being the most economic of both, silicone is 

more durable, easier to apply, and displays a better fire resistance due to its 

flame-retardant characteristics. Moreover, silicone provides the membrane 

with great light transmission (Huntington, 2013).

2.2.3 | UNCOATED AND COATED SOLUTIONS

 Due to their great flexibility uncoated fabrics like cotton and cotton-

mix in the earlier stages, and presently PTFE fabrics, are often used in 

movable structures with small spans where watertightness is not a priority, 

and also where limitations of strength and life cycle do not represent a 
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significant problem (Schock, 2001). The uncoated PTFE fabric (Figure 2.6) 

used in these cases is characterized by low weight, high light transmittance, 

high flex cracking resistance, and a self-cleaning surface (Houtman, 2015). 

 In the case of coated solutions, according to Drew (2008) both 

PTFE-coated glass-fiber fabrics and the PVC-coated polyester fabrics are 

part of the 90% of materials used in membranes. Further solutions can 

be found in the market such as silicone-coated glass-fiber fabric, among 

others.

 PTFE-coated glass fiber (also known as Teflon-coated fiberglass) 

(Figure 2.7) was used for the first time in a roof at the La Verne College 

Student Centre in California, in 1973, and according to Armijos (2008) it is 

the worldwide preferred material for large-scale permanent structures or 

structures requiring a long life cycle. 

 As a result of manufacturing process, it presents an oatmeal-like 

appearance where its surface bleaches out to a white color after a couple 

of months of being in direct sunlight (Houtman, 2015).

 According to Knippers et al. (2011), PTFE-coated glass fiber is one 

of the most durable membrane materials as a result of the self-cleaning 

properties and chemical resistance of its coating system. Its excellent 

durability and strength provide it with a life span of over thirty years (Armijos, 

2008).

 Polyester fabrics with PVC coatings (Figure 2.8) came into use in 

the 1960’s (Huntington, 2004). A less expensive solution, is often used in 

permanent roofs and convertible structures due to its high mechanical 

strength and flex cracking resistance. However its poor UV resistance 

demands the use of stabilizers and, in some cases, the membrane is sealed 

with an acrylate or other type of lacquer (Milwich, 2010). These topcoats 

provide a self-cleaning surface and allow the PVC material to be available 

in a range of colors (Houtman, 2015). Depending on the topcoat chosen, a 

life span range between 15 to 20 years is attributed to this membrane 

system (Armijos, 2008).

 Silicone-coated glass-fiber fabric (Figure 2.9) (dated from 1981) 

presents the highest light transmission and the best flex-cracking resistance. 

However due to its better handleability and tear resistance, it is more 

susceptible to the accumulation of stains and dirt (Armijos, 2008 & Knippers 

et al., 2011). In terms of cost, silicone-coated glass-fiber fabric can be 

positioned between Teflon-coated fiberglass and PVC-coated polyester, 

Figure 2.6: Uncoated PTFE 
(different weaving options)
(PD-Fiberglass, n.d)

Figure 2.7: PTFE 
coated - glass fiber
(NingBo High-MeiYong, n.d.)

Figure 2.8: PVC coated-
polyester fibers
(Attwoolls, n.d.)

Figure 2.9: Silicone-
coated glass-fiber
(Cixi Svssealing, n.d)
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and its life span is estimated to be around 25 years (Houtman, 2015).

2.3 | FOILS/FILMS

 Foils or films are often used in membrane systems but contrary to 

fabric solutions, the lack of a fabric mesh in their structures makes them 

unfit to perform a loadbearing behavior. As a result, in order to be used as 

tensile materials, they usually require the use of a supporting system, like a 

cable net or a steel structure (Houtman, 2015). Only with this combination is 

the foil system able to display the same structural behavior of fabric system, 

and in some cases topcoats can be also applied (Huntington, 2013).

 Mostly used in pneumatic structures, the foils are stabilized by the 

air-pressure inside where, through the use of several layers of materials, 

usually 2 to 5 sheets (Huntington, 2013), the external loads are transferred 

to the boundaries of the panel, and then into the supporting structure 

(Houtman, 2015). 

2.3.1 | FOILS AND FILM SOLUTIONS

 Presently there are several solutions in the market such as THV 

(tetrafluoroethylene-hexafluoropropylene-vinylidenefluoridecopolymer), PVC foil, 

among others, although ETFE (Ethylene tetrafluoroethylene) foil is the most 

frequently used material (Pudenz, 2004). ETFE foil (Figure 2.10) was 

discovered in 1940s by DuPont, and has been used in architecture 

applications since the 70’s (Houtman, 2015). It is a polymer resin from the 

same family as PTFE and its great performance and homogeneous behavior 

make it the favorite solution of all.

 With a high level of UV translucency and low weight, and as a result 

of its elongation under prestress, ETFE is frequently used in air cushions 

and inflated pillows, where its properties make it suitable to be used in 

large spans. Notwithstanding, it presents a great self-cleaning surface, 

and countless printable options, making it a fitted solution for marketing 

architecture (Armijos, 2008).

 The following table (table 2.1) sums the main applications and 

characteristics of the most common membrane materials:

Figure 2.10: Printed ETFE Foil 
to reduce light transmission 
(Faircloth, n.d)
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Material Applications Other Compounds Characteristics
Tolerance 

to folding
Colors Range

U
nc

oa
te

d 
Fa

br
ic

s

Cotton Fabric

Indoor and less polluted 
environments.

Temporary, mobile, convertible 
structures with a small span.

Not frequently used.

Non coated cotton fabric that can be 
impregnated with silicone spray.

It can be blended with polyester.

Can be added a blackout layer and 
a dirt-resistance topcoat.

Usually is not coated, but impregnated. The 
impregnation gives the fabric a temporary flame 
retardant and water repellent surface.

Subject to fungi and bacteria with a smell when wet

In order to improve its strength and durability 
it is often blended with polyester.

When added a blackout layer and a dirt-resistance 
topcoat, the material loses its permeability.

Good Wide range of colors 
available on request.

PTFE Fabric

Both indoor and outdoor.

Specially used in folding 
membranes and high-
image projects.

Used in permanent and 
mobile structures.

PTFE coating can be added

With a strong creep is easily attacked by moisture and 
biological/chemical influences due to its uncoated nature.

Highly flexible material with an appearance like fine silk.

PTFE is water permeable solution, but a PTFE 
coating can be added to make it waterproof.

Very Good Standard white, limited range 
of colors available on request.

C
oa

te
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s

Glass fiber 
fabric with 

PTFE coating

Both indoor and outdoor.

Permanent non-
convertible structures.

Topcoat of FEP

High quality material but with a demanding fabrication.

Cannot be relocated or retracted.

Topcoats are added to enhance impermeability.

Little Standard white, limited range 
of colors available on request.

Polyester fabric 
with PVC coating

Both indoor and outdoor.

Temporary, mobile, convertible, 
and permanent structures.

PVC coating on polyester cloth.

Topcoats solutions available:
-Acrylic lacquer 
-Weldable fluor polymer lacquer PVDF 
-Non-weldable fluor polymer lacquer PVDF 
-PVF film
-Titanium dioxide TiO2
-Crosslink PVDF

Due to its material properties and its favorable price 
is one of the most commonly used solutions.

Additives are added to the coating to improve its fire resistance.

Topcoats are used to augment UV resistance.

Good Standard white, wide range of 
colors available on request.

Glass fiber 
fabric with 

silicone coating

Both indoor and outdoor.

Permanent non-
convertible structures.

Silicone coating on fiberglass weave
When used externally, presents a higher tendency to soil. 

Very translucent solution.
Medium Standard white, limited range 

of colors available on request.

Fo
ils

ETFE foil
Both indoor and outdoor.

Permanent structures.

High quality material mainly used in pneumatic structures.

With a great UV translucency and self cleaning its a great 
economic solution to replace translucent rigid building materials.

n.a

Standard transparent but with 
white colors upon request.

Printing Options available

THV foil Mostly indoor. Lower tensile strength that limits its use 
only for small span structures. n.a Standard transparent, 

other colors on request.

PVC foil Mostly indoor. Great projection surface, suitable for exhibitions and fairs. n.a Various standard colors
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Material Applications Other Compounds Characteristics
Tolerance 

to folding
Colors Range

U
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Cotton Fabric

Indoor and less polluted 
environments.

Temporary, mobile, convertible 
structures with a small span.

Not frequently used.

Non coated cotton fabric that can be 
impregnated with silicone spray.

It can be blended with polyester.

Can be added a blackout layer and 
a dirt-resistance topcoat.

Usually is not coated, but impregnated. The 
impregnation gives the fabric a temporary flame 
retardant and water repellent surface.

Subject to fungi and bacteria with a smell when wet

In order to improve its strength and durability 
it is often blended with polyester.

When added a blackout layer and a dirt-resistance 
topcoat, the material loses its permeability.

Good Wide range of colors 
available on request.

PTFE Fabric

Both indoor and outdoor.

Specially used in folding 
membranes and high-
image projects.

Used in permanent and 
mobile structures.

PTFE coating can be added

With a strong creep is easily attacked by moisture and 
biological/chemical influences due to its uncoated nature.

Highly flexible material with an appearance like fine silk.

PTFE is water permeable solution, but a PTFE 
coating can be added to make it waterproof.

Very Good Standard white, limited range 
of colors available on request.
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Glass fiber 
fabric with 

PTFE coating

Both indoor and outdoor.

Permanent non-
convertible structures.

Topcoat of FEP

High quality material but with a demanding fabrication.

Cannot be relocated or retracted.

Topcoats are added to enhance impermeability.

Little Standard white, limited range 
of colors available on request.

Polyester fabric 
with PVC coating

Both indoor and outdoor.

Temporary, mobile, convertible, 
and permanent structures.

PVC coating on polyester cloth.

Topcoats solutions available:
-Acrylic lacquer 
-Weldable fluor polymer lacquer PVDF 
-Non-weldable fluor polymer lacquer PVDF 
-PVF film
-Titanium dioxide TiO2
-Crosslink PVDF

Due to its material properties and its favorable price 
is one of the most commonly used solutions.

Additives are added to the coating to improve its fire resistance.

Topcoats are used to augment UV resistance.

Good Standard white, wide range of 
colors available on request.

Glass fiber 
fabric with 

silicone coating

Both indoor and outdoor.

Permanent non-
convertible structures.

Silicone coating on fiberglass weave
When used externally, presents a higher tendency to soil. 

Very translucent solution.
Medium Standard white, limited range 

of colors available on request.

Fo
ils

ETFE foil
Both indoor and outdoor.

Permanent structures.

High quality material mainly used in pneumatic structures.

With a great UV translucency and self cleaning its a great 
economic solution to replace translucent rigid building materials.

n.a

Standard transparent but with 
white colors upon request.

Printing Options available

THV foil Mostly indoor. Lower tensile strength that limits its use 
only for small span structures. n.a Standard transparent, 

other colors on request.

PVC foil Mostly indoor. Great projection surface, suitable for exhibitions and fairs. n.a Various standard colors

Table 2.1: Main applications and characteristics of the most common membrane materials.
Source: Milwich (2010:26-28), Pudenz (2004:21-22), and Moritz (2004:64-69)

02 | MEMBRANE'S MATERIALS



22

3.1 | INTRODUCTION

 Common points can be drawn in tensile architecture knowing 

that the membrane system’s properties are straightly connected with the 

material used. The minimization of the material used and its low weight 

characteristics direct to a "unique capability to carry very high loads" 

(Huntington, 2013:51) in which, a tensioned structure is composed of 

several parts working at their maximum efficiency (Vandenberg, 1996). 

 Being a heterogeneous material, all its components (fabric 

threads, coats, or even films/foils) will perform differently, making it difficult 

to determinate its resistance against natural, climatic or atmospheric 

influences. As a result, a series of tests are made in order to determine the 

most current behavior of all the components as a whole, thus decreasing 

the risk of failure.

 In this chapter, the behavior of the membranes is approached, with 

an overview of the main mechanical, thermal, acoustics, fire resistance, 

and environmental properties.

3.2 | MECHANICAL

 Huntington (2004) stated that the most critical mechanical 

properties are the tensile and tear strengths, as well as the stiffness of 

the material. Membranes do not perform a linear behavior between stress 

and strain, and subsequently they demand a wide range of structural and 

geometrical analysis. Consequently this is performed on one and at two 

axis of the fabric and to obtain the most accurate evaluation, time is also 

considered, where short and long-term test can be made.

 Long-time deformation is the most important factor to determine 

the material’s behavior under the effect of time, loadings and temperature. 

The system is designed to allow deformation through the use of flexible 

materials, where all stress peaks will be released from the membrane’s 

structure (Seidel, 2009).

03 | MEMBRANES' PROPERTIES
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3.2.1 | TENSILE STRENGTH AND STIFFNESS

 The tensile strength of the membrane must be high enough to 

resist the combination of prestress and loads. The tensile strength value 

represents the point at which rupture occurs. Whereas, the stiffness or 

stress strain is linked to the modulus of elasticity. This is related to the 

system’s resistance to deformation and evaluates the material’s behavior 

along time, according to its stress/strain relationship (Huntington, 2004).

 Nowadays, there are two different types of tests to evaluate the 

material mechanical behavior, which can be established to determine the 

best solution to the required specifications: the uniaxial and biaxial tests 

(Figure 3.1).

 Both tests will pull the material until its rupture, with the first 

performed in an uniaxial direction and the last performed in both wrap and 

fill direction. The biaxial test is the most accurate, as membrane systems 

rely in both directions under load appliances (Huntington, 2013). 

 Uniaxial tests are often used in foils (due to the lack of a fabric 

mesh) whereas biaxial tests are more common in fabric solutions. The first 

is used to define the tensile strength and the last defines the strain behavior. 

Through the biaxial test it is also possible to establish the corresponding 

deformation to the different load scenarios (snow, wind, etc...) (Beccarelli, 

2015 & Stegmaier et al., 2010).

 These tests can be performed both in the long and short term, 

and having as main variables not only the duration but also the load 

application. When long-term strength is considered, it can be calculated 

from the strength at a particular point in time within the project’s lifetime. 

This ensures that the measured stress value will always be less than the 

maximum permissible. On the other hand, in case of short-term behavior, 

the material’s performance is study under punctual loading applications 

(Seidel, 2009).

 Regarding the aforementioned tests, membranes are always a 

non-linear material in terms of deformation behavior, and the load applied 

will never be directly proportional to the resulting strains. In the case of 

fabrics, both tensile strength and stiffness properties will be related to the 

material criteria, and will change not only in the wrap and weft direction 

but also with the type of weave manufacturing process used (Figure 3.2). 

Consequently, several tests are made in different directions, and according 

to Seidel (2009) fabrics show a preferred direction relative to a coordinated 

system. As a result their material behavior is described as orthogonally 

anisotropic.

Figure 3.1: Uniaxial test (top) 
and biaxial test (bottom)
(Seidel, 2009)
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 The value used for calculating the permissible load of a membrane 

is the short-term strength, and in plastics this value is higher than the long 

term strength (Seidel, 2009). According to Pudenz (2004) the short-term 

strength of the membranes’ structures most commonly ranges from 0,04 

KN/cm (light foils) to 2 KN/cm (coated fabrics). PVC-coated polyester 

presents a lower tensile strength than PTFE-coated glass, however its 

tensile strength can reach values close to 16 tones per meter width 

(Vandenberg, 1996).

 Besides the relevance of the stiffness and strength of the 

membrane material, it is also important to acknowledge the influence of 

joints and seams. As discontinuous points in the membrane's surface, 

these are under stress concentrations that can damage the membrane and 

consequently influence the system’s lifetime. As a result, the strength of a 

membrane is only as high as the strength of its joints, as each represent a 

discontinuity on the surface, and consequently will disturb the membrane 

load-bearing behavior (Seidel, 2009).

3.2.1 | TEAR STRENGTH

 Tear strength will influence the tear’s propagation when the 

membrane is slit or cut, and while the tensile strength determines maximum 

load that can be applied, the tear resistance is critical for the structure’s 

longevity (Pause, 2015). Tear resistance can be measured either by the 

tongue tear test (Figure 3.3) or, most commonly, the trapezoid tear test 

(Figure 3.4). Both tests are based on pulling the membrane material after 

making a small cut on it, made in the edge on the trapezoidal test and in the 

middle of the sample on the tongue test, measuring the continuity from the 

initial tear to lengthen in the surface (Huntington, 2004).

 Films are more resistant to tear than fabrics, and the most common 

cause for failure in a fabric’s structure is tear propagation, as the membrane 

loses all the prestress and consequently its loadbearing characteristics 

(Figure 3.5). According to Vandenberg (1996) tensioned fabric roofs are 

more likely to fail by tearing than by direct tensile failure, thus tear strength 

and tear resistance to propagation are very important. 

Figure 3.2: Variations of strength and stiffness according 
to the different orientations of the fabric
(Seidel, 2009)

Figure 3.3: Tongue tear test
(Huntington, 2004)

Figure 3.4: Trapezoid test
(Huntington, 2004)
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3.3 | THERMAL BEHAVIOR

 The thermal properties are on of the most difficult to measure and 

it is important to acknowledge that all the variations in both external and 

internal conditions will influence the results. The aforementioned change not 

only with external and internal temperatures, but also with a wide number of 

factors such as air-circulation, relative humidity, and heat radiation among 

others. Furthermore, the membrane’s position and its location, geometry 

and surroundings will result in several conditions that can improve or reduce 

the thermal efficiency of the solution (Harvie and Harvie, 2015).

 Membrane systems are easily affected by small changes, and their 

susceptibility to reduce or improve the inside temperature translates itself 

into unconventional solutions.

3.3.1 | INSULATION

 In order to measure membranes’ thermal insulation, it is necessary 

to consider that the enclosed space of a membrane "behaves as a single 

homogeneous system" (Harvie, 1996:25), and consequently is determined 

by the U-Value. This procedure measures the "amount of heat in watts per 

meter squared which will conduct from one side of a building material to 

the other as a result of a temperature difference of one degree centigrade 

across that material" (Harvie, 1996:25), and is the base to determine the 

thermal insulation of conventional buildings' systems. 

 Contrary to the conventional building systems, membrane systems 

have a low thickness value and consequently very low value of thermal 

insulation. According to Harvie and Harvie (2015) the U-value of a fabric 

will be approximately 5W/m2K. Comparing this value with that of other 

conventional insulating materials, makes it clear that membranes are not 

an efficient solution in terms of thermal insulation.

Figure 3.5:Membrane tearing
(Monjo-Carrió, 2015)
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 With a low thermal mass and insulation, membranes tend to heat 

quickly their surface and transmit easily the solar radiation to the inner 

space. In addition with the transformation of radiant energy to heat, in the 

summer the inner space is easily overheated, leading to a greenhouse 

effect. But at night or in winter time, the low outside temperatures cause 

the cooling of interior air. These temperature peaks can be controlled by 

mechanical ventilation, cooling and heating, but these type of solutions use 

high levels of energy (Baier, 2010). 

 To solve this problem several membrane layers are used to form an 

intermediate space that can be filled with air or another insulating material. 

According to Huntington (2004) there are two ways to improve insulation 

in membrane systems: adding membrane layers to introduce air gaps as 

an insulator, or using a double layer of membrane with conditioned air or 

insulation material inside. Despite restraining the translucency of the system, 

these methods face other challenges, with one being the appearance of 

microorganisms in air gaps after the creation of several layers. The creation 

of vapor in air gaps improves the appearance of microorganisms, and an 

increasing of thickness results in a reduction of daylight contribution and an 

increment of the membrane’s weight, thus compromising the durability of 

the system.

3.3.2 | TRANSLUCENCY AND SOLAR PROTECTION

 Despite their low insulation, membranes are a reliable solution due 

to their ability to transmit solar radiation to the inside environment. Light 

transmission in membranes is a fundamental aspect, with membranes 

ranging from zero to 95% translucency, improving the control and use 

of daylight in the inside environment, which not only reduces the cost of 

artificial lighting but also improves the interior quality of the space (Hunting, 

2013).

 In the case of films, this property is a result of the material itself. In 

fabric solutions the coating layer will provide the membrane with translucency 

as the fibers’ density make it "nearly opaque" (Huntington, 2004:66), and 

light is only able to pass through the space between them. Consequently, 

film solutions will present a higher value of translucency reaching up to 95% 

(Kaltenbach, 2004). This can be reduced into half the aforementioned value 

with the application of a printed pattern on the surface, known as fritting 

(Figure 3.6) (Huntington, 2013).

 

Figure 3.6:Examples of fritting patterns: shadow of 70% (left); 
shadow of 50% (middle); and shadow of 30% (right)
(Tindjau, 2013)
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 With a low thermal mass and insulation, membranes tend to heat 

quickly their surface and transmit easily the solar radiation to the inner 

space. In addition with the transformation of radiant energy to heat, in the 

summer the inner space is easily overheated, leading to a greenhouse 

effect. But at night or in winter time, the low outside temperatures cause 

the cooling of interior air. These temperature peaks can be controlled by 

mechanical ventilation, cooling and heating, but these type of solutions use 

high levels of energy (Baier, 2010). 

