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ABSTRACT 

 

Due to their low self-weight and their inherently high flexibility, lightweight 

technical textiles offer great possibilities for the integration in kinematic 

structures. Furthermore, new interesting typologies combine the use of 

mechanically prestressed membranes with the lightweight principles of active 

bending. Integrating these principles in a transformable design creates 

challenging perspectives, exploring the great variability in possible geometries 

and expressive shapes.  

Unfortunately, until now, there is still a lot of research to be covered on the 

material properties of technical textiles, their structural behaviour during 

deformation and the use of available design tools. Also for the design and 

analysis of textile hybrids many research is still ongoing and, furthermore, the 

interaction between the bending elements and the membrane complicates the 

integration of the kinematic aspect. Up to the present, the inability to keep the 

fabric properly pretensioned in all deployment stages within the structure's 

limitations obstructs the use of fabric structures for kinematic applications.   

The challenge of this research was to obtain (two) transformable systems for 

kinematic applications in which the membrane prestress is controlled 

throughout all the folding states of the structure. The aim was thus to keep both 

the membrane and the supporting structure stable in the different phases of the 

deployment. Through the analysis of case studies, the main research question is 

aimed to be answered: 

« Can the integration of technical textiles in kine(ma)tically deployable 

structures result in an efficient transformable lightweight structure, 

remaining tensioned in all configurations of the application range? » 

This thesis describes the design, analysis and experimental verification of two 

selected case studies in order to prove the feasibility of designing kinematic 

form-active structures and confirming both the possibilities and the remaining 

challenges. The first case study consists of a membrane that is tensioned in a 

transformable frame. Opening and closing the frame results in unfolding and 

folding the membrane. As the deployment is established through the rotation of 

rigid hinged angulated beam elements (i.e. a rigid body motion), this case is 

classified under ‘rigid hinged boundary kinematics’. The second case study 
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investigated in this research consists of a (quasi-) self-supporting structure 

with a flexible membrane that is tensioned in a bending-active ring element 

and will be referred to as ‘bending-active boundary kinematics’ (i.e. elastic 

kinetics). By applying a certain prestress on the membrane, the originally flat 

structure pops up to a three-dimensional shape. This form-found geometry is 

then used as a starting position of the kinetic deployment.  

Firstly, for each case study, the material properties are derived through 

experimental analysis to be implemented in a simple linear elastic numerical 

model. Afterwards, a parameter study is performed to derive a set of 

conceptual design considerations for the kinematic prestressed fabric structure. 

The specified parameters to be verified in the design process were (i) the 

boundary configuration in which form-finding was conducted (i.e. the 

reference state), (ii) the prestress levels and ratios, (iii) the control of the 

deployment and (iv) the used material parameters and dimensions of the 

elements. Note that for the case study with integrated bending-active elements 

(i) and (ii) are directly related. As a validation of the numerical analysis, a 

large-scale experimental model is set-up for each case study, measuring the 

geometry, reaction forces and strains in the membrane.  

The thesis discusses how the simple linear elastic numerical model can serve 

as a valuable design tool. The results derived from the numerical model give a 

good approximation of the experimentally obtained results, considering that 

the linear elastic model does not take into account the large initial and 

permanent deformations of the membrane. This research also proves that an 

exhaustive preliminary study is essential to enhance the overall structural 

behaviour of the membrane structure in all stages of its transformation (within 

the application range), keeping the membrane properly tensioned and avoiding 

excessive stress concentrations.   

Although this study indicates the great potential of kinematic form-active 

(hybrid) structures, it only forms the first step towards an even more varied use 

of textiles in architecture. Especially the practical aspects and a detailed study 

of the connections need further investigation. 
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NOMENCLATURE 

 

SYMBOLS 

 Young’s modulus [kN/m²] 

� GFRP Young’s Modulus in longitudinal direction [kN/m²] 

�� 

� Young’s modulus in the membrane’s fill direction [kN/m²] 

�
�:� Young’s Modulus in the membrane’s fill direction at a load ratio 

1:1 [kN/m²] 

� Young’s modulus in the membrane’s warp direction [kN/m²] 

�
�:� Young’s Modulus in the membrane’s warp direction at a load 

ratio 1:1 [kN/m²] 

� Variation in Ef over all the tested load ratios [kN/m²] 

� Variation in Ew over all the tested load ratios [kN/m²] 

 Total bending energy [J] 

 Force [kN] 

 Shear stiffness [kN/m²] 

�� Membrane’s shear stiffness [kN/m²] 

 Moment of inertia [m
4
] 

 Stiffness matrix 

� Elastic stiffness matrix 

� Geometric stiffness matrix 

	 Tangent stiffness matrix 


 Initial displacement stiffness matrix 

L Length [m] 

M Bending moment [kNm] 
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P Uniformly distributed load [kN/m] 

R Radius of curvature of the membrane surface [m] 

r Radius of curvature of the linear element [m] 

T Membrane tension [kN/m] 

t Thickness/diameter of the bending-active beam element [m] 

u Displacements [m] 

� Representation of the load ratio in the Galliot-Luchsinger 

material model ( � � �
�

�
�  ) [-] 

� Representation of the load ratio in the Galliot-Luchsinger 

material model ( � � �
�

�
�  ) [-] 

 Strain [-] 

� Strain in the membrane’s weft or fill direction [-] 

� Strain in the membrane’s warp direction [-] 

�� Shear strain in the membrane [-] 

��



� Shear strain of the GFRP element [-] 

 Variation in strain [-] 

� Normal strain in the longitudinal direction of the element [-] 

 Normal strain in the transversal direction of the element [-] 

� � � µ

� � � Orientation angle of the strain gauges [°] 

 Poisson’s ratio [-] 

� 

�� 

�� Poisson’s ratio in fill direction [-] 

�� Poisson’s ratio in warp direction [-] 

 Stress [kN/m²] 

�,�� Material’s permissible bending stress [kN/m²] 

���	����� Von Mises stresses [kN/m²] 



ix 

� Stress in the membrane’s weft or fill direction [kN/m²] 

� Stress in the membrane’s warp direction [kN/m²] 

�� Shear stress in the membrane [kN/m²] 

� Stress in the longitudinal direction of the element [kN/m²] 

 Strain in the transversal direction of the element [kN/m²] 

 Variation in stress  [kN/m²] 

� Shear stress of the GFRP element [kN/m²] 

�  Local curvature of the bending-active element at position x0 

[1/m] 

φ Angle [°] 

 The slope of the bending-active beam element [-] 

 

ABBREVIATIONS 

BA Bending-active 

CS Case study 

DIC Digital Image Correlation 

FEM Finite element modelling 

FRP Fibre reinforced polymer 

GFRP Glass fibre reinforced polymer 

KFAS Kinematic form-active structure 

LC Load case 

MSAJ Membrane Structures Association of Japan 

PTFE Polytetrafluorethylene 

PU Polyurethane  

PU PES PU-coated polyester fabric 

PVC Polyvinyl chloride 

PVC PES PVC-coated polyester fabric 

SLS Serviceability limit state 

ULS Ultimate limit state 

UTS Ultimate Limit Strength 
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1    CHAPTER  

 

 

 

INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter gives a short summary of the main aspects discussed in this thesis. 

The overall context is presented, as well as the background of the research 

project. The scope and objectives are described, followed by an outline of the 

structure of the thesis. 
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1.1 TOWARDS KINEMATIC FORM-ACTIVE STRUCTURES 

To accomplish a task with a minimum use 

of materials is finally the only interesting 

problem.
1
 

 

Bernard Lafaille 

 

LIGHTWEIGHT STRUCTURES 

Structural efficiency has always been a main concern in building industry. 

Both structural and architectural engineers are at all times confronted with the 

challenge of designing more efficient and lightweight construction systems. To 

maximize the structural efficiency of lightweight structures, engineers strive 

for an optimal material use, i.e. loading all elements to their full capacity 

(under the ultimate load combination), which is also referred to as ‘fully 

stressed design’. Elements in pure tension, like cables, membranes (Figure 1.1) 

and cable nets (Figure 1.2), offer the most efficient solution, allowing the full 

section to be loaded close to the material’s yield strength. For the same reason, 

the use of compression-only elements, such as thin compression-only shells or 

bars, can also offer a good solution for lightweight structures, although 

buckling instabilities can occur before the ultimate strength is reached. 

Interesting structural systems also arise when combining pure tension and 

compression elements, like e.g. tensegrity structures. 

 

 

Figure 1.1. 

Membrane 

structure 2 

 

Figure 1.2. 

Cable net 

roof 3 

 

                                                              
1  Cited from: Frei Otto. “Tents as Ideal Buildings”. The Japan Architect (Tokyo), 1970 

2  Frei Otto, Music Pavilion at the Federal Garden Exhibition, Kassel, Germany, 1955 

3  Frei Otto, Pavilion of the Federal Republic of Germany at the Expo '67, Montreal 

 (Drew, 1976) 
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TRANSFORMABLE ARCHITECTURE 

Besides structural efficiency, flexibility and adaptability become more and 

more important in today’s society. Also for architectural applications there is a 

growing demand for transformable structures, which are adjustable to changing 

environmental conditions and varying requirements. Different types of 

dynamic systems are possible, such as e.g. scissor structures and foldable plate 

structures, which can serve both as roof covering (or shelter) and as façade 

shading (Figure 1.3 and Figure 1.4).  

 

Figure 1.3. 

Deployable 

dome 4 

 

Figure 1.4. 

Dynamic 

shading 5  

 

Temporary structures can be closed to a compact state to allow easy 

transportation and are preferably rapidly deployable. Their mobile nature 

allows them to be used for different applications. Other, more permanent 

structures, remain in the same place, but transform in shape. 

These reconfigurable systems are often covered with technical textiles, which 

are highly suited due to their low self-weight and inherent high flexibility, like 

e.g. in the deployable roof in Figure 1.5. 

 

Figure 1.5. 

Deployable roof 

a. Closed state  

b. Deployed state 

(Felix Escrig) 6  

 

                                                              
4  Expanding Geodesic Dome by Chuck Hoberman, 1991 (Escrig & Sánchez, 2010) 

5  The Al-Bahr Towers, Abu Dhabi (Karanouh & Kerber, 2015) 

6  Escrig, Deployable cover for swimming pool, Seville (Escrig, et al., 1996) 
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TEXTILE HYBRIDS 

Another aspect of designing lightweight structures is the great variability in 

possible geometries and expressive shapes. New interesting typologies 

combine the principles of active bending with mechanically prestressed 

membranes and are referred to as Textile Hybrids (Lienhard, 2014). Bending-

active elements obtain their geometry through the elastic bending of initially 

flat elements (Knippers, et al., 2011). In combination with membranes, the 

bending-active elements not only serve as a supporting structure but also as a 

shape-defining structural element, offering the possibility to reduce the number 

of external supports compared to traditional membrane structures (Figure 1.6). 

Furthermore, this combination offers structurally efficient systems, since the 

bending elements are restrained by the membrane and thus the risk for 

buckling of the beams is reduced. Adding the prestressed membrane also 

results in a more homogeneous curvature of the bending-active element and 

thus a more uniform stress distribution (Figure 1.7). This allows the use of 

slender lightweight profiles to create these structurally efficient hybrid systems.  

 

  

Figure 1.6. Textile 

Hybrid, Project M1 

(ITKE) 7 

 

Figure 1.7. Membrane 

restrained arch  

(Univ. of Dundee) 8 

 

KINE(MA)TIC FORM-ACTIVE STRUCTURES 

A new structural principle arises when integrating prestressed membrane 

elements in transformable systems. Until now, membrane structures remain 

mainly static or ‘semi-kinematic’, i.e. tensioned in their fully deployed state, 

but losing prestress from the moment the structure is retracted. The challenge 

of this research is to obtain a transformable system, where both the membrane 

and the supporting structure are stable in the different phases of the 

deployment.  

                                                              
7  Image from (Lienhard, 2014) 

8 Image from (Burford & Gengnagel, 2004) 
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The main research question here is: 

« Can the integration of technical textiles in kine(ma)tically deployable 

structures result in an efficient transformable lightweight system, 

remaining tensioned in all configurations of the application 

range? » 

 

In this thesis, both kinematic and kinetic dynamics are dealt with. Whereas 

kinematics studies the motion without taking into account the causes of the 

motion (Figure 1.8), kinetics includes the masses and the applied forces that 

cause the motion (Figure 1.9). One case study consists of a deployable frame, 

i.e. a rigid link mechanism, and is thus considered as a kinematic supporting 

structure. The second case study uses bending-active elements, which implies 

elastic deformations of the elements. As the motion is in this case in relation to 

the mechanical properties of the elements and the forces on the structure, it 

will be classified as a kinetic structure. 

 

Figure 1.8. Kinematic movement 

(Lienhard, 2014) 

Figure 1.9. Kinetic movement  

(Lienhard, 2014) 

 

Also the membrane itself will store energy during the transformation and can 

thus be considered as a kinetic part of the transformable system. In what 

follows, the term ‘kinematic’ will cover both the systems using rigid hinged 

boundaries and the ones using bending-active boundaries.  
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1.2 BACKGROUND: THE KFAS-PROJECT 

This thesis on Kinematic Form-Active Structures (KFAS) is the outcome of a 

research project funded by the Foundation for Scientific Research Belgium 

(FWO). A cooperation between the university of Brussels (Vrije Universiteit 

Brussel – VUB) and the university of Ghent (Universiteit Gent – UGent) leads 

to a comprehensive study on the project topic: 

 

« Integrated analysis and experimental verification of 

kinematic form-active structures (KFAS) for 

architectural applications. » 

 

Two main parts can be distinguished in this FWO-project. The first part 

consists of the design of case studies trough physical and simplified 

computational modelling, followed by large-scale experimental investigations, 

verifying the feasibility of the design and the accuracy of the basic numerical 

models. This first part was performed at the department of Mechanics of 

Materials and Constructions (MeMC) and the Architectural Engineering 

department (ARCH) at the VUB. The second part of the FWO-project was 

performed at the department of Materials Science and Engineering (MSE) at 

the UGent, focusing on the advanced material modelling in the finite element 

simulations of these kinematic form-active structures. The aim here is to 

deliver a highly sophisticated simulation tool for KFAS, through Finite 

Element Modelling.  

As a result, the outcome of this joint research project is twofold: 

� Vrije Universiteit Brussel (Silke Puystiens):  

Kinematic Form-Active Structures for Architectural Applications: 

Design, Analysis and Experimental Verification 

 

� Universiteit Gent (Tien-Dung Dinh):  

Numerical Analysis for Tension Membrane Structures and Multiscale 

Modeling for the Applied Coated Fabrics (Dinh, 2016) 
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1.3 OBJECTIVES OF THE THESIS 

In this thesis the design and analysis of Kinematic Form-Active Structures is 

studied trough the investigation of two case studies. The main research goal is 

to ensure that the membrane remains properly tensioned in all configurations 

of the application range. To do so, the KFAS is numerically simulated to 

investigate the stresses and strains in both the membrane and its supporting 

structure. A parameter study explores the influence of a number of design 

parameters (e.g. the applied prestress, the configuration considered for the 

form-finding, etc.) to obtain an improved structural response during all the 

phases of the deployment. Afterwards, large-scale experimental models are 

investigated, measuring forces, displacements and strains. These experiments 

should prove the feasibility of the design, permit to better understand the 

structural behaviour and serve as a validation of the numerical models. The 

main topics of investigation are: 

� HOW WILL WE SIMULATE THESE KFAS? To what extent can an analysis 

tool used for the analysis of tensile surface structures be used to model 

different configurations of the KFAS? 

� HOW DO WE DESIGN KFAS to keep the membrane tensioned in all its 

phases of the considered transformation, i.e. by which design parameters 

and values can the overall structural response be improved? 

� Does the EXPERIMENTAL DATA VALIDATE the numerical simulation, i.e. 

can we use this simplified simulation tool for the preliminary design of 

KFAS?  

Not included in this research are: 

� A detailed experimental analysis of the membrane material behaviour, 

including time dependency, load history, etc (Van Craenenbroeck, 2017) 9.  

� The development of a highly sophisticated and detailed material 

modelling in a FEM software (Dinh, 2016) 10.  

 

                                                              
9  Only uniaxial and standard biaxial tests are performed in the scope of this research 

10  A basic linear orthotropic material model is used, with integration of Poisson’s ratio and 

shear coefficients  
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1.4 STRUCTURE OF THE THESIS 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 1 - INTRODUCTION 

This introduction gives a short summary of the main aspects discussed in this 

thesis. The overall context is presented, as well as the background of the 

research project. The scope and objectives are described, followed by an 

outline of the structure of the thesis. 

CHAPTER 2 - LITERATURE REVIEW AND BASIC PRINCIPLES 

This chapter firstly describes the state-of-the-art and the basic principles of 

both mechanically prestressed membrane structures and bending-active 

structures. Afterwards, the principles of transformable architecture are 

presented. Finally, an introduction is given on how the membranes and 

bending-active elements can be integrated in the design of kinematic form-

active structures.   

MEMBRANE STRUCTURES / KINE(MA)TIC COMPONENTS 

♦ Literature review and basic principles 

♦ Materials and their properties 

 

CASE STUDY 1: 

Rigid hinged boundaries 

 

CASE STUDY 2: 

Bending-active boundaries 

Experimental 

verification 

Numerical 

investigation 

CONCLUSIONS AND FUTURE WORK 

Experimental 

verification 

Numerical 

investigation 
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CHAPTER 3 - RIGID HINGED BOUNDARY KINEMATICS: DESIGN THROUGH A 

PARAMETER STUDY (CASE STUDY 1 – CS1) 

The first case study consists of a membrane that is tensioned in a transformable 

frame made of hinged elements. Opening and closing the frame results in 

(un)folding the membrane. As the deployment is established through the 

rotation of rigid angulated beam elements that are interconnected with hinges, 

this case is classified under ‘rigid hinged boundary kinematics’.  

In this chapter the design and preliminary analysis of this first case study is 

presented, using the results of an in-depth parameter study on a numerical 

model. Varying the selected parameters allows improving the structural 

behaviour of the membrane in the different phases of the deployment. 

CHAPTER 4 - EXPERIMENTAL INVESTIGATION AND VALIDATION OF THE 

NUMERICAL MODEL (CS1) 

After analysing the numerical model, a large-scale experimental model is set 

up of which the results are elaborately described in this chapter. On the one 

hand, this experimental investigation proves the feasibility of this 

transformable membrane structure and, on the other hand, serves as a 

verification and validation of the numerically obtained results. 

The overall geometry, the forces in the boundary belts and the strains in the 

membrane are measured and compared in the different stages of the 

deployment.  

CHAPTER 5 – BENDING-ACTIVE BOUNDARY KINEMATICS: DESIGN OF A 

VIABLE STRUCTURAL SYSTEM (CASE STUDY 2 – CS2) 

The second investigated case study consists of a (quasi-) self-supporting 

structure with a flexible membrane that is tensioned in a bending-active ring 

element. By applying a certain prestress on the membrane, the originally flat 

structure pops up to a three-dimensional shape. This form-finding geometry is 

then used as a starting position of the kinetic deployment. 