 To solve this problem several membrane layers are used to form an 

intermediate space that can be filled with air or another insulating material. 

According to Huntington (2004) there are two ways to improve insulation 

in membrane systems: adding membrane layers to introduce air gaps as 

an insulator, or using a double layer of membrane with conditioned air or 

insulation material inside. Despite restraining the translucency of the system, 

these methods face other challenges, with one being the appearance of 

microorganisms in air gaps after the creation of several layers. The creation 

of vapor in air gaps improves the appearance of microorganisms, and an 

increasing of thickness results in a reduction of daylight contribution and an 

increment of the membrane’s weight, thus compromising the durability of 

the system.

3.3.2 | TRANSLUCENCY AND SOLAR PROTECTION

 Despite their low insulation, membranes are a reliable solution due 

to their ability to transmit solar radiation to the inside environment. Light 

transmission in membranes is a fundamental aspect, with membranes 

ranging from zero to 95% translucency, improving the control and use 

of daylight in the inside environment, which not only reduces the cost of 

artificial lighting but also improves the interior quality of the space (Hunting, 

2013).

 In the case of films, this property is a result of the material itself. In 

fabric solutions the coating layer will provide the membrane with translucency 

as the fibers’ density make it "nearly opaque" (Huntington, 2004:66), and 

light is only able to pass through the space between them. Consequently, 

film solutions will present a higher value of translucency reaching up to 95% 

(Kaltenbach, 2004). This can be reduced into half the aforementioned value 

with the application of a printed pattern on the surface, known as fritting 

(Figure 3.6) (Huntington, 2013).

 

Figure 3.6:Examples of fritting patterns: shadow of 70% (left); 
shadow of 50% (middle); and shadow of 30% (right)
(Tindjau, 2013)

 In terms of fabric solutions, PVC polyester and PTFE glass fibers 

present blackout capabilities, the first with a translucency starting around 0 

and going up to 25%, and the latter with values ranging from 4 to 22% . On 

the other hand, Silicone glass fibers presents translucency values of 10 to 

20% (Pudenz, 2004). 

 Another great quality related with the translucency of membrane 

systems is glare control. Membranes provide a spectral transmittance 

that will change according to the solar range thus allowing the entrance of 

diffused daylight, and the regulation of the amount of light that goes inside 

the building (Chilton and Lau, 2015).

3.4 | ACOUSTICS

  "Acoustics is one of the many design considerations required to 

assess if a lightweight, tensile fabric is appropriate for a building enclosure" 

(Chiu, 2015:246). The building’s acoustics is straightly connected with the 

propagation of sound: transmission, reflection and absorption of energy. 

 While reverberation time is a good indicator of the reflection 

of sound, it should be limited to a range of standard values in order to 

avoid eco and provide a good emission and reception of sound inside 

of the building, as the transmission of sound is an outcome of areal and 

percussion sounds. Lastly, the absorption of the sound will be a direct result 

of the acoustic insulation of the membrane system. 
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3.4.1 | SOUND INSULATION AND REVERBERATION

 Membranes by themselves do not provide great sound insulation 

as "generally, if a material is acoustically transparent it does not isolate or 

absorb significant amounts of sound energy" (Chiu, 2015:246). Membrane 

solutions easily reflect sound and increase its level in the inner environment 

due to being acoustically transparent. However, their response is not always 

linear and will always depend not only on their properties, such as thickness 

and weight, but also on the incident sounds’ frequency. At low frequencies 

(around 31.5-250 Hz) membrane solutions are almost 100% acoustically 

transparent, allowing the passage of low frequency sounds, and at middle 

to high values (500-8000 Hz) they will absorb a maximum of 30% of the 

sound, reflecting the other 70% into the space (Chiu, 2015).

 Also important to consider are the outer sounds in the form of urban 

noise, such as cars, trains, aircrafts and building activities. Additionally, 

rain noise is a significant aspect that should not be overlooked. Due to the 

membrane’s flexible nature, membrane solutions easily vibrate and can, 

with the impact of rain, form a "drumming noise inside of the space" (Chiu, 

2015:246) that can be effortlessly increased, thus causing the necessity to 

mitigate it.

  Much in the same way as this mitigation is needed, there are 

various solutions to improve sound insulation in membranes. In the case 

of pneumatic structures the acoustic insulation can be improved by adding 

porous materials inside of the cushions, and in the anticlastic solution the 

sound levels can be reduced by the installation of additional absorbing 

materials fixed in the inside of the membrane (Baier 2010). Both use 

materials that have micro perforations that will convert the sound into heat, 

which will reduce the reverberation time, and consequently the noise levels 

(Knippers et al., 2011).

 Another important point to mention is the building’s shape. For 

example, buildings with an inner concave shape will effortlessly reflect the 

inner sound waves, whereas buildings with a hyperbolic shape will blend 

the sound easily than those with a pseudosphere shape (Huntington, 2013).

3.5 | FIRE RESISTANCE

 Fire resistance in membranes is directly linked to their components’ 

fire resistance. Membranes are tested through normalized procedures 

in order to determine their heat and flame resistance. When dealing with 

flame resistant materials, a special test (Fire Test for Flame-resistant Textile 

and Films) is also performed to evaluate resistance to small and large-

scale ignition sources. Normally three types of tests are performed: the 
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flame spread test, the intermittent flame exposure and the vertical tube 

furnace. The first is applied to exposed surfaces and measures the smoke 

development and flame spread. The second is applied to roof coverings to 

measure their resistance to fire originating from outside of the structure. 

Lastly, the third one evaluates the temperature rise and flame development 

in a vertical position, ensuring that no flaming will occur in the first 30 

seconds (Huntington, 2004 & Horrocks, 2008).

 Currently, membrane solutions have good fire resistance as 

a positive consequence of the materials used: glass fibers are non-

combustible and polyester fibers are nonflammable. 

 Even knowing that PVC will burn in three minutes and twelve 

seconds, while PTFE takes three minutes and thirty-five seconds to come of 

in chunks along the joints, the hole generated by PVC will release the fumes, 

toxic gases and heat, making it a better solution than PTFE (Kaltenbach, 

2004). But both solutions are an environmental problem when incinerated/

burned, leaving cancerous and toxic substances. Silicone rubber, for 

instance, withstands higher temperatures as well as lower temperatures 

than PVC, and when ETFE foil solutions are used, these will not produce 

any flaming droplets. Moreover and due to their extremely low weight, all 

heat and smoke will easily escape from the inner environment (Knippers et 

al., 2011 & Pause, 2015).

 Regardless of the material used, there are always different ways 

to optimize the fire behavior of membrane systems through continuously 

having in mind the importance of post-fire structure when the membrane 

material loses its tension. For example, there are several flame retardants 

in the market that can be applied either on the membrane surface, or into 

the polymer structure, and with an appropriate mechanical ventilation 

in combination of a sprinkler system, it is possible not only to prevent 

the accumulation of toxic fumes, but also the fire spread in the building 

(Horrocks, 2008 & Chilton, 2010).

3.6 | ENVIRONMENTAL IMPACT

 Presently, membrane systems are expected to last decades, and 

the need exists to approach them with a different point of view as opposed 

to when these systems started being used. Nowadays, it is necessary to 

consider both long-term performance and environmental impact (Cremers, 

2015).

 The lightweight and renewable principles have become the two 

key words for an ecologic architecture. Therefore, the membrane industry is 

searching for more durable products that respect environmental protection 
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and reduce the energy consumption. The main focus has been in the use 

of biodegradable fiber. A special concern exists on the recyclability of all 

materials used in the process, including the additives and coatings added 

to the membranes (Giuli and Ferrari, 2012).

3.6.1 | RECYCLABILITY AND REUSE

 The recyclability parameter on membranes’ systems will be a 

result of the type of material used, and according to Knippers et al. (2011) 

this process will ensure that the material chains remain intact and are used 

to produce a new product commonly known as anew. Not all membrane 

solutions can be recycled and this process will directly depend on the type 

of polymeric material used. Thermoplastics are more prone to recycling, 

due to the lack of crossed-link chains, which are presented in thermosets 

and elastomers (Knippers et al., 2011). 

 Despite PVC, polyester and PTFE being all thermoplastic materials, 

ETFE foils are more commonly recycled due to their simple composition 

that allows their entirely recyclability (Pudenz, 2004).

 When any kind of product is recycled, its properties tend to vary, 

and therefore, recycled materials are not usually a reliable solution in 

construction. As a result, recycled polymeric membranes are composed of 

only 5% of the recycled material in order to ensure product quality (Knippers 

et al., 2011).

 Due to the aforementioned details, other options need to be taken 

into account, and one of the best solutions is indeed the reuse. The reuse 

of materials is a good solution in terms of environmental impact since it 

will avoid the emissions of pollutants and waste resulting not only from the 

transformation process, but also from the production of a new material. 

This procedure is going to be a result of the materials’ life span, and long 

life spans solutions like PTFE-coated glass fabric can be easily reused 

several times (Pudenz, 2004). When dealing with membranes over their life 

span and with altered characteristics, other options are available such as a 

reuse outside of the construction field, or the recycling of their components 

to make other products. Some membranes manufactures already provide 

recycling options (Cremes, 2015).

3.6.2 | SERVICE LIFE

 All the materials used must perform well during the desired 

service life. They must be able to withstand all external forces of wind and 

snow, temperature changes, UV-action, and other constraints such as 

maintenance, light, fire and acoustic, among others. Before choosing the 

appropriate tissue for the required architectural context it is essential to 
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consider the properties of the fabric. In fact, the fabric's service life span will 

strongly influence the durability of the system as a whole.

 The durability is mainly dependent on the materials’ resistance 

to UV light, hydrolysis and alkains. The membranes’ materials are usually 

associated to a service life of 25 to 30 years (LeCuyer, 2008). For example, 

PVC is estimated to last between 15 and 25 years and due to its resistance 

to bending it is often used for mobile and temporary architecture. PTFE and 

ETFE usually last more than 25 years and are often chosen to be used in 

permanent solutions (Pudenz, 2004).

3.6.3 | LIFE CYCLE ANALYSIS

 Since the beginning of the 20th century, a product’s life cycle is 

evaluated by not only considering its service life, but by also taking into 

account other features, such as how raw materials are obtained, and how 

the production, processing, transport, use, reuse and disposal of a product 

is handled, when applicable.

 This methodology "provides a good foundation for a transparent 

evaluation of the complex environmental impacts of the products and 

process" (Knippers et al., 2011:124), and it is based into two major sectors: 

the outputs and the inputs. The former considers the chemical compounds 

and products obtained in nature while the second one considers the 

elements that are returned to nature (Cremers, 2015).

 International organizations have been demonstrating that 

approximately 80% of the energy used corresponds to the extraction and 

production of the primary materials (Giuli and Ferrari, 2012). Membrane 

systems are manly composed of polymeric materials, and this implicates 

higher amounts of energy in the production process. Although, in a first 

approach, membrane solutions have a high environmental impact, is 

important to acknowledge that their low weigh characteristics help to reduce 

the downloads and consequently conduct to a lighter primary structure. 

Despite the lower amount of material used and a higher efficiency of the 

whole system, there are not studies in a long-term that can evaluate their 

LCA taking into consideration the maintenance process.

 There is a great complexity around the criteria needed to 

determinate LCA of membranes' systems. In addition, the subject of LCA 

in membranes is relatively new. In 2011 a Tensinet working group was 

founded with the aim to develop the current membranes’ evaluation, taking 

not only into account the typical materials used, but also the membranes’ 

structures. This group is still researching and it aims to reduce the current 

discrepancy of the available results (Cremers, 2012).
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Material Type
Weight 

(g/m2)

Tensile strength

Warp/Weft

(N/5cm)

Tensile strain

Warp/Weft

(%)

Tear Strength

(N)

Light Reflection

(%)

Translucency 

(%)
UV Resistance

Fire resistance 
Classification

Service Life

(Years)

U
nc

oa
te

d 
Fa

br
ic

s

Norms DIN 55 352
DIN 53 354

or
DIN EN ISO527

DIN 53 354
or

DIN EN ISO527
DIN 53 363 DIN 4102

Cotton Fabric
350

520

1700/1000

2500/2000

35/18

38/20

60

80
Variable Medium B2 <5

PTFE Fabric

300

520

710

2390/2210

3290/3370

4470/4510

11/10

11/10

18/9

365/330

669/550 50 to 70 Up to 37 Very Good A2 >25

C
oa

te
d 

Fa
br

ic
s

Glass fiber 
fabric with 

PTFE coating

800

900

1200

1450

3500/3500

5000/4500

7000/6000

8000/7000

300/300

350/350

500/500

500/500

65 to 75 4 to 22 Very Good A2 >25

Polyester 
fabric with 

PVC coating

I

II

III

IV

V

750

900

1100

1300

1450

3000/3000

4200/4000

5800/5400

7500/6500

10000/9000

15/20

15/20

15/25

15/30

20/30

300/300

500/500

850/800

1200/1200

1800/1800

50 to 70 0 to 25 Good B1 >20

Glass fiber 
fabric with 

silicone coating

800

1270

2000/2000

5000/5000

7/10

about 2/17

3500/3000

6600/6000
50 to 70 10 to 20 Very Good A2

Material
Weight 

(g/m2)

Tensile strength

(MPa)

Tensile strain

(%)

Tear Strength

(N/mm)

Light Reflection

(%)

Translucency 

(%)
UV Resistance

Fire resistance 
Classification

Service Life

(Years)

Fo
ils

Norms DIN 53455
DIN 53 354

or
DIN EN ISO527

DIN 53 363 DIN 4102

ETFE foil

50 μm

80 μm

100 μm

150 μm

200 μm

250 μm

300 μm

350 μm

87.5

140

175

262.5

350

437.5

450

525

64/56

58/54

58/57

58/57

52/52

>40/>40

>40/>40

>40/>40

450/500

500/600

550/600

600/650

600/600

>300/>300

>300/>300

>300/>300

450/450

450/450

430/440

450/430

430/430

>300/>300

>300/>300

>300/>300

Up to 60 Up to 96 Very Good B1 >25

THV foil 500 μm 980 22/21 540/560 255/250 Up to 95 Good B1 >20

PVC foil Medium B1 <5

 The following table (table 3.1) sums the main properties of the most common membrane materials:
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Material Type
Weight 

(g/m2)

Tensile strength

Warp/Weft

(N/5cm)

Tensile strain

Warp/Weft

(%)

Tear Strength

(N)

Light Reflection

(%)

Translucency 

(%)
UV Resistance

Fire resistance 
Classification

Service Life

(Years)

U
nc

oa
te

d 
Fa

br
ic

s

Norms DIN 55 352
DIN 53 354

or
DIN EN ISO527

DIN 53 354
or

DIN EN ISO527
DIN 53 363 DIN 4102

Cotton Fabric
350

520

1700/1000

2500/2000

35/18

38/20

60

80
Variable Medium B2 <5

PTFE Fabric

300

520

710

2390/2210

3290/3370

4470/4510

11/10

11/10

18/9

365/330

669/550 50 to 70 Up to 37 Very Good A2 >25

C
oa

te
d 

Fa
br

ic
s

Glass fiber 
fabric with 

PTFE coating

800

900

1200

1450

3500/3500

5000/4500

7000/6000

8000/7000

300/300

350/350

500/500

500/500

65 to 75 4 to 22 Very Good A2 >25

Polyester 
fabric with 

PVC coating

I

II

III

IV

V

750

900

1100

1300

1450

3000/3000

4200/4000

5800/5400

7500/6500

10000/9000

15/20

15/20

15/25

15/30

20/30

300/300

500/500

850/800

1200/1200

1800/1800

50 to 70 0 to 25 Good B1 >20

Glass fiber 
fabric with 

silicone coating

800

1270

2000/2000

5000/5000

7/10

about 2/17

3500/3000

6600/6000
50 to 70 10 to 20 Very Good A2

Material
Weight 

(g/m2)

Tensile strength

(MPa)

Tensile strain

(%)

Tear Strength

(N/mm)

Light Reflection

(%)

Translucency 

(%)
UV Resistance

Fire resistance 
Classification

Service Life

(Years)

Fo
ils

Norms DIN 53455
DIN 53 354

or
DIN EN ISO527

DIN 53 363 DIN 4102

ETFE foil

50 μm

80 μm

100 μm

150 μm

200 μm

250 μm

300 μm

350 μm

87.5

140

175

262.5

350

437.5

450

525

64/56

58/54

58/57

58/57

52/52

>40/>40

>40/>40

>40/>40

450/500

500/600

550/600

600/650

600/600

>300/>300

>300/>300

>300/>300

450/450

450/450

430/440

450/430

430/430

>300/>300

>300/>300

>300/>300

Up to 60 Up to 96 Very Good B1 >25

THV foil 500 μm 980 22/21 540/560 255/250 Up to 95 Good B1 >20

PVC foil Medium B1 <5

Table 3.1: Mechanical properties of commonly used membrane materials.
Source: Houtman (2015:117), Pudenz (2004:21-22), and Moritz (2004:64-65)
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4.1 | FORM FINDING

4.1.1 | INTRODUCTION

 Tensile structures are generally defined as design build projects, 

where the desire geometry and form need to be addressed primarily. In 

this first step it is important to know where all the fixed points are, and 

only after this, is taken into account how the membrane will interact with 

the structure in order to define the kind of material and details that can 

be used. The design is based on the study of the mechanical resistance 

against the external actions (weather conditions like snow loads, wind and 

rain, among others), and always under the current normatives (Maurin and 

Motro, 2012).

 According to Maurin and Motro (2012) the following points should 

be taken into account:

 -The admissible deformation of the membrane: the maximum 

elongation;

 -The maximum prestress of the membrane: establishing the 

minimum strength and consequently the type of material to choose 

from;

 -The direction of the prestress: according to the position of seamed 

and welded parts;

 -The maximum prestress on the cables: defining the possible 

diameter to be used;

 -The stresses on the support system: designing all the main 

components of the structure, for example; the masts’ compression, 

the tensile strength on the shrouds, the stresses on the beams and 

the effort on the anchors.

 Knowing that in membranes a tension is first applied over the 

surface (prestress), its rigidity is going to be dependent on its curvature 

at each point (Maurin and Motro, 2012). This curvature is one of the main 

characteristics of membrane conception, and is the only way to ensure that 

all vertical loads can be balanced (Engel and Rapson, 2006).

 Once the membrane system works in a 3D surface, the use of 

double curvature in each point makes it possible to reach an anticlastic or 

synclastic form. In other words, the system’s efficiency will be related to the 
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04 | MEMBRANES SYSTEM DESIGN



35

04 | MEMBRANES SYSTEM DESIGN

combination of curvature and loads applied, with a perpendicular double 

curvature in the case of the anticlastic form (Figure 4.1), and a same-

direction double curvature in the in the case of the synclastic form (Figure 

4.2), leading into the convex or concave surfaces, the latest used in 

pneumatic structures (Maurin and Motro, 2012).

 The double curvature allows the structure to compensate the 

actions from wind, snow and rain (as the membrane deforms under these 

actions) leading to a variation of the prestress in the system (Engel and 

Rapson, 2006).

 The membrane will ensure that when the tension rises in one 

direction, it decreases in the other direction, and when both directions 

are under tension, both will contribute to the rigidity of the system. Still, 

problems might arise when the lowest tension value reaches zero as this 

leads to instability (Maurin and Motro, 2012).

 Another issue are all the forces that will be present during 

assemblage in order to prevent unwanted failures and unbalanced loads. 

Since the integrity of the system relays on elements erected and tensioned, 

the membrane steel members, cables and methods developed to install the 

system, require detailed engineering and planning. 

 What differentiates membrane conception from another structure 

are the two main steps of its conception: the process of form finding: where 

the surface geometry is directly related to the repartition of the prestress; 

and the creation of a cutting plan: where the different geometry of all the 

pieces to be assembled is defined, which makes the whole membrane 

surface similar to a puzzle (Maurin and Motro, 2012).

 In the first step there are two ways to define the form of the 

membrane, either by using a physical model or a numerical methodology. 

In both cases it is important to consider all fixed points (to the ground and to 

the surroundings) in order to define the shape that will respect not only the 

mechanical requests, but also the desired aesthetics, and the correct water 

drainage (Bradatsch et al., 2004).

4.1.2 | MODELING: PHYSICAL AND NUMERICAL

 Frei Otto used to work with the experimental method (physical 

models) (Figure 4.3) where through the use of different kinds of film, like 

soap, tulle or wire, he applied a tension over the surface and shaped the 

future form. These films were under the same tension and curvature of the 

desired membrane, and through several experimentations and adjustments 

the base for the real scale membrane could be defined (Drew, 2008).

Figure 4.1:Anticlastic form
(Vandenberg, 1996)

Figure 4.2:Synclastic form
(Meridian, n.d.)
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 Unfortunately this methodology had several limitations related with 

the correct geometric reproduction of the film, and also with the application 

of the different morphological characteristics to the model. Therefore 

designers had to look for other approaches in order to complete it 

(Vandenberg, 1996).

 The introduction of computers made it possible to overcome 

these problems through the creation of numerical methods that can be 

divided into different categories: FDM (Force Density Method); Dynamic 

Relaxation; FEM (Finite element method); Update Reference Strategy. 

The first method, is a 3D model of a cable-net in traction, where through a 

series of calculations the force density coefficient is determined, according 

to the stress-strain relation of each cable and adjusting the shape in order 

to maintain the equilibrium of forces in all the situations (wind, snow, etc...). 

The second method (FEM) uses a series of points whose location in space 

is known in order to represent geometry. The triangulation of these nodes 

defines the membrane's surface where all stresses will be applied, thus 

ensuring the equilibrium of forces at all points. Following, a series of loads 

are applied to simulate the external influences that the membrane will face 

and the forces in the nodes are recalculated. When facing disequilibrium, 

the points are repositioned to adjust the membranes' surface, ensuring that 

the final shape will have a balance of loads in the nodes of zero (Wakefield, 

2004). 

 According to Otto, these calculation methods "generate forms 

already optimized from the start" (Songel, 2010:37) and in most of the 

cases albeit limiting the creative process, they represent a more precise 

methodology to define the stresses in all points of the surface. 

 Vandenberg (1996) established two stages in these methods: 

firstly the membrane is developed in a pure state, where the first form is 

addressed with all the boundaries and connections, applying a uniform 

tension in all the directions and after the material properties are introduced, 

leading to variations of the form, consequence of the different material 

characteristics, like the weft and wrap directions. 

Figure 4.3: Study model in soap bubble for the Tanzbrunnen: 
Frei Otto, Cologne, Germany, 1957
(Frei Otto, 1957)
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  As a result of this methodology, the physical model methodology 

is still being used in the early stage of conception, allowing optimization 

through a repetitive process and enabling the use of similar textile materials 

in order to define the basic form and the first draft for the cutting patterns 

directly on the model (Maurin and Motro, 2012). As Otto himself said, with 

the combination of these two methodologies it is possible to create forms as 

opposed to finding them (Songel, 2010).

4.1.3 | PRESTRESS AND CURVATURE

 Prestress is crucial to prevent instability on the surface and to 

ensure that the applied stresses will always be balanced under any load 

combination. It's also through prestress that the membrane's geometry is 

defined, either being an anticlastic or synclastic shape (American Society of 

Civil Engineers, 2010).

 The anticlastic shape, also known as mechanically prestressed 

surface, is prestressed by flexible and stiff elements, which can either be 

located on the membrane's surface or perimeter. The synclastic shape, 

known as "air halls" or pneumatic structure has a rigid perimeter restraining 

the membrane surface, with a difference of pressure between the inside 

and the outside (Bradatsch et al., 2004).

 MECHANICAL SURFACES

 In the case of the anticlastic form, the membrane’s surface is 

prestressed to achieve a state of equilibrium between the tensions in the 

membrane and the external load. When this system faces changes in the 

external loads’ values, due to its elasticity, the membrane geometry will 

adapt under the loads in search for a new state of equilibrium (Schock, 

1997). In other words, the application of tensile stress at the perimeter 

generates upward and downward forces that will stabilize the membrane’s 

surface, giving rise to an anticlastic shape (Fangueiro and Soutinho, 2011). 

 Even knowing that this anticlastic form requires more delicate 

calculations than the pneumatic structures, there are many advantages 

in these systems, namely: a wider spectrum of shapes; the possibility to 

be anchored in existent structures; an easy assembling/disassembling 

process; a better acoustic performance; and also a higher lifetime at a 

lower cost, as it does not demand a air-pressure system (Maurin and Motro, 

2012). 

 The anticlastic shape results from the combination of different 

parameters: the supportive structure, support points, and the membrane's 

material itself, from simple forms to larger constructions. In small 

constructions, a simple four point structure can be used. In larger solutions, 
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it is necessary to integrate a cable net system that will help to transmit the 

heave dead and live loads into the supportive structure (Berger, 2005). 

 Knippers et al. (2011) establish four basic types of mechanical 

surfaces:

 -Saddle and sail surfaces (Figure 4.4);

 -Surfaces with elements forming ridges and valleys (Figure 4.5);

 -Surfaces supported by high or low points (Figure 4.6);

 -Surfaces supported by arches (Figure 4.7).

 In the case of saddle and sail surfaces (Figure 4.8), the sail is 

where the membrane is stretched at least by four non planar fixed points 

(corners), whose edges can be rigid or flexible with the use of cables, 

belts, or other edge details. The saddle surface can be formed with at least 

one ridge edge, where the membrane under a triangular plan can be 

attached via fixed points, or rigid edges (Knippers et al., 2011).

 In surfaces causing ridges and valleys (Figure 4.9), the valley 

cables pull the membrane downwards, while the ridge cables pull it 

upwards. Both ridge and valley cables act as a flexible edge detail, usually 

made of cables or belts incorporated into the membrane’s surface 

(Knippers et al., 2011).

 When high or low points are used (Figure 4.10), the surface is 

pulled upwards or downwards, respectively, in a single point, and may also 

Figure 4.4: Example of saddle 
and sail surface. Musikpavillion: 
Frei Otto, Kassel, 1955.
(Frei Otto, 1955)

Figure 4.5:Surface with parallel 
elements forming ridges and 
valleys.Movable membrane 
roof: Silja Tillner, Vienna, 2000. 
(Tillner & Willinger ZT GmbH, 2000)

Figure 4.6: Surface supported 
by high or low points. 
Weitra Castle's roof, Clauss 
Markisen + Bissingen-
Ochsenwang, Weitra, 2006
(Sefar Architecture, 2006)

Figure 4.7: Surface supported 
by arches; Research 
Laboratory - 222-M&G: Samyn 
and partners, Italy, 1991
(Samyn and partners, n.d.)

Figure 4.8: Examples of saddle and sail surfaces : a) Four-
point sail with flexible edges; b) Four-point sail with rigid edges; 
and c) Five-point sail with flexible edges and sail batten.
(Knippers et al., 2011)

Figure 4.9: Examples of surfaces causing ridges and valleys : a) Sail with 
alternating ridge and valley cables; b) Sail with ridge cable and planar flexible 
edges; and c) Undulating star with alternating ridge and valley cables.
(Knippers et al., 2011)
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be combined with other types such as ridge/edge cables, arches, among 

others (Knippers et al., 2011).

 

 

 Finally, when a surface supported by arches is used (Figure 4.11), 

the anticlastic form is achieved by the attachment of an arch structure that 

will carry the loads and reduce the bending loads on the system (Knippers 

et al., 2011).

PNEUMATICALLY SURFACES

 The tensile forces in the surface are in equilibrium with the inside 

forces as a result of the inflation pressure when a positive double curvature 

surface is used, thus the membrane surface is stabilized. Contrary to a 

mechanical prestressed surface, these are restrained by a rigid perimeter 

(Schock, 1997).

 Even knowing that these systems usually represent problems of 

insulation related with air-gaps that will compromise their efficiency, they 

are good solutions to large spans. This is related with their lower weight 

and with the fact that they are not dependent on the geometry/curvature of 

the surface since it is the inside air-pressure that ensures their loadbearing 

behavior and not the shape itself (Escrig and Sánchez-Sánchez, 2015).

 Pneumatic structures can be distinguished between two types: the 

air-inflated structures (Figure 4.12), and air-supported structures (Figure 

4.13) . The first relies on cushions or tube like designs in which the cushion/

tube inner space is subjected to a partial vacuum or overpressure, whereas 

the latter uses the membrane itself as an enclosing, through the overpressure 

of the inner environment (Escrig & Sánchez-Sánchez, 2015).

Figure 4.10: Examples of surfaces with high and low points : a) low point with 
stiff ring; b) High point suspended by a cable; and c) High point with a hump.
(Knippers et al., 2011)

Figure 4.11: Examples of surfaces supported by arches : a) Arch-supported 
surface with arches along two edges; b) Arch-supported surface with inner 
arch stabilized by membrane; and c) Addition of arch-supported surfaces.
(Knippers et al., 2011)

Figure 4.12: Air- inflated 
structure. Peace Pavilion: 
Irina Cristea and Grégoire 
Zündel, London, 2013
(AZC, 2013)

Figure 4.13: Air- supported 
structure. Kitchen Monument 
at Venice Biennale: 
Raumlabor, Venice, 2010
(Raumlaborberlin, 2010)
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 The National Aquatics Center of Beijing is the perfect example of 

an air-inflated structure (Figure 4.14). ETFE foil cushions are very limited in 

terms of size, and therefore, need to be attached to create the building. The 

main difference between a cushion based structure and the tube-like filled 

elements is their geometry, as the aforementioned is a linear element 

(Figure 4.15) (LeCuyer, 2008). 

4.2 | MEMBRANE STRUCTURAL ELEMENTS

 Membrane solutions will transmit the loads into adjoining structures 

or within their boundaries. Even when the membrane’s surface provides 

the major part of the strength and stiffness in the solution, it can only work 

in tension, and therefore supportive compressive elements are needed to 

transmit the loads into surroundings (Moritz, 2004).

 There are different ways to ensure this reinforcement of the 

membrane structures, and while some solutions are displayed in the 

edges and boundaries of the membrane, others are present in the 

membrane surface, providing direct means of fixation and support. We can 

establish four main categories that will not only transmit the loads into the 

surrounding environment but will also "create the necessary strains in the 

fabric" (Vandenberg,1996:23): the arches; the cables; the clamping/keder 

solutions; and the masts supported systems.

 ARCHES:

 Being a primary loadbearing element that works only with 

compression loads, the arch facilitates the creation of membrane saddle 

areas, imposing their own loads into the membrane surface, "where the 

membrane is deformed out of its plane" (Schock, 1997:10), creating a 

stabilized system (Figure 4.16) .

 Knowing that the curvature of the arch is ideal to create a double 

curvature in the membrane, this system is not as adaptable as the cables, 

and bending stress can appear in the arch as a result of one-sided loads, 

like snow and wind (Göppert and Wakefield, 2004).

 When the arch structure is stabilized by the membrane, the 

ideal scenario would be to have an arch as elastic as possible in order 

to overcome all the loads applied and reduce the risk of failure, once the 

elasticity of the arch will help the membrane to recover its initial prestress 

values. Commonly lattice or trussed arches are used and these solutions 

help to reduce the discrepancy between a lightweight structure and the 

supporting elements (Göppert and Wakefield, 2004).

Figure 4.14: ETFE Cushions. 
National Aquatics Center: 
PTW-Architects, Beijing, 2008.
(Bosse, n.d.)

Figure 4.15: Tube-like filled 
elements. Special event 
inflatable structure: Festo 
Corporate Design, 1996.
(Hightex, 1996)

Figure 4.16: Arch-supported 
roof. Munich Airport- 
hangars 3+4: CL-MAP 
GmbH, Munich, 2011.
(Temme Obermeier GmbH, 2011)
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CABLES:

 Cables and cable fittings are linear construction component with 

great strength. When used in the membrane system, they can be made out 

of different materials, such as stainless steel wire ropes, or in some cases 

with synthetic materials like polyester (Knippers et al., 2011).

 Cables with opposite curvatures are commonly used to establish a 

primary structure and introduce the prestress on the membrane through the 

creation of a double curvature surface (Figure 4.17). Transforming the 

surface into an anticlastic form, the upper cable, called ridge, is responsible 

for the suspension, while the lower cable, the valley, is responsible to 

withstand the wind-suction forces (Göppert and Wakefield, 2004).

 Cables can assume different wire disposals according to their 

requirement but they are always flexible in order to follow the membrane 

curvature. There are two main wire sections: an open spiral strand (Figure 

4.18) where the entire row can be composed of different diameters of wires 

in order to increase the density of material, and consequently the resistance 

to deformation; a full locked cable (Figure 4.19) where a z-section of wires is 

around the central core of the cable increasing the level of resistance to 

corrosion (Göppert and Wakefield, 2004).

 

Figure 4.17: Cable supported 
roof. Exchange square: 
basestructures, London, 2008.
(Base structures, 2008)

Figure 4.18: Open spiral strand
(Seidel, 2009)

Figure 4.19:Closed spiral strand
(Seidel, 2009)

 Cable ends can be addressed with two different solutions: a 

swaged fitting that is used for round strand ropes and open spiral ropes with 

a maximum diameter of 36 mm; and a spelter socket used for larger rope 

diameters and fully locked cables. The latter being shorter than the former 

one is usually filled with a molten metal (Seidel, 2009).

 Both ends can be anchored in various ways, and according to 

Knippers et al. (2011) there are three types: open, closed and cylindrical. 

The open is directly attached to a corner plate with a bolt or pin; the closed 

fitting is attached between two plates; and the cylindrical fittings or sockets 

are installed as clamps without a thread system (Figure 4.20).
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CLAMPING BARS AND KEDERS:

 Clamping and Keder Details are load-carrying systems in a linear 

development. The keder (Figure 4.21) is welded into the edge of the 

membrane and can be attached in both sides by clamping bars (Figure 

4.22), or fixed into a keder rail (Figure 4.23) (Houtman and Werkman, 2004).

 The keder can be made from a steel rope that is encased into 

a plastic sleeve to prevent damage in the membrane, or made of plastic 

ensuring a similar elongation characteristic to those of the membrane. The 

clamping bars and the keder rails are usually made from steel or aluminum 

(Seidel, 2009).

 The keder rail system can be constituted of one or two pieces 

(Figure 4.24). In the one-piece, the membrane with the keder is thread in 

from one side, and in the two-pieces system, it is fitted both sides of the 

keder rail. Observing the two pieces, the existence of a small gap located 

between the fixed and detachable part is going to allow the membrane to 

contract and expand (Houtman and Werkman, 2004).

  

  

 

 In the case of clamping bars, these can be open or closed (Figure 

4.25). The open has a small gap between the two clamping bars that allows 

the membrane to contract and expand and in the closed the membranes is 

pressed against the clamping bar without a gap. Special attention should be 

payed in the latter to avoid high clamping forces that lead to high friction 

values on the membrane surface (Knippers et al., 2011).

Figure 4.20: Wire rope fittings.
(Huntington, 2013)

Figure 4.21: Keder Detail 
(Keder Solutions, n.d.)

Figure 4.22: Keder 
in Clamping bar
(Seidel, 2009)

Figure 4.23: Keder 
in keder Rail
(NP Structures, n.d.)

Figure 4.24: Left: Single Keder Rail; Right: Double Keder Rail
(K.A.A.P, n.d.)

Figure 4.25: Left: Open Keder Clamp; Right: Closed Keder Clamp
(Knippers et al., 2011)
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CLAMPING BARS AND KEDERS:

 Clamping and Keder Details are load-carrying systems in a linear 

development. The keder (Figure 4.21) is welded into the edge of the 

membrane and can be attached in both sides by clamping bars (Figure 

4.22), or fixed into a keder rail (Figure 4.23) (Houtman and Werkman, 2004).

 The keder can be made from a steel rope that is encased into 

a plastic sleeve to prevent damage in the membrane, or made of plastic 

ensuring a similar elongation characteristic to those of the membrane. The 

clamping bars and the keder rails are usually made from steel or aluminum 

(Seidel, 2009).

 The keder rail system can be constituted of one or two pieces 

(Figure 4.24). In the one-piece, the membrane with the keder is thread in 

from one side, and in the two-pieces system, it is fitted both sides of the 

keder rail. Observing the two pieces, the existence of a small gap located 

between the fixed and detachable part is going to allow the membrane to 

contract and expand (Houtman and Werkman, 2004).

  

  

 

 In the case of clamping bars, these can be open or closed (Figure 

4.25). The open has a small gap between the two clamping bars that allows 

the membrane to contract and expand and in the closed the membranes is 

pressed against the clamping bar without a gap. Special attention should be 

payed in the latter to avoid high clamping forces that lead to high friction 

values on the membrane surface (Knippers et al., 2011).

Figure 4.20: Wire rope fittings.
(Huntington, 2013)

Figure 4.21: Keder Detail 
(Keder Solutions, n.d.)

Figure 4.22: Keder 
in Clamping bar
(Seidel, 2009)

Figure 4.23: Keder 
in keder Rail
(NP Structures, n.d.)

Figure 4.24: Left: Single Keder Rail; Right: Double Keder Rail
(K.A.A.P, n.d.)

Figure 4.25: Left: Open Keder Clamp; Right: Closed Keder Clamp
(Knippers et al., 2011)

MASTS SUPPORTED SYSTEMS

 The high and low points are used to pull locally upwards or 

downwards the surface’s membrane. Even being called as points, they are 

not a single point itself, but circular rings, or looped or scalloped cables that 

are introduced by masts in order to avoid infinitely high stress peaks on the 

surface area of the membrane (Schunck et al., 2003).

 These steel rings or cables allow the achievement of several 

shaped details translating into umbrellas (Figure 4.26), paddles, rossettas 

(Figure 4.27) or humps (Figure 4.28) (Schock,1997).

 While the humps use discs or leaf strings that pull the membrane 

surface upwards or downwards over a large area, the others have the 

particularity of concentrating all the forces in one single point, demanding a 

greater reinforcement (Schunck et al., 2003).

 Another important issue to address is the correct coverage of these 

systems to avoid openings that may damage the system, exposing the 

points to the environment. In addition, water drainage is equally important 

as the water accumulation brings problems to the membrane surface.

4.2.1 | CUTTING PATTERN 

 In order to achieve the necessary double curvature of membrane 

system, the 3D membrane is divided into pieces/strips that when assembled 

together will form the complex prestressed surface. This plotting method is 

called Cutting Pattern, and is one of the most important and distinct steps in 

a membrane’s system. This process starts with a definition of groups of 

radial or parallel geodesic lines on the surface (Figure 4.29) . These lines will 

then represent the shortest distance possible, and thus enabling the 

definition of the strips via a triangulation method (Barnes et al., 2004).

 The definition of all the cutting patterns is going to be critical in 

the conception of the membrane, once a bad definition can result in a 

displacement of the edges, and consequently a projection of extra parts 

Figure 4.26: Umbrella 
structure supported by a 
rigid circular ring. Porirua 
Mall's : Architecture Porirua 
City Council, Wellington, 
New Zealand, 1995.
(Structurflex, n.d.)

Figure 4.27: Detail of 
scalloped cables. Exhibition 
pavilion: Rasch + Bradatsch, 
Leonberg, 2000.
(Texil Bau, n.d.)

Figure 4.28: High Point as 
Humps.Tennis stadium: 
Schweger + Partner, Hamburg-
Rothenbaum, 1997.
(Knippers et al., 2011)

Figure 4.29:Cutting pattern 
definition.Tent for Merceded 
Benz Magdeburg, SL 
Rasch, Germany, 1994
(Forster and Mollaert, 2004)
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to compensate these errors. Nevertheless, excessive membrane material 

results in the appearing of wrinkles, and lack of membrane material will 

result in stress peaks that could compromise the whole membrane's 

structure (Monjo-Carrió, 1985).

 Another point to have in mind is the complexity of the different 

parts, as they can cause problems in the assemblage of the membrane, 

and result in many technical problems such as anesthetic and mechanical 

among others (Seidel, 2009).

4.2.2 | DETAILS

 The details are responsible for transmitting the forces from the 

membrane surface to the supporting structure as well as establishing the 

connection between the different membrane panels (in the case of the 

seams). As a result, they demand careful planing to ensure the needed 

flexibility and deformability of the system (Forster, 2004).

 SEAMS’ DETAILS

 Knowing that the manufacture of the membrane has limitations 

related to the amount of production, seams are used to achieve the size 

and characteristics demanded by the project (Knippers et al., 2011). As a 

integral part of the membrane, they require a high mechanical strength, 

similar to that of the membrane, as well as similar elongation and flexibility 

in order to unify all the surface behavior under the future loads (Monjo-

Carrió, 1985) .

 The different sections of membrane material are joined together 

via seams, and there are two way of doing it: through the use of permanent 

joints or through the use of detachable seams. The permanent seam is 

a factory-made connection between the two pieces of material that were 

previously cut according to the defined cutting pattern. The detachable 

seam is junction of these pieces during the erection, assembling the 

different parts on the building site (Llorens, 2015).

 When there are limitations in terms of size for fabrication, transport 

and erection of the membrane system, the available detachable seams 

can be laced, clamped or keder clamped, while in the permanent seams, 

the techniques used are welding, stitching, and although less often, gluing 

(Llorens, 2015).