This chapter describes the numerical modelling of the kinematic membrane 

structure with integrated bending-active elements, i.e. a transformable textile 

hybrid. The aim is to design a viable system, which afterwards will be 
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experimentally investigated. The experimental results will serve as the 

validation of the numerical model.  

CHAPTER 6 - EXPERIMENTAL INVESTIGATION AND VALIDATION OF THE 

NUMERICAL MODEL (CS2) 

As a validation of the numerical model analysed in Chapter 5, an experimental 

investigation of a physical model is conducted. This chapter describes both the 

experimental results and the comparison to the numerically obtained values.  

The overall geometry is studied in detail, both at different prestress levels and 

during the deployment, as the shape of the structure greatly relies on the 

interaction between the boundary elements and the flexible membrane material. 

Next, the strain field in the membrane and the forces and stresses in the 

bending-active elements are measured and compared with the data obtained 

from the simulations.  

CHAPTER 7 – IMPROVEMENT OF THE STRUCTURAL SYSTEM THROUGH A 

PARAMETER STUDY (CS2) 

After the numerical model is being validated, a series of parameters are varied 

numerically and their influence on the structural behaviour is quantified. The 

aim is to obtain an improved behaviour under loading and, more specific, 

during the kinematic transformation. 

CHAPTER 8 - CONCLUSIONS AND FUTURE WORK 

This last chapter gives a summary of the most important findings and results of 

both the numerical simulations and experimental investigations. Global 

remarks and experiences are listed and evaluated to come to an overall 

conclusion. 

As conducted research will always open its way up to new topics of 

investigation, a non-exhaustive list of future work is presented. 
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This chapter firstly describes the state-of-the-art and the basic principles of 

both mechanically prestressed membrane structures and bending-active 

structures. Afterwards, the principles of transformable architecture are 

presented. Finally, an introduction is given on how these membranes and 

bending-active elements can be integrated in the design of kinematic form-

active structures.    
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2.1 MECHANICALLY PRESTRESSED TENSILE ARCHITECTURE 

Tensile structures are amongst the lightest and most material-efficient 

structures used nowadays in construction. As the name says, the main 

structural elements carry load through pure tension. Surface stressed structures, 

like membranes and cable nets, form a significant portion of this type of 

structural systems. These tension-only systems are usually doubly curved and 

prestressed, either mechanically (Figure 2.1) or pneumatically (Figure 2.2).  

  

Figure 2.1. Mechanically 

prestressed membrane 11 

 

Figure 2.2. Pneumatically 

prestressed membrane 12 

 

In this thesis, the mechanically prestressed membrane structures are studied, 

together with the membrane’s supporting structure.  

 

2.1.1 HISTORICAL CONTEXT 

Tensile fabric structures have been a part of man’s daily life since ancient 

times. Several thousands of years ago, humans constructed their dwellings, the 

so-called “tents”, by spinning and weaving natural fibres or sewing together 

animal hides. The first well-known tent was the “black tent”, developed by 

nomads in the arid regions (Figure 2.3).  

 

  

Figure 2.3. Nomadic 

dwellings: so-called 

“Black tents” 13 

 

                                                              
11  Frei Otto, ‘Dance Pavilion’, Cologne, Germany, 1957 (Knippers, et al., 2011) 

12  Walter Bird, Radom prototype (Knippers, et al., 2011) 

13  left. (Bechthold, 2008) right. (Kronenburg, 2015) 
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Many similarities with modern membrane structures are present, like for 

example the sewing together of different membrane panels, the use of internal 

poles as a supporting structure and the use of cables to connect the membranes 

to the anchorage point, which at the same time allowed prestressing the 

membrane (Bechthold, 2008). 

The evolution of forms and shapes, the development of user-friendly design 

tools and the new insights in materials and manufacturing methods, lead to 

what we now know as “membrane architecture”. One of the great innovators in 

the design of modern membrane structures is Frei Otto, searching for new 

approaches to design mechanically prestressed tensile structures, experiment-

ing with physical models and soap bubble models (Foster & Mollaert, 2004). 

In 1955 the (probably) first true surface membrane was realized by Frei Otto, 

in collaboration with Peter Stromeyer, one of the great tent fabricators of that 

time, with whom Otto often worked together. This small saddle shape (Figure 

2.4a) is studied through experimental modelling and revealed the principles of  

Figure 2.4. Frei 

Otto, German 

Horticulture Show 

in Kassel, 1955 14  

a. Music pavilion 

b. Three Toadstools 

c. Falter (butterfly)  

 

Figure 2.5. Frei 

Otto, German 

Horticulture Show 

in Cologne, 1957 15 

a. Entrance arch 

b. Dance Pavilion 

c. Humped tent 

Figure 2.4

 

Figure 2.5

 

                                                              
14  Images from http://www.freiotto-architekturmuseum.de/ 

15  Images from (Knippers, et al., 2011) 
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opposing curvature, (re-)introducing the basic forms of tensile membrane 

structures. Besides the saddle-shaped Music pavilion, a set of three cushion-

shaped Toadstools and a corrugated membrane roof, the Falter, are erected at 

the Horticulture Show in Kassel in 1955 (Figure 2.4 b and c). Due to the great 

success, Frei Otto exhibited another series of membrane structures at the show 

in Cologne in 1957 (Figure 2.5). The star-shaped membrane roof of the Dance 

pavilion, with alternating ridge and valley lines, became one of the most 

influential lightweight membrane structures in Germany.  

The German Pavilion at the World Expo ’67 led to international recognition of 

Frei Otto’s tensile structures (Figure 2.7). In 1967 the construction of the 8000 

m² cable net roof, under which a membrane was suspended, was completed. 

Frei Otto was inspired by the idea of Mathew Nowicki for the Raleigh Arena, 

containing the first large doubly curved cable net that was tensioned between 

two inclined compression arches (Figure 2.6). Another benchmark in the 

evolution of tensile structures is the roof for the Olympic Stadium in Munich 

(Figure 2.8). Covering an area of 74000 m², this large prestressed tensile roof 

stimulated the development of numerical form-finding and structural analysis 

tools (Knippers, et al., 2011) (Bechthold, 2008). 

                                                              
16  Image from (Bechthold, 2008) 

17  Images from (Knippers, et al., 2011) 

 

Figure 2.6. Raleigh Livestock Arena in 

1953, North Carolina USA; Mathew 

Nowicki (architect) and Fred Severud 

(engineer) 16 

 

Figure 2.7. German Pavilion at the World 

Expo in 1967, Montreal, Canada; Frei Otto 

and Rolf Gutbrod (architects) 17 

 

Figure 2.8. Munich Olympic Stadium in 

1972, Munich, Switzerland; Günther 

Behnisch and Frei Otto (architects) 17   
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2.1.2 BASIC PRINCIPLES 

As the name indicates, tensile surface structures carry external loads primarily 

through tensile stresses. Due to the membrane’s relatively low in-plane and 

out-of-plane surface stiffness, the structure changes its geometry and 

redistributes its surface stresses under the applied external loads. In order to 

remain in equilibrium, the tensile surface undergoes large deformations trying 

to match the geometry to its flow of forces. These structures are therefore 

classified as form-active structures (Engel, 1999).  

The membrane’s load-bearing capacity and stiffness is highly influenced by its 

geometrical stiffness, i.e. the curvature of the surface and the level of applied 

prestress. The portion of the stiffness that depends on the material properties is 

referred to as the elastic stiffness. 

SURFACE SHAPE & CURVATURE 

Mechanically prestressed membrane structures are anticlastic, obtaining their 

equilibrium shape by the interaction of opposite curvatures, i.e. the hanging 

and the standing curve (Figure 2.9). A downward loading (e.g. snow) will 

increase the curvature and thus the membrane stresses in the hanging direction, 

while a decrease is noticed for the standing curve. The opposite is true for an 

upward loading (e.g upward wind).  

Figure 2.9. Prestress 

and principle 

curvature in an 

anticlastic surface  
 

The higher the curvature of the membrane, the lower the deflection will be for 

a given external load and considering that an equal prestress is applied. It is 

thus important to choose the boundary conditions and supporting structure 

carefully, as they determine the surface geometry (Foster & Mollaert, 2004).  
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The four basic geometrical types are the saddle surfaces, the ridge-and-valley 

shapes, the point-supported approaches and the arch-supported membranes 

(examples in Figure 2.4 and Figure 2.5). Combining these generic shapes allow 

a great variety of hybrid forms.  

PRESTRESS 

For membrane surfaces with a low curvature, the applied prestress should be 

increased in order to limit the deflection under external loading. The loss of 

pretension should be avoided, to ensure that no wrinkling occurs. The prestress 

is chosen high enough to keep the structure sufficiently tensioned over time, 

but low enough to ensure the practical limits of installation. Common prestress 

values lie around 1 kN/m to 5 kN/m for static structures and around 0.5 kN/m 

to 2 kN/m for convertible membrane structures. (Knippers, et al., 2011) 

The warp and weft direction of the membrane are usually aligned with the 

directions of principle curvatures. Depending on the intended surface shape 

and thus the ratio of curvature in the principle directions, the prestress in both 

directions can be chosen equal or different, aiming for a reasonably uniform or 

gradually varying stress distribution. 

ELASTIC STIFFNESS 

Determined by the chosen fibres, the coating, the weaving type, etc. the 

material properties and thus the elastic stiffness of the technical textile can 

vary a lot. More information on the materialization can be found in 

section 2.1.3. 

 

2.1.3 MATERIALIZATION OF THE MEMBRANE 

Modern membranes can cover much larger spans and become more durable. 

This is mainly due to the innovation in materials and production techniques 

used for these prestressed membrane structures. 

WOVEN FABRICS 

The major part of the technical textiles consists of woven fibre yarns, covered 

with a polymer coating. The yarns provide the strength of the membrane, 

whereas the coating mainly protects the yarns from weather and other external 
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influences. The coating also provides shear stiffness and allows welding of 

membrane parts. This coating can consist of multiple layers, like e.g. prime 

coatings, self-cleaning top coatings and bond enhancers. 

The orthogonally woven fibre yarns are usually woven following the plain 

weave pattern, as indicated in Figure 2.10. The warp is tensioned in the 

longitudinal direction, where after the weft (or fill) yarns are interwoven 

through the warp yarns. Therefore the weft direction is slightly more curved 

and often less stiff. (Knippers, et al., 2011) 

When loading one direction, the orthogonal direction will curve and vice versa. 

This phenomenon is called “crimp interchange”. As the membrane’s stiffness 

depends on the applied load ratio, the mechanical behaviour of coated woven 

fabrics is highly nonlinear. Moreover, the high permanent strain and the load 

history dependency complicate the determination and implementation of the 

material properties.  

Figure 2.10. Plain weave pattern; 

warp and weft (or fill) direction 

(Foster & Mollaert, 2004)  
 

The characterisation and modelling of this complex material behaviour is 

explored in other studies (Dinh, et al., 2014) (Dinh, et al., 2015) (Galliot & 

Luchsinger, 2009) (Minami, 2006), but in the scope of this research an 

approximate linear orthotropic plane stress material model is used as proposed 

in (Quaglini, et al., 2008) : 
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Where: 

- ��	 and  �� are the strains in respectively warp (w) and fill (f) 

direction [-]; 

- ��� is the shear strain [-]; 

- ���	and  ��� are the Poisson's ratios in warp and fill direction [-]; 

- �� and  �� are the E-modulus in warp direction and fill 

direction [kN/m²]; 

- ��, ��	and  ��� represent the stresses in respectively warp, fill and 

shear direction [kN/m²]; 

- ���	  is the shear stiffness [kN/m²]. 

 

In this thesis, the E-moduli and Poisson’s ratios are determined through biaxial 

tests, following the Japanese Standard (MSAJ, 1995). The shear stiffness is 

calculated from a bias extension test (Morozov, 2003). More information and 

practical details are described in Chapter 3.  

Although for structural analysis new material tests are usually performed to 

obtain E-moduli, Poisson’s coefficients and shear stiffness, literature 

extensively documents the basic (approximative) mechanical material 

properties of membrane materials, like e.g. in Table 2.1. This allows the initial 

selection of the membrane material that suits best for the intended application. 

Table 2.1. General comparative properties of materials for tensile membrane 18 

 PVC 

coated 

polyester 

fabrics 

PTFE 

coated 

glass 

fabrics 

Silicone 

coated 

glass 

fabrics 

PTFE 

coated 

PTFE 

fabrics 

Tensile strength warp/weft 

(kN/m) 
115/102 124/100 107/105 84/80 

Fabric weight (g/m²) 
1200 

(type 3) 

1200 

(type G5) 
1100 830 

Trapezoidal tear warp/weft (N) 800/950 400/400 960/700 925/925 

Visible light transmission (%) 10-15 10-20 <80 19-38 

Flexibility/crease recovery High Low High High 

How to make the seams 
High 

frequency 
Thermally 

Vulcani-

sation 
Stitching 

Life span (years) >15-20 >25 >25 >25 

Cost Low High High High 

 

                                                              
18   More information on the classification types can be found in (Foster & Mollaert, 2004) 
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Due to the many uncertainties, the material’s safety factor is quite high 

compared to traditional building materials, like steel or concrete. Although no 

consensus is reached on the exact value so far, a safety factor of four on the 

material’s breaking strength is adopted in this thesis (Foster & Mollaert, 2004). 

KNITTED FABRICS 

Besides the popular woven fabrics, also the knitted fabrics gain a lot of interest 

for the use as technical textiles. The coarse and wale direction, as the two 

principle directions of a knitted fabric are called, will be further referred to as 

the warp and weft direction, respectively representing the stiffer and the less 

stiff direction.  Figure 2.11 presents two types of knitting structures, i.e. the 

warp and the weft knitted structures. 

Figure 2.11. (left) warp 

knitted fibres; (right) weft 

knitted fibres 19   
 

Their geometrical properties lead to a fabric that is more elastic and form-

fitting than its woven variant, which allows creating complex three-

dimensional surfaces without necessarily needing to create a cutting pattern. 

Another advantage of knitted fabrics is the ability to tweak the material 

properties by combining different knits and fibres with different strengths. 

Furthermore, different shapes can be knit whereby details, such as pockets or 

structural connections, can be integrated directly into the material (Tamke, et 

al., 2015) (Beccarelli, 2015) (Schmeck & Gengnagel, 2016). 

 

2.1.4 STRUCTURAL COMPONENTS 

MEMBRANE 

The tensile surface is the main structural element of the membrane structure, 

carrying the external loads and transferring them through the boundary 

elements towards the supporting structure (Figure 2.12). The main load 

                                                              
19 Images from http://www.knittingmagic.biz 
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carrying directions of the doubly curved surface are the directions of the 

principle curvatures. In order to provide the highest stiffness in the direction of 

the highest stresses, the warp and weft direction are generally aligned with 

these principle curvatures.  

 

Figure 2.12. Flow of forces 

and membrane stresses in  

a saddle shape (hypar) and in 

a high point membrane 

(conical shape), 

showing the membrane’s 

supporting structure and 

typical panel seams for the 

patterning 20 

 

In order to approximate the three-dimensionally curved surface out of a 

flat membrane, the surface is divided into panels, orienting the warp direction 

along the long edge. The cutting pattern follows the geodesic lines of the 

surface, i.e. the shortest distance between two points of that surface (Figure 

2.13). Hereby shearing of the initially unstressed membrane panel is reduced.  

Each of the membrane panels has to be ‘compensated’, i.e. shrunk down, in 

order to obtain a properly prestressed membrane when it is brought to its three-

dimensional shape. 
21

 This particular ‘compensation’ factor is determined 

experimentally and is usually larger in the weft direction.  

                                                              
20  Images from (Bechthold, 2008) 

21  ‘De-compensation’ can be needed where the membrane is connected to the more rigid 

boundary elements 
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Figure 2.12 shows the parallel alignment of the panels for the hypar shape and 

the radial arrangement for the conical shape. The membrane panels can be 

assembled by means of seams, either stitched, welded, glued, laced or clamped 

(Foster & Mollaert, 2004). 

 

Figure 2.13. 

Non geodesic 

vs. geodesic 

panel 

generation 22 

 

 

MEMBRANE BOUNDARIES 

The boundary edges collect the stresses from the membrane, resulting from 

both the applied prestress and the external loads, and transfer them to the 

supporting structure. The edge can be either flexible or rigid.  

Cables or belts are used as flexible curved boundaries – usually circular arc 

lines – and allow the prestressing of the membrane. 
23

 Often, turnbuckles are 

integrated to adjust the pretension when needed. The lower the curvature of the 

edge cable, the higher the forces will be for the same surface stresses. 

A rigid boundary is for instance an edge where the membrane is (continuously) 

attached to a linear beam element – straight or curved. Examples of efficient 

solutions are circular compression rings (Figure 2.12) or intelligently inclined 

arch segments.  

SUPPORTING STRUCTURE 

The membrane’s supporting structure has to lead the forces in the boundary 

elements towards the foundations. The supporting structure consists of linear 

supports, such as frames and arches, and/or point supports, such as poles and 

cables (Figure 2.12). Also internal cables can be integrated as linear supports, 

like e.g. in ‘ridge-and-valley’ shapes. 

                                                              
22  Image from (Foster & Mollaert, 2004) 

23  Belts have a high permanent strain and should be compensated as well 
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Also here it is important that the supporting structure is oriented optimally to 

reduce the internal forces and the size of the foundations. For example, the 

supporting poles are usually inclined and are accompanied by two cables. 

Again, turnbuckles are added to be able to adjust the membrane’s pretension. 

 

2.1.5 CURRENT DESIGN APPROACH 
24

 

The structural analysis of fabric structures greatly differs from regular building 

typologies due to the interaction of form and force. Whereas regular structures 

have a predefined shape which is loaded during the analysis, the initial 

geometry of fabric structures greatly varies depending on the imposed 

boundary conditions and the applied pretension. Small changes in the geometry 

of the boundary conditions or the pretension of the fabric or cables can lead to 

different geometries and can consequently influence the behaviour of the 

structure under loading. The methodology used for the design of fabric 

structures will thus not only incorporate the analysis under loading but also the 

determination of an equilibrium shape (Beccarelli, 2015) (Lewis, 2003).  

The latter, also called the form-finding, is mostly the first step and takes into 

account the geometric constraints and the imposed pretension in the fabric and 

cable elements. By determining the equilibrium of all combined elements, the 

resulting shape of the structure can be found. Important to note is that this first 

step generally does not take into account for material properties – only the 

geometric stiffness is considered (Hartmann & Katz, 2007).  

Early form-finding was performed through experimental methods, such as soap 

film models and stretch-fabric models. The design of the Munich Olympic 

stadium initiated the development of numerical form-finding methods. The 

three most commonly used form-finding tools that are implemented in these 

software programs are: (i) the transient stiffness, (ii) the force density and (iii) 

the dynamic relaxation method (Lewis, 2008) (Veenendaal & Block, 2012).  

In this thesis, two software packages are used for the design and analysis of the 

selected kinematic membrane structures. The first case study is modelled in 

Easy (Easy Technet ©), which uses the force density method, whereas the 

                                                              
24  Parts of this section are published in (Puystiens, et al., 2016) 
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second case study is modelled in Sofistik 

transient stiffness method.