 Permanent Welded Seams: Being a high quality and fast seam 

with a good cost-effective production, this procedure usually takes place in 

the factory where a large welding plate fuses together the two sections with 

a combination of pressure and heat (Figure 4.30). The welding can be done 

via a high-frequency method, or impulse welding, but it is also possible to 
Figure 4.30: Process 
of welding.
(Seidel, 2009)
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weld on site, being the latter a less efficient solution. While impulse welding 

or hot welding thermally soften the surface of the two parts and apply 

pressure to join them, the high-frequency method "forms a large 

homogeneous joint in which the entire coating thickness of the two material 

sides to be joined are integrated" (Seidel, 2009:66). 

 Overlapping the pieces of material in order to avoid excessive 

differences of stiffness between the membrane surface and the seam 

makes it possible for this procedure to reach a strength of 90% of the 

membrane itself (Knippers et al., 2011). However, in spite of being one of 

the most common joint systems used in membrane construction, it can only 

be applied to thermoplastic materials (Seidel, 2009).

 Permanent Stitched Seams: Being the most ancient solution used, 

the sewn seams present a direct connection and transition of the forces 

between the fabric threads from one piece to the other, but the perforation 

of the membrane will reduce its longevity and water-tightness of the system, 

making it one of the less used methods to join the membrane pieces (Figure 

4.31) (Seidel, 2009).

 

 

 

 

 The stitching is normally used for uncoated woven fabrics that 

cannot be welded, and the fold double turned-in-seam method is the only 

technique that achieves the necessary water-tightness and strength to be 

used in membrane systems (Knippers et al., 2011).

 Permanent Glued Seams: These seams are only used when 

no other method is suitable or in combination with stitched seams. This 

procedure is made in a similar way to the welded seams, but with a lower 

strength as a result. Therefore, its mechanical strength is lower (Knippers 

et al., 2011). Nowadays, according to Seidel (2009) this method is used to 

join silicone-coated glass fiber fabrics, since an elastomer solution cannot 

be welded like thermoplastics. 

 Detachable Laced Seams: Highly recommended for temporary 

purposes this method is based on tying together parallel sections of 

membrane, with a rope (usually made out of silicone) (Figure 4.32). The 

eyelets, usually galvanized or made of stainless steel, are made of trumpets 

and washers that are directly welded into the membrane surface (Seidel, 

2009). This method is very easy to handle and can be retensioned and 

readjusted whenever needed. However due to poor resistance of the rope 

Figure 4.31: Examples of different stitching methods
(Seidel, 2009)

Figure 4.32: Laced joint
(Seidel, 2009)
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to UV-light, it should be always covered with a layer of membrane material 

(Houtman and Werkman, 2004).

 Detachable Clamped Seams: Used in membrane systems that 

demand not only a high load-carrying capacity but also flexibility, this seam 

is characterized by the use of metal clamp bars to connect the membrane 

sections (Figure 4.33). The clamp bars are short with gaps between them to 

allow flexibility, and to avoid the accumulation of high stresses in the 

membrane. Once there is a need to perforate the membrane, this method 

should be used according to the membrane material’s specifications in 

order to avoid high tear propagation (Schunck et al., 2003).

 Detachable Seams with keder clamps: Similar to clamped seams, 

this system is stiffer and without gaps (Figure 4.34), and is commonly used 

in places where the membrane has a linear support (Schunck et al., 2003).

 The following table (Table 4.1) sums the type of seam commonly 

used for each type of material:

Figure 4.33: Clamped joint
(Seidel, 2009)

Figure 4.34: Clamped 
joint with keder rails
(Knippers et al., 2011)

Material

Cotton 
Fabric

PTFE 
Fabric

PTFE 
coated-

glass fiber

PVC coated-
polyester

Silicone 
coated-

glass fiber

ETFE 
foil

Manufacturing Process

Stitched Stitched

Thermic 
welding 

with 
adhesive 

tape

High 
Frequency 
welding or 
Stitching

Thermic 
welding with 

adhesive tape

Thermic 
Welding

Table 4.1: Main seaming processes used in common membrane materials
Source: Houtman (2015:108-119)

BOUNDARY EDGE DETAILS 

 The edges are an important element of membrane structures as it 

is through them that the membrane is capable to transmit all the forces to the 

infrastructure. These details can either be flexible or rigid, or in other words, 

the former follows the membrane curvature and transfers the stresses as 

tensile forces, while the latter is a rigid linear element where acute angle 

degrees have to be avoided in order to prevent stress peaks and creases in 

the membrane’s surface (Schlaich et al., 1989).

 There are different systems available as flexible solutions for the 

edges, such as webbing belts, edge cables in pockets, or separated edge 

cables. Whereas in a rigid proposal laced systems, clamping bars or keder 

rails are used. In both cases there are different solutions, and the most 

suited one should be chosen not only regarding the stress calculation but 

also membrane material. 

 Flexible Webbing belt: This textile solution is recommended to 

small and medium sized membranes, where a belt (usually made out of 
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polyester) with stiffness similar to the membrane is stitched on the 

membrane surface to reinforce the edge (Figure 4.35) (Schunck et al., 

2003). This enables it to accommodate in a direct way high tangential forces 

(Schlaich et al., 1989). This system is highly recommended to convertible 

membranes, and due to poor resistance to UV radiation the belt is always 

protected by folding over and welding the edge of the membrane (Seidel, 

2009).

 Flexible edge cable in pocket: An edge cable in pocket consists of 

a pocket where the edge cable passes through (Figure 4.36). This pocket is 

made by folding the membrane itself, or by adding an extra strip of material, 

in order to transfer all the membrane stresses to the edge cable. The size 

of the pocket should be always superior to the size of the cable itself in 

order to prevent membrane overstretching, and special attention should be 

paid to the pocket’s thickness and resistance, as the profile cable presses 

severely into the material and flex cracking can occur (Schunck et al., 2003 

and Knippers et al., 2011). Steel cables are used as a result of their low 

price and easiness to anchor into the supporting structure. However, 

contrary to the webbing belt, this solution is restricted to small tangential 

forces (Schlaich et al., 1989).

 Flexible Separated edge cables: This method is recommended for 

long spans, once the cable is placed away from the membrane edges, and 

connected through separated points (Figure 4.37). These connections are 

made via clamping bars or keder rails that are connected to the membrane 

by metal strips or sheets. Knowing that the edge cable’s diameter usually 

does not match the metal strips/sheets dimensions; the metal should be 

folded in order to match the cable (Schunck et al., 2003 & Seidel, 2009).

 Rigid Laced Edge: This type of edge is good for temporary 

membrane systems - ropes are used to join the strengthened edge of the 

membrane to a rigid solid circular hollow section or round bar, which is 

attached to the loadbearing structure through welded or bolted spacer 

components (Figure 4.38). Having the same principle as a laced seam, 

these solutions present common problems related to the poor UV resistance 

of the rope (Schunck et al., 2003).

 Rigid Tube in the pocket: This low carrying system shares some 

similarities with the flexible edge cable in pocket, and is based on the use 

of a rigid tube that goes through a pocket located in the membrane’s edge 

(Figure 4.39). This tube is connected to the rigid support via regular spaced 

openings, where metal strips, belts, or ropes are used. Its recommended 

usage is in air-supported structures, and it is important to take into 

consideration the correct isolation of all openings in order to prevent future 

air leakage (Seidel, 2009 and Knippers et al., 2011).

Figure 4.35: Flexible 
webbing belt.
(Seidel, 2009)

Figure 4.36: Flexible 
edge cable in pocket.
(Seidel, 2009)

Figure 4.37: Flexible 
Separated edge cables.
(Seidel, 2009)

Figure 4.38: Rigid Laced Edge.
(Seidel, 2009)

Figure 4.39: Rigid 
Tube in the pocket.
(Seidel, 2009)
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 Rigid clamped Edge: There are two different ways of fixing the 

clamping bars and keder clamps into the rigid edge of the membrane: they 

can be bolted directly to the edge metal beans/timbers (Figure 4.40), or they 

can be clear fixed using metal strips (Figure 4.41). The latter allows an 

easier tensioning and stress adjustment once the membrane and the 

clamps are separated (Schunck et al., 2003 & Seidel, 2009).

CORNER DETAILS

 Membrane ends do not have to be necessarily rectilinear, and in 

most cases the headline cables are in sheaths located in the membrane 

boundaries. The extremities of these sheaths are attached to a metallic 

piece called corner plate, whose geometry is very precise, as in some 

cases this is where the adjustment of the ropes’ tension is made. These 

corners are especially important features that will ensure the transmission 

of the forces from the flexible edge details into the loadbearing structure 

(Chiu et al, 2009 & Doriez and Motro, 2012).

 When the two cables converge at a point, the stresses must be 

anchored and transferred safely to avoid stress peaks, elongations, or 

raking of the weave fabric. Due to the small surface available at these 

points, these phenomena are solved by increasing the thickness of the 

material (Figure 4.42), namely by adding another layer of membrane material 

that is usually welded or stitched to the main membrane, and fitted around 

the corner in an arc.

  According to Knippers et al. (2011:206) the corner details must 

satisfy the following demands:

 "- Flexibility of the connections about various rotational axes 
because large deformations can be expected during erection and 
usage;

 -Ability to accommodate edge cable forces plus the prestressing 
forces from the membrane;

 -Aligning the corner plates according to the angles of the forces in 
the cables;

 -Avoiding eccentricities (deviations from symmetry and the lines of 
the system);

 -Adjustment options for the edge cables".

 The acuteness of the plate’s angle will be a determinant point in the 

ability to resist the imposed stresses. Knowing that the membrane’s corner 

stresses will be parallel to the ones in the edge of the boundaries’ elements, 

greater angles will translate into higher stresses, and consequently, higher 

value of rigidity in the corner element. This will make it less prone to 

deformation and wrinkles will appear in the membrane surface (Bubner, 

1997).

Figure 4.40: Direct 
clamping of membrane.
(Seidel, 2009)

Figure 4.41: Clamping 
bars and metal strips.
(Seidel, 2009)

Figure 4.42: Double membrane 
reinforcement in the corner.
(Chiu et al., 2015)
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 Corner detail for webbing belts: These kinds of corners have small 

details with a short radius as a result of the webbing belts’ resistance to 

buckling. Usually steel rings or custom corner plates with stilts are used 

(Figure 4.43). These will be stitched into the corner during the membrane’s 

fabrication. In a latter replacement or fitting, open slits that will be closed off 

with a bolted plate can also be used in order to avoid slipping out and to 

minimize the transference of stresses to the plate under the open slit (Figure 

4.44). In the end, all edges and corners should be rounded in order to avoid 

angular pieces that will damage the system (Llorens and Irigoyen, 2015 & 

Doriez and Motro, 2012).

 Corner detail for cables - Membrane connections: When cables 

are used in the membrane system, the membrane is connected to the 

corner plate in two distinct ways: an open membrane corner without direct 

connection or a closed membrane corner with direct connection (Knippers 

et al., 2011 & Doriez and Motro, 2012).

 In the former, the membrane is cut around the corner plate in an 

arch shape, and it is not connected to the plate directly, but via edge cables, 

or in some cases with ratchet straps (Figure 4.45). Usually reinforced with a 

second layer of membrane material, the open membrane corner can also 

be combined with stitching webbing belts into the membrane pocket. These 

belts are tensioned against the corner plate via adjustable perforated plates 

or turnbuckles in order to avoid slippage. In the cases where the membrane 

cannot be stitched, clamping bars are often used (Knippers et al., 2011 & 

Doriez and Motro, 2012).

 In the case of the closed membrane corners, where the membrane 

is fixed directly to the corner plates, clamping bars or keder clamps are 

used (Figure 4.46). In this system the edge cables should be aligned with 

the top of the corner detail and not the membrane in order to avoid an 

asymmetrical detail (Knippers et al., 2011 & Doriez and Motro, 2012).

 Corner detail for cables - cable connections: Cables can be 

connected to the corner plate through different procedures: separated 

continuous edge cables, continuous edge cables, or discontinuous edge 

cables.

 The separated continuous edge cable system has the cables, via 

fitting or through masthead details, redirected to form guy ropes. (Figure 

4.47). This method is characterized by the use of fixed length cables without 

an adjustment system attached (Schunck et al., 2003). 

 The continuous edge cable system is used when the cables cannot 

be routed due to higher degree angles (obtuse corner angles) and/or low 

forces concentrated that demand cable continuity beyond the corner detail 

(Figure 4.48). This method does not require fittings but prohibits the 

Figure 4.43: Webbing belt 
corner detail showing various 
corner plate options
(Knippers et al., 2011)

Figure 4.44: Webbing belt 
corner detail with open 
slots in corner plate.
(Knippers et al., 2011)

Figure 4.45: Open membrane 
corner for edge cables.
(Knippers et al., 2011)

Figure 4.46: Closed membrane 
corner for edge cables.
(Seidel, 2009)

Figure 4.47: Separate 
continuous edge cables.
(Knippers et al., 2011)

Figure 4.48: Continuous 
edge cable.
(Seidel, 2009)
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adjustment of the cables separately (Knippers et al., 2011). The cables are 

directly attached to the material through a welded ring due to the inexistence 

of central stress, but this solution often results in internal flexion stresses on 

the membrane (Doriez and Motro, 2012).

 The discontinuous edge cable (where the cable is not continuous 

around the corner) uses cable fittings to attach it to a corner, unless the 

cable has an open fitting, in which instance, each fitting will be attached to 

the corner plate with a bolt or pin (Figure 4.49) (Seidel, 2009). The metallic 

plate itself is fixed to the anchor device via a threaded rod, passing through 

the associated tube (Doriez and Motro, 2012).

 The following table (Table 4.2) summarizes the type of details most 

commonly used for each type of membrane:

Figure 4.49: Discontinuous 
edge cable.
(Knippers et al., 2011)

Detachable 
Seam

Laced + (+) + (+)

Clamping bar + (+) ++ (+)

Keder rail + ++ + ++

Flexible 
linear 
Support

Webbing belt + - + -

Wire rope + + + +

Rigid Linear support + + + +

Flexible 
Edge

Webbing belt ++ - + -

Rope in pocket + (+) ++ +

Separate 
edge cable

(+) ++ + +

Rigid Edge

Laced + (+) + (+)

Clamping bar + + ++ +

Keder rail + ++ + ++

Open Corner + + ++ +

Closed 
Corner

Ring ++ - + -

Plate + ++ + +

PTFE fabric
PTFE coated-

glass fiber

PVC coated-

polyester

Silicone coated-

glass fiber

Permanet 
Seam

Stiched ++ - + -

Welded - ++ ++ -

Glued - - (+) ++

Table 4.2: Relationships between details and coated and uncoated membrane 
material: ++ typical ; + possible ; (+) rare ; - not possible 
Source:Knippers et al. (2011:197)

 When dealing with pneumatic structures, considering that the 

surface does not perform loadbearing behavior, the corner details and 

structural limitations will not be the same from anticlastic surfaces. Their 

edges are welded together around a keder system which will then be fixed 
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to the primary structure via keder, or clamp bars  (Figure 4.50) (Wilson, 

2013).

 In relation to this, it is important to ensure the perfect connection 

between the membrane itself and the structural components, in both 

pneumatic and anticlastic surfaces. Maurin and Motro (2012) establish 

two major requirements: making sure that the conceptual and geometric 

design of the membrane and of the attachment pieces are compatible, as 

well as designing the pieces accordingly to all the requirements for tension 

regulated systems.

 It is through the construction details that the prestress is introduced 

to the membrane system, and thus it is important to always ensure that 

tensioning equipment can be easily connected. When this is not possible, 

temporary or permanent attachment points should be provided to ensure 

the tension readjustment (Knippers et al., 2011).

4.3 | ASSEMBLY 

 The assembly is dependent of several factors and these can range 

from the type of details and material used to the structural system adopted. 

In addition to these, the equipment available and the site conditions are 

equally important. Furthermore, membranes are installed after setting the 

primary structure and common points can be drawn according to the type of 

system used (Gipperich et al., 2004). 

 When dealing with mechanical structures, the erection will be 

different according to the type of surface, differing from awnings (saddle 

and sails), to high points, arches and ridge/valleys.

 AWNINGS:

 As for awnings, when the foundations are set the membrane is 

unfolded and fixed in the corners fittings via edge ropes. If the structure 

uses masts the membrane is erected by successively lifting them up, 

whereas when it is attached to fixed points without masts the structure is 

erected by pulling the edge ropes in the corners (Figure 4.51). After pulling 

and cutting the edge ropes it is introduced the tensioning system that will 

create the necessary prestress in the membrane (Capasso et al.,1993 & 

Seidel, 2009).

 HIGH/LOW POINTS:

 In the case of high/low points, the principle is similar to the one 

used for awnings, but with the particular feature that the high/low points are 

Figure 4.50: ETFE 
membrane Clamped to 
the primary structure
(Birdair, n.d.)

Figure 4.51:Erection Awning
(Capasso et al.,1993)
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usually the first element to be fixed. Only after this are the edges attached 

and fitted in the corner. In some cases, due to limited accessibility, the 

process can be reversed by fixing the edges first before fixing the high and 

low points (Figure 4.52) (Keltenbrunner and Kiefer, 2015).

 In arch supported structures there are different ways to install a 

membrane according to its direction and the type of attachment used. When 

the wraps run in the same direction as the arch and the membrane is 

continuously clamped, the tension is applied perpendicularly by clamping 

one edge to one arch and pulling and clamping the other to the opposite 

arch (Figure 4.53-1). When the wrap runs perpendicularly to the arch, the 

membrane keder is clamped in both arches, staring at one point, and pulling 

and clamping along the arch development (Figure 4.53-2). Lastly, when the 

membrane is finally attached to the arch at all the specific points the surface 

is tensioned by moving the corners fittings and shortening the edge ropes  

(Figure 4.53-3) (Seidel, 2009).

 In the ridge and valley surfaces a temporary net is installed where 

over it the membrane is disposed. After the edge rope is attached to the 

primary structure and pulled, followed by the fixation of the valley rope in 

the low point. It is through the valley that the membrane surface is tensioned, 

and archives its final shape (Figure 4.54) (Seidel, 2009).

 The following table (Table 4.3) summarizes the type of membrane 

edges, the supports, the lifting devices, the tensioning location and tools 

most commonly used for mechanical surfaces: 

Figure 4.52: Erection 
High points surface
(Base Structures, 2014)

Mechanical 
Surface Edging options Support Lifting device Tensioning 

location Tensioning tools

Saddle 
and sails

-Flexible/rope edge 
-Webbing belt edge

-Points 
-Masts -Crane -Points/ corner 

fittings

-Trifor
-Chain hoist, 
-Lever hoist

High and 
low points

-Flexible/rope edge
-Clamping edge 
-Stiff/rope edge,
-Webbing belt edge

-Points 
-Masts

-Truck crane
-Winches
-Pulleys

-Points/ corner 
fittings

-Hydraulic press 
-Trifor
-Chain hoist

Supported 
by arches

-Clamping bars
-Rope in sleeve -Linear (Arch) -Crane with 

spreader beam
-Linear along 
the arch

-Hydraulic press
-Trifor
-Belts
-Lashing straps

Ridge and 
valley

-Clamping bars
-Rope in sleeve

-Points/ corner 
fittings -Crane

- At points, 
tensioning/
ridge rope

-Hydraulic press 
-Trifor

Table 4.3:Most commonly used type of edges, supports, lifting devices, 
tensioning location and tools used for mechanical surfaces
Source:Seidel (2009:140-152)

5.4 | COMMON PATHOLOGIES 

 The membrane materials have to resist not only varying weather 

conditions but also the actions of the external loads. Apart from corrosion 

problems (Figure 4.55) that can be avoided by the conscientious design of 

the overall system, according to Monjo-Carrió (2015) there are four main 

problems or pathologies affecting textile membranes: the tearing of the 

membrane, standing water, the wrinkles, and surface soiling.

4.4.1 | SURFACE TEARING 

 When the tear strength value is exceeded the membrane is ripped. 

Overstretching may be one of the causes and a bad design/calculation or 

high accumulation of stresses are prone to overstretching the membrane. 

The problematic areas are found near the edges and in singular points, as 

the concentration of stresses is higher (Figure 4.56). However, tearing may 

occur in other areas as well (Gipperich et al., 2004). The high wind fluttering, 

and the high deformations can be the main causes, as well as acts of 

vandalism.

 To avoid this, not only should a correct fabric choice be made, but 

particular attention must also be paid to detailed design and calculations. 

When facing problematic points, reinforcement should be adopted, such 

as the addition of extra fabric layers.  Regarding vandalism, the membrane 

should be protected, particularly in the lower and easily accessible areas to 

avoid any damage.

4.4.2 | STANDING WATER 

 When the membrane surface lacks high enough slopes or tension, 

the water might de retained, thus leading to eventual tearing and deformation 

of the membrane. Besides the weight of the water, it can also cause an 

accumulation of dirt that will remain even after the water evaporates(Figure 

4.57). In addition to the esthetic problems this may cause, stagnating water 

on membranes can also lead to the accumulation of mold on the surface  

(Gipperich et al., 2004 & Monjo-Carrió, 2015).

 To avoid this issue the membrane must have enough curvature 

and slopes to evacuate the water away from the surface. However, a 

supplementary drainage system should be also planned in case of failure.

4.4.3 | WRINKLING 

 Mostly caused by lack of stress, wrinkles can appear on the 

membrane’s surface. This lack of stress can be the result of fabric relaxation, 

Figure 4.53: Different methods 
of arch surface installation.
(Seidel, 2009)

Figure 4.54: Ridge and 
Valley surface installation.
(Seidel, 2009)
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5.4 | COMMON PATHOLOGIES 

 The membrane materials have to resist not only varying weather 

conditions but also the actions of the external loads. Apart from corrosion 

problems (Figure 4.55) that can be avoided by the conscientious design of 

the overall system, according to Monjo-Carrió (2015) there are four main 

problems or pathologies affecting textile membranes: the tearing of the 

membrane, standing water, the wrinkles, and surface soiling.

4.4.1 | SURFACE TEARING 

 When the tear strength value is exceeded the membrane is ripped. 

Overstretching may be one of the causes and a bad design/calculation or 

high accumulation of stresses are prone to overstretching the membrane. 

The problematic areas are found near the edges and in singular points, as 

the concentration of stresses is higher (Figure 4.56). However, tearing may 

occur in other areas as well (Gipperich et al., 2004). The high wind fluttering, 

and the high deformations can be the main causes, as well as acts of 

vandalism.

 To avoid this, not only should a correct fabric choice be made, but 

particular attention must also be paid to detailed design and calculations. 

When facing problematic points, reinforcement should be adopted, such 

as the addition of extra fabric layers.  Regarding vandalism, the membrane 

should be protected, particularly in the lower and easily accessible areas to 

avoid any damage.

4.4.2 | STANDING WATER 

 When the membrane surface lacks high enough slopes or tension, 

the water might de retained, thus leading to eventual tearing and deformation 

of the membrane. Besides the weight of the water, it can also cause an 

accumulation of dirt that will remain even after the water evaporates(Figure 

4.57). In addition to the esthetic problems this may cause, stagnating water 

on membranes can also lead to the accumulation of mold on the surface  

(Gipperich et al., 2004 & Monjo-Carrió, 2015).

 To avoid this issue the membrane must have enough curvature 

and slopes to evacuate the water away from the surface. However, a 

supplementary drainage system should be also planned in case of failure.

4.4.3 | WRINKLING 

 Mostly caused by lack of stress, wrinkles can appear on the 

membrane’s surface. This lack of stress can be the result of fabric relaxation, 

Figure 4.53: Different methods 
of arch surface installation.
(Seidel, 2009)

Figure 4.55: Corrosion 
of the edge corner in the 
low point surface: EXPO 
complex, Lisbon, 2016.
(Author, 2016)

Figure 4.56:Membrane tearing
(Monjo-Carrió, 2015)

Figure 4.57:Standing water
(Monjo-Carrió, 2015)

04 | MEMBRANES SYSTEM DESIGN



54

as under constant loads the material's strain increases. Furthermore, high 

loads can also lead to fabric deformation and consequently to a lack of 

stress (Figure 4.58) . Another cause might be bad patterning design, in which 

case extra fabric will result in the appearance of wrinkles (Guo, 2008).

 To avoid wrinkles the stresses must be divided evenly, even during 

the fabric relaxation. For this to happen, the membrane system should 

provide tension points that make it possible to readjust the stress on the 

surface.

4.4.4 | SURFACE SOILING

 The soiling of the surface can be result of the environmental pollution 

or acts of vandalism. When dealing with highly polluted environments, dirt 

is often deposited, either by the difference of static electricity or by the 

rain (Figure 4.59). Due to the transparency of the fabric, the dirt deposit is 

not only visible from the outside, but also from the inside, compromising 

translucency properties of the membrane and transmission of natural light  

(Gipperich et al., 2004 & Monjo-Carrió, 2015).

 To prevent this, not only should the material itself present self-

cleaning properties but periodic cleanings should also be undertaken.

Figure 4.58: Wrinkles in the 
edge corner: FIL Entrance 
coverage, Lisbon, 2016.
(Author, 2016)

Figure 4.59: Surface soiling in 
the low point structure: EXPO 
complex, Lisbon, 2016.
(Author, 2016)
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05 | MEMBRANES IN ARCHITECTURE: CASE 
STUDIES
 There is an increasing use of membranes in architectural design, 

and it is important to acknowledge how membranes are implemented in 

the project. For this is presented in this chapter two case studies: one is a 

temporary mechanical surface-The Olympic Shooting Arenas in London, 

and the other a permanent pneumatic structure-The National Swimming 

Center in Beijing. Both cases are studied from the main references to the 

installation process, defining the main steps and challenges that membranes 

face in real application. Additionally to this investigation, the testimony of 

the architects was important in order to understanding the advantages that 

membranes can bring to architecture and how they can be integrated into 

the design process.

LOCATION
London, Woolwich Arsenal 
Station

CLIENT
ODA,Olympic Delivery 
Authority

ARCHITECTS
Magma architecture, Berlin

TRUSS SYSTEM
ES Global Ltd, London

MEMBRANE 
MANUFACTURER
Serge Ferrari, F–La Tour-
du-Pin

MEMBRANE REALIZATION
Base structures, GB–Bristol

COMPETITION
2010

CONSTRUCTION TIME
April – December 2011

PLOT AREA
14,000 m²

DIMENSIONS
-Finals Range: 105 m x 47 m
-25m Range: 56 m x 22 m + 
27m for field of play without 
roof
-10/50m Range: 107 m x 
20 m + 51 m for field of play 
without roof

MEMBRANE MATERIAL
Phthalate-free polyvinyl 
chloride coated polyester

5.1 | OLYMPIC SHOOTING ARENAS | MAGMA ARCHITECTURE

Figure 5.1.1: Site Plan
(Archdaily, 2012)

Figure 5.1.2: Olympic Shooting Arenas: Magma Architecture, London, 2012.
(Colourbox, 2012)



56

5.1.1 CONTEXT 

 As a result of London's continuous growth, the Olympics 2012 

followed a strategy of not only using existent structures and new facilities, 

but also to adopt new temporary structures. The use of temporary buildings 

allowed cost and material usage reduction. More importantly this approach 

avoided leaving behind unused infrastructures, and enabled a central 

placement in the city, a different situation from what had happened after the 

previous games (Kleinheinz, 2013).

 In 2010, Magma architecture was commissioned to design the 10-, 

25-, and 50-meter ranges for the London 2012 Olympic and Paralympic 

shooting events, having in mind that the venue was either to be recycled or 

to be reassembled for a different use in a new location, and thus developing 

a fully mobile structure. Located in South East London, the Olympic Shooting 

Arenas were part of the major Olympic Park, for the London 2012 Olympic 

games complex, and helped in regenerating the area of the Woolwich 

Arsenal Station (Figure 5.1.1 and 5.1.2) (Kleinheinz, 2013). 

 In the eighteenth and nineteenth century, Woolwich was the center 

of arms production and played a main role in Britain's expansion. Designed 

between 1776 and 1802 by James Wyatt, the most successful architect of 

the time, who also designed the King Palace for George III, the Artillery 

Barracks represents "the architectural heritage of these golden years" 

(Dyckhoff and Barret, 2012:210). The grand building composed of six 

barracks joined together forms a symmetric facade with a central triumphal 

archway, and is until today the longest continuous Georgian facade in UK 

(Figure 5.1.3) (Ruta, 2012). 

Figure 5.1.3: Photo of the Artillery Barracks in Woolwich
(Dyckhoff and Barret, 2012)

 Presently, there is no need for artillery production, and even though 

the military accommodation of the barracks remains, the site struggles to 

find a post-industrial purpose. Therefore, for the 2012 Olympics, the venue 

was the perfect scenario for the shooting sport, not only incorporating its 
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architectural heritage into the urban tissue of London, but also bringing the 

much needed economic and cultural value to the place (Bersamo,2012).

5.1.2 THE CONCEPT

 The 2012 London Olympic's shooting arenas not only had to meet 

the different ranges of shooting, but also the "demanding sustainability 

criteria set by the client ODA (Olympic Delivery Authority)" (Detail, n.d.). 

The demands were challenging, and "important aims included minimizing 

material usage and energy consumption" (Detail-Online, n.d.). Furthermore, 

the construction had to follow the principle of reduce, reuse and recycle, 

proving that temporary structures are not always a synonym of "prompt 

waste and inefficient use of materials" (Pottgiesser and Ashour, 2013:83).

 These principles defined the architecture's intervention, and went 

according to Magma's foundation principles that architecture should be 

changeable, and constantly adapting to the world's motion. Like Lena 

Kleinheinz (Architect and Director of PTW) said: "We developed the design 

to represent the sport and allow for easy construction and dismantling" 

(interview to Lena Kleinheinz, 2016). 

 The concept envisions the buildings as bivouac tents inspired by 

the Royal Artillery Barracks' military heritage. Even though it followed the 

rhythmic structure of the existent Barracks, the project brought a fresh and 

light character to the place, contrasting the neoclassical style of the barracks 

with the playfulness of the intervention and enhancing the festive and 

solemn context of the Olympics. The idea of invoking "an experience of flow 

and precision inherent in the shooting sport" (Peters, 2012:127) was 

achieved through the use of tensioned fabric, translating into a "dynamically 

curved space (...) punctured with colorful apertures that mimicked bullet 

holes" (Figure 5.1.4) (Middling and Milne, 2012:5).

Figure 5.1.4: Photo of the Artillery Barracks in Woolwich
(Diehl, 2012)
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 Three temporary buildings rised with a ludic aesthetics, and 

adjacent to those there were also three outdoor areas for shooting-skeet, 

track and double track in addition to the Paralympics archery competitions, 

thus creating the idea of open campus field (Villalba, 2012).

5.1.3 THE DESIGN PROCESS

 Combining two of the four shooting ranges into one building brought 

countless advantages in terms of sustainability, less use of materials, cost 

and time, and consequently three modular temporary structures were 

designed. 

 Three main strategies were employed as this venue would only be 

used as a temporary structure: the rational use of materials, searching for 

the minimal use of the virgin materials; the implementation of materials that 

could be recycled or reused; and the easy disassembling of the structures 

in order to leave no trace of the venue post-Games. To sum, minimal 

materials, minimal energy consumption and minimal effort to transport and 

store were the sustainability criteria to achieve (Dent and Sherr, 2014).

 The client's instruction established "no ground for decisions in the 

designing process" (Pottgiesser and Ashour, 2013:82), thus the team had 

to have the technical subject as their main focus rather than aesthetical 

concerns. Although this could mean an architectural limitation, where the 

key issue would be the building process, without having in concern the 

aesthetics, the design team was able to combine both aspects.

 One example of this was the implementation of the colorful rings 

in the facade. When comparing the building with the use of steel rings, to 

one made out of the same material but in a continuous way, the wind forces 

on the latter were higher and the membrane drifted in the wind. Even if the 

membrane was successfully and completely stretched, it would still need an 

extra 55% of steel (Gundlach, 2014) and if it was pulled only in the corners, 

would make a use of 40% more steel than if only the rings had been used 

(Pottgiesser and Ashour, 2013).

5.1.4 REFERENCES

 Motivated by the previous experience of the office with membranes 

in architecture, the shooting arenas were not influenced by other architectural 

works, but were the straight result of previous stretchable fabric solutions 

developed by Magma. "The studio often bases its designs on complex 

geometric shapes devised to generate unexpected experiences for uses" 

(Lowther, 2008:74).

 One example of their work is the Mobile Event Location, Summerbar, 

which was developed in Berlin in 2005 (Figure 5.1.5). This 1 000m2 structure 
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was designed to be a multipurpose event hall, and is composed of a central 

dance floor, lounges and bar. Made out of an inner layer of fabric that 

"shines through the semitransparent outer skin" (Magma Architecture, n.d.), 

the project aimed to create different environments and atmospheres using 

a projection of images, colors and films into the membrane's surface. Like 

in the Shooting arenas, rigid circular rings were also used to tension the 

fabric, but in this project, they were also designed to enhance the different 

inner areas (Magma Architecture, n.d.).

Figure 5.1.5: Model of the Mobile Event Location: Magma Architecture, Berlin, 2005.
(Magma Architecture, 2005)

 Another precedent project is from 2007 is the Temporary Exhibition 

"Head In", in Berlin (Figure 5.1.6 and Figure 5.1.7). This temporary installation 

in the Berlinische Galerie at the State Museum of Modern Art, Photography 

and Architecture made use of a Polyamide and Elastan (spandex) orange 

synthetic fiber that was stretched between the walls and ceiling of the 

exhibition, to create a 150m2 amorphous space. Fixed by aluminum frames, 

this organic shaped sculpture, was punctuated with openings that invited 

the visitor to experience the organic space inside, where there were 

disposed models, photos and projections of the office work (Kottas, 2012). 

"The design is based on experiments with the specific properties of 

materials, form, color and light" (Plan Magazine, 2008:33).

Figure 5.1.6: Exhibition "Head In": Magma Architecture, Berlin, 2007.
(Magma Architecture, 2007)
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5.1.5 THE PRIMARY STRUCTURE

 The pavilions were constructed with modular, standardized, steel-

truss frames, easily found in several companies, over which the membrane 

material was tensioned (Figure 5.1.8). This feature allows the project to be 

easily reused in other locations, and in this particular case, the metal 

structure adopted was the same previously used for Madonna’s world tour 

"Sticky & Sweet" (Kleinheinz, 2013). 

 With this structure it was possible to achieve large enough spaces 

to accommodate the visitors without any obstacles. According to James 

Murphy, who led the structural design team "this ‘kit of parts’ was easily both 

assembled and taken apart" and "with the exception of connection joints at 

the corners, no bespoke manufacturing was required" (Middling and Milne, 

2012:6) . The principle of reuse was also present in the foundations, where 

the driven piles were made through the use of reclaimed oil and gas steel 

pipelines, thus reducing the excavation on site and avoiding the need to 

fabricate piles. After the games were over, these structures were extracted 

and reused (Middling and Milne, 2012:6).

 Creating mobile, rather than just temporary buildings, lead to a 

cautious design of all the connections so that they could be disassembled 

and re-assembled elsewhere: "Accordingly, we reviewed all built-ups of the 

foundations, structure, and skin in order to ensure they could be dismantled 

and reassembled in different locations" (Kleinheinz, 2003:321).

Figure 5.1.7: Exhibition "Head In": Magma Architecture, Berlin, 2007.
(Magma Architecture, 2007)

Figure 5.1.8: Photo of the steel-truss structure on site.
(Fenton holloway, 2012) 
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5.1.6 THE MEMBRANE

 The membrane material used was PVC-coated polyester. This 

choice was made as a result of its tensile strength, translucency, and 

environmental properties, as well as being 100% recyclable. However, 

PVC membranes usually contain phthalates plasticizers to increase their 

flexibility, transparency, durability, and longevity, and this compound was 

not in-line with the criteria set by the ODA, once it contains "chemicals 

that are harmful to hormones in the bodies of humans and animals" (Dent 

and Sherr, 2014:176). To overcome this, the manufacture company, Serge 

Ferrarri, developed a membrane that used a phthalates -free alternative- 

the Précontraint ® 1002 S2 NPP1 (The News, 2012), "which still maintained 

the performance and aesthetics required for this high-profile venue" (Dent 

and Sherr, 2014:176) .

 A fabric solution was used both inside and outside leading to an 

envelope that reduced the need for artificial light (Figure 5.1.9). With 8% of 

translucency, it was through the use of PVC that it was possible to reduce 

the "truculent British summer light" (Dent and Sherr, 2014:7) , allowing the 

entrance of controlled light to ensure the correct visibility inside the sports 

venue (Figure 5.1.10). Therefore, the need for artificial light was reduced in 

the two prequalification ranges. In the final range, the walls were covered in 

an opaque membrane, as they had to black out all daylight in order to meet 

Olympic broadcasting requirements (Kleinheinz, 2013).
 

5.1.7 THE CONSTRUCTION DEVELOPMENT

  Membrane solutions have a poor thermal resistance, and in this 

project a double layer membrane system was used to overcome this. "The 

modular frames were clad with inner and outer PVC membranes" (Ross, 

2012), creating a two meter wide intermediate space (Figure 5.1.11). Against 

1 - See Attachment I

Figure 5.1.9: Exploded view 
of individual layers, diagram: 
magma architecture.
(Magma Architecture, 2012)

Figure 5.1.10: Interior Light Situation.
(Magma Architecture, 2012)

Figure 5.1.11: Inner 
space between the two 
membrane layers 
(Magma Architecture, 2012)
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ODA beliefs, this inner membrane (Soltis ® 922) was not only a solution to 

visually disguise the modular steel inside, but the main aspect to maintain a 

comfortable temperature inside of the buildings, as a result of the hot-cold 

hair circulation between the two layers (Kleinheinz, 2013). 

 Hot air rises and leads to a reduction in pressure at the bottom, 

thus bringing therefore the cold air inside. To assure the system's correct 

ventilation, several protrusions were made, giving not only a strong visual 

reference for bullets holes, but also providing air entrances and exits (Figure 

5.1.12).

 

  These perforations made this project an interesting example ,and 

through the use of perforated and colored PVC membrane, a strong visual 

reference was established for each type of building (blue 25m range; 

magenta: 10/50 m range; and orange for the finals) (Figure 5.1.13).

 
  

 

 Yet these holes were more than decorative and besides providing 

the needed ventilation, it was through them that the membrane surface was 

2 -See Attachment II

Figure 5.1.12: Diagram of air circulation between the two 
layers (red: hot air; blue: cold air from outside).
(Archdaily, 2012)

Figure 5.1.13: Elevation of the three shooting buildings : blue 25m 
range; pink: 10/50 m range; and orange for the finals.
(Magma Architecture, 2012)
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tensioned: "by pushing the skins into undulating contours, additionally 

eliminating flat planes that might have fluttered in the wind or collected 

water" (Middling and Milne, 2012:8). A mast system was used to make 

them, where a steel ring was disposed around the membrane aperture and 

reinforced by a radial lightweight structure that ended up connected to the 

primary structure of the steel-truss frames (Figure 5.1.14). 

Figure 5.1.14: Axometric view of the holes structure.
(Magma Architecture, 2012) 

1 Fresh air intake; 

2 Modular steel tower truss; 

3 Telescopic tubular steel 
piston to tension membrane; 

4 Phthalate-free 
PVC membrane;

5 Bolted internal steel plate 
to fix membrane with white 
coated steel angle head ring;

6 Phthalate-free PVC-coated 
polyester mesh cone; 

7 Bolted external white 
steel plate to fix mesh

 "Compared to conventional methods of pre-stressing the fabric, 

the rings halved the cost of the building envelope" (Middling and Milne, 

2012:8) and to minimize the costs, the same openings were used as 

entrances for the building (Figure 5.1.16). For the entrances, the ring 

structure was reinforced laterally forming a "tunnel shape" where the same 

PVC solution adopted in the holes was used over it, with a 28% perforation 

for natural ventilation and color coded according to each shooting 

range(Figure 5.1.15).  

 The openings' circular shape has did not come to be by pure chance. 

Instead it was a choice made as a result of its ability to distribute, in an 

Figure 5.1.15:Coating on 
the entrance structure.
(Diehl, 2012)

Figure 5.1.16:Entrance steel structure
(Momentum, 2012)
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optimal way, the forces in all directions, thus avoiding force concentrations 

that would lead to tearing of the membrane. Adding to this principle, due 

to the high concentration of forces in the protrusions, the membrane was 

reinforced locally, with the addition of multiple layers of PVC.

 Consequently, these holes were the main subject to define the 

cutting pattern and it was around them that the different pieces were 

disposed and attached via high frequency welding. The heat weld was more 

problematic in the corners due to reinforcement with several layers of PVC. 

The once buildings' squared shape presented much larger differences of 

forces in the skin in these areas, which could also contribute to tearing of 

the fabric (interview to Lena Kleinheinz, 2016).

 Apart from the mechanical properties of the textile material and 

reinforcement that were used, another important issue that can contribute 

to the tearing of the membrane, are the external influences. The membrane 

is already produced with protection against rain, dirt and UV-Radiation, 

among others, but in this particular case it was a target of vandalism. 

During the construction process someone managed to do a small graffiti, 

which was easily removed, due to the washing capabilities of membranes. 

In this situation, no further measures were adopted since it would remain 

a temporary structure, but in other situations, placing the membrane out of 

reach is an effective solution (interview to Lena Kleinheinz, 2016).

 Attentive design and form finding were considered to reduce the 

problems arising from tensile forces, and the membrane was designed 

using a BIM (Building Information Modeling) model. (Figure 5.1.17) The 

"BIM model was used for simulation and analysis of the buildings' tensioned 

fabric skin, lighting and internal climate, including scrutiny of the design for 

shadows and air movement that could affect the competitors' performance" 

(Mott MacDonald, 2013). 