The Easy software is generally used at the Vrije Universiteit Brussel for the 

form

membrane surface by a discretized cable net. Recent versions of the software 

allow implementing the E

interchange and shear stiffness and prove to be an appropriate too

simulation of the kinematic form

Chapter 3). The equilibrium in each of the nodes of the cable net is calculated 

using the 

��
equations, allowing to calculate the coordinates of the nodes of the cable net 

(Gründig L, 2005)

For the second case s

elements doesn’t allow to use the Easy software, whereas the Sofistik program 

proves an appropriate calculation tool for this case study (see Chapter 5). Here, 

the membrane surface is simulated as a cont

equilibrium calculation occurs through the 

method. 

assumes that:

displacements and 

large

updated after each iteration step and is therefore referred to as the transient 

stiffness matrix or instantaneous stiffness matrix 

Katz, 2007)

a certain applied prestress, no actual material parameters are taken into account

(Lewis, 2008)
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during the form-finding in order to prevent that strains in the membrane would 

lead to stress modifications (Sofistik Manual, 2016).  

After the form-finding process, the correct material parameters are applied to 

the model and an analysis under loading is carried out. In this calculation step, 

i.e. the statical analysis, the material properties are implemented and the 

unstressed lengths are recalculated to match the applied prestress. The forces, 

stresses and strains in each of the links or surface elements are calculated in 

each step of the deployment.  

Based on the results of this analysis, the boundary conditions and the applied 

prestress in the model can be adapted, optimizing the structural response. The 

level of pretension should ensure the preservation of positive stresses in the 

membrane under all load combinations. These first two are thus iterative steps, 

until the desired result is obtained (Figure 2.14). 

The numerical software programs used nowadays integrate the form-finding 

and structural analysis under loading and support different aspects of the 

fabrication process, like e.g. the generation of cutting patterns. This third and 

last step translates the three-dimensional membrane shape into developable flat 

pieces of membrane (see section 2.1.4).  

Therefore, the design process of tensile membranes can be described as a 

complex iterative process, largely based on experience and interdisciplinary 

understanding. 
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Figure 2.20. 

Multihalle, 

Mannheim, Frei Otto, 

1974 30  

Figure 2.21. Plywood 

dome, patent Buck-

minster Fuller 

(a) Korea , 1957 31 

(b) Prototype,  1957 32 

 

Recently, numerical simulation tools allow to design/form-find and analyse 

complex curved geometries which are formed solely through the erection 

process. This leads to new structural principles where e.g. elastic bending 

elements are integrated in the design of membrane structures (Figure 2.22). In 

this case, the prestress and cutting pattern of the membrane will determine the 

shape of the bending element. Both material properties and limitations are 

considered in the numerical model. Defining this behaviour based geometry of 

the bending elements is also referred to as the ‘integral approach’. (Lienhard, 

et al., 2013b) 

 

Figure 2.22. 

Membane 

restrained arc and 

its use as a 

supporting 

structure of a 

military shelter 33    

 

                                                              
30  Images from (SMD Arquitectes, sd) 

31  Image from (Popular Mechanics, 1958, p. 160) 

32  Image from (Buckminster Fuller master index) 

33  Research at the University of Dundee (Burford & Gengnagel, 2004) 
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2.2.2 BASIC PRINCIPLES 

The curved geometries obtained through elastic bending of initially flat beam 

or plate elements are called ‘bending-active’ structures. The variety of 

structural possibilities that can be obtained lead to the understanding that 

‘bending-active structures are understood to be an approach rather than a 

distinct structural type’ 
34

  (Lienhard, 2014).  

Bending the element towards its curved position introduces initial bending 

stresses in the element, i.e. the prestress. Both prestress and external forces 

should be considered when evaluating the elastic limit of the used material. 

Although a linear material law can be applied due to staying in the elastic 

range, the large deformations impose a geometrically nonlinear calculation for 

the bending-active elements.  

MATERIAL CHOICE 

In order to allow the intended curvature of the bending element without 

reaching the material’s limitations, a material with high strength and low 

bending stiffness should be chosen. Of course, stresses resulting from external 

loading should be taken into account as well. The ratio of the material’s 

permissible bending stress �#,%& and Young’s Modulus � is the most important 

variable.
35

 Lienhard proposes minimum ratios based on experience: �#,%&/�	 > 	2.5 for static bending-active structures or �#,%&/�	 > 10 for adaptive and 

kinetic systems.  

Fibre reinforced polymers (FRP) have an excellent ratio of high strength to low 

bending stiffness (if we consider that the compared elements have the same 

section). Furthermore, FRPs show no long term permanent creep deformations. 

As elastic kinetic structures will be discussed in this thesis, glass-fibre 

reinforced polymers (GFRP) are convenient building materials for the 

implemented bending-active elements. The GFRPs’ material safety factor is 

taken at 1.3 for pultruded profiles (for short term load).
36

 (Clarke, 1996) 

(Fiberline Composites A/S, 2003) 

                                                              
34  Cited from  (Lienhard, 2014), p. 13 

35  with σm the bending stress, R for ‘resistance’ and k for the ‘characteristic value’ 

36  This value is composed out of different partial safety factors 
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GEOMETRIC NONLINEARITY 

A system behaves nonlinear when the resulting displacements and stresses are 

not changing proportionally to the applied force. The stiffness matrix �) * 
varies with the actual deflections.  

�) * ∙  = " 
( 2-2 ) 

 

Two main types of nonlinearities can be distinguished: (i) nonlinear material 

behaviour and (ii) geometric nonlinearity. As for bending-active structures the 

elements are elastically deformed, no material nonlinearities are taken into 

account and thus only the geometric nonlinearity will be considered for the 

bending elements.  

For a geometric nonlinear study, the equilibrium of the structure is calculated 

on the deformed system. Incremental deformation of the structure implies thus 

an incremental change of the element stiffness matrix.  

Next to the elastic stiffness matrix �,, also the geometric stiffness matrix �- 

and the initial displacement stiffness matrix �. contribute to the overall 

structural stiffness, called the tangent stiffness matrix �/. 

0�, +	�. + �-2 ∙  = " ( 2-3 ) 

 

This additional portion of the stiffness depends on the initial load and the 

geometry of the structure. The geometric stiffness is mainly controlled by the 

normal forces in the structure, where generally tension causes an increase in 

stiffness and compression a decrease. The initial displacement stiffness, on the 

other hand, is related to the deformation of the system. The elastic stiffness 

remains constant through the deformation process.  

The stresses in the bending elements that are present before any external 

loading is applied are called the “residual stresses” and are, for example, 

induced by the applied prestress and the permanent stresses from the initial 

bending.  (Lienhard, 2014) 
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BENDING THEORY 

The Euler-Bernoulli beam theory is known as the classical beam theory and 

states that the bending moment is directly proportional to the beam’s (local) 

curvature introduced by the applied load:  

 13)45* =
67645 = −8)45*� ∙ 9  ( 2-4 ) 

With 

- 45 the position measured along the arc length [m]; 

- 3)45* the radius at a position x0 [m]; 

- 8)45* the bending moment at a position x0 [kNm]; 

- E the E-modulus [kN/m²]; 

- 9 the inertia moment [m
4]; 

- 7 the slope of the beam at position x0. 

 

The Euler-Bernoulli model assumes that the cross section of the beam remains 

plane after deformation and normal to the deformed beam axis. It is proven 

that this Euler-Bernoulli theory is a good approximation for very slender 

beams and is thus a valid model for the design and analysis of bending-active 

elements.  

One of the approaches of the elastica 
37

 describes the obtained curve by 

minimizing the strain energy resulting from the elastic bending of the element. 

The total strain energy is proportional to the local curvature (Emery, et al., 

1991) (Levien, 2008) (Lienhard, 2014): 

�;�ĸ)45*� = 12= �9 ∙>
5 ĸ)45*²645 ( 2-5 ) 

 

With 

- �;  the total bending energy [J] 

- ĸ)45* the local curvature at a position x0 [1/m]; 

- E the E-modulus [kN/m²]; 

- 9 the inertia moment [m
4]; 

- @ the length of the deformed beam [m]. 

 

                                                              
37  The elastica is the exact shape of the deflection curve of a flexible member (Fertis, 2006) 



Chapter 2 – Literature review and basic principles 

34 

The elaborated analytical calculation of the solution will not be discussed. In 

this thesis, a nonlinear Finite Element Approach will be adopted for the form-

finding of the bending elements with a minimum of bending energy.  

Integrating Hooke’s Law (� = � ∙ �) and the Hak formula (� = 8 ∙ )A/2* 9⁄ ) in 

the Euler-Bernoulli beam theory, allows to derive strains and stresses in the 

bending element: 

13)45* = −8)45*� ∙ 9 		 ; �)45* = � ∙ A2 ∙ 3)45*		 ; �)45* = A2 ∙ 3)45* ( 2-6 ) 

 

With 

- �)45* the stress at a position x0 [kN/m²]; 

- A the thickness/diameter of the section [m] 

- �)45* the strain at a position x0 [-] 

 

 

2.2.3 TEXTILE HYBRIDS 

Common camping tents have used the principle of tensioning the fabric by 

means of bending elements since the mid 1970’s. Up till recently, very few 

membrane structures are known using bending-active elements at a large scale. 

In the last years, intensive research is done on these systems and a number of 

interesting cases have been tested and developed (e.g. Figure 2.23, Figure 2.24) 

Figure 2.23. Marrakech 

Umbrella (ITKE/HFT 

Stuttgart) 38  

 

Figure 2.24. Textile Hybrid 

M1 (ICD/ITKE) 39 

 

Structures combining bending-active elements with prestressed textile elements 

are now referred to as ‘Textile Hybrids’. The inherent flexibility of both 

bending elements and membranes allows them to create innovative designs and 

structurally efficient hybrid systems.  (Lienhard, 2014) 

                                                              
38  Image from (Lienhard & Knippers, 2012) 

39  Image from (Ahlquist, et al., 2013) 
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The integrated bending-active elements can serve both as a supporting 

structure and as a shape-defining structural element. Compared to traditional 

membrane structures, the number of external supports can thus be reduced. 

Furthermore, the membrane’s tension force results in an important increase in 

structural stability under loading and reduces the risk of buckling of the beam 

elements. (Van Mele, et al., 2013) By adding the prestressed membrane, a 

more homogeneous curvature of the bending-active element will be obtained, 

resulting in a more uniform stress distribution. All these advantages allow the 

use of very slender lightweight profiles and thus prove the structural efficiency 

of these Textile Hybrids. (Lienhard & Knippers, 2012) 

Moreover, the bending-active elements can provide solutions to keep the 

membrane tensioned in different phases of a transformation, as is the case in 

the responsive façade system of the Soft House project in Hamburg 

(International BauAustellung (IBA)). The façade shading is composed out of 

parallel strips, where the lower part consists out of twisting membrane strips 

and the upper part consists out of GFRP boards with adaptable bending 

curvature (Figure 2.25). At the top, the membranes are attached to 

cantilevering bending-active boards that act as compound springs to ensure the 

preservation of the vertical membrane prestress in all the twisting positions. 

The horizontal prestress in the membrane strips is maintained by means of bars 

 

 

 

Figure 2.25. Soft House (IBA): 

responsive façade system of 

twisting membrane strips and 

bending-active GFRP boards (i.e. 

a textile hybrid) 40 

                                                              

40 Images from http://www.kvarch.net/ and http://www.iba-hamburg.de/ 



Chapter 2 – Literature review and basic principles 

36 

that push the long edges apart. Also the use of an uncoated fabric, i.e. a mesh 

material, contributes to the ability to remain tensioned throughout the different 

phases of the twisting movement. (Lienhard, et al., 2013c)   

FORMFINDING 

The interaction between the bending elements and the tensioned membrane 

defines the structure’s shape. Therefore, the equilibrium shape of these textile 

hybrids needs to be calculated through form-finding. Intensive research on this 

numerical form-finding process and on the feasibility of integrating bending-

active elements in prestressed membrane structures is performed in the last 

years. (Ahlquist, et al., 2013) (Adriaenssens & S., 2008) (Van Mele, et al., 

2013) (Dieringer, et al., 2013) (Lienhard, et al., 2013) 

Numerical calculation methods include the form-finding of the different 

elements and a structural analysis with inclusion of the external loads. Often a 

cutting pattern (membrane) and an unrolled geometry (bending-active 

elements) generation are included in the numerical model.  

The form-finding of textile hybrids usually occurs in different steps. Firstly, 

the flexible beam elements are deformed elastically and bent to their 

‘intermediate’ shape. Secondly, the membrane is generated on the updated 

boundaries, after which a second form-finding of the hybrid system is done. By 

applying the membrane’s prestress, the bending elements are shaped to their 

final form-found geometry. 

The main difference in the form-finding of the membrane and bending 

elements lies in the simulation of the material behaviour, the definition of the 

beam and surface lengths and the implementation of residual stresses. The 

form-found shape of the bending elements is largely dependent on its 

dimension, whereas the membrane is mostly the minimum surface with certain 

prestress and boundary conditions, independent of its initial section or 

thickness. The form-finding of the membrane excludes the mechanical material 

properties, since the form-finding process is based on the equilibrium of the 

tension forces only. For the bending elements, on the contrary, the mechanical 

properties influence the resulting deformed geometry. Consequently, the 

residual stresses in the bent elements are a part of the solution, whereas for the 

membrane they are an input value. (Lienhard & Knippers, 2015) 
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2.3 TRANSFORMABLE STRUCTURES 

" Charles Darwin has suggested that the problem of survival 

always depends upon the capability of an object to adapt in a 

changing environment. This theory holds true for architecture.“  

(Zuk & Clark, 1970). 

 

Transformability and adaptability are common concepts in today’s 

architectural and civil engineering. Therefore, the idea of designing structures 

not in an end state, but rather in a transition state, is more and more evolving. 

Designing and analysing transformable structures has become an important 

part of this dynamic and rapidly evolving society, aiming for a sustainable 

architecture. (Alegria Mira, 2014) 

 

2.3.1 HISTORICAL CONTEXT 

Throughout history, mobility and transformability have been of big 

importance. Many examples of historical adaptable structures can be listed: 

lightweight nomad tents, the convertible roof of the Roman Colosseum, 

inventions from Francesco de Giorgio and Leonardo da Vinci, etc…  

Only in the 20
th

 century, larger scale transformable structures are developed. 

After World War II, pioneers like Buckminster Fuller and Frei Otto inspired 

researchers to investigate transformable lightweight structures, being either 

mobile structures or deployable at a fixed location. Emilio Perez Pinero is 

recognized as the founder of scissor-like deployable structures (e.g. Figure 

2.26), after which Felix Escrig continued his work. Also principles of paper 

origami are adopted for architectural purposes, resulting in foldable plate 

structures. (Friedman, 2011) 

Currently, again an increased interest in kinematic architecture is observed. 

Researchers and designers aim for structural systems that are not only 

economical, but also take into account environmental and social aspects. 

Hence, engineers and architects contribute towards a development that ’meets 

the needs of the present without compromising the ability of future generations 

to meet their own needs’. (United Nations, 1987) (Friedman, 2011) 



Chapter 2 – Literature review and basic principles 

38 

Figure 2.26. 

Pinero's foldable 

theatre (1961) 41 

 

 

New technologies, innovative materials and advanced numerical methods allow 

for the creation of new structural principles, such as the elastic deformation of 

flexible elements. Nature inspired kine(ma)tics reveals a new design approach, 

studying flexible motion principles instead of rigid body motions. (Lienhard, et 

al., 2010) (Schleicher, et al., 2014) 

 

2.3.2 DIFFERENT TYPES OF KINE(MA)TICS 

According to their morphological and kine(ma)tic properties, deployable 

structures can be classified in four main groups: (i) pantographic or scissor 

structures, (ii) foldable plates, (iii) tensegrity structures and (iv) membrane 

structures (Alegria Mira, 2014).  

Depending on the use of rigid body motion or flexible deformation of its 

elements, different structural principles can be obtained in each category. For 

example, a kinematic façade shading element can be designed using the 

classical origami principle (Figure 2.27) or the principle of curved line folding 

(Figure 2.28).  

Figure 2.27. Classic origami, 

straight line folding 42 

 

Figure 2.28. Curved origami, 

curved line folding 43 

                                                              
41  Images from (Escrig & Sanchez, 2000) 

42  The Al-Bahr Towers, Abu Dhabi (Karanouh & Kerber, 2015) 

43  Image from (Vergauwen, 2016) 
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Referring to the distinction made in Chapter 1, this first example uses the 

kinematic principle, whereas the second example uses a kinetic transformation, 

storing kinetic energy when deforming. 

 

2.3.3 THE USE OF TECHNICAL TEXTILES AS STRUCTURAL ELEMENTS 

OF TRANSFORMABLE STRUCTURES 

When speaking about transformable structures, the material’s weight and 

deformability play an important role. Therefore, lightweight membrane 

materials, with their inherent high flexibility, are very suitable to combine with 

transformable principles. 

Common principles of deploying membrane structures are shown in Figure 

2.29. Instead of using cables, the membrane can also be gathered by means of 

folding mechanisms. The presented folding approaches demonstrate that the 

membrane is often only tensioned in its fully unfolded state, causing 

instabilities under e.g. wind loading in the intermediate states which can thus 

lead to failure of the membrane.  

 

Figure 2.29. Basic 

principles of convertible 

membrane structures:  

(i) Rolling,  

(ii) Parallel gathering,  

(iii) Circular gathering,  

(iv) Central gathering 44 

 

EXAMPLES 

The large Umbrellas (26 x 26 m each) for the Medina Haram Piazza in Saudi 

Arabia are one of the examples where a membrane is tensioned in a deployable 

structure to obtain a structurally efficient and lightweight transformable 

                                                              
44  Images from (Knippers, et al., 2011) 
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shading system. However, as can be seen in Figure 2.30 (left), the membrane 

loses its pretension from the moment that the umbrellas are folded. Therefore, 

these membrane structures are only stable in their fully deployed state. 

Figure 2.30. 

High-tech 

deployable 

umbrellas in 

Medina (SL 

RASCH) 45   

 

Another interesting example is the Convertible Membrane Roof in Switzerland 

that covers a 50 m long pedestrian road. The corner points of a weave-shaped 

(i.e. parallel ridge-and-valley lines) are attached to a rail system to allow the 

membrane to be opened and closed. Also here it is clearly visible (Figure 2.31 

(right)) that the membrane is only tensioned in its fully retracted state. 

Figure 2.31. 

Convertible 

membrane roof 

in Switzerland 

(Kugel 

Architekten) 46 

 

Not only for architectural applications, but also for example in aerospace and 

automotive industry, the possibilities and potential of using tensioned 

membranes are explored.  

The GINA (Geometry and functions in ‘N’ Adaptions) Light Visionary Model 

is a concept car designed and built by BMW, using a stretchable fabric 

material as a skin (Figure 2.32). The PU-coated Spandex skin is tensioned over 

                                                              
45  Images from https://senatus.net 

46  Images from http://www.str-ucture.com 
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a transformable aluminium frame with flexible carbon struts, whereby the car 

body can change its shape according to the surrounding conditions, driving 

speed and personal preferences.  