Figure 5.1.17: 3D structural Model
(Mott MacDonald, 2012)
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 Therefore with the help of a BIM model all the least favorable 

pieces were easily engineered, avoiding corrosion problems of the metallic 

anchorage components of the membrane (interview to Lena Kleinheinz, 

2016).

 Additionally to the corrosion problems, there were complications 

brought forward by standing water, which could lead to soiling and possible 

deformation of the whole membrane structure. In this project such issue 

was addressed during the form-finding process where all the angled 

surfaces were eliminated, in order to ensure a sufficient curvature and slope 

throughout the membrane surface (Monticelli, 2015). Nevertheless it was 

also important to assure the correct drainage of the buildings, and the 

drainage system was made out of the perimeter of all the roofs, with the 

help of large textile gutters (Figure 5.1.19) ."For drainage, we used recyclable 

PVC manholes linked to soakaway crates (Figure 5.1.18), which meant no 

additional rainwater drainage load was placed on the local sewerage 

system" (Mott MacDonald, 2013).
Figure 5.1.18:Schema of a 
soakaway crate system
(Hartley Services, n.d.)

Figure 5.1.19: View over the roof 
(London Town, 2012)

 Another common pathology in membranes is the appearance of 

wrinkles. Despite the carefully planned cutting pattern, the rings areas did 

not present a stress uniformity and consequently wrinkles appeared (Figure 

5.1.20). Through the use of telescopic tubular piston, the tensioning was 

adjusted, and in combination with the attentive head rings' design that 

allowed enough tolerance around the protrusions to adjust the stress, the 

wrinkles were eliminated.

5.1.8 THE MEMBRANE INSTALLATION

 The methodology was the same for the three venues. Firstly, after 

previous preparation of the field, the foundations were set, followed by the 

installation of steel frames that would support the steel truss structures 

Figure 5.1.20:Wrinkles 
around the ring area
(ODA, 2012)
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(primarily installing the columns and following with ceiling beams) (Figure 

5.1.21). All connections were fixed mechanically, mostly screwed and 

bolted, and due to the lightweight characteristics of the buildings, the full 

installation was completed with mobile cranes, which brought clear 

advantages in time and mobility (Base Structures Ldt, 2013).

 After setting the primary structure, using the same mobile cranes, 

the ceiling's external membrane was put into place, being fixed to the 

primary structure via the telescopic tubular steel pistons connected to the 

truss system. The top ceiling membrane came in one piece (only the 

combined range was split into two pieces) with the external white steel 

plates already installed, making it easy to attach to the steel frame corners 

and tensioning it (Figure 5.1.23). The membrane was previously attached to 

the rings using a clamping bar system (Figure 5.1.22) (Base Structures Ldt, 

2013).

Figure 5.1.21: Setting 
the primary structure.
(Middling and Milne, 2012) 

Figure 5.1.22: High point detail: 1) rigid ring, 2) clamping bar, 3) column, and 4) Spoke
(Knippers et al., 2011)

Figure 5.1.23: Installing the top membrane.
(ESG, 2012)

 The lateral membranes were installed, once the external ceiling 

membrane was set. Although they were installed in one piece, contrary to 

the ceiling, the external walls came only with the holes without the holes' 

structure pre-established (Figure 5.1.24). Following the same principle of the 

ceiling, the membrane was hooked to an aluminum double keder rail on the 

top, sides and bottom which was afterwords slid in to a metal bar on the 

primary structure. 

 After the initial tensioning given by the boundaries attachment, the 

holes were bolted into the internal steel plate fixed to the structure giving to 

the membrane the desired shape. Following the internal steel plate fixation, 

the external ring was attached with the colorful PVC material (Figure 5.1.25).

Figure 5.1.24: Installing the lateral membrane.
(Base Structures Ldt, 2013) Figure 5.1.25: Left : 

Attachment in boundaries; 
Right : Installation of the 
ring structure in the holes.
(Base Structures Ldt, 2013)
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 The lateral membranes were installed, once the external ceiling 

membrane was set. Although they were installed in one piece, contrary to 

the ceiling, the external walls came only with the holes without the holes' 

structure pre-established (Figure 5.1.24). Following the same principle of the 

ceiling, the membrane was hooked to an aluminum double keder rail on the 

top, sides and bottom which was afterwords slid in to a metal bar on the 

primary structure. 

 After the initial tensioning given by the boundaries attachment, the 

holes were bolted into the internal steel plate fixed to the structure giving to 

the membrane the desired shape. Following the internal steel plate fixation, 

the external ring was attached with the colorful PVC material (Figure 5.1.25).

Figure 5.1.24: Installing the lateral membrane.
(Base Structures Ldt, 2013) Figure 5.1.25: Left : 

Attachment in boundaries; 
Right : Installation of the 
ring structure in the holes.
(Base Structures Ldt, 2013)

 When the external envelope was concluded, the process was 

repeated for the internal envelope, installing the membrane surface in 

pre-perfurated single pieces. The entrance steel structure was previously 

attached to the external membrane, and when the internal membrane was 

concluded, both were fixed into the structure, where after the colorful PVC 

material is applied via clamping bars . 

5.1.9 CONCLUSION

 The Royal Archery Barracks for the Olympic Games in 2012 

were the perfect example of the potentialities that membrane solutions 

can bring to temporary structures. Through the use of a tensile material, 

it was possible to reduce drastically the weight of the whole structure, and 

consequently minimize not only the materials and resources used, but also 

the time of construction and dismantling. Adding to this, with the use of a 

membrane solution, it was possible to establish controlled lighting inside 

the buildings, something imperative for the shooting sport. By diffusing 

the solar radiation in an homogeneous way, the inner environment barely 

needed artificial lighting.

 Even though the use of a membrane solution brought many 

advantages, it is important to acknowledge that membrane solutions also 

present some drawbacks as well. In this particular case, when dealing with 

a temporary structures, the focal point goes to avoiding the tearing of the 

membrane, the appearance of wrinkles, and standing water, by carefully 

developing the geometric design and ensuring the correct drainage of 

the buildings. When dealing with permanent solutions, the obstacles are 

wider, and concerns related with corrosion problems, surface soiling among 

others, should be taken into consideration.

 Although Magma Architects faced some limitations regarding the 

design process, they, were able to find a solution that was both aesthetically 
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5.2 | NATIONAL AQUATICS CENTER | PTW ARCHITECTS

Figure 5.2.1:Site Plan
(PTW Architects, n.d.)

Figure 5.2.2: National Aquatics Center, "Watercube": PTW Architects, Beijing, 2008.
(Bosse, 2008) 

LOCATION
Beijing Olympic Green, 
China

CLIENT
People's Government 
of Beijing Municipality, 
Beijing State-owned Assets 
Management, Co., Ltd

ARCHITECTS
PTW Architects

STRUCTURAL ENGINEER:
CSCEC DESIGN
ARUP

MEMBRANE 
MANUFACTURER AND 
REALIZATION
Texlon

CONSTRUCTION TIME
2008

PLOT AREA
70 800m2

DIMENSIONS
175m x175m x 35m

MEMBRANE MATERIAL
ETFE

5.2.1 CONTEXT

 For the Beijing 2008 Olympic Games (hosted in August), 31 

Olympic venues were necessary in which 12 of these were new buildings, 

11 buildings under renovation and 8 temporary structures. The Olympic 

complex was composed of an Olympic Green, located on the north end 

of the city, on axis with the Forbidden City, where two major constructions 

would be the main focus: The National Stadium and the National Aquatics 

Center (Figure 5.2.1).

pleasant and mechanically reliable. Due to the standardized steel truss 

structure, and folding capabilities of the PVC coated-Polyester, this structure 

was easily stored and can be easily reused in other locations.
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 The competition for the National Aquatics Center was launch in 

January and in June, 2003, the evaluation process selected three winning 

designs, one of these being the Watercube by PTW architects. After being 

submitted to a technical feasibility study and voting, their proposal won as 

an outstanding building that met not only the need of the sport itself but also 

respected the cultural features of China.

5.2.2 THE CONCEPT

 The concept for this building envisioned "water as a structural and 

thematical "leitmotiv" 1 with the square, the primal shape of the house in 

Chinese tradition and mythology" (Pohl, 2008:58) (Figure 5.2.2). 

 The water as a primordial element, combines the strict geometry of 

the foam arrangement (Figure 5.2.3), similar to the one found in the cells, 

crystals and molecules in nature (Figure 5.2.4), with the de-materialization 

of the form, achieving a result that "softens and dissolves all the boundaries, 

and gives sophisticated "micro" details to the monolithic totality" (Pohl, 

2008:60).

 As John Bilmon, PTW Architects Director, said: "Our "Watercube" 

concept is a simple and concise square form that ultimately uses water 

bubble theory to create the structure and building cladding, and which makes 

the design so unique. It appears random and playful like a natural system, 

yet is mathematically very rigorous and repetitious. The transparency of the 

water, with the mystery of the bubble system, engages those inside and out 

of the structure to consider their own experience" (Pohl, 2008:60)..

 One of the most important aspects was the willingness to fuse the 

Eastern architectural design in the stadium construction with the Chinese 

culture, and a square shape was used to emphasize this idea. Conceptually, 

the square is a well-known shape in Chinese culture and has been used as 

the basic shape for cities (Figure 5.2.5), palaces and houses (Figure 5.2.6). 

"The square is the order, intelligence, and knowledge of man, the 'Chinese 

ideal of regulated harmony" (Pohl, 2008:79).

5.2.3 REFERENCES

 Influenced by the use of minimal surface area in Frei Otto works 

(Figure 5.2.7) and the polyhedral construction principle in Buckiminster Fuller 

structural domes (Figure 5.2.8), the design aimed to explore a relationship 

1 - Oxford Advanced Learner's Dictionary, Seventh Edition, 2005: Word Origin late 19th 
cent.: from German Leitmotiv, from leit- ‘leading’ (from leiten ‘to lead’) + Motiv ‘motive’.

Figure 5.2.3: Foam Structure
(ESA, n.d.)

Figure 5.2.4:Hydrogen 
bond Molecule.
(Extreme Tech, n.d.)

Figure 5.2.5: Plan of the 
city of Zhou Dynasty.
(Cultural China, n.d.)

Figure 5.2.6: Diagram of a 
three-sided courtyard house.
(Liu, 1984)
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between natural structures and architecture, translating into a structural 

solution that was totally column free. "It's like putting spheres in a aquarium 

and shaking them until they achieve their maximal density" (Pohl, 2008:66), 

leading to an enclosure that was also the supporting structure.

 Another great influence was the de-materialization of the form in 

Toyo Ito works. His combination of material and immaterial construction 

leads to the development of a strong use of transparency and repeated 

motion. Much the same way that bubbles are defined by a perimetric thin 

film, Toyo Ito projects make use of several intercepting lines to create 

different forms and shapes (Figure 5.2.9), leading to projects that have a 

strong sense of communication, and a great transparency of its function. As 

Toyo Ito himself defines : "architecture should be a sort of media-clothing, 

which is necessary in order for man to have a relationship with and integrate 

himself into the environment. the idea of media-clothing is a metaphor" 

(Choi, 2003).

5.2.4 THE DESIGN PROCESS

 "To arrive at the building's structural design, we reflected on all 

forms of water, including waves stirred by swimmers, to find an infinite 

image for this water theme" (Pauline, 2007). It was with the cooperation 

Figure 5.2.7: Munich Olympic Stadium: Frei Otto, Munich Germany, 1972
(Krajewski, n.d.) 

Figure 5.2.8: The Montreal Biosphere for the World 
Fair: Buckminster Fuller, Montreal 1967.
(C+C, n.d.)

Figure 5.2.9:Tod's Omotesando 
Building: Toyo Ito, Tokyo, 2004.
(Nacasa & Partners, 2004)
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of Arup Engineers that it was possible to develop a three dimension model 

resembling soap bubbles, in which the repetition of different kinds of bubbles 

gave the illusion of a random and organic arrangement.

  As a good example of cooperation between architects and 

engineers, both technical and artistic concerns were handled, and instead 

of applying parameters into the form, the technical analysis was made both 

constructively and artistically: "It is clear that technology and aesthetics 

have worked together, in order to create a unified whole" (Andersson and 

Kirkegaard, 2006).

 Even though, the inspiration came from the nature, PTW used 

computerized software to achieve a solution that was both natural, 

and innovative, redefining the typical building elements such as walls, 

columns, windows, etc...The team was split into four main groups in order, 

not only to develop the design basis but also to incorporate cultural values, 

environmental concerns and structural criteria: "the building should reflect 

the time and the place, be responsive to the immediate environment and 

its position as one of two gateway buildings" (Pohl, 2008:97). Furthermore, 

the building had to embrace not only the cultural values, but provide a 

contemporary solution, envision the aspirations of China, testing new 

possibilities, and expressing form and function in a dynamic way (Pohl, 

2008).

 The entire geometry was designed from scratch with a help of the 

computerized software, based on a natural pattern of organic cells and 

foam organization and arrangement. Followed by a structural optimization 

of all the steelwork elements and their connections it was possible to 

achieve a well defined three-dimensional CAD model. Nevertheless, the 

great intricacy of the structure made it necessary to develop a physical 

model in order to really understand the complexity and sophistication of 

model (Figure 5.2.10).

Figure 5.2.10:Model making in process
(Pohl, 2008)
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5.2.5 THE PRIMARY STRUCTURE

 Conventionally, architecture adopts and adapts the structural 

boundaries to the design, but in this project the main goal was to accept 

the structure as a key element of the proposal. For that Arup Engineers, had 

the hard task to develop a structural design that would follow the natural 

formation of soap bubbles.

  In order to achieve this idea, they studied the work of physicians 

and other specialists in this area to find a solution for the problem: "what 

shape would soap bubbles in a continuous array of equal volume soap 

bubbles be?" (Pohl, 2008:166). The solution was achieved due to Denis 

Weaire and Rober Phelan's2 research from 1993. Weaire and Phelan 

discovered that the most efficient way to divide a space into cells of equal 

volume with the minimum surface area was using an arrangement of 75% 

of 14-sided tetrakaidecahedra, and 25% of 12-sided dodecahedra cells. 

The Arup team already knew that soap bubbles were not arranged by 

chance, and the repetition of predefined shapes would achieve a 

randomness look, even when in reality there is a clear repetition of equal 

volumes. With this they were able to define the 22,000 steel members and 

the 12,000 nodes that would compose the Watercube (Figure 5.2.11) (Pohl, 

2008).

 After defining the necessary number of steel members, it was 

important to take into account that these steel members need to be light in 

2 - Weaire and Phelan were Irish professors of Physics at Dublin Trinity College

Figure 5.2.11:Schema of the methodology followed to define the steel members of the bubbles perimeter
(Hill, 2008)
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order to avoid a critical self weight. In combination with the tests made for 

the seismic requirements in Beijing, the best solution was indeed the use of 

compact sections, as these "allowed the plastic ductility to be taken 

advantage of under level three seismic loading" (Pohl, 2008:175). 

Consequently, to avoid the steel tonnage, the proposal has to make use of 

different sections diameters for the nodes and steel elements in order to 

decrease the structure weight. With the help of computerized software all 

the elements were easily defined, and a sophisticated structure was 

established (Pohl, 2008). 

 The superstructure was divided into three main groups of structural 

elements: the inner and outer members, and the corner elements (Figure 

5.2.12), all of them with a plate thickness between 40mm and 4mm. 

 The first was composed by elements of 450x300 RHS to 180 x 300 

RHS (Rectangular Hollow Section) with a range of 13 thickness variations, 

the second by 300 x 300 RHS, with 8 thicknesses variations and the last by 

16 CHS (Circular Hollow section) from 219mm to 610mm of diameter. All 

these elements were connected to each other via web nodes. These nodes 

were also made from steel with circular plates to receive the end plates on 

the structural members and corresponding holes for the bolts (Figure 5.2.13) 

(Pohl, 2008).

 The final result is a strong structure that is quite flexible only 

weighting 100 kg/m2, and "making a space frame of 175 meters on each 

side and 35 meters in height " (Bentley Systems, 2004:2) (Hill, 2008).

5.2.6 THE MEMBRANE

 ETFE (Ethylene Tetra Fluoro Ethylene) film cushions were used for 

the skin of this steel structure. Originally developed by the space industry, 

and with a life expectancy of 25 years, the ETFE film has great qualities as 

not only it is lightweight and provides a great transparency, it is also capable 

of resisting UV radiation and the site's atmospheric pollution. Moreover, it 

possesses great self-cleaning properties, (it cleans itself using rainwater) 

and better thermal insulation than glass (Schiemann, 2010).

 Constituted by more than 3 000 cushions restrained in aluminum 

extrusions and supported by the steel structure, the project was at its 

time the largest structure made by a transparent plastic film. The Texlon® 

ETFE3 cladding used a frit pattern that allows the light transmission while 

maintaining a optimal solar control, thus ensure a comfortable temperature 

inside. In addition, it is an energy efficient and ecological friendly solution. 

3 - See Attachment VII

Figure 5.2.12:Groups of 
structural elements.
(Pohl, 2008) 

Figure 5.2.13:Web node.
(Pohl, 2008)
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Besides being 100% recyclable it was "densely covered by over 1000 

million plating dots to reduce reflection and heat energy penetrating into the 

venue" (Pohl, 2008:208) (Vector Foiltec, 2014).

 There are 4 000 bubbles in the watercube incorporated by pieces 

within the primary structure. Firstly tailored, these pieces were set on place 

and inflated, and are continuously pressurized until today. These 

pneumatically pressured cushions overcome the external loads and carry 

them to the steel superstructure (Pohl, 2008). 

 The ETFE was an obvious choice and its lightweight characteristics 

reduced the structural weight of the project, optimizing the use of metal as 

well. This membrane solution presents a great span without any internal 

framing, something that would not be possible in other materials. "Edward 

Peck, managing director of the North American Division of Foiltec, estimates 

that a simple small roofing project could be 10% cheaper if ETFE were 

used" and for "more complicated projects, the overall savings could reach 

60%" (Pohl, 2008:208). Adding to this, it presents a life expectancy of 20 

years and can be replaced within hours. 

5.2.7 THE CONSTRUCTION DEVELOPMENT

 These ETFE cushions provide an active adaptation of the building 

envelope to its environment and with the use of such a system, the building 

is capable of adjusting to winter, summer and mid-season conditions. The 

cushions are composed of blue and transparent ETFE film, and can variate 

facade's shading with the use of a dual ETFE solution, (an envelope inside 

of the inner cushions), the sunlight can be blocked or transmitted into the 

inner environment. This system is composed by interior foils with reflective 

and low emissivity frit, according to each space requirement, that can be 

opened or closed by means of air pressure (Figure 5.2.14).

Figure 5.2.14:Solar Heat balance (left page: summer; right page: winter).
Adapted from (Pohl, 2008)
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Besides being 100% recyclable it was "densely covered by over 1000 

million plating dots to reduce reflection and heat energy penetrating into the 

venue" (Pohl, 2008:208) (Vector Foiltec, 2014).

 There are 4 000 bubbles in the watercube incorporated by pieces 

within the primary structure. Firstly tailored, these pieces were set on place 

and inflated, and are continuously pressurized until today. These 

pneumatically pressured cushions overcome the external loads and carry 

them to the steel superstructure (Pohl, 2008). 

 The ETFE was an obvious choice and its lightweight characteristics 

reduced the structural weight of the project, optimizing the use of metal as 

well. This membrane solution presents a great span without any internal 

framing, something that would not be possible in other materials. "Edward 

Peck, managing director of the North American Division of Foiltec, estimates 

that a simple small roofing project could be 10% cheaper if ETFE were 

used" and for "more complicated projects, the overall savings could reach 

60%" (Pohl, 2008:208). Adding to this, it presents a life expectancy of 20 

years and can be replaced within hours. 

5.2.7 THE CONSTRUCTION DEVELOPMENT

 These ETFE cushions provide an active adaptation of the building 

envelope to its environment and with the use of such a system, the building 

is capable of adjusting to winter, summer and mid-season conditions. The 

cushions are composed of blue and transparent ETFE film, and can variate 

facade's shading with the use of a dual ETFE solution, (an envelope inside 

of the inner cushions), the sunlight can be blocked or transmitted into the 

inner environment. This system is composed by interior foils with reflective 

and low emissivity frit, according to each space requirement, that can be 

opened or closed by means of air pressure (Figure 5.2.14).

Figure 5.2.14:Solar Heat balance (left page: summer; right page: winter).
Adapted from (Pohl, 2008)

 Once this system works locally, it is possible to take the maximum 

advantage of solar gains, and use solar energy to efficiently heat the inner 

space in winter, and the water pools all year long, avoiding overheat or 

cooling loads, saving at least 30% of the energy consumption (the equivalent 

of covering the entire building with solar panels). In addition, the concrete 

bases and the pools act as a thermal masses, retaining the heat during the 

day and releasing it during the night, maintaining a comfortable temperature 

in the pool and in the inner space (Hill, 2008).

 To accomplish a Low U-value, three layers of ETFE were used 

for the external cushions in the walls, four for the roof, and six to eight 

layers in the inner cushions, ensuring "U values lower than 0.6Wm2-K were 

achieved, which were further reduced to approximately 0.35 0.6Wm2-K" 

(LeCuyer, 2008:87), when considering solar gains and heat losses due to 

infiltration.

  In swimming pools, the heating can be problematic, as it leads to 

high levels of condensation in the air, and with the combination of moisture 

and chlorine from the pool, a corrosive acid is created. To avoid this highly 

corrosive environment, and consequently future problems in the structure, 

it is crucial to ensure a correct air ventilation. As well as using a zinc-rich 

primer when painting the steel structure, a vented cavity system was also 

used to allow air circulation without any heat losses (Figure 5.2.15).
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 In mid-season the cool air gets inside the space between the two 

cushion layers of ETFE (a 3.6m thick space in the walls), through the 

nozzles located around the perimeter of the building. Due to heat gains 

from solar radiation, and the structure's own internal gains, the cool air is 

heated, and is introduced through the top (a 7.2m thick space in the roof) 

into the inner area of the Watercube. In summer, to avoid heat gains inside, 

the air is directly vented outside, and thermal buoyancy ensures the lower 

part of the building will receive cold air, while hot air is directed at the 

external exits in the roof. In the winter, both skins are closed, ensuring zero 

heat-loss. This inner space between the two layers of ETFE cushions not 

only helps to ventilate the building but also to hide the primary structure. 

 Ultimately, all these factors in tandem lead to an exceptionally low 

value of thermal conductivity, a net energy gain to the building (Pohl, 2008). 

 Ranging in size from 1x2 meters to 8x11 meters modules, these 

cushions were made from 1.5m wide ETFE foils, that were putted together 

via thermal welding, keeping a vertical orientation in the facade, and a 

random display in the roof. Additionally to the seam orientation, all bubbles 

have a different look as a result of the different quantity of foils, foil color, 

thickness, and printing pattern used for each. The density of the printing 

pattern variates according to the orientation of the building and it ranges 

from 10 to 60 percent (LeCuyer, 2008).

 The overall external look of the cushions is blue, as a consequence 

of the external layer of ETFE being tinted in blue, and the remaining ETFE 

foils are clear-colored or printed. All of these foils were designed to perform 

Figure 5.2.15:Vented cavity on a typical operation.
(Pohl, 2008)
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under light and projection, in order to display the activities being developed 

inside. They reinforced the idea of bubbles and with the incorporation of 

light emitting diodes that can change between 16 million colors, the facade 

acquires a "sense of depth and shifting color" (Pohl, 2008:208), which is 

increased with the higher transparency of the corners cushions, where the 

structure can be seen from the outside. Even though the lower cushions 

are easily accessed, vandalism acts are rare due to the light effects of 

the facade, that ensures a high presence of the building, even in the night 

environment (LeCuyer, 2008 and Hill, 2008).

 Despite the flat roof, standing water and soiling problems were 

solved due to the use of a perimetric gutter throughout the roof cushion. 

This gutter collects the rainwater of all the outlets, disposed every 20 

meters, redirecting it to be reused inside of the building, guaranteeing a 

80% recovery of rainwater (LeCuyer, 2008).

 The ETFE cushions were designed to withstand the loads coming 

from rain, wind and snow, but if these are high enough, pillow inversion 

may occur. When this happens, all the layers will work together, distributing 

the stresses to the surrounding area avoiding the collapse of the cushion. 

To solve this, the inside air-pressure is augmented and when the cushion 

recovers it initial shape the pressure is reduced to its normal values. 

 Another important issue, when using ETFE cushions is to assure 

the continuous pressure (even in case of failure) of the pressurized system. 

Small feed valves were used in order to maintain the whole system 

pressurized, even when there is failure in any pillow of the whole structure. 

With the use of dual ETFE cushions, the risk of a pillow failure was also 

reduced, as there are two separate inflating entrances for each cushion, 

helping to maintaining the inner air cavity in a higher pressure than the 

external, ensuring that way, that the cushions remain inflated even when 

the system fails. Adding to this all the inflating fans also have a backup 

electrical supply (Burlando, et al. 2006 & Starr, 2008.).

5.2.8 MEMBRANE INSTALLATION

 The construction of the Watercube began in December of 2003 

with the excavation, footings and basement happening in the first place, 

followed by the installation of the 22 000 steel beams, with the help of a 

scaffold structure (Talley, 2008).

 The installation of the ETFE cushions commenced in August 2005. 

The cushions were previously produced at Foiltec, where each one of them 

was printed with the correspondent frit pattern, cut and welded. Edge ropes 

were welded in the edges of all the cushions, and after being tested, the 

cushions were folded, tagged and grouped to be sent to site (Talley, 2008).
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 At the site, their lightness made them easy to carry to their specific 

places, where a keder rail was slid into the pre-welded edge ropes in the 

membrane (Figure 5.2.16), and clipped to the aluminum frames (Figure 

5.2.17).

 Figure 5.2.16:Pre-welded 
edge wire rope fixed in 
the keder rail attached to 
the support structure.
(PTW Architects, n.d.)

Figure 5.2.17: Clipping the keder rail in the aluminum 
frame installed in the steel structure.
(Talley, 2008)

  After setting the external cushions, the internal cushions were also 

installed, so that afterwards they could be inflated with the help of the air 

supply system. According to James Murphy, the lead Foiltec® consultant, 

the system was divided into 18 inflating zones, where the ground pipes 

have a wider diameter and the upper pipes a smaller one, in order to 

maximize distribution, and avoid wasting material (Figure 5.2.18) (Talley, 

2008) .

Figure 5.2.18: Inflating system inside the gap between the two layers of cushions.
(Talley, 2008)

 Despite the initial purpose for the Olympics, the building remains 

until today in site as the National Aquatics center of Beijing. The ETFE 

cushions are always under control checks and when there is a need of a 

cushion to be fully replaced, this can be done easily. In most cases when 

there are small damages such as cuts or holes, an almost invisible patch is 

applied.
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5.2.9 CONCLUSION 

  The Watercube in Beijing was the largest structure in the world of 

ETFE cushions. The use of ETFE had already showed major advantages in 

lighting, and the way such a light and thin material can be more transparent 

and not as brittle as glass, opened major possibilities in architecture.

 The design was held as a protective envelope that would not only 

be the main insulation system of the complex, maintaining the comfort 

temperature inside despite high temperature variations in Beijing, but 

also the defensive skin against all external attacks. ETFE proved to be an 

effective solution facing solar radiation, wind, snow, and even the common 

sand storms. Despite this, ETFE is an easily damaged material, and special 

measures have to be taken to avoid this. 

 In essence the watercube opened architecture to the possibilities 

of new materials, and appears itself as being the one of the pioneers of 

communicative membranes with the incorporation of LEDs in the gape 

between the cushions (Figure 5.2.19). 

Figure 5.2.19: Color display at night.
(Starr, 2008)
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CONCLUSION

 The work developed in the present dissertation aimed to introduce 

membrane's architecture both in a theoretical and practical way. The first 

was held by presenting the most commonly used materials, as well as 

all processes from the definition of the general type of structures to the 

different types of supports and details used. All the main aspects were 

approached in order to understand their main limitations and assets. The 

practical approach was matured with the study of two distinguished case 

studies: one a temporary solution with a coated membrane material, while 

the other showcased a permanent building with a film solution, whose aim 

was to understand their application and problems during fieldwork. 

 Although membrane constraints and assets within the program 

were already addressed, and their needs established, in order to allow a 

complete understanding of membranes' potential, it is important to define 

what potentialities they can bring to present architecture, in technical, 

ecological, economical, cultural, and technological aspects.

 In a technical way, conventional structures rely on internal rigidity 

to carry the loads and ensure stability, while membrane solutions rely on 

their form and prestress to overcome the applied loads. This is what 

distinguishes membranes from other types of structures, as well as their 

anisotropic behavior, which makes them more difficult to design than 

conventional structures. Consequently, the form-finding and load analysis, 

patterning and prestress are the key principles to a successful membrane 

design. 

 As a membrane's shape cannot be arbitrary, architects have 

to cooperatively work with different specialists in order to successfully 

incorporate membranes' solutions as an integral part of any project, due 

to the fact that all common pathologies - standing water, tearing of the 

fabric, wrinkles, surface soiling, corrosion, and in worst case scenarios the 

collapse of the structure - appear as a result of a bad design process.

 As a result of their thinness, two main problems with membranes 

refer to thermal and acoustic insulation. Most projects adopt a double 

layer system, as was seen in both case studies, to solve insulation issues, 

whereas when it comes to solving acoustics issues, it is necessary to 

incorporate acoustic absorbent materials inside the buildings.

 Apart from the aforementioned issues, membranes are great assets 

to designs, due to their flexibility and light structures that can overcome 

TECHNICAL ISSUES

CONCLUSION
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larger spans, without any intermediary support, such as beams or columns. 

This makes them a great solution for open spaces, such as exhibitions halls 

or sports venues.

 Although, membranes have a great ecologic impact in production, 

which is a consequence of the polymeric compounds used in their 

manufacture, the use of materials and resources are optimized to minimize 

the environmental impact. As such, membrane solutions can be more 

sustainable. Due to their low thickness, low weight and folding characteristics 

they are easy to use and reuse, as seen in the case study shooting arenas, 

making a sustainable use of the minimum amount of material. As thin, 

foldable and easy to transport materials, membranes allow for minimum 

changes in site, not demanding great foundations or preparatory works that 

may compromise the site's characteristics, which leads to membranes 

being a preferential solution for temporary constructions.

  Notwithstanding most of the membranes are difficult to recycle, 

due to their complex composition, incorporating different types of polymers, 

current developments are working towards ensuring their full recyclability. 

On the other hand, reuse is a reliable option, even for areas besides 

construction. For example, Freitag® reuses old Tarpaulin panels from 

trucks to manufacture bags and clothing items of great resistance, and 

membranes could also be reused in such a way.

 Membranes also maximize energy usage, as their great light 

transmittance characteristics allow them to reduce the energy consumption 

inside, reducing the needs for artificial lighting. In addition, they not only can 

transmit the solar radiation but also provide shading, through the use of frit 

patterns. Membrane structures have been shown to be a better solution 

than the commonly used glass. Apart from the solar control, membranes 

allow for great water management, as the slopes can easily drain the water 

rain.

  The costs of membrane solutions varies widely with the type of 

membrane material chosen, and all the parameters involved in their planing 

and construction processes. However, despite their scale, their initial cost is 

reduced. They clearly reduce the buildings' loads, by kerbing the whole 

structure's weight and this was demonstrated in both case studies. 

Furthermore they also help to maximize the use of solar radiation and water 

rain. Nevertheless, their demanding detail and planing requires well formed 

technical specialists, which creates jobs and improves production 

development.

ECOLOGICAL CONCERNS

ENERGY EFFICIENCY

ECONOMY
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 Although all primordial constructions were made out of animal 

skins and textile solutions, lightness is strictly attached to the term 

immateriality, and this goes against the ancient thought of solid, permanent 

structures in architecture. This issue prevented membranes from having a 

more widespread usage in the past, and consequently this type of rhetoric 

ensured that membrane structures were mostly used as temporary 

structures. However, this paradigm is changing, and due to the rapidly 

technological development, our society is facing a fast changeable world. 

The concept of permanent is no longer a concern, and the idea of changeable 

and adaptive architecture is the answer for today's problems. Membranes 

are no longer taking a subordinate role in building construction, and are 

becoming a great solution for minimizing the resources that are used in 

construction. As demonstrated in the Watercube, membranes are viable for 

permanent solutions, and even though their life expectancy does not go 

above beyond 30 years, they are easy and fast to replace.

 As other materials, membranes have been faced with relevant 

technological developments. Apart from the introduction of photovoltaic 

cells, membranes can now be coupled with fast communication through the 

use of LEDs, and project images and colors, which are great allies for 

marketing options. Other types of research in membrane structures focus 

on the use of new materials, creating high performance structures that can 

change according to the environment, leading not only to a communicative 

but also adaptive architecture. 

 It is clear that membranes structures can be a viable option not 

only for temporary but also for permanent structures. The evolution of used 

materials is leading towards reinforced properties that can turn these types 

of structures, in the future, into everlasting options. As membranes demand 

a great work between architects and engineers, their usage brings a new 

approach to architecture, where the construction is born both artistically and 

scientifically. In addition to everything that has been mentioned throughout 

this document, it is important to understand these structures' biggest asset: 

the freedom of form. This concept is dual as membranes' shapes are not in 

reality free, arising from a series of calculations and shape adjustments, in 

order to efficiently distribute all the loads. However, their unique features 

enable solutions of interesting appearances, that not only meet construction 

requirements, but also provide solutions of great foldability and lightness, 

where the interior spaces can be adapted to any kind of usage. As Dame 

Zaha Hadid eloquently put it back in 2004: 

CULTURE

TECHNOLOGY

FINAL CONCLUSION



83

CONCLUSION

"Fabric is both a traditional and a high-tech material whose 

form is directly related to the forces applied to it – creating 

beautiful geometries that are never arbitrary" (Hadid, n.d).

 Membranes solutions have the great potential of improving 

architecture's future, and therefore it is imperative to encourage their use 

with a better promotion of the correct detailing and a better cooperation 

between all intervening areas. In this way, the present work contributes to a 

better understanding and great confidence in using membrane systems.

 The work developed was held in an international context and aimed 

to encourage the use of membranes structures in a national level. Even 

though membranes present a light and adaptive solution, there are still 

many challenges to overcome.

  Their usage today, is still in an initial stage as consequence of 

their limited lifespan. The materials are highly exposed, making it crucial to 

invest in further research so as to improve their resistance, not only their 

behavior under continuous stress, but also their UV resistance. Another 

important factor is the high maintenance of these types of structures. 

Furthermore, no studies so far evaluate the environmental impact and 

the financial cost from a long term point of view - starting from their initial 

investment to the maintenance expenses. Finally membranes should be 

studied in other constructions areas, such as conservation and restoration 

of cultural heritage, as they can provide means to minimize the impact 

during the works.

 

FUTURE DEVELOPMENTS
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La transp
arence

sans l’éb
louissem

ent
Soltis 92 offre un large choix de 50 coloris pour 
m

ultiplier les solutions techniques et esthétiques :
• s’adapter à l’exposition de la façade,
•  choisir le coeffi cient de transm

ission lum
ineuse 

(TV) adéquat,
• préserver la visibilité vers l’extérieur,
• assurer l’intim

ité des occupants.

La création d
’univers

d
e couleurs 

•  D
es coloris coordonnés aux autres gam

m
es 

B
âtim

ent de Serge Ferrari
•  H

arm
onie parfaite du bâtim

ent utilisant stores, 
façade textile, om

brages fi xes... 
• Alliance de la perform

ance et de l’esthétique

U
n véritable 

bouclier therm
ique

G
râce à ses m

icro-aérations, Soltis 92 :
• régule l’effet therm

ique du soleil,
• lim

ite l’effet de serre.

C
es perform

ances inégalées perm
ettent 

de réduire :
• l’utilisation de la clim

atisation,
• les dépenses énergétiques du bâtim

ent.

P
lacé à l’extérieur, S

oltis 92 absorbe et rejette 
jusqu’à 97 %

 de la chaleur

A
pport en lum

ière naturelle généreux pour le 
bien-être des utilisateurs

H
abiller et faire vivre les façades

Soltis est une marque déposée Serge Ferrari. 
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.
L’acheteur de nos produits a la responsabilité de leur application ou de leur transform
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ent la responsabilité de leur m
ise en œ

uvre et installation conform
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ent aux norm
es, règles de l’art et règles de sécurité du pays de destination. 

En ce qui concerne la garantie contractuelle, se référer à notre texte de garantie.
Les valeurs m

entionnées dans ce docum
ent sont des résultats d’essais conform

es aux usages en m
atière d’études, elles sont données à titre indicatif afi n de 
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ettre à notre clientèle le m
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ploi de nos produits. N

os produits sont sujets à des évolutions en fonction des progrès techniques et nous nous réservons 
le droit d’en m

odifi er les caractéristiques à tout m
om
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O
U

T
IL

S
 E

T
 S

E
R

V
IC

E
S

• AC
V et FD

ES disponibles sur dem
ande

•  Service personnalisé de sim
ulation de perform

ances therm
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TV n-h :  Transm
ission lum

ière Visible  
norm

ale - hém
isphérique en %

TV n-n :  Transm
ission lum

ière Visible  
norm

ale - norm
ale en %

 

A :  Face alum
inium

 exposée au soleil
B :  Face couleur exposée au soleil

G
renadine 

92-50268

Lagon
 

92-2160
Tourterelle

 
92-2163

B
éton 

92-2167*
G

alet 
92-2171*

N
uage 

92-50272

C
oléoptère

 
92-2149

Vert m
ousse 

92-2158
Turquoise intense 

92-50271

C
aram

el 
92-50261

C
uivre 

92-50274
O

r 
92-50273

M
uscat 

92-50260
B

roux de noix 
92-2137

Trom
p

er les ap
p

arences
Faire corp

s

S
em

er le troub
le

B
outon d’or 

92-2166

Tom
ette 

92-50267

P
étrole 

92-5026

O
range 

92-8204
C

arotte 
92-2172

G
renadine 

92-50268
P

rune
 

92-50336
P

arm
e
 

92-2164 

C
hardon 

92-50270

É
voluer avec le Tem

p
s

Q
uitter la m

atière

B
lanc 

92-2044*

B
ronze 

92-2043*
A

lu/B
lanc 

92-2051*

A
lu/G

ris m
oyen 

92-2074

A
lu/A

lu 
92-2048*

G
ris interférentiel 

92-2065

A
lu/G

rège 
92-2046*

P
oussin

 
92-2013

M
étal m

artelé 
92-2045*

B
am

bou 
92-50333

A
nis 

92-2157
Vert sapin

 
92-2039

H
aw

aï 
92-50269

C
ham

pagne 
92-2175

C
hanvre 

92-50265*
P

oivre 
92-2012

B
eige sablé 

92-2135*
H

avane 
92-50266

C
ocoa

 
92-2148

B
leu nuit 

92-2161
M

arine 
92-50342

A
nthracite 

92-2047*

R
ouge 

92-8255
R

ouge velours 
92-2152

A
lu/A

nthracite 
92-2068

N
oir 

92-2053*

Réf.
TS

RS
AS

TV 
n-h

TV 
n-n

g
tot e

 
g

tot i 
Coordonnées 
N
CS

92-2012
7

30
63

6
5

0.08
0.46

S 4010 Y 30 R

92-2013
18

57
25

16
4

0.14
0.38

S 0540 Y 10 R

92-2039
3

8
89

3
3

0.07
0.53

S 8010 B 90 G

92-2043
2

12
86

2
3

0.06
0.52

-

92-2044
20

70
10

19
5

0.14
0.34

S 0500 N

92-2045
3

35
62

3
3

0.05
0.45

-

92-2046
A

9
48

43
8

3
0.08

0.41
-

92-2046
B

9
63

28
8

3
0.07

0.36
-

92-2047
5

8
87

5
4

0.08
0.53

-

92-2048
8

46
46

8
3

0.08
0.41

-

92-2051
A

10
50

40
10

3
0.09

0.40
-

92-2051
B

9
70

21
9

3
0.07

0.34
-

92-2053
3

6
91

3
3

0.07
0.54

S 8500 N

92-2065
10

46
44

7
4

0.09
0.41

-

92-2068
A

5
40

55
5

5
0.06

0.43
-

92-2068
B

5
8

87
5

5
0.08

0.53
-

92-2074
A

4
38

58
4

3
0.06

0.44
-

92-2074
B

4
25

71
4

3
0.07

0.48
-

92-2135
9

46
45

6
4

0.08
0.41

S 2005 Y 50 R

92-2137
3

8
89

3
3

0.07
0.53

S 8010 Y 50 R

92-2148
3

14
83

3
3

0.06
0.51

S 7010 Y 30 R

92-2149
5

16
79

4
4

0.07
0.51

-

92-2152
15

37
48

5
4

0.12
0.45

-

92-2157
15

51
34

10
3

0.12
0.40

S 0575 G 60 Y

92-2158
4

28
68

3
2

0.06
0.47

S 4020 G 30 Y

92-2160
8

36
56

4
3

0.08
0.44

S 2055 B 10 G

92-2161
5

19
76

3
3

0.07
0.49

S 5040 R 80 B

92-2163
9

44
47

4
3

0.08
0.42

S 3010 R 10 B

92-2164
10

45
45

4
3

0.09
0.42

S 3020 R 50 B

92-2166
21

54
25

17
4

0.15
0.39

S 0570 Y 10 R

92-2167
3

19
78

3
3

0.06
0.50

S 6005 R 80 B

92-2171
8

43
49

6
4

0.08
0.42

S 2502 B

92-2172
19

43
38

8
4

0.15
0.43

S 0580 Y 70 R

92-2175
19

64
17

16
3

0.13
0.36

S 0505 Y 20 R

92-8204
17

47
36

8
2

0.13
0.41

S 0585 Y 40 R

92-8255
12

28
60

4
3

0.11
0.47

S 1580 Y 90 R

92-50260
5

14
81

4
4

0.07
0.51

S 5040 R

92-50261
15

40
45

6
5

0.12
0.43

S 3050 Y 60 R

92-50264
5

13
82

4
3

0.07
0.51

S 6030 B 30 G

92-50265
9

49
42

6
3

0.08
0.40

S 2010 Y 20 R

92-50266
4

19
77

4
3

0.07
0.50

S 6005 Y 50 R

92-50267
6

27
67

3
3

0.08
0.47

S 4040 Y 90 R

92-50268
16

37
47

5
4

0.13
0.44

S 2065 R 10 B

92-50269
9

35
56

5
3

0.09
0.45

S 2050 B 40 G

92-50270
4

18
78

3
3

0.07
0.50

S 5030 B

92-50271
8

38
54

2
2

0.08
0.44

-

92-50272
12

56
32

9
3

0.10
0.38

S 1502 B

92-50273
8

42
50

5
3

0.08
0.43

-

92-50274
8

35
57

4
3

0.08
0.45

-

92-50333
11

37
52

7
3

0.10
0.44

S 2070 G 70 Y

92-50336
7

18
75

3
3

0.08
0.50

S 7020 R 30 B

92-50342
6

10
84

4
4

0.08
0.52

S 2020 R 80 B

*D
isponible aussi en laize 267 cm

Les coloris et contextures im
prim

és présentés 
dans ce docum

ent sont donnés à titre indicatif.