 

Figure 2.32. 

GINA Light 

Visionary 

Model from 

BMW 47 

 

All the examples highlighted in this section are characterised by their capacity 

to transform according to the users’ needs or environmental conditions. 

However, the limitation of these structures is that the membrane is only 

tensioned in their fully deployed state, which implies that intermediate 

positions are not structurally stable. 

This brings us to the main research question of this thesis, viz., how can 

membranes be integrated into kinematic structures, remaining properly 

tensioned in all the phases of the intended deployment range?  

The next section introduces the two case studies that will be designed and 

analysed in this thesis with respect to this research question. 

  

                                                              
47  Images from http://www.bmwgroupdesignworks.com/ 
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2.4 KINEMATIC FORM-ACTIVE STRUCTURES 

As stated, up till now, most of the convertible membrane structures, lose their 

prestress from the moment the structures is retracted and are thus only 

structurally stable in their fully deployed state.  

Little research is conducted on these so-called kinematic form-active structures 

that remain stable during the deployment and that can thus be used in different 

configurations. One example is given below.  

A scissor-hinged retractable membrane is presented in  (Van Mele, et al., 2010) 

which is stable in different configurations. By means of actuators, the tension 

in the membrane is adapted in function of the applied opening angle.  

 

 

Figure 2.33. Scissor-

hinged retractable 

membrane – stable in 

different 

configurations 48 

 

Another example where the structural choices assure that the designed 

membrane remains pretensioned in the different configuration is the Soft 

House project in Hamburg (more information in section 2.2.3). 

The work described in this thesis continues on this research topic and 

investigates under which conditions the membrane can be properly tensioned in 

the different phases of its deployment. Two case studies are elaborately 

                                                              
48  Images from (Van Mele, et al., 2010); note that in the render arches are implemented at 

the ridge lines (in contrast to the line drawing) 
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RIGID HINGED BOUNDARY KINEMATICS:  

DESIGN THROUGH A PARAMETER STUDY  

 

(CASE STUDY 1 – CS1) 
 

 

 

 

 

 

 

 

The first case study consists of a membrane that is tensioned in a 

transformable frame made of hinged elements. Opening and closing the frame 

results in (un)folding the membrane. As the deployment is established through 

the rotation of rigid angulated beam elements that are interconnected with 

hinges, this case is classified under ‘rigid hinged boundary kinematics’.  

In this chapter the design and preliminary analysis of this first case study is 

presented, using the results of an in-depth parameter study on a numerical 

model. Varying the selected parameters allows improving the structural 

behaviour of the membrane in the different phases of the deployment. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Parts of this chapter are published in the journal paper:  

Puystiens, S., Van Craenenbroeck, M., De Laet, L., Van Hemelrijck, D., 

Van Paepegem, W., Mollaert, M., Integrated analysis of kinematic form 

active structures for architectural applications: Design of a representative 

case study, Engineering Structures, Vol. 124, pp. 376-387, 2016 

http://dx.doi.org/10.1016/j.engstruct.2016.06.035 
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3.1 CASE STUDY 1 – GENERAL DESCRIPTION 

The first case study investigates the use of a tensioned membrane in a foldable 

frame (Figure 3.1). The transformable elements can for example be used as a 

kinematic shading element of a building façade or as a part of a deployable 

dome, as was the case in the Contex-T project (see section 3.1.1).  

 

Figure 3.1. CS 1 - Foldable membrane rhomb: (left) Numerical model, Chapter 3; (right) 

Experimental model, Chapter 4 

 

Here, the transformation of the frame is realized through the rotation of rigid 

angulated beam elements, which results in the folding and unfolding of the 

membrane. As the rotation of the frame concerns a rigid body motion, the 

transformation only introduces the movement of the membrane’s corner points, 

but no further interaction exists between the supporting structure and the 

membrane (as is clearly the case in the second case study). 

Another application of this deployable unit is for example the composition of a 

parallel folding retractable roof, consisting of staggered triangular units (see 

Figure 3.2 (left)). As a variation, rectangular instead of triangular membrane 

panels could be combined to form a linear folding system tensioned in a scissor 

structure (Figure 3.2 (right)). Nevertheless, in this thesis only the triangular 

configuration is studied in detail.  

To allow the use of these transformable membrane structures in different 

configurations, the membrane should remain structurally stable, both while 

deploying and in each state under the applied external loading. Therefore, one 

of the main questions in this feasibility study is how we can adapt the 

properties of the structure to ensure that the membrane remains properly 

tensioned within the intended application range.  
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Figure 3.2. Examples for retractable roofs: (left) parallel folding of triangular units; (right) 

Linear foldable system with scissor hinges 49 

 

 

3.1.1 BACKGROUND: THE CONTEX-T PROJECT 

The tested case study is derived from the retractable dome system designed 

within the framework of the Contex-T project. 
50

 The concept of the retractable 

system is based on the principles of rigid origami, consisting of several 

modules that can rotate radially around a central axis. Instead of foldable plate 

elements, this dome consists of a steel frame of angulated beams wherein a 

membrane is tensioned. Each of the eight segments of the dome is an assembly 

of ‘triangular’ membrane parts welded together to form a rhomb. Adjustable 

belts are used to attach the membrane to the frame. Opening and closing the 

dome, results in the (un)folding of the rhombi.  

After a numerical analysis in Easy 2010 (©Gmbh Technet – which uses the 

force density method, see section 2.1.5), a first real-scale prototype was built 

by one of the Contex-T partners, IASO, in August 2010 (Figure 3.3). 

 

 

Figure 3.3. Retractable dome system with a tensioned membrane built in 2010 (Contex-T) 

                                                             
49  Images from (Mollaert, et al., 2010) 

50  EU-funded Integrated Project Contex-T ‘Textile Architecture - Textile Structures and 

Buildings of the Future’ 
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Although the feasibility of the underlying concept was proven, the structural 

stability of the structure was insufficient during the folding process. The form-

finding of the membrane was done in a fully deployed state, i.e. the open 

reference state. Due to the low prestress in this reference state, the membrane 

lost tension when closing the dome, leading to wrinkles (see Figure 3.4). The 

foreseen springs and adjustable belts at the corners of the membrane were not 

sufficient to keep the membrane pretensioned during the folding of the dome.  

 
 

Figure 3.4. Prototype of the retractable dome system: wrinkles appear from the moment 

the dome is slightly closed (Contex-T) 

 

Since the membrane was not properly tensioned in the different states of the 

deployment and did thus not fulfil the preconceived requirements, further 

research is needed. An in-depth study of one segment, i.e. two triangular 

membrane panels that fold along their central axis, is carried out. The study 

consists, on the one hand, of a parameter study of a numerical model to come 

to an improved design of the structure and, on the other hand, of an 

experimental validation of this model (which is discussed in the next chapter).   

 

3.1.2 DESCRIPTION OF THE CASE STUDY 

To allow an in-depth analysis of the structural behaviour during the 

deployment, one foldable unit is selected from the deployable dome. The 

investigation of this case study focuses on the structural behaviour of the 

membrane and the analysis of the foldable frame, as constructed for the 

Contex-T project, was not taken into account in this stadium (see Figure 3.5).  
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Figure 3.5. Different opening angles of the  

triangular membrane unit 

Numerical model ▲ 

Experimental model ► 

 

 

 

 

Two identical ‘triangular’ membrane panels are cut from a flat membrane, 

where each of the membrane boundaries has a small cut-out along the edge, 

obtaining a sag of 5% of the length (Figure 3.6). The circumscribing isosceles 

triangles have a long edge of 6 m and an apex corner of 120°. The two panels 

are welded together along their long side, aligning the warp direction with the 

long side of the triangular unit and the weft direction from the base towards the 

top points (Figure 3.6).  

For the comparison with the experimental model, this orientation of the yarns 

is taken as a reference. The triangular units are namely cut out in one piece and 

the warp direction is aligned with the length direction of the membrane roll, 

which has a width of 3 m. Nevertheless, in section 3.3.3.7, the configuration 

with the weft direction following the seam line and a 45° rotated configuration 

is investigated.  
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It should also be noted that the pattern, shown in Figure 3.6, represents the 

theoretical geometry, which is only used as an underlay for the assembly of the 

three-dimensional numerical model. The actual practical cutting patterns, i.e. 

the pattern used for the experimental investigation, are compensated after a full 

numerical analysis and in function of the real-scale model (see Chapter 4).  

 

 

Figure 3.6. Theoretical geometry of two flat ‘triangular’ membrane panels;  

to be welded to form a rhomb. 

 

Along the boundaries, polyester belts are connected to the membrane, attaching 

the membrane to the anchorage points. The two lower points of the assembly 

are fixed, whereas the top points can move to allow opening and closing of the 

rhomb (Figure 3.7).  

Deploying the rigid frame of the Contex-T dome imposes a circular movement 

of the top points. In this study, this geometrical constraint is removed to allow 

an adapted and improved control of the top points to deploy the membrane 

structure (see section 3.3.2).  In the experimental set-up a transformable frame 

is constructed to move the points horizontally; the whole is attached to a crane 

to allow the vertical movement. In the numerical model, the free top points are 

controlled individually (Figure 3.7). 

For this case study, the range of opening and closing of the membrane will be 

fixed from 10°, i.e. the ‘closed state’, until 90° or the ‘open state’. 
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Figure 3.7. Three-dimensional deployable rhomb: (left) experimental model 51;  

(right) numerical model 

 

 

3.1.3 MATERIALS AND THEIR PROPERTIES 

PVC-COATED POLYESTER FABRIC 

The membrane material used for this case study is a PVC-coated polyester 

fabric provided by Sioen Industries. 52  The type T2103 coated textile has a 

thickness of 0.83 mm and a mass density of 900 g/m
2
. The fabric has a breaking 

strength of 4000 N/5 cm in both warp and weft direction.  

To determine the E-moduli in warp and weft direction, the shear modulus and 

the Poisson’s coefficients, both uniaxial and biaxial tests are performed at the 

VUB. Figure 3.8 shows the biaxial test set-up that allows loading the cruciform 

specimens (Figure 3.9) at a variety of load ratios. 

The sequence of the load ratios that is applied on the specimens is based on the 

prescriptions of the Japanese MSAJ standard (Membrane Structures 

Association of Japan, 1995). Up till now, this standard is one of the few and 

probably the most well-known and officially recognized documents concerning 

                                                             
51  More information on the experimental model can be found in Chapter 4 

52  Data sheet available at http://www.sioen.com / (Sioen Industries, sd) 
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the methodology for determining the elastic constants of membrane materials 

through biaxial testing. It provides guidelines on the shape and dimensions of 

the cruciform specimens, on the biaxial test protocol and on the derivation of 

the material parameters from the test results. 

 

 

 

Figure 3.8. 

Biaxial machine 

with DIC set-up 

Figure 3.9. 

Cruciform 

sample 

 

The MSAJ prescribes a maximal applied load of 25% of the ultimate tensile 

stress (UTS), taking into account a safety factor of 4. The lower load limit 

should ensure that no wrinkling occurs, without applying excessive stresses 

that affect the specimen. For this test set-up a lower limit of 2.5% of the UTS 

is applied. According to the MSAJ, one biaxial test contains the following 

series of load ratios, loading the warp and weft direction in the following 

proportions: 1/1, 1/2, 2/1, 0/1 and 1/0. In between each load ratio a 1/1 load 

ratio is applied three times, i.e. three load cycles of loading and unloading, to 

allow the membrane’s weave condition to resettle.  

Recent studies investigate the interpretation of test results and the 

determination of elastic constants based on this MSAJ standard (Bridgens & 

Gosling, 2010) (Uhlemann, et al., 2011), leading to valuable additional 

recommendations. Furthermore, in Europe, a harmonisation of the available 

testing procedures for membrane materials is ongoing as a preparation of an 

implementation in the future Eurocode for the Structural Design of Tensile 

Membrane Structures (Stranghner, et al., 2016). Based on these recommen-

◄ ▲ 
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dations, the MSAJ test protocol carried out for the determination of the 

material parameters in this thesis was slightly adapted. Figure 3.10 shows the 

load protocol that is used for testing the cruciform T2103 specimens with a 

central area of 30 by 30 cm. 

 

 

Figure 3.10. Biaxial test protocol based on the MSAJ standard 53 

 

By means of the Digital Image Correlation (DIC
54

) technique the strain 

evolution in both warp and weft direction is measured continuously during the 

biaxial test. The resulting strains in the centre of the cruciform specimen 

together with the corresponding force allow to calculate the elastic constants 

(��, �� , 	��� and ���). 

One of the methods prescribed by the MSAJ to calculate the four material 

parameters is the least square minimisation method, fitting a linear elastic 

orthotropic material model to the stress-strain results of the performed biaxial 

tests. This is done by minimizing the sum of the squared errors, either by 

minimizing the stress term or the strain term.  

The final material properties are given in Table 3.1 and are an average of the 

values from the stress and strain minimization method. More information on 

the formulas and methods of both stress and strain minimization can be found 

in Appendix A.  

                                                             
53  This slightly adapted version of the MSAJ standard will further be referred to as ‘the 

MSAJ protocol’. 

54  More information on the DIC measuring technique is given in chapter 4, section 4.1.2 
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Note that the shear stiffness G is calculated through a uniaxial bias extension 

test (Morozov, 2003), loading the sample under an angle of 45° compared to 

the warp direction (see Appendix A).  

 

Table 3.1. Material properties of the used polyester-PVC fabric (average of stress and 

strain minimization 55 

��	(�	/�) ��	(�	/�) ���	(−) ��� 	(−) ��� 	(�	/�) 

766 659 0.37 0.32 22 

 

 

POLYESTER BELTS 

The boundary elements connecting the membrane to the supporting structure 

are polyester belts (Loadlok 1506 
56

) with an ultimate strength of 60kN. The 

used belts have a thickness of 2.3 mm and a width of 50 mm.  

Measuring the strain of the belt and the applied load during a uniaxial tensile 

test, allows to calculate the stiffness of the belts. The linearized E-modulus of 

these polyester belts is 4520 MPa or 520 kN (=EA).  

  

                                                             
55  As this case study is numerically modeled as a cable net (see section 3.2), the membrane 

stiffness is implemented in kN/m and the belt stiffness in kN 

56  Data sheet available at http://www.loadlok.com/ (Loadlok)  
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3.2 NUMERICAL MODEL 

The search for advanced material models form an important part of current 

research, as mentioned in Chapter 2. Even though, the research conducted 

within this thesis uses the linear elastic orthotropic material model, due to its 

simplicity and the fact that the above named properties can be easily derived 

through uniaxial and biaxial tests. Moreover, using the existing methods and 

resources will indicate the viability of KFAS within the existing framework. 

The computational simulation of this case study is performed in Easy 2014 and 

later on in Easy 2015 (© Gmbh Technet, (Easy)), which is developed to design 

and analyse membranes and other tension structures. By means of the force 

density method forces, stresses and strains in each of the links are calculated – 

both in the form-finding and in each step of the deployment (see section 2.1.5).  

In this Easy simulation, the membrane is approached by a discretized cable net 

with a mesh size of 5 cm (i.e. with an initial membrane link length of 5 cm). 

The two perpendicular link directions represent the warp and weft direction of 

the membrane (Figure 3.11). 

 

 

Figure 3.11. Detail of the discretized cable net model in Easy, indicating the link 

orientation and their connection to the boundary belts 57 

 

The membrane links are connected to the boundary links by means of the so-

called T-elements. The endpoints of the membrane links are constrained to lie 

                                                             
57 Note that in section 3.3.3.7 also other fiber directions are evaluated 
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on a fixed proportional distance between the two endpoints of the boundary 

segment on which it lies. The membrane is thus assumed to be fixed onto the 

boundary belt (Easy Help Function, 2015). 

The extended version of Easy allows implementing the shear stiffness of the 

membrane and the effect of crimp interchange, being the interaction between 

warp and weft direction. This extended model was not available yet when the 

numerical model of the Contex-T project was established, which can influence 

the accuracy of the results obtained back then.  

The material model itself is a linear elastic model, using one E-modulus in 

warp direction, one E-modulus in weft direction, a shear modulus and a crimp 

stiffness (=	�����		��			�����, which implies that the reciprocal relationship is 

fulfilled). Using the linear elastic relation implies that no initial permanent 

deformations are taken into account, which are highly nonlinear.
 58

 

Nevertheless, the iterative calculation approach that is adopted in Easy allows 

to account for geometrical nonlinearities.  

In Chapter 2, the current design approach of membrane structures is illustrated. 

As the kinematic deployment also introduces changes in the stress distribution 

of the membrane, this step is applied and treated as an external loading.  

Analysing the stress pattern while (un)folding the rhomb to a fully closed and a 

fully open state gives an insight into the structural response of the membrane 

and can serve as an indication of possible paths of improvement. The aim of 

the parameter study, discussed in the next section, is to obtain a more 

homogeneous stress distribution, where the loss of prestress is minimized, high 

stress concentrations are avoided and a structurally stable construction is 

attained in each of the deployment states. The numerical model allows 

investigating the influence of different parameters on the structural response. 

  

                                                             
58  This has to be kept in mind when comparing the numerical results to the ones obtained 

through the experimental model.  
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3.3 A PARAMETER STUDY OF A NUMERICAL MODEL  

3.3.1 THE NEED FOR A PARAMETER STUDY 

Conventional membrane structures remain in the same position and can thus be 

called static structures. One configuration is considered in which the form-

finding is conducted, often with a uniform prestress. The overall analysis is 

generally performed with one set of material parameters, derived through the 

MSAJ, where afterwards, wind and snow actions can lead to changes in 

geometry and stress distributions. 

In this case, a kinematic structure is designed, where the kinematic movement 

of the structure already implies a certain change in stress distribution in the 

membrane. In this first part of the research (i.e. the parameter study), only the 

structural response of the kinematic movement is studied, without considering 

external loading. Considering this, a set of parameters is selected to investigate 

how varying these parameters can improve the resulting stress and strain 

distributions in the membrane during all phases of the intended deployment 

range. A numerical model allows validating the influence of each of the 

parameters. 

 

3.3.2 STUDIED DESIGN PARAMETERS 

The following sections describe the influence of a set of parameters on the 

stresses and the equilibrium shapes of the studied KFAS. 

REFERENCE SHAPE FOR FORM-FINDING 

As stated before, the design of fabric structures starts with the form-finding. In 

the case of kinematic fabric structures it is important to choose an appropriate 

reference shape to conduct the form-finding, as this will have an important 

influence on the structural behaviour of the structure. 

The question thus arises if the form-finding should preferably be performed in 

a closed state, i.e. at an opening angle of 10°, and then opened gradually until 

it is fully deployed. Starting from an intermediate position (e.g. the 50° 

opening) or from the fully opened position (90°) as a form-finding position 

results in more preferable stress configurations throughout the deployment. 
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When the form-finding is conducted starting from a less optimal geometrical 

configuration of the kinematic system, too high stresses or a loss of prestress 

can occur in other configurations. As this latter means a loss of structural 

stability, a KFAS should be designed such that the fabric remains prestressed 

in the selected range of configurations of the structure.  

INFLUENCE OF THE PRESTRESS RATIO 

Furthermore, the level of prestress and the ratio between the prestress in warp 

and weft direction have to be specified. Static form-active structures are 

usually designed with a uniform prestress, chosen to be capable of 

withstanding the external loads. For kinematic membrane structures, however, 

besides the external loads on the structure, also the transformation will 

introduce changes in the stress pattern. Therefore, it is important to choose the 

prestress level such that no loss of prestress or high stress levels occurs during 

the deformation, while aiming for a uniform stress distribution.  

PATH OF DEPLOYMENT 

Next to these design considerations, there is the question of how to apply the 

kinematic aspect of the structure into the design process. As the change of 

shape influences the stress distribution in the membrane and forces in the belts, 

the analysis of the deployment path of the structure should be conducted on the 

same level as the analysis under loading. It should be investigated whether the 

circular movement of deployment of the rhomb (as e.g. in the Contex-T dome) 

can be adapted to obtain a structurally more efficient deployment path. An 

example of how this can be achieved is discussed in section 3.3.3.4. 

Similar to the other studied parameters, the actual transformation of the 

structure should be designed to optimally use the fabric without causing major 

stress increase or reduction. 

MATERIAL PROPERTIES FROM TAILORED BIAXIAL TEST 

However, certain variations in stresses and strains between different 

configurations will be impossible to prevent. It is important to approximate 

(numerically) the real structural behaviour and thus to design and analyse the 

structure with a good approximation of the material parameters and a 

sufficiently detailed material model. As stated before, current research 
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investigates the possibilities of using more complex material models and new 

testing methods for fabrics. In this thesis however, we designed the structure 

within the existing framework, with a simple linear elastic material model 

including crimp interchange and shear, in order to quantify and illustrate the 

importance of using a good approximation of the material properties. 

The main topic of investigation is whether we can tailor the biaxial test 

procedure in order to approximate the real structural behaviour. Contrary to 

unpredictable external loads, for the kinematic movement of the rhomb, each 

different configuration results in a certain ratio of membrane stresses in warp 

and in weft direction. Performing biaxial tests adapted to these observations, 

can lead to more appropriate material parameters (i.e. adapted to the specific 

structure), this can bring us closer to the real structural response of the 

kinematic structure during deployment. 

ORIENTATION OF THE FIBRE DIRECTIONS 

The fibre direction of the membrane in the experimental set-up is fixed in 

order to reduce the amount of welds. The long sides of the triangular 

membrane panels are aligned with the warp direction, i.e. the longitudinal 

direction of the roll (as the width of the roll is only 3 m). In practice, other 

orientations are also possible by welding different membrane parts together. 

Therefore, in this numerical study also the influence of different fibre 

orientations is investigated. 

 

3.3.3 RESULTS 

The studied foldable rhomb system serves as a case study to investigate the 

influence of the parameters that are discussed in the previous section.  

In a first run, the form-finding is performed at an opening angle of 10°, next 

the membrane is opened stepwise to the fully opened configuration of 90°, 

being the maximum opening angle considered in this study. The deployment is 

established following a circular opening path, rotating around the axis between 

the two fixed points (see Figure 3.12). The initial prestress is set at 1 kN/m in 

both warp and weft direction. 
59

 Furthermore, the material parameters used for 

                                                             
59  Note that this is rather high for such a small deployable prototype 
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the preliminary analyses are derived from the MSAJ biaxial test results, taking 

into account all five predetermined load ratios (see section 3.1.3 and properties 

in Table 3.1). First the structural response of the membrane of this first run is 

described, after which the influence of changing different parameters is 

discussed. 

3.3.3.1 GENERAL FINDINGS 

Unfolding the rhomb causes a particular structural response. As the top points 

move outwards, the distance between a top and the middle of the belt, i.e. the 

welding line connecting the two panels, increases (Figure 3.12, ��� > ���). 

 

 

 

Figure 3.12. General findings when unfolding the rhomb: 10 versus 90 degrees 
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This results in an increase in stresses in the weft direction in the zones below 

the top points, where the membrane is attached to the belts. This also leads to 

an increase in curvature of the lower belt and, as a consequence, the stresses in 

warp direction increase along the lower belt. Due to the high stresses in weft 

direction at the top corners, the angle between the boundary belts decreases 

from 100° towards 84° (Figure 3.12), which leads to a loss of stresses in warp 

direction in the top corners and consequentially to wrinkling.  

Figure 3.13 summarizes the change in shape and geometry of the membrane 

panels throughout the deployment. The presented area is the membrane surface 

of one triangular unit, as indicated in the figure. The height represents the 

distance between a top point and the middle of the lower sag and the width is 

the distance between the middle of the two side belts (see Figure 3.13). 

    

 Area (m²) Height (mm) Width (mm) 

10° 2.91 1346.1 2833.9 

30° 2.92 1347.0 2831.7 

50° 2.91 1350.5 2822.5 

70° 2.91 1364.2 2803.3 

90° 2.90 1397.4 2763.3 

Figure 3.13. Geometry changes throughout the deployment 

 

The height elongates with increasing opening angle (~4%), whereas the width 

shortens (~2.5%). Looking at Figure 3.14, it can be concluded that the variation 

rate also increases towards the 90° opening. The total area of the membrane 

remains more or less the same (note that its measured by creating a surface 

patch from the cable net model, which can explain the slight inaccuracies). 

All these geometrical changes, together with the occurring crimp interchange, 

result in zones of highly varying stresses, indicating that the initial settings lead 

to undesirable results. Hence, the initial parameters will be modified to generate 

more desirable results. This will be discussed in the following sections. 
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Figure 3.14. Increase in height (H/H1) and decrease in width (W/W1)  

(as indicated in Figure 3.13) with increasing opening angle 

 

3.3.3.2 INFLUENCE OF THE PRESTRESS RATIO 

The initial pretension of the structure during form-finding can be chosen in 

function of the desired structural response of the numerical model when 

transforming the rhomb. Starting from a pretension of 1 kN/m in both warp and 

weft direction, the stresses in the membrane after deploying from a fully closed 

state (10° as a form-finding position) towards its fully deployed state (90°) 

increase in weft direction, while (mostly) decreasing in warp direction. When 

approaching the 90° opening state, a loss of tension occurs in the warp 

direction in a large part of the top regions of the triangular panels. 

Accordingly, the pretension at form-finding is increased to 2 kN/m in the 

horizontal (warp) direction and held at 1 kN/m in the vertical (weft) direction. 

Comparing the 50° opening angle (Figure 3.15) shows that increasing the 

pretension in warp direction results in a more favourable and uniform stress 

distribution compared to the 1 kN/m prestress in both warp and weft direction. 

At a fully opened state of 90° (Figure 3.16) the benefit of increasing the 

pretension becomes less pronounced, but still a slight improvement is obtained. 

A small increase in stresses in warp direction can be noticed, whereas the 

stresses in weft direction decrease slightly.  

Doubling the prestress in warp direction clearly improves the stress 

distribution during deployment; however, the big rotation angle (from 10° till 

90°) should be revised, which leads us to the next parameter.  



Chapter 3 – Rigid hinged boundary kinematics: Design through a parameter study  

72 

 

Figure 3.15. Stresses (kN/m) at 50° opening, starting from a form-finding at 10°:  

(a) warp direction; 1 kN/m prestress. (b) warp direction; 2 kN/m prestress in warp 

direction, 1 kN/m in weft direction. (c) weft direction; 1 kN/m prestress. (d) weft 

direction; 2 kN/m prestress in warp direction, 1 kN/m in weft direction. 
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Figure 3.16. Stresses (kN/m) at 90° opening, starting from a form-finding at 10°:  

(a) warp direction; 1 kN/m prestress. (b) warp direction; 2 kN/m prestress in warp 

direction, 1 kN/m in weft direction. (c) weft direction; 1 kN/m prestress. (d) weft 

direction; 2 kN/m prestress in warp direction, 1 kN/m in weft direction. 

 

Note that for the presentation of the stresses in the links the T-elements, i.e. 

the links connecting the membrane to the boundary elements, are not 

incorporated. As the lengths of these T-elements can be very small, this could 

lead to incorrect results. Nevertheless, the stress concentrations in the weft 

direction below the top points are way too high.   
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3.3.3.3 POSITION OF FORM-FINDING 

As stated in the previous section, starting the analysis with a form-finding at 

10° opening, results in an untensioned upper area when deploying the structure. 

Increasing the pretension in warp direction already improves this undesirable 

phenomenon, but it proves to be very interesting to consider different starting 

positions for the form-finding of the structure.  

For this study, three options are investigated. The initial form-finding position 

was taken at 10°; now the analysis is also performed starting from respectively 

a 50° and 90° opening angle. In Figure 3.17 the stresses in the membrane are 

visualised for each of the form-finding positions. For each option three 

configurations are presented: opening angles of 10°, 50° and 90°. 

A significant difference is visible between 10° and 50° as a form-finding state: 

the latter shows far more uniform stresses over the different configurations. 

Furthermore, high stress concentrations are avoided when starting from a 50° 

opening state. For example, when starting at 50°, the fully deployed state (90°) 

shows maximum stresses in weft direction of ca. 8 kN/m in the top, being three 

times lower than when starting at 10°, where concentrations of ca. 24 kN/m are 

generated. Also for the warp direction, Figure 3.17 proves that the 50° starting 

position results in a more homogeneous stress distribution over the different 

configurations. It can be concluded that a 50° form-finding stage is preferred 

over the 10° formation. 

Comparing the form-finding at respectively 50° and 90° in Figure 3.17 shows 

that closing the membrane towards its fully closed state increases the stress in 

warp direction, especially in the upper region. Also in weft direction important 

changes can be noticed when closing the membrane. The middle of the upper 

area is locally slightly more stressed, but more important, stress losses are 

noticed in a large zone underneath the upper corners (where the belts meet the 

membrane). Investigating the fully closed state (10°) shows that the situation 

starting from the 90° opening results in less uniform stresses compared to 

starting from the 50° opening.  

For this case study it seems interesting to take the intermediate state (50°) as 

the position wherein form-finding is conducted for further investigation. 
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Figure 3.17. Difference in stress distribution between form-finding at  

10°, 50° and 90°; prestress of 2 kN/m in warp and 1 kN/m in weft direction. 

Note that the colour scales differ for the different opening angles. 
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3.3.3.4 PATH OF DEPLOYMENT 

In the Contex-T demonstrator the membrane is attached to the transformable 

frame. Deploying the frame implies that the tops of the membrane rhomb 

follow a circular path of movement along the axis of rotation. However, this 

opening path results in high stresses in weft direction when opening the 

membrane until its fully open state.  

To avoid this, a so called ‘force-controlled movement’ is applied. This means 

that the upper reaction forces of the form-finding state are rotated in function 

of the desired opening angle. Applying these forces in the top points results in 

the rotation of the triangular panels, keeping the resultant reaction force 

constant (illustrated in Figure 3.18).  

Although the path of movement is very similar (a maximum difference of 

5.7 cm at the top points), the large stress concentrations in the upper corners 

remarkably decrease for the force-controlled deployment.  

 

Figure 3.18. Schematic illustration of the 'force-controlled movement' 

 

Figure 3.19 shows the stresses along one vertical and one horizontal line for 

the force-controlled and the circular movement. Stresses in both warp and weft 

direction are presented for the 10°, 50° and 90° opening. 

Looking at the different opening stages, a more uniform stress distribution is 

obtained for the force-controlled movement. Especially the stresses in weft 

direction are more preferable, varying less than for the circular movement. Due 



Chapter 3 – Rigid hinged boundary kinematics: Design through a parameter study  

 

77 

to crimp interchange and (small) geometrical differences, unfortunately, not 

only the stresses in weft direction decrease, but also the stresses in warp 

direction. When closing the structure, this has no significant consequence. On 

the contrary, opening the rhomb induces a larger zone of very small (tending to 

zero) stresses in warp direction, which is undesirable for the structural 

behaviour and can lead to wrinkles in the top. 

Since opening the structure is obviously more disadvantageous for the 

structure in this force-controlled situation, it could be checked whether the 

force-controlled opening starting from 90° would result in more desirable  

 

 

Figure 3.19. Stresses in warp and weft direction along two lines for force-controlled 

(FORCE) and circular movement (CIRC) 

0 100 

0 

100 
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results. As for the experimental investigation it seemed more interesting to 

investigate both the opening and closing of the membrane, at this point it is 

decided to continue with the 50° opening angle as a form-finding position. 
60

 

Section 3.3.3.6 elaborates more on the sequence of the studied parameters and 

the importance of each of them. 

The practical implementation of this force-controlled movement of a 

membrane structure could be realized e.g. by means of springs or force-

controlled actuators. Up till now, commonly available tools to allow adjusting 

the pretension in the belts and consequently in the membrane are turnbuckles 

and ratchets. More advanced controlling mechanisms could be investigated to 

allow an appropriate automatic regulation (Van Mele, et al., 2010) or, as in this 

case, to allow the force-controlled displacement of the kinematic movement.  

 

3.3.3.5 MATERIAL PROPERTIES FROM TAILORED BIAXIAL TEST 

The MSAJ prescribes the dimensions of the cruciform specimen to be tested, 

the test protocol that needs to be followed and the calculations to be conducted 

in order to define the elastic constants of the tested material. The test protocol 

implies that the structure is fully solicited. Taking into account a safety factor 

of 4 means that the maximum loading during the biaxial testing equals 25% of 

the ultimate loading, as described in section 3.1.3. The series of load ratios 

implied by the MSAJ goes from an equal warp/weft loading towards the 

situation where one direction is fully loaded while the other direction remains 

tensionless. The prestress is set to 2.5% of the UTS in both warp and weft 

direction, often implying an equal prestress in both directions. 

These assumptions can be justified if the structure is subjected to an (almost 

unpredictable) external loading. However, a specific action is prescribed for 

the analysis of the kinematic movement, leading to a well-defined stress 

distribution. In some cases it will thus be possible to determine a defined 

sequence of load ratios (or a load ratio that is clearly dominating), mimicking 

the (un)folding of the structure. Furthermore the numerical model can illustrate 

that the structure is not at all solicited until 25% of the UTS in none of the 

phases of the deployment. It is also possible that the previous parameter study 

                                                             
60  In section 3.3.3.6 a number of cases starting from an opening angle of 90° are investigated 
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indicates that another prestress ratio should preferably be applied, as was the 

case in this structure.  

This example shows the importance of the performed material tests. When 

applying a 2/1 prestress ratio (at an opening angle of 50°), the stresses in the 

membrane tend towards a 2/3 load ratio for the fully deployed structure and to 

a 3/1 ratio for the fully closed state. For the 10° opening state, stresses of 

3.0 kN/m in warp direction and 1.2 kN/m in weft direction arise. The 90° 

opening results in 4.2 kN/m in warp and 6.1 kN/m in weft direction. This 

information allows us to generate a tailored biaxial test profile that mimics the 

structural behaviour of the three-dimensional deployable rhomb. 
61

  

Instead of following the set of ratios as described in the MSAJ, an alternation 

of a 3/1 and 2/3 ratio is simulated, starting from a 2 to 1 kN/m prestress state 

and taking into account the stress levels present in the membrane during the 

deployment.  

Figure 3.20 shows the loading profiles where the applied stress is plotted in 

function of the time. Underneath, the strain evolution in both warp and weft 

direction, measured through DIC, is plotted for both the MSAJ protocol and 

the tailored loading protocol.  

The graphs show the large initial deformation – especially in the weft direction 

– and visualise the influence of crimp interchange. The effect of the interaction 

between warp and weft direction is more strongly pronounced in the tailored 

protocol; even though the warp direction starts at a higher prestress level and is 

always loaded during the test, the strains get negative in most of the load ratios, 

due to the stretching of the weft fibres.  

Another difference that becomes clearly visible when comparing the graphs in 

Figure 3.20 is the influence of the applied load protocol on the compensation. 

The amount of compensation equals the strain values on the moment that all 

the ratios have been completed and the loading has returned back to the initial 

prestress state. For the MSAJ protocol this results in compensation values of 

  

                                                             
61  Note that these applied stress values are measured in a zone with local stress 

concentrations and might thus not be fully representative for the whole membrane surface. 

Nevertheless, this proves the importance of performing a project oriented material test. 
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Figure 3.20. Test protocols and the resulting strains in the centre of the cruciform 

specimen for: (upper) the MSAJ test; (lower) the tailored protocol 62 

                                                             
62  The strains in weft direction of the tailored protocol increase after each 2/3 load ratio, 

which indicates that the material is beyond linear elastic for these high stress values 
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2.8% in warp and 7.7% in weft direction. For the tailored protocol -0.2% in 

warp and 1.6% in weft direction was measured. These compensation values 

must guarantee that the structure remains pretensioned in all the loading 

conditions, i.e. in this case in all configurations, taking into account the large 

permanent deformation of the membrane material.  

Table 3.2 shows the obtained values for the elastic constants, calculated 

following the MSAJ standard as well as determined from the biaxial test 

results obtained from the tailored material test. Both sets of material 

parameters are calculated following the method described in section 3.1.3. 

Note that for both tests the large initial deformation is not taken into account 

for the calculation of the elastic constants. Furthermore, the resulting material 

parameters are calculated using the second and third cycle of each load ratio. 

 

Table 3.2. Material properties of the used polyester-PVC fabric according to (a) the MSAJ 

and (b) the tailored biaxial test 

 ��	(�	/�) ��	(�	/�) ��� 	(−) ���	(−) ��� 	(�	/�) 

MSAJ test 766 659 0.37 0.32 22 

Tailored test 1037 346 1.08 0.36 22 

 
Without claiming that this tailored load protocol is the optimal one, the 

significant difference proves the importance of performing the appropriate 

material testing protocols. 

Although it can be necessary to apply the more general material properties for 

the analysis under external loading, for designing and ‘optimising’ the 

kinematic deployment a more specific protocol can provide more accurate 

material properties for this part of the analysis. Figure 3.21 compares the stress 

distribution of the 90° opening angle for the set of MSAJ material parameters 

and the properties resulting from the tailored biaxial test. The differences are 

rather small, since this membrane structure obtains a pronounced double 

curvature, i.e. a high geometric stiffness, which implies that the importance of 

the material properties remains rather limited (Bridgens & Birchall, 2012) 

(Van Craenenbroeck, 2017). Nevertheless, a smoother stress field is generated 

when applying the – seemingly more asymmetric – tailored material properties.  
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In some extreme cases it could be necessary to apply this step iteratively. If the 

differences between the stress distribution of the initial and the tailored 

material parameters are too pronounced, a second run could be required. 

 

 

Figure 3.21. Resulting stress pattern at 90° opening, starting from a form-finding at 50°: 

(a) using material properties derived from MSAJ vs. (b) tailored biaxial test. 