La transp
arence

sans l’éb
louissem

ent
Soltis 92 offre un large choix de 50 coloris pour 
m

ultiplier les solutions techniques et esthétiques :
• s’adapter à l’exposition de la façade,
•  choisir le coeffi cient de transm

ission lum
ineuse 

(TV) adéquat,
• préserver la visibilité vers l’extérieur,
• assurer l’intim

ité des occupants.

La création d
’univers

d
e couleurs 

•  D
es coloris coordonnés aux autres gam

m
es 

B
âtim

ent de Serge Ferrari
•  H

arm
onie parfaite du bâtim

ent utilisant stores, 
façade textile, om

brages fi xes... 
• Alliance de la perform

ance et de l’esthétique

U
n véritable 

bouclier therm
ique

G
râce à ses m

icro-aérations, Soltis 92 :
• régule l’effet therm

ique du soleil,
• lim

ite l’effet de serre.

C
es perform

ances inégalées perm
ettent 

de réduire :
• l’utilisation de la clim

atisation,
• les dépenses énergétiques du bâtim

ent.

P
lacé à l’extérieur, S

oltis 92 absorbe et rejette 
jusqu’à 97 %

 de la chaleur

A
pport en lum

ière naturelle généreux pour le 
bien-être des utilisateurs

H
abiller et faire vivre les façades

Soltis est une marque déposée Serge Ferrari. 
réf. 987 • JUN 2012/ V1.01 • Jean Vasseur Communication

Photo de couverture : LKH, Klagenfurt (DE)
Photos intérieures : Golden Tulip, Lyon (FR) • Centre de soin, Cap d’Agde (Fr)
©Serge Ferrari

Energie 
solaire

A
S = 62%

 
A

bsorption Solaire

R
S = 35%

R
éflexion 

Solaire

TS = 3%
Transm

ission Solaire 

g
tot e = 0,05

Facteur 
Solaire 
Extérieur

TV = 3%
Transm

ission
lum

ière Visible

Valeurs données 
pour le coloris 92-2045 
(selon EN

 14501 avec 
double vitrage isolant 
de type “C”) 

 P
ropriétés techniques

Soltis 92
N

orm
es

 P
oids

420 g/m
2

 EN
 ISO

 2286-2

Épaisseur
0,45 m

m

Laize
177 cm

 - 267 cm

Longueur des rouleaux

Form
at standard pièce en 177 cm

50 m
l

Form
at standard pièce en 267 cm

40 m
l

 P
ropriétés physiques

R
ésistance rupture (chaîne/tram

e)
310/210 daN

/ 5 cm
 EN

 ISO
 1421

R
ésistance déchirure (chaîne/tram

e)
 45/20 daN

 D
IN

 53.363

Traitem
ent fongistatique

D
egré 0, excellent

EN
 ISO

 846-A

R
éaction au feu

C
lassem

ent
 B

1/D
IN

 4102-1 • B
S 7837 • B

S 5867 • S
CH

W
ER

B
R

EN
N

B
AR-Q

1-T
R1/O

N
O

R
M

 A 3800-1 • 
C

LASSE 1/U
N

I 9177-87 •M
1/U

N
E 23.727-90 • VK

F 5.2/SN
 198898 • 1530.3/A

S/N
ZS • 

G
1/G

O
ST 30244-94 • M

ETH
O

D 1/N
FPA

 701 • C
SFM

 T19 • C
LA

SS A
/A

STM
 E84

Euroclass
B

-s2,d0/EN
 13501-1

 Systèm
es de m

anagem
ent

de la qualité
 ISO

 9001

de l’environnem
ent

ISO
 14001

C
ertifi cations, labels, garanties, recyclabilité 

   
     

Les caractéristiques techniques indiquées sont des valeurs m
oyennes avec une tolérance de +/- 5%

.
L’acheteur de nos produits a la responsabilité de leur application ou de leur transform

ation en ce qui concerne d’éventuels droits des tiers. L’acheteur de nos 
produits a égalem

ent la responsabilité de leur m
ise en œ

uvre et installation conform
ém

ent aux norm
es, règles de l’art et règles de sécurité du pays de destination. 

En ce qui concerne la garantie contractuelle, se référer à notre texte de garantie.
Les valeurs m

entionnées dans ce docum
ent sont des résultats d’essais conform

es aux usages en m
atière d’études, elles sont données à titre indicatif afi n de 

perm
ettre à notre clientèle le m

eilleur em
ploi de nos produits. N

os produits sont sujets à des évolutions en fonction des progrès techniques et nous nous réservons 
le droit d’en m

odifi er les caractéristiques à tout m
om

ent. Il est de la responsabilité de l’acheteur de nos produits de vérifi er la validité des données ci-dessus. 

O
U

T
IL

S
 E

T
 S

E
R

V
IC

E
S

• AC
V et FD

ES disponibles sur dem
ande

•  Service personnalisé de sim
ulation de perform

ances therm
iques de vos projets et des protections solaires Soltis associées : 

contacter votre interlocuteur Serge Ferrari 
• O

util d’évaluation d’économ
ies d’énergie réalisables grâce aux protections solaires Soltis : w

w
w

.textinergie.org
• D

ocuthèque et photothèque : w
w

w
.sergeferrari.com

 Tension bi-axiale :
respect total du droit fi l

M
icro-aération

 A
rm

ature en fi ls polyester
haute ténacité

Technologie exclusive 
 P

réco
ntraint S

erg
e Ferrari ®

La technologie P
récontraint Serge Ferrari ® m

ondialem
ent brevetée 

consiste à m
aintenir le com

posite en tension durant tout le cycle de 
fabrication.  

C
ertifi cation N

F Toiles
•  La m

arque N
F Toiles garantit le m

aintien d’un niveau 
de qualité élevé et hom

ogène de Soltis 92.
•  Les références certifi ées répondent aux exigences therm

o-
optiques, m

écaniques et de longévité fi xées par la m
arque.

•  D
em

ande de certifi cation en cours pour les nouveaux coloris 
(propriétés solaires et lum

ière données à titre provisoire).

C
oloris coord

onnés avec

FR

C
STB

TO
ILES

 >
  C

o
n
tact 

•  Siège social  : + 33 (0)4 74 97 41 33

• Votre contact local : w
w

w
.sergeferrari.com

>
 S

e
rvice

 P
re

scrip
tio

n
• Tél. + 33 (4) 74 83 59 59

• prescription@
sergeferrari.com

>
  Te

xylo
o
p

•  La fi lière de recyclage opérationnelle Serge Ferrari

•  M
atières prem

ières secondaires à forte valeur intrinsèque com
patibles 

avec de m
ultiples process

•  U
ne réponse quantifi ée pour lutter contre 

l’épuisem
ent des ressources naturelles

w
w

w
.texyloop.com

A
V

A
N

T
A

G
E

S
 U

N
IQ

U
E

S

• P
rotection therm

ique renforcée

• C
onfort visuel et lum

ineux optim
um

• R
ésistance aux intem

péries et aux U
V

• Léger, durable, 100%
 recyclable

A
P

P
L

IC
A

T
IO

N
S

• Stores de façades

•  Stores de vérandas et de verrières

• Voiles d’om
brage

w
w

w
.se

rg
e
fe

rrari.co
m

86-2166
86-8204

86-50261
86-50260

86-8255
86-2161

86-50342
86-50336

86-50264
86-2158

86-50333
86-50271

86-2135
86-2012

86-2148
86-2043

86-2044
86-2175

86-2171
86-2167

86-2048
86-2046

86-2068
86-2045

86-2047
86-2053 B

énéfi ces
•  N

e se déform
e pas lors de sa m

ise 
en œ

uvre et de son utilisation

•  N
e s’allonge pas, ne se déchire pas

•  Longévité esthétique et m
écanique

•  Faible épaisseur

• Surface lisse, entretien facilité
•  Encom

brem
ent réduit, enroulem

ent 
facile

C
aractéristiq

ues
•  Exceptionnelle stabilité 

dim
ensionnelle

• R
ésistance m

écanique durable

•  Épaisseur d’enduction 
supérieure à la crête des fi ls

• Extrêm
e planéité



iii

A
ttachm

ent.III: Finals R
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S

ource:P
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A
ttachm

ent.IV: P
ink Venue, 10/50m

 R
ange: Floor P

lan and E
levation

S
ource:P

rovided by M
agm

a A
rchitecture

0 10 20 50 m

106.9m

0 10 20 50 m
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Attachment.V: Blue Venue, 25m Range: Floor Plan and Elevation
Source:Provided by Magma Architecture

55.95m

0 10 20 50m
0 10 20 50 m
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Attachment.VI:Typical detail canopy 25m Range 
Source: detail.de
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A
ttachm

ent.V
II: Technical description of Texlon ®

 E
TFE

S
ource:P

rovided by Vector Foiltec

 3 
E

nvironm
ental P

roduct D
eclaration V

ector Foiltec / N
ow

ofol / D
yneon – Texlon

®-S
ystem

 

Product 

Product description 
 The Texlon

® S
ystem

 is based on the follow
ing 

principle: pneum
atically stabilised foil elem

ents 
are fixed to a sub-structure by m

eans of a high-quality 
alum

inium
 fram

e system
. The system

 can consist of 
betw

een tw
o and five layers of E

TFE
 foil (ethylene 

tetrafluoroethylene) depending on the building physics, 
static or design requirem

ents and specifications. The 
g-values and U

-values are determ
ined by the num

ber 
of layers and also the type of coating used. The E

TFE
 

foil thickness vary betw
een 80 µm

 and 300 µm
 

depending on the static construction requirem
ents. The 

individual layers are w
elded together at the edges and 

stabilised to approxim
ately 220 P

a (220 N
/m

²) by 
m

eans of a low
-pressure air system

.  
  This E

P
D

 is based on a typical 3-layer system
 w

ith the 
follow

ing build up: 
  U

pper: 200 µm
 // M

iddle: 100 µm
 // Low

er: 200 µm
 

  The LC
A

 for a representative product is calculated in 
this E

P
D

.  
 A

pplication 
 Texlon

® S
ystem

s are building elem
ents used for the 

cladding of roofs and facades. The Texlon
® S

ystem
 is 

suitable for new
 buildings and refurbishm

ent projects 
looking to create additional spaces (such as 
courtyards). W

ell know
n exam

ples of Texlon
® include:  

   
 

Leisure centres: C
enter P

arcs in M
oselle, 

France 
 

R
etail & entertainm

ent: K
han S

hatyr 
E

ntertainm
ent C

entre in A
stana, K

azakhstan 
 

A
rtifical biospheres: E

den P
roject in C

ornw
all, 

G
reat B

ritain 
 

Zoological gardens: G
ondw

analand Tropical 
H

all Leipzig, G
erm

any 
 

A
tria: Frankfurt H

olm
, G

erm
any 

 
C

anopies: D
om

aquaree in B
erlin, G

erm
any 

 
S

tadia: Forsyth B
arr S

tadium
 in D

unedin, 
N

ew
 Zealand 

 
A

irports: B
aufeld H

 in Frankfurt, G
erm

any 
 

H
ospitals: C

helsea &
 W

estm
inster H

ospital in 
London, G

reat B
ritain 

 
K

indergardens: Plappersnut in W
ism

ar, 
G

erm
any 

 
S

chools: N
eues G

ym
nasium

 in B
ochum

, 
G

erm
any 

 
O

ffice buildings: Festo in E
sslingen, G

erm
any 

 
E

xhibitions: M
obile C

hanel Pavillon in P
aris, 

France 

Technical D
ata 

 U
nless otherw

ise stated the follow
ing data refers to an 

E
TFE

 foil w
ith a thickness of 200 µm

.  
   

N
am

e 
Value 

U
nit 

M
elting range /M

elting point in 
accordance to /ASTM

 D
 4591-07/ 

265±10 
°C

 

G
ram

m
age 

0.35 
kg/m

2 
Tensile strength in accordance to 
/D

IN
 EN

 ISO
 527-1/ 

> 40 
N

/m
m

2 

Tensile stress at 10%
 strain in 

accordance to /D
IN

 EN
 ISO

 527-1/ 
> 18 

N
/m

m
2 

Tensile stress at break in 
accordance to /D

IN
 EN

 ISO
 527-1/ 

> 300 
%

 

Tear resistance in accordance to 
/D

IN
 53363/ 

> 300 
N

/m
m

 

W
eld strength in accordance to 

/D
IN

 527-1/ 
≥ 33 

N
/m

m
2 

Total energy transm
ittance in 

accordance to /ISO
 15099/             

3 layers ETFE  
75±5 

%
 

W
eathering resistance in 

accordance to /ISO
 4892-1/ and 

/ISO
 4892-2/ 3 layers ETFE  

no 
m

echanical 
changes 

- 

  B
ase m

aterials / A
ncillary m

aterials 
  The essential base products are N

ow
oflon

® E
T foil, 

F16.2 alum
inium

 fram
e and sealing m

aterials.  
  

 
  N

ow
oflon

® ET foil: N
ow

oflon
® E

T foil is a flexible and 
strong fluorinated copolym

er foil. These foils are 
transparent over the entire solar range. They can be 
transparent, printed or dyed.  
 ETFE valves: These valves are sm

all parts m
ade of 

the sam
e base m

aterial as the foil but they are not 
transparent and display a low

er purity level. 
 A

lum
inium

 fram
es: The alum

inium
 fram

e com
prises 

of an extruded base elem
ent  and a cap.  

  Polypropylene (keder) ropes: The cord edge w
elding 

com
prises of flexible polypropylene (keder) ropes w

ith 
a diam

eter of ~ 8 m
m

.  
 Silicone seals: S

ilicone seals are m
ade from

 a 
w

aterproof rubber silicone m
aterial.  

  N
o substances used in the m

anufacture of Texlon
® foil 

cushions are included in the SV
H

C
 list of candidates or 

in A
nnex XIV

 of the E
U

 R
E

A
C

H
 D

irective 1907/2006. 
N

o fire retardants, plasticizers or biocidals are used.    
  R

eference service life 
 G

uaranteed service life is 25 years (up to 50 years are 
possible). 
   

 4 
E

nvironm
ental P

roduct D
eclaration V

ector Foiltec / N
ow

ofol / D
yneon – Texlon

®-S
ystem

 

LC
A: C

alculation rules 

D
eclared U

nit 
 This declaration refers to the production of 1 m

² of a 
representative foil cushion (average values from

 2012).  
 N

am
e 

Value 
U

nit 
D

eclared unit 
1 

m
2 

C
onversion factor to 1 kg 

5.13 
- 

 System
 boundary 

 In addition to production, this LC
A

 considers 
installation, energy consum

ption during use and 
disposal. It represents a cradle-to-gate scenario w

ith 
tw

o options for foil cushion w
aste disposal:  

 1. W
aste incineration  

2. R
ecycling  

 W
aste processing is considered for scenario 2. In both 

cases, the seal is incinerated w
hile the alum

inium
 

fram
e is recycled. The life cycle stages are explained 

in detail below
:  

 
 

P
roduction (A

1 - A
3) including the upstream

 
chain associated w

ith m
anufacturing of the 

prelim
inary products, transport thereof to the 

respective plant and expenses involved in 
producing granulate, foil and foil cushions  

 
Transport to the construction site (A

4): 
average distances by truck, ship and/or air  

 
Installation on the construction site (A

5): 
energy for inflating foil cushions as w

ell as 
disposal of packaging  

 
E

nergy consum
ption during use (B

6): energy 
requirem

ents for m
aintaining the interior 

cushion pressure  
 

Transport to disposal (C
2)  

 
W

aste treatm
ent for recycling (C

3): 
processing foil w

aste for scenario 2  
 

D
isposal (C

4): incineration of seals and for 
scenario 1 incineration of foil cushions  

 
C

redits (D
): from

 energy for treatm
ent of 

packaging w
aste (A5) and the silicone seals, 

recycling of alum
inium

 profiles and expenses 
associated w

ith processing (rem
elting) and 

the energy credit in scenario 2 for therm
al 

recycling of the E
TFE

 granulate 

C
om

parability 
B

asically, a com
parison or an evaluation of E

P
D

 data 
is only possible if all the data sets to be com

pared 
w

ere created according to /E
N

 15804/ and the building 
context, respectively the product-specific 
characteristics of perform

ance, are taken into account. 

LC
A: Scenarios and additional technical inform

ation 

The follow
ing inform

ation form
s the basis for the 

declared m
odules. It can be used to develop specific 

scenarios in the context of a building evaluation if 
m

odules are not declared (M
N

D
).  

  Transport to site (A
4) 

 A
verage distance per m

ode of transport refer to global 
international transport data (2012).  

N
am

e 
Value 

U
nit 

Litres of fuel truck 
0.00156 

l/100km
 

Transport distance truck 
1026 

km
 

C
apacity utilisation (including 

em
pty runs) truck 

85 
%

 

C
apacity utilisation volum

e factor 
container 

0.5 
- 

Litres of ship fuel ship 
0.00147 

l/100 km
 

Ship transport distance ship 
16291 

km
 

Ship capacity utilisation (incl. 
em

pty runs) ship 
65 

%
 

Litres of air fuel airplane 
0.0190 

l/100 km
 

Air transport distance airplane 
10683 

km
 

Air capacity utilisation (incl. em
pty 

runs) airplane 
66 

%
 

 Installation Process (A
5) 

N
am

e 
Value 

U
nit 

Auxiliary 
0 

kg 
W

ater consum
ption 

0 
m

3 
O

ther resources 
0 

kg 
Electricity consum

ption pro a*m
² 

0.00018 
kW

h 
O

ther energy carriers 
0 

M
J 

M
aterial loss 

0 
kg 

O
utput substances follow

ing 
w

aste treatm
ent on site 

0 
kg 

D
ust in the air 

0 
kg 

VO
C

 in the air 
0 

kg 
                                
R

eference service life  
 G

uaranteed service life is 25 years (50 years possible).  

N
am

e 
Value 

U
nit 

R
eference service life 

25 - 50 
a 

 O
perational energy (B

6) and w
ater (B

7) 
N

am
e 

Value 
U

nit 
W

ater consum
ption 

0 
m

3 
Electricity consum

ption pro a*m
² 

0.274 
kW

h 
O

ther energy carriers 
0 

M
J 

Equipm
ent output  

0 
kW

 
 End of Life (C

1-C
4) 

 C
onservative estim

ate for transport to E
oL: 1,000 km

 
for transport in E

urope (m
aterial recycling is currently 

only perform
ed in E

urope). S
horter transport distance 

for therm
al recycling.  

N
am

e 
Value 

U
nit 

C
ollected separately (total 

product) 
5.13 

kg 

C
ollected as m

ixed construction 
w

aste 
0 

kg 

R
euse 

0 
kg 

R
ecycling alum

inium
 profile 

4.02 
kg 

Therm
al recycling Seals 

0.212 
kg 
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Attachment.X:Detail of the external and internal ETFE Cushions 
Source:Provided by PTW Architects