 

3.3.3.6 SEQUENCE AND IMPORTANCE OF THE STUDIED PARAMETERS 

The influence of the above mentioned parameters is analysed in the specified 

order, i.e. first the prestress ratio, then the form-finding position, followed by 

the control of the movement and, finally, the implementation of the tailored 

material parameters. This leads to a foldable membrane with a pretension of 

2 kN/m in warp and 1 kN/m in weft direction, starting from a position of 50° 

opening angle. The (un)folding is controlled by the reaction forces in the top 

points and the material parameters derived from the tailored biaxial test are 

taken into account in the analysis.  
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Based on the results described in the previous sections, the parameters with the 

highest impact are determined: the position of the form-finding and the path of 

deployment, which can both be considered as ‘geometrical’ parameters, have 

the highest influence on the stress distribution of the membrane. For this 

reason, it could have been more interesting to first choose the type of 

deployment, afterwards decide on the position of form-finding and finally 

decide on the most appropriate prestress ratio. Obviously, the tailored material 

parameters can only be derived afterwards. Based on the structural behaviour 

of the structure with the chosen settings, a tailored biaxial test should be 

performed, where after a last run of the numerical model can be done with the 

tailored material parameters.  

From section 3.3.3.4 it is concluded that it is beneficial to control the opening 

and closing of the structure by applying a constant (resultant) reaction force in 

the top points, rather than straining the fabric material by following a circular 

path. Figure 3.19 indicated that opening the structure was more 

disadvantageous than closing the structure, suggesting that it could be better to 

do the form-finding in a fully opened (90°) configuration. Furthermore, it 

showed that closing resulted in slightly decreasing stresses in weft direction 

and increasing stresses in warp direction, which implies that a prestress of 

2 kN/m in warp and 1 kN/m in weft direction is maybe not the best option.  

Therefore, another run of numerical analyses is done starting from a form-

finding state of 90° opening, closing towards a 10° opening. Figure 3.22 plots 

the stresses in warp and weft direction along the same lines as indicated in 

Figure 3.19. The first run continues with a prestress of 2 kN/m in warp and 

1 kN/m in weft direction, again showing the low stresses in weft direction 

when closing the membrane. The second run uses a uniform prestress of 

1 kN/m in both directions, resulting in a decreased stress in warp direction and 

still low stresses in weft direction. Increasing the prestress in the weft direction 

to 2 kN/m results in both increasing warp and weft stresses, emphasizing again 

the importance of the crimp interchange. This third run shows a quite uniform 

stress distribution, where extremely low stresses are avoided in most of the 

membrane. To verify the structural stability of each of the cases, a simplified 

analysis under wind loading is performed and discussed in section 3.4, 

comparing the deflections for each of the opening angles. 
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Figure 3.22. Stresses in the membrane (kN/m) along a horizontal and a vertical line; form-

finding at 90°; different prestress ratios 

 

3.3.3.7 ORIENTATION OF THE FIBRE DIRECTIONS 

The influence of chosen fibre orientation is verified for the situation starting 

from a form-finding at an opening angle of 50° with a prestress of 1 kN/m in 

warp and weft direction, using the MSAJ material parameters. The reference 

orientation is the one where the warp direction is aligned with the valley belt, 

which is compared to a 90° and a 45° rotated situation.  

The 90° rotated configuration is highly similar to the reference configuration 

(see Figure 3.23). The 45° rotated configuration shows the same phenomena, 

like e.g. an increased stress zone beneath the top when closing the membrane 

and stress concentrations where the membrane is connected to the belts when 

opening the membrane. Nevertheless, the overall stress distribution is more 
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homogeneously distributed in this 45° configuration, where the prestress is 

much better preserved throughout the deployment. 

 

 

Figure 3.23. Membrane stresses (kN/m) in warp and weft direction oriented following the 

reference, rotated 90° and rotated 45°. The results in 10° and 90° opening angle are shown, 

starting from a form-finding at 50° with a prestress of 1 kN/m in warp and weft direction 
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3.4 BEHAVIOUR UNDER EXTERNAL LOADING 

Most of the known codes for the design of structures are based on the ‘limit 

state’ approach, considering various combinations of loads. Both the 

acceptable strength criteria (ULS – Ultimate Limit State) and the allowable 

deformations (SLS – Serviceability Limit State) of the structure are verified. 

For membrane structures, however, a limit state approach where partial safety 

factors are applied to the loads as well as to the material strengths may not be 

appropriate. For membrane structures it is proposed to apply an overall safety 

factor on the resulting stresses in each of the structural elements, i.e. the 

membrane and cables (Foster & Mollaert, 2004).  

Another difficulty related to the high deformation and the high variety of 

possible membrane geometries, is the definition of the cp-factors (i.e. the wind 

pressure coefficient) for the wind loading. Unlike with traditional structures, 

the cp-factor for membrane structures is not so easy to determine and a lot of 

research on this topic is still ongoing (Foster & Mollaert, 2004)  (Colliers, 

2014). Often wind tunnel tests are performed in order to determine the wind 

distribution.  

A detailed analysis on the determination of the loads to be applied on 

membrane structures falls beyond the scope of this thesis. As a verification of 

the structure’s behaviour under loading for the different opening angles, a 

simplified analysis under wind loading (+ self-weight) is performed. Based on 

the values described in the European Design Guide (Foster & Mollaert, 2004), 

a wind loading of 0.7 kN/m² is applied on the membrane surface, pushing the 

membrane inwards on one side and sucking the membrane outwards on the 

other side (see Figure 3.24). 
63

 

This wind load of 0.7 kN/m² (always perpendicular to the membrane’s surface) 

is applied for different opening angles, i.e. 10°, 50° and 90°. Comparing 

different settings with different form-finding positions and varying prestress 

ratios, the structural stability under this particular load case can be verified 

(see Figure 3.25). Obviously, the 10° opening angle shows the highest defor- 

mations, confirming the importance of the geometrical stiffness of membrane 

 

                                                             
63  For small transformable structures this wind load can be reduced from 0.7 kN/m² to 0.3 kN/m² 
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Figure 3.24. Visualisation of the wind load applied on the fully opened (90°) membrane 

structure. The deformed membrane clearly indicates the high deformations of the surface. 

 

structures. Also, the importance of the applied prestress is clearly visible, 

showing the highest deformations for a 1–1 kN/m prestress state.  Furthermore, 

the influence of the sequence of the parameter study is proven, illustrating that 

for the 50° form-finding state a prestress ratio of 2–1 kN/m showed the best 

results, whereas for the 90° form-finding state, the 1–2 kN/m prestress ratio 

gives significantly better results.  

 

 

Figure 3.25. Maximum deflection (m) under a wind loading of 0.7 kN/m² for different 

opening angles (10° - 50° - 90°) 
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3.5 CONCLUSIONS PARAMETER STUDY  

As the design and analysis of Kinematic Form-Active Structures (KFAS) is 

quite new, this chapter clarifies some important steps that need to be integrated 

in the design process. It proves that an exhaustive preliminary study is 

essential to enhance the structural behaviour of the membrane structure in all 

stages of its transformation, keeping the membrane properly tensioned and 

avoiding excessive stress concentrations.  

The process for designing KFAS is clearly an iterative process, which 

underlines again the advantages of using simple linear elastic numerical 

models. These available basic material models allow to change and adapt 

material properties, structural choices and geometrical data easily and quickly. 

For this type of preliminary design studies they prove to be an interesting tool. 

The experimental validation of this case is performed on a real-scale physical 

model, measuring displacements, forces and strains. The results are described 

in Chapter 4 and confirm the reliability of the numerical model for this 

preliminary parameter study. 

Opening the membrane rhomb (from 10° to 90°) results in an increase in 

distance between the top points and the middle of the lower sag (~4%). The 

distance between two side belts (of the same triangular panel) on the contrary, 

decreases (~2.5%). This results in local stress concentrations and zones with 

unacceptably low stresses.  

When starting from the initial conditions, i.e. the initial parameters, the stress 

concentrations in y-direction below the top points reach more than 28 kN/m for 

the 90° opened structure. From Figure 3.16 it can be seen that these excessive 

values are locally concentrated along one mesh line of the cable net. A 

comparison between the numerical and experimental strain field in Chapter 4 

indicates that this might be a shortcoming of using a cable net model for the 

analysis of kinematic form-active structures, as the experimental strains are 

distributed more diffusely. Furthermore, in Easy the double membrane layers 

that reinforce the experimental model are not integrated, which also 

contributes to the smooth transition of the forces. Future research could 

compare the results from this cable net model with a continuous surface model 

to quantify these differences.  
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The performed parameter study showed that both the form-finding position and 

different deployment movements have to be considered, verifying the stress 

distribution in respectively warp and weft direction. Once these are ‘optimised’, 

it proves also to be interesting to adjust the prestress ratio in function of the 

resulting stress ratios in the different opening positions. Once the preliminary 

design is finished, an adapted biaxial protocol can be established, providing a 

set of new material parameters to be used for another (last) design iteration.  

For this particular case, the form-finding position is taken at an opening angle 

of 50°, applying a prestress of 2 kN/m in warp (horizontal) and 1 kN/m in weft 

(vertical) direction. The kinematic deployment is established through a force-

controlled movement of the top points, which could be realized by means of 

load-controlled actuators for example. 

Although every type of structure will have its unique solution, this study offers 

an overview of some important parameters to consider during the design of 

kinematic form-active structures. 

For membrane structures where the deployment results in a limited variation of 

the overall geometry (i.e. a variation in length of the principal axes of the 

membrane of ~0 to 5%), some general thoughts can be summarized.   

Similar to what is described in section 3.3.3.1, the geometries of the case where 

the membrane is opened from 10° to 90° and the case where the membrane is 

closed from 90° to 10° are compared. This is done for different prestress ratios: 

1-1 kN/m, 2-1 kN/m and 1-2 kN/m. It can be conclude that one could increase 

the prestress in the direction where the length decreases in order to come to a 

more homogeneous stress distribution. In this case, the opening membrane 

structure (10-90°) shortens more in the horizontal direction and performs thus 

better with a 2 to 1 kN/m prestress ratio, whereas the closing membrane 

structure (90-10°) shortens most in vertical direction and performs better with a 

1 to 2 kN/m prestress ratio. If the change in lengths is too high, one could 

implement extra compression or bending elements, like is the case in the Soft 

House (see section 2.2.3).  

Also, the choice of the form-finding position could be related to the variation 

in lengths during the deployment. One could select the opening angle that 

provides a compromise between the reduction in length in the one direction 
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and the increase in length in the other direction. In this case, this would lead to 

a form-finding at an opening angle of ~80° (Figure 3.14). As a result, the 

variation in length will be limited. As mentioned above, starting with a form-

finding at 10° opening angle results in variations in length up to ~5%, whereas 

for the form-finding at 90° (which is much closer to the estimated 80°) only 

results in variations in length of ~0.2%. 

Another way to obtain more homogeneously distributed stresses throughout the 

deployment is to align the 45° direction along highest loading directions, 

which provides more flexibility (see section 3.3.3.7). In order to verify whether 

this increasing flexibility does not influence e.g. the behaviour under an 

external wind loading, the deflections are compared. The 90° opened situations 

from the three cases discussed in section 3.3.3.7 are subjected to a wind 

loading of 0.7 kN/m², which results in maximal displacements of 8 cm, 9 cm 

and 9 cm for respectively the 45°, 0° and 90° oriented fibre directions. Going a 

step further, one could use an uncoated mesh instead of the used PVC-coated 

polyester membrane (e.g. for façade shading). 
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4    CHAPTER 

 

 

 

EXPERIMENTAL INVESTIGATION AND 

VALIDATION OF THE NUMERICAL 

MODEL (CS1) 

 

 

 

 

 

 

 

 

 

After analysing the numerical model, a large-scale experimental model is set 

up of which the results are elaborately described in this chapter. On the one 

hand, this experimental investigation proves the feasibility of this 

transformable membrane structure and, on the other hand, it serves as a 

verification and validation of the numerically obtained results. 

The overall geometry, the forces in the boundary belts and the strains in the 

membrane are measured and compared in the different stages of the 

deployment.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Parts of this chapter are published in the journal paper: 

Van Craenenbroeck, M., Puystiens, S., De Laet, L., Van Hemelrijck, D., Van 

Paepegem, W., Mollaert, M., Integrated analysis of kinematic form active 

structures for architectural applications: Experimental verification, 

Engineering Structures, Vol. 123, pp. 59-70, 2016, 

http://dx.doi.org/10.1016/j.engstruct.2016.05.032 

 

The experiments that are discussed in this paper are done together with 

Maarten Van Craenenbroeck. Establishing the numerical model, where the 

experimental results are compared to, has been one of my major tasks, whereas 

Maarten has focussed more on the material tests. 
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4.1 EXPERIMENTAL PROGRAM  

A real-scale experimental model is set up as 

a validation of the numerical model de-

scribed in Chapter 3. Furthermore, the 

experiment should also confirm the 

feasibility of integrating membranes as 

structural elements of transformable 

structures.  

The ‘floating’ frame that is designed for this 

test case, allows a complete three-

dimensional control of the structure’s top 

points. 

During the test, the overall geometry is 

checked, the forces in the belts are measured 

and the strains in the membrane are recorded 

through DIC measurements. All these 

parameters can be compared with the values 

obtained through the numerical modelling. 

The set-up allows a continuous opening of 

the membrane, but five configurations (see 

Figure 4.1) are selected to perform a detailed 

study on. 

In order to obtain a correct and properly 

working experimental model, some small 

changes are applied compared to the 

numerical model, mostly for practical 

reasons. Those adaptations are described in 

the first section, together with the general 

description of the test set-up.  

 

Figure 4.1. Real-scale experimental model at 

different opening angles (10°-30°-50°-70°-90°) 

► 
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4.1.1 TEST SET-UP 

GEOMETRY AND  MATERIALIZATION 

The fabrication of the membrane panels is based on the numerical results 

(simulated in Easy, see Chapter 3) of the form-finding geometry, which in this 

case was chosen as the 50° opening state.  

The PVC-coated polyester fabric (T2103, (Sioen Industries)) was subjected to 

both a standard MSAJ test and a tailored biaxial test, i.e. a test that mimics the 

behaviour of the fabric when opening and closing the structure. This allowed 

determining the elastic constants of the material. As mentioned in Chapter 3, 

the determination of the tailored biaxial protocol was based on values in zones 

where local stress concentrations occurred. Therefore, the material parameters 

derived from this tailored test are not representative for the whole membrane 

surface. Nevertheless it clearly proved the importance of performing a project 

oriented biaxial protocol. Hence, for the comparison between experimental and 

numerical models, an average value of the (more general) MSAJ results and 

the tailored results is adopted. 

 

Table 4.1. Material properties of the PVC-coated fabric, averaging the results from the 

MSAJ and tailored tests 

 �  �    

MSAJ test 766 659 245 22 

Tailored test 1037 346 373 22 

AVERAGE 902 503 309 66 22 

 

Also the compensation factor in both warp and weft direction is derived from 

this tailored biaxial test (see section 3.3.3.5). The resulting (i.e. compensated) 

cutting pattern is presented in Figure 4.2, enlarging the fabric slightly in warp 

direction and contracting the fabric in weft direction. Note that the generated 

cutting pattern is in this case only a scaling of a flat panel, not the creation of 

cut-out membrane strips that approximate the three-dimensional equilibrium 

shape (as shown in Chapter 2) and that the compensation factor is actually only 

a (manual) scaling factor. 

                                                              
66  The average of the crimp interchange is implemented in the Easy software, not the 

average of the individual Poisson’s ratios, meaning that it’s still incorporating the 

reciprocal relation (νwf/Ef = νfw,/Ew). 
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As the centre lines of the belts should intersect at the same points, a small 

offset is given at the membrane boundaries. Also the overlapping area where 

the two membranes are welded together is integrated for the cutting pattern. 

Furthermore, to ensure a smooth transition of the stresses in the corners, i.e. to 

reduce the force concentrations, the corners are reinforced by adding an extra 

layer of fabric, as indicated in Figure 4.2.  

 
 

Figure 4.2. One of two identical flat membrane panels used to construct the model 67 

 

After creating the cutting patterns, the two triangular membrane parts are 

welded together to form a rhomb, using high frequency welding. Later on, the 

reinforcing corner pieces are welded on top of the main triangular membrane 

parts. Finally, 5 cm wide polyester belts (type 1506 (Loadlok)) with a stiffness 

of 4.52 GPa are connected to the membrane (see section 3.1.3). Using 

polyester belts for the boundaries rather than steel cables provided the 

flexibility required for the kinematics of the prototype. Our special thanks go 

to Carpro for assembling – welding and stitching – the membrane structure. 

In contrast to the internal belt that lies loose on top of the membrane, the four 

boundary belts are stitched onto the membrane (see Figure 4.3).  

Similar to applying a compensation factor to the membrane, the belts are first 

subjected to the force present after form-finding (~15 kN). Preferably, the belts 

should have been stitched under loading to ensure that they obtained the 

correct geometry with the correct resulting forces in the form-finding state. 

Due to practical reasons, the belts are only loaded for some time (prior to being 

stitched shortly after) to reduce the permanent deformation. If the belts would 

have been stitched under loading, the unstressed membrane, which is taken as 

the reference geometry, would be wrinkled in this unstressed position, which 

                                                              
67  Note that in the numerical model, these double membrane layers are not implemented 
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would hinder the DIC measurements (more information on the DIC 

measurements in section 4.1.2). 

 

Figure 4.3. 

Experimental 

model: 

connection of 

the belts onto 

the membrane 

 

Figure 4.4 shows the relatively large permanent strain when loading the belt. A 

permanent strain of around 2.5% is measured when loading the polyester belt 

with a force close to the one predicted in the numerical model. The stiffness of 

the belts is calculated using the linear elastic approximation and after removing 

the permanent deformation (red dotted line in Figure 4.4).  

 
 

Figure 4.4. Results of a uniaxial tensile test on the belts, showing the nonlinear behaviour 

and the high permanent strain 68 

                                                              
68  The applied load of the belt’s tensile test in Figure 4.4 is not based on the final 

numerical model. Nevertheless, this test clearly shows the importance of incorporating 

the permanent straining of such polyester belts. In practice, this permanent straining is 

always taken into account by prestressing the polyester belts beforehand. More precise 

values are determined from the cyclic uniaxial tests described section 4.2.3. 
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INTRODUCING THE KINEMATICS 

The opening and closing mechanism is designed to allow a fully controllable 

movement of the top points, while keeping the two lower points fixed. In 

contrary to the Contex-T configuration, where only a circular path of 

movement was considered, the frame that is designed for this study (see Figure 

4.5) allows free movements in both horizontal and vertical direction. Guiding 

points A and A’ along the internal rod moves the top points of the membrane 

(points B and B’) inwards or outwards. At the same time, the overhead crane, 

whereto the frame is attached, can be moved upwards and downwards. 

As the distance between the top points (B and B’) increases, the crane is 

lowered to match the locations of points as predicted in the numerical model. 

This way, the force-controlled movement that proved to result in a more 

homogeneous stress distribution during the deployment could be mimicked. In 

the experiment, the movement is actually geometry controlled, using the 

coordinates from the numerical force-controlled positions of the top points. In 

reality, this force-controlled movement could e.g. be controlled by means of 

springs or force-controlled actuators. 

 

Figure 4.5. The deployable frame is attached to an overhead crane, allowing both 

horizontal and vertical movement of the membrane’s top points 
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The supporting frame was also modelled in Easy (Easy beam) in order to allow 

dimensioning all parts correctly, but is not incorporated in the subsequent 

analysis. 

CONNECTIONS 

The practical design of the connections becomes an important aspect when 

making the transition from a theoretical line model to a real physical model. In 

order to approximate the computational model as closely as possible, the 

centrelines of all belts should intersect at the same point. At some connection 

points, also measurement equipment needs to be integrated, requiring slight 

adaptations (see section 4.1.2). 

As mentioned before, the top points of the prototype are connected to a hinged 

frame. This connection was realised by stitching the end of the boundary belts 

into a loop and connecting these loops by means of steel U-shackles (Figure 

4.6, left). Taking into account the diameter of the shackle, the length of the 

loops was adapted so that the total length of the connection matched the 

numerical model.  

The design of the lower connection should integrate the assembly of three 

belts; the valley belt and two side belts, each provided with a load 

measurement equipment. To ensure that the three centrelines intersect in the 

same point, a set of metal rings is used as indicated in Figure 4.6 (right). The 

main ring was then further connected to a turnbuckle which in his turn is 

connected to an anchored steel beam.  

 

Figure 4.6. Connection of the membrane to the supporting structure through belts: (left) at 

the top points; (right) at the lower corner points. 
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4.1.2 MEASUREMENT EQUIPMENT 

MANUAL MEASUREMENTS 

The overall geometry of the structure is determined through manual 

measurements with a laser meter. The locations of the circumscribing triangle 

of the membrane and the positions of the frame are used to match the global 

geometry of the experimental model with the numerically obtained geometry.  

LOAD CELLS 

The forces in the belts and overall reaction forces are measured by means of 

load cells. Custom-made load cells are integrated in the boundary belts, as 

indicated in Figure 4.7. The outer belts contain a load cell with a maximum 

capacity of 20 kN, whereas the load cell of the belt running along the valley 

line has a capacity of 30 kN. The total vertical force of the structure is 

registered by a commercial load cell (MTS System Corporation 661.21B.03) 

with a maximum capacity of 100 kN, which is attached to the overhead crane. 

 

  

Figure 4.7. Implementation of custom-made load cells to measure the forces in each of 

the belts 

 

DIGITAL IMAGE CORRELATION 

The displacements of the structure and the strains in the membrane are 

measured through Digital Image Correlation (DIC). This non-contacting 

optical measurement technique allows analysing both the displacement of 

discrete spatial points (markers) and a full field measurement of the membrane 

surface (speckle pattern, i.e. a high contrast random pattern of black spots). 
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Figure 4.8 shows how these markers and speckle pattern are applied on the 

membrane structure.  

A system of two coupled ccd cameras (type AVT Stingray F-504) with a 

resolution of 2452 x 2056 pixels, each equipped with a Schneider-Kreuznach 

Cinegon 1.4/8mm C-mount optical lens, is used for the DIC measurement. 

These lenses have a large field of view to capture the membrane structure with 

a span of 6 m. The cameras are positioned at 7 m from the membrane structure 

and are mounted under an angle to allow a three-dimensional analysis of the 

structure’s speckle pattern and the markers. By comparing the patterns of two 

subsequent images, the DIC-software VIC 3D measures the displacements and 

can consequently calculate the strains (Correlated Solutions, 2016) (Schreier, 

et al., 2009).  

 

Figure 4.8. Displacements and strains are measured through Digital Image Correlation 

(DIC): (a) speckle pattern (b) marker 

 

Before starting the experiment, the system is calibrated using a target with 

equally spaced dots, from which the distance between the centres is exactly 

known, i.e. the calibration plate. By tilting and rotating the calibration plate in 

relation to the cameras while taking the calibration images, the software (VIC 

3D) is provided with information on the intrinsic camera parameters. These 

parameters contain for example the image centre, scale parameters, image skew 

and distortion parameters for the specific set-up.  

For the full field measurements, the speckle pattern on the membrane surface is 

segmented in subsets (one subset is indicated in red in Figure 4.9). The scale of 

the red area is characterized by the subset size, being the number of pixels that 

the subset area contains, both in horizontal and vertical direction, and highly 



Chapter 4 – Experimental investigation and validation of CS1 

103 

depends on the size of the structure’s dimensions. Due to the random speckle 

pattern each of these subsets is unique and can thus be tracked through every 

step of the deformation. 

 

Figure 4.9. Basic principles of Digital Image Correlation: the software tracks the 

displacements of the subset, i.e. the red area (Correlated Solutions, 2016) 

 

The subset size, also called the spatial resolution, is set to 25 for this 

experiment, meaning that squares of 25 by 25 pixels are tracked through the 

experiment.  

Next, the step size is defined, indicating the spacing between two analyzed 

subsets by selecting the number of pixels between the centres of the adjacent 

subsets. In this case, a step size of 5 is used, meaning that the distance between 

two centre points of the adjacent subsets equals 5 pixels and the subsets thus 

partially overlap. In each of these centre points the structure’s data 

(coordinates XYZ and displacements UVW) is calculated.  

A grid of data points is obtained, which is triangulated to calculate the strains 

in each point (similar to FEM analysis). To avoid a noisy strain field, the strain 

results are smoothed over a group of data points. The amount of points used to 

smooth the strain field is referred to as the filter size or strain window size. 

Since the data points already lie at a distance of 5 pixels (= step size), the total 

smoothing diameter equals 5 pixels x 9 (= step size x filter size). (Vic 3D 2010, 

2011) 

DIC ERROR ESTIMATION 

Due to a number of factors, small displacement errors occur during the 

measurement of the structure or specimen. These can contain physical 

parameters, such as the used speckle pattern or image distortion, or 

computational factors, like e.g. the used subset size or the image encoding. The 

multitude of factors that influence the actual strain calculation makes the error 
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estimation in DIC measurements quite complex. In general, the theoretical 

image displacement accuracy is assumed to be 0.01 pixels (Schreier, et al., 

2009). In experimental applications the absolute margin of error on the strain 

field can be estimated by taking multiple, subsequent images while keeping the 

object static. Correlating this set of images will however show small 

deformations and strains in the object, which can be seen as the deviation 

specific for the current set-up. Doing so for the experimental set-up of this first 

case study, strain variations of 0.16% in warp (horizontal) and 0.45% in weft 

(vertical) direction and displacements of respectively 0.17 mm and 0.27 mm 

are measured. 
69

 

 

4.1.3 FULL-SCALE 3D TEST 

The whole test process was geometry controlled, as explained in Chapter 3, 

approximating the geometry of the numerical model as closely as possible. The 

two fixed lower points were taken as a reference, to which the two upper points 

are relatively positioned, using the deployment of the frame for the horizontal 

movement and the overhead crane for the vertical movement.  

The flat, untensioned membrane serves as an initial reference state for the 

measurements. Since it was impossible to tension the valley belt (which lies 

loose on the membrane) once the membrane was put in place, first this valley 

belt was tensioned with a ratchet. The valley belt’s length was set to its 

theoretical unstressed length, retracted from the numerical model. 
70

 

Afterwards, the membrane was placed underneath the belt and pulled upwards 

towards its form-finding state (i.e. the 50° opening angle), tensioning the 

whole structure.  

After the form-finding position was reached, the structure was incrementally 

opened towards the 90° opening state and, later on, closed towards 10°. The 

manual measurements, forces and DIC measurements were recorded and 

analysed at discrete steps of 20°, i.e. at 10°, 30°, 50°, 70° and 90°. 

                                                              
69  These deformation values correspond with respectively 0.064 pixels error in warp 

direction and 0.102 pixels in weft direction. The theoretical value of 0.01 pixels is 

clearly too optimistic. 

70  Note that this length is an approximation as the numerical model does not take into 

account the nonlinear behaviour of the polyester belts. 
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Observing the initial structure with an opening angle of 50°, the fabric shows 

some wrinkling and a slight bulge at the top points, suggesting that the 

prestress in the horizontal direction in this zone has reduced to zero. In the 

fully opened position (90°), this wrinkling became more pronounced, whereas 

if the structure was closed (10°), the wrinkling at the top corners decreased 

(Figure 4.11). 

 

 

Figure 4.11. Due to the straining of the belts, a wrinkle was noted at the top corners (top). 

When opening the structure, this wrinkle became more pronounced, but it diminished 

when closing the foldable rhomb. The lower corners did not show this local loss of 

prestress (bottom) 

 

4.2.3 FORCES 

Looking at the forces in the belts, the effect of the permanent and nonlinear 

deformation of the belts became very apparent (Figure 4.12 (A)). Although the 

trend of both the experimental and the numerical results are similar for the 

different opening angles, the experimental results are consistently about 40%  

lower than the initial numerical model predicted. These results, combined with 

the difference in boundary curvature noted when analysing the position of the 

set of points, indicate that the large straining of the belts (see Figure 4.4) has a 

big influence on the equilibrium state.  
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Figure 4.12. Comparison of the forces obtained from the numerical modelling and from 

the experimental modelling (A) Initial results; (B) after increasing the unstressed length 

of the boundaries in the simulation to match the experiment 

 

This assumption has been verified by returning to the numerical model and 

increasing the initial unstressed length of the boundary elements. To make sure 

that the curvature and length of the boundaries correspond to the experimental 

geometry, the lengths are increased until they match the experimentally 

obtained length. In what follows the reasoning behind the amount of length 

increase is presented.  

Figure 4.13 shows a load-strain graph of a tensile test on a polyester belt. The 

belt is subjected to a cyclic loading, with gradually increasing load steps. The 

graph highlights the cycles at a load of 14.4 kN and a load of 8.9 kN, being the 

loads present in the boundary belts at 50° for, respectively, the numerical and 
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the experimental model. For the theoretical load, a permanent strain of 2.1% 

and a linear elastic portion of 2.71% are registered, whereas for the 

experimental load, respectively 0.88% and 1.77% are measured (as indicated in 

the figure). 

 

Figure 4.13. Cyclic loading of a polyester belt with step-wise increasing load;  

(red cycle: numerical simulation; blue cycle: experimental model) 

 

As discussed before, the boundary belts were subjected to their predicted load 

(~15 kN) before they were stitched onto the membrane, aiming to remove the 

permanent straining of the belts. The elastic strain, on the other hand, was not 

incorporated in the experimental model, as stitching of the belts under loading 

would have resulted in a wrinkled untensioned state, hindering the DIC 

measurements. However, the compensation of the membrane also results in a 

partial compensation of the belts. Furthermore, stitching of the belts will cause 

shrinking (depending on the type of stitch), which also needs to be taken into 

account. In practice, tests are performed on different types of belts and 

different stitching types until the compensation of the belts is compatible with 

the compensation of the membrane.  

Comparing the DIC results from the untensioned and the 50° form-finding state 

shows that the membrane is stretched with ~0.5% in weft direction (see Figure 

4.14 and Figure 4.15), or when projected along the belt direction ~0.75%. If 

the belts would not have been compensated at all, the total elastic strain of 
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2.71% would have to be added; as the compensation of the membrane results in 

a partial compensation of the belts, the belt lengths should theoretically be 

elongated with ~1.96% (= 2.71-0.75% 
71

). Finally, the theoretical unstressed 

lengths of the boundary belts in the numerical model are increased by 2.05% 

(70 mm each) in order to obtain the experimentally achieved geometry. 

The valley belt lies loose on the membrane in the experimental model and is 

treated differently. Firstly, the belt is subjected to the theoretically predicted 

load of 26 kN, trying to eliminate the permanent straining of the belt. 

Afterwards, the theoretical unstressed length of the valley belt was indicated 

on the belt (based on the elastic straining of the belt), serving as an indication 

up to which point the valley belt should be ‘pretensioned’ before tensioning the 

membrane. Nevertheless, a difference in sag and internal force was noticed 

when comparing the numerical and experimental results. The unstressed length 

of the valley belts was increased by 0.54% (31 mm) in the numerical model in 

order to approximate the experimentally obtained geometry as close as possible. 

Note that the valley belt, which was prestressed beforehand, required a 

significantly smaller extension than the boundary belts.  

Adapting the lengths in the numerical model resulted not only in a better 

correspondence between the experimental and numerical geometries for all 

opening angles, but also decreased the deviations between experimental and 

numerical forces in the belts (see Figure 4.12). The impact of slight variation 

in length is thus of great importance for the overall behaviour of the membrane 

structure. Therefore, the use of polyester belts for kinematic form-active 

structures should take into account the large initial and permanent straining of 

the belts very carefully, as well as the linear elastic portion. A compensation 

factor should thus be applied to the belts (as well as to the fabric) and the belts 

should be stitched onto the membrane under the loading that is expected in the 

belt, as explained in section 4.1.1. Unfortunately this was not possible in this 

case, due to practical reasons, and further verifications will thus be done 

starting from the 50° opening angle with adapted belt lengths. Strains 

In order to get in-depth information regarding the strains in the fabric during 

the deployment, a full field measurement of the membrane surface is done. 

                                                              
71  It should be noted that this is a rough approximation, as the estimated compensation 

value of 0.75% is in relation to the experimental belt length, not the numerical length  
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This analysis was conducted using Correlated Solutions’ VIC 3D software to 

correlate the DIC pictures taken during the experiment. The most important 

parameters used to conduct this analysis are summarized in Table 4.2. 

Table 4.2. Optical parameters used for the 3D correlation 

Subset size Step size  Filter size Tensor  type Correlation criterion 

25 pixels  5 pixels 9 
Engineering 

strains 

Zero-normalized 

squared differences 

 

For the comparison with the numerical simulation, the model with the adapted 

boundaries was used. For the experimental DIC analysis, the strain field was 

analysed using two different zero-reference states, i.e. the state which is used 

as a condition with zero strains. First of all, the strains were analysed using the 

unstressed membrane as a reference. Next, the 50° opened prestress confi-

guration was taken as a reference. This second series only shows the variance 

in strains due to (un)folding of the three-dimensional membrane structure.  

 

4.2.4.1 UNSTRESSED REFERENCE 

Since this approach includes the initial permanent straining of the membrane, 

the experimental DIC results were expected to show higher (especially weft) 

strain values than the numerical model. This is partially due to using a linear 

elastic material model, but mostly due to the compensation factor applied 

during the fabrication of the membrane. This factor takes into account the large 

initial straining of the membrane by shrinking the fabric’s cutting pattern. In 

this particular case, especially the vertical weft direction was compensated: a 

factor of 1.6% was applied. However, due to not taking into account the 

correct compensation factor of the belts, this factor of 1.6% was never reached.  

Comparing the obtained DIC data to the predictions from the linear elastic 

numerical model shows that the general appearance of the strain field seems 

similar (Figure 4.14). Similar to the analysis in Chapter 3, a horizontal and a 

vertical line in the membrane are tracked along which the strains are plotted in 

Figure 4.15 

Looking at the strains in the horizontal warp direction for the 50° opening, the 

Easy strain field for each configuration looks relatively similar to the DIC 
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strain field. The major part of the strain field contains values around zero, with 

underneath the top points two negative strain areas. During the unfolding 

towards the 90° a global decrease in strains can be noted, whereas during the 

folding towards the 10° opening a slight increase in strains is observed, both in 

the numerical and in the experimental model. 

The images in Figure 4.14 already indicate that the negative strain zones are 

more spread out in the experimental results, whereas in the Easy model the 

concentrations are very local (i.e. running along one or two mesh lines). The 

graphs in Figure 4.15 confirm that the negative strains in the tops derived from 

the Easy model peak locally. As an example, for the strains in warp direction 

on the horizontal line at 90°, the strain values of five adjacent link elements 

are each time averaged, resulting in a smoother strain distribution that lies 

closer to the experimentally obtained results. 

 

Figure 4.14. Comparing the experimental strain field to the numerical results 
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Figure 4.15. Indication of the horizontal and vertical line on which the  

strain values in x-direction (exx) and y-direction (eyy) are determined  

for 3 different opening angles: 10°, 50° and 90° 

Numerical 

singularity 

Averaging 5 

adjacent points 
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The weft strains measured during the experiment are, as expected, significantly 

larger than the warp strains. Due to the applied compensation factor, also the 

measured DIC strains in weft direction are significantly higher than the 

predicted Easy strains. Looking at data at the 50° opening angle in Figure 4.15, 

the strains in weft direction are approximately 0.5%, as mentioned in 

section 4.2.3. 

During the unfolding of the model, a clear increase in vertical strains can be 

noted, originating again from the two top connections between the fabric and 

the belts. This fill strain concentration actually explains the aforementioned 

negative warp strain in the same location when the fabric’s crimp interchange 

is taken into account: due to the initial curvature of the fill fibres, straightening 

these fibres causes the perpendicular warp fibres to become curved, causing a 

contraction in this direction. This contraction is shown by the DIC results as a 

negative strain. 

 

4.2.4.2 PRESTRESSED REFERENCE  

Another way of evaluating the strains is to take the prestressed structure as the 

DIC reference state and compare the membrane strains to this 50° reference 

state. As the structure is designed to deform only changing the orientation of 

the reaction forces (see Chapter 3), the actual measured strains using this 

method were expected, and proven, to be relatively small (Figure 4.16). 

 

 

Figure 4.16. Comparing strains in the membrane during the deployment, using the 50° 

form-finding state as a DIC reference state 
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The results displayed in Figure 4.16 clearly show the very small variations in 

strains that occur during the (un)folding of the membrane unit. The biggest 

variation occurs when the model is opened to 90°; the strains below the top 

points become slightly negative in warp direction (min. ~-0.6%) and positive 

in weft direction (max. ~0.8%).  

As a comparison, the numerical model is once more evaluated using the force-

controlled movement of the top points, starting from the 50° opening angle 

with adapted boundary lengths. The maximum difference in positions of the 

top points is only 50 mm, which is relatively small compared to the structure’s 

dimensions.  

This analysis thus shows that even though a relatively simple material model 

has been used during the design of the membrane structure, it is able to 

estimate the general behaviour of the membrane to a certain degree. The extra 

length of the boundary belts led to some unpredicted behaviour causing 

wrinkling during the set-up, but matching the geometry of the numerical model 

to the experimental geometry improved the correlation significantly. The 

localised strain effects that appeared in the experiment were predicted in the 

numerical model. Nevertheless, some deviations are still present, showing the 

high complexity of analysing kinematic form-active structures and emphasising 

that it is important to take into account the highly nonlinear permanent 

straining, as well as the (almost) linear elastic straining when analysing with a 

simple linear elastic material model.   
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4.3 CONCLUSIONS  

The goal of this research was to prove the viability of kinematic fabric 

structures and verify their structural behaviour in relation to the design made 

within the existing framework. Using a cable net approximation and a linear 

elastic orthotropic material model, a viable design was conceived which was 

tested, investigated and evaluated at full scale. Both a detailed description of 

the experimental process and the relation between the predictions made in the 

numerical model and the real behaviour of the structure are discussed in this 

chapter.  

Using belts rather than cables lowers the stiffness of the boundaries, which is 

beneficial for the transformation of the structure, but introduces high 

permanent straining and a nonlinear behaviour of the boundaries. This had an 

important impact on the fabric’s pretension and the forces in the belts, which 

could be taken into account by stitching the belts onto the membrane under 

loading. Another solution that is applied in practice is to find a type of belts 

(together with a certain stitching pattern) that matches the straining behaviour 

of the selected membrane. This way, the compensation of the belts equals the 

compensation of the membrane, which results in a proper tensioning of both 

membrane and belts. Additionally, ratchets could be integrated at the end of 

the belts to allow adapting the belts’ lengths whenever necessary (which could 

also prevent slackening due to relaxation and/or creep 
72

). 

When comparing the predicted membrane strains to the DIC results, it shows 

that a cable net approximation using a linear elastic material model can 

estimate the general layout of the strains, including some local effects. As 

mentioned in Chapter 3, when performing an analysis at a more detailed level, 

the cable net model in Easy shows a more localized stress and strain 

concentration compared to the experimental results, where the strains are 

distributed more homogeneously. This is also visible in Figure 4.14 and Figure 

4.15 and could be related to the approximation as a cable net, but also to the 

lack of modelling the double layer of membrane in the corners of the rhomb. 

Although that this research confirms that the used cable net approximation in 

                                                              
72  The study on these properties of both membrane and polyester belts falls out of the 

scope of this research 
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Easy predicts the overall behaviour quite well, future research could 

investigate whether the use of continuous surface models to simulate kinematic 

form-active structures could avoid these highly localized effects.  

Besides adapting the parameters described in Chapter 3, one could verify the 

behaviour of another overall geometry (instead of the triangular shapes used in 

this case study), in order to limit these local concentrations. The Convertible 

Membrane Roof in Switzerland for example (section 2.3.3) or the Scissor-

hinged Retractable Membrane (section 2.4) consist out of rectangular 

membrane panels. 

When it comes to the initial large deformation of the membrane, one needs to 

keep in mind that these are not integrated in the numerical model, which 

results in a higher straining of the membrane in the experimental model. This 

latter phenomenon is taken into account when the appropriate compensation 

factors are applied on the cutting pattern of the membrane, but is never 

included in this simple linear elastic numerical model.  

The in-depth analysis of this first case study, both numerically and 

experimentally, only forms the first step towards an even more varied use of 

textiles in architecture. During the research process, multiple questions came 

up regarding the limitations of such structures, the numerical process and the 

material parameters. Going further in the research of this type of kinematic 

membrane structures, one of the aspects to investigate is the system which can 

efficiently translate the deployment path coming from the force controlled 

numerical analysis into a viable structural system.  
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5   CHAPTER 

 

 

BENDING-ACTIVE  

BOUNDARY KINEMATICS:  

DESIGN OF A VIABLE SYSTEM 

 

(CASE STUDY 2 – CS2) 

 

 

 

The second investigated case study consists of a (quasi-) self-supporting 

structure with a flexible membrane that is tensioned in a bending-active ring 

element. By applying a certain prestress on the membrane, the originally flat 

structure pops up to a three-dimensional shape. This form-finding geometry is 

then used as a starting position of the kinematic deployment. 

This chapter describes the numerical modelling of the kinetic membrane 

structure with integrated bending-active elements, i.e. a transformable textile 

hybrid. The aim is to design a viable system, which afterwards will be 

experimentally investigated. The experimental results will serve as the 

validation of the numerical model. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: parts of this chapter are published in the conference paper:  

Puystiens, S., Van Craenenbroeck, M., Mollaert, M., Van Hemelrijck, 

D., De Laet, L. Implementation of bending-active elements in kinematic 

form-active structures: Design of a representative case study, 

International Conference on Textile Composites and Inflatable 

Structures – Structural Membranes 2015, Barcelona, Spain, 2015. 
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5.1 CASE STUDY 2 – GENERAL DESCRIPTION 

The challenge of combining two interesting structural principles, being form-

active structures and bending-active structures, into a transformable 

configuration is investigated through a case study. The aim is to obtain a 

structurally efficient (quasi-)self-supporting structure with a minimum of 

external connection points, retaining the membrane pretensioned in all the 

phases of the deployment. 

Combining bending-active elements with textile materials offers great 

possibilities to create innovative designs and structurally efficient hybrid 

structures, introducing an important increase in structural stability under 

loading (Dieringer, et al., 2013) (Lienhard & Knippers, 2012). Furthermore, 

the integrated bending-active elements can not only serve as a supporting 

structure, but also as a shape-defining structural element. Therefore the number 

of external supports can be reduced compared to traditional membrane 

structures. 

When adding the kinematic aspect of the abovementioned KFAS, another 

interesting typology arises where flexible beam elements are actively 

integrated in the transformable membrane structure. The bending (and torsion) 

of the elements is here used as a controlling mechanism to avoid a loss of 

tension during the deployment. 

The two main design considerations are: 

- How can we obtain a structurally efficient (quasi-)self-supporting 

membrane structure with a minimum of external connection points? 

- How can we integrate bending-active elements in order to improve the 

structural behaviour of the membrane structure in all phases of the 

deployment? 

Inspiration for interesting case studies can be found in movements in nature, 

such as movements from plants and plant organs (Matini, 2007) – see Figure 

5.1). The next step is to investigate how these transformable biological 

principles can be translated into an integrated and engineered lightweight 

system of bending-active elements and a pretensioned membrane. Exploring 

various configurations and different positions of internal flexible elements 
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dimensional popped up pringle-shape; the more the membrane is pretensioned, 

the higher the overall curvature of the structure becomes. Starting from this 

obtained pringle-shaped membrane structure, i.e. the form-finding position, the 

high points are pulled towards each other to achieve the kinematic deployment. 

Figure 5.3 illustrates the general principles of the structural behaviour of the 

transformable pringle-shaped textile hybrid.  

 

 

Figure 5.3. General principles of the structural behaviour of the kinematic textile hybrid: 

(i) initially flat state; (ii) popped up 3D state under a certain membrane prestress (form-finding) 

and (iii) kinematic deployment of the structure (simulated in Sofistik ©) 

 

In Figure 5.4 the top view and a three-dimensional view of the pringle-shaped 

textile hybrid with all its structural elements are presented. The used 

membrane mesh consists out of quadrangular elements with a size of ~5 x 5 cm, 

which is chosen based on the mesh convergence analysis presented in 

Appendix C.  

It has to be noted that the depicted structure contains an extra internal bending 

element, which is not present at the start of the performed parameter study 

(both cases –with and without internal beam element– are shown in Figure 5.5).  
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Figure 5.4. Top view and three-dimensional view of the obtained pringle shape, indicating 

the location of the circular bending-active ring, the rectangular bending-active beam 

element (optional) and the contraction cable 

 

 

Figure 5.5. Example of a pringle geometry without (left) and with (right) an internal beam 

element: the parameter study starts without an internal element, after which the difference of 

adding the beam element is investigated 

 

The initially flat ring has a radius of 1.59 m, resulting from bending a linear 

GFRP beam element with a length of 10 m. The membrane geometry that is 

inputted in the numerical model is a circle with a radius of 1.59 m. After 

performing the form-finding with a certain applied prestress, the actual 

membrane area needed to achieve this prestress will be smaller than the 

initially inputted area. The actual geometry of the membrane, i.e. the cutting 

pattern, depends thus on the form-finding conditions, the desired prestress and 

on the appropriate compensation factors. This resulting cutting pattern is thus 

not the input geometry for the numerical model, but the output geometry that 

serves as an underlay for the fabrication of the experimental model. 
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Figure 5.6 illustrates the different steps to come to the resulting cutting pattern 

that is calculated with Sofistik (module TEXTILE, © (Sofistik AG ©)). The 

continuous black line represents the ring element and at the same time the 

contour of the membrane as it is implemented in the numerical model. Due to 

the asymmetric properties of the membrane material, the strained area (grey 

line) is not circular anymore, but becomes smaller in weft direction, which 

needs more straining to obtain the same prestress – assuming that the prestress 

is equal in warp and weft direction. The unstrained area furthermore incorporates 

the additional compensation factor, i.e. the compensation factor accounting for 

the permanent deformation of the membrane. The additional compensation 

factor is also determined through biaxial MSAJ tests, loading the membrane up 

to 25% of the UTS and a prestress of 2.5% of the UTS (similar to CS1, Chapter 

3). This results in a compensation factor of 4% in both warp and weft direction, 

which is also shown in Appendix A, section A.2.2. More information on the 

experimental set-up is given in Chapter 6. 

 

Figure 5.6. The membrane’s cutting pattern derived from the numerical model; the 

strained area takes into account the linear elastic straining of the membrane under the 

applied prestress, where the influence of the crimp interchange is clearly visible; the 

unstrained area incorporates the additional compensation factor 
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Two axes of symmetry are imposed, keeping the centre of the structure in the 

same position in the xy-plane. In Figure 5.6, the two horizontally aligned 

points (A and A’) are allowed to slide in the x-direction during the form-

finding process. Once the kinematic deployment is initiated, i.e. when the 

length of the contraction cable is reduced, the constraints of those two points 

are changed, restricting the movement in x-direction.
73

 Those points will 

further be referred to as the ‘lower points’. The two vertically aligned points 

(B and B’), further called the ‘upper points’, are freed in both y- and z-

direction to allow the structure to deform to its three-dimensional shape. 

The simulation of the numerical model serving as a tool to design and improve 

the pringle shaped textile hybrid is explained more in detail in section 5.2 and 

will be referred to as the ‘numerical design model’. For validating the 

numerical model with experiments, also an adapted numerical model is created, 

imitating the experimental set-up. This modified numerical model is discussed 

in section 5.5 and will be referred to as the ‘numerical experimental model’. 

 

5.1.2 MATERIALS AND THEIR PROPERTIES 

Similar as for the materials used in case study 1, both uniaxial and biaxial tests 

are performed at the Vrije Universiteit Brussel in order to determine the 

E-moduli and Poisson’s coefficients of the materials used in this section. Again, 

it should be noted that only basic standard tests are performed and discussed 

within the scope of this research. More extensive material testing and analysis 

confirm the complexity of determining precise material parameters (e. g. (Van 

Craenenbroeck, 2017)). 

 
 

PU-COATED POLYESTER FABRIC 

Next to the PVC-coated polyester fabric used for the first case study in this 

thesis, a more stretchable membrane material is provided by Sioen. The PU-

                                                              
73  During the form-finding, the structure pops up from a flat system to a three-dimensional 

pringle-shaped textile hybrid, requiring that the lower points can slide towards each 

other. For the ease of the practical application and the experimental investigation, the 

lower points are fully fixed during the kinematic transformation. 
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coated knitted polyester fabric (type F5637 
74

) has a mass density of 290 g/m² 

and a thickness of ~0.43 mm. The tensile strength in course direction is 

400 N/5 cm and in wale direction 300 N/5 cm.
75

 

The highly stretchable coating and the knitted structure of the fibres results in 

the high flexibility of the fabric (see section 2.1.3), reaching a maximal strain 

of 90% in course and 120% in wale direction. To be consistent, from now on, 

the stiffest membrane direction will be referred to as the warp direction and the 

less stiff direction as the weft direction, similar to the woven PVC-coated 

fabric.  

The E-moduli and Poisson’s coefficients are again calculated using the 

experimentally obtained stress and strain results from biaxial tests and the 

shear modulus G is determined from a bias extension test (similar to what is 

described in Chapter 3).  

Initially, the derivation of the material parameters (see Table 5.1) out of those 

experimental results occurs by following the same MSAJ procedure as for the 

PVC-coated polyester (averaging the results from the stress and strain 

minimization, (Membrane Structures Association of Japan, 1995)):  

 

Table 5.1. Material properties for the PU-coated polyester fabric, calculated following the 

MSAJ standard 

�  �  ��  ��  ��  

5.83 4.82 0.98 0.81 1.52  

 

In Sofistik, however, also another material model for membrane materials is 

standardly implemented. Galliot and Luchsinger propose a material model with 

elastic properties that can vary with the applied load ratio, assuming that the 

material is orthotropic linear elastic within one particular load ratio (Galliot & 

Luchsinger, 2009). The Young’s moduli, �  and � , are described as linear 

functions of the load ratios �	 � , where �
�:�  and �

�:� are the reference 

                                                              
74  Data sheet available at http://www.sioen.com/ (Sioen Industries, sd)  

75  For knitted textile fabrics, the ‘courses’ are the knits running in the length direction of 

the fabric and the ‘wales’ are the knits running along the cross-wise direction. 
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values of the E-moduli at a 1:1 load ratio and �  and � are the variations 

of the E-moduli over the applied load ratios: 

� � � � �
�:� ( 5-1 )  

� � � � �
�:� ( 5-2 ) 

 

With:  
 

�

�

�
�

�
�

�

�

�
�

�
�

 ( 5-3 ) 

 

 

Note that the stresses obtained through biaxial testing (in the centre of the 

cruciform specimen) take into account a certain reduction factor. This 

reduction factor considers that the force applied at the end of the specimen’s 

arms is not fully transferred to the centre (more information can be found in 

Appendix A). 

The Poisson’s ratio �� on the contrary is independent of the normalized load 

ratios and is calculated following the linear elastic plane stress model:  

�

�

� �

��

� �

��

� � � �

�

�
 ( 5-4 ) 

 

The parameters �
�:�, �

�:�, �, � and �� are obtained from the experimental 

results, using a least square fit (similar to the MSAJ). It needs to be noted that 

the model does not integrate the shear properties yet. The same value is used 

for the shear stiffness as in Table 5.1.  

Unfortunately, the finite element software Sofistik, wherein this hybrid 

membrane structure is modelled, only allows Poisson’s coefficients < 0.5.
76

 

The Matlab routine that is created to calculate the elastic constants 

incorporated the possibility to limit the Poisson’s ratio. An overview of the 

                                                              
76  For most isotropic materials this assumption is correct, but for some of the orthotropic 

membrane materials, for example, the Poisson’s ratio exceeds 0.5, like was the case for 

this PU-coated fabric. 
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outcome for this material model is given in Table 5.2, both with and without the 

limitation of the Poisson’s ratio: 

Table 5.2. Material properties for the PU-coated polyester fabric determined following the 

model of Galliot and Luchsinger, with and without restriction of the Poisson’s ratio. 

 
�  �  �  �  ��  

No restriction 5.41 4.96 0.76 1.92 0.81 

Restriction 0.5 6.65 4.56 0 3.72 0.49 

 

GFRP 

The Glass Fibre Reinforced Polymer (GFRP) elements used in this thesis are 

provided by Vink (Vink bvba). The circular bar elements consist of 

unidirectional fibres only, whereas the rectangular beam elements consist of 

both unidirectional fibres and multidirectional fibre mats.  

The used circular elements have a diameter of 12.7 mm and are subjected to 

both uniaxial tensile tests and three point bending tests. As is often the case 

with fibre reinforced composites, the tensile modulus and bending modulus are 

different, respectively 46 GPa and 41 GPa.  

The rectangular elements (serving as internal bending-active elements) used in 

this thesis have a width of 40 mm and a thickness of 5 mm. The tensile 

modulus measured from the uniaxial tests equals 35 GPa.  

Initially, the other material properties (e.g. 	
, 
 and 	
) are adopted from 

Fiberline Design Guide (Fiberline Composites A/S, 2003) and from the data 

sheet provided by Vink 
77

.  

 

Table 5.3. Most important material properties for the GFRP rods and beams, used for the 

analysis of the parameter study described in this chapter 

 
  	
  
  	
  

GFRP rod 41 8.5 0. 23 0.09 

GFRP beam 35 8.5 0.23 0.09 

                                                              
77  www.vink.be > Glasvezelversterkte polyesterprofielen (Vink bvba) 
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Eventually, for the experimental verification, some additional tests are 

performed to determine more accurate material parameters. 

To verify the Poisson’s ratio, another tension test is performed on the circular 

section, which is provided with two strain gauges in longitudinal and in 

transverse direction. The measured Poisson’s coefficient 
  equals 0.30  

( ��������� ����������� . In order to satisfy the symmetry rules for the 

stiffness matrix of composite materials, the E-modulus 	
  (which is not 

determined experimentally) is increased (see Table 5.4).. 

The GFRP’s shear modulus is verified performing a torsion test, which resulted 

in a shear modulus of 5 GPa.  

 

Table 5.4. Most important material properties for the GFRP rods and beams, used for the 

model that compares the numerical with the experimental results (Chapter 6) 

 
  	
  
  	
   

GFRP rod 41 12.3 0. 30 0.09 5 

GFRP beam 35 10.5 0.30 0.09 5 

 

 

Note that adapting these parameters has no major influence on the overall 

geometry and structural response. Hence, the calculations and resulting 

conclusions of the preliminary parameter study still hold true.  

More detailed test results can be found in Appendix A. 

 

POLYESTER BELTS 

The adjustable links that connect the membrane to the ring element in the 

experimental set-up (see Chapter 6) are polyester belts with a width of 25 mm, 

a thickness of 2 mm and an ultimate strength of 28 kN (Loadlok 1512 
78

). Both 

continuous and cyclic tensile tests are performed on the polyester belts, 

allowing to calculate an approximate linear stiffness EA of ~120 kN or 

2.4 GPa (= 120 kN/50 mm²).  

                                                              
78  Data sheet available at http://www.loadlok.com/ (Loadlok) 
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5.2 DESCRIPTION OF THE SIMULATION PROCESS 

5.2.1 GENERAL PRINCIPLES OF THE APPLIED CALCULATION 

METHOD (SOFISTIK©) 

The design and analysis of the textile hybrid discussed in this thesis occurs 

through Finite Element Modelling in Sofistik (Sofistik AG ©). The strong 

interaction between the tensile surface and the bending-active elements 

requires the simultaneous ‘form-finding’ of both the membrane and the 

bending-active elements.  

The form-finding describes in both cases the process of determining the form 

and geometry of the elements, but a different methodology is used.  

� For the membrane, the transient stiffness method is adopted, which is 

based on the small displacement theory that assumes that: ; 

with  the global stiffness matrix,  the nodal displacements and  

the external load vector (see Chapter 2). However, to account for the 

large displacements of the membrane, the global stiffness matrix [K] is 

updated after each iteration step and is therefore referred to as the 

transient stiffness matrix or instantaneous stiffness matrix (Lewis, 2003).  

 

For the form-finding of membrane structures under a certain applied 

prestress, no actual material parameters are taken into account (Lewis, 

2008). Therefore, the stiffness of the membrane is temporarily reduced 

during the form-finding (in Sofistik: FACS 1E-10, i.e. a very small 

stiffness factor 
79

) in order to prevent that strains in the membrane would 

lead to stress modifications (Sofistik Manual, 2016). Afterwards, a re-

calculation is done where the membrane is assigned its full stiffness (in 

Sofistik: FACS 1).  

 

� The deformation of the bending elements occurs through an iterative 

geometrically nonlinear calculation, accounting for the large 

displacements of the flexible beam elements. Note that for the form-

                                                              
79  In Sofistik ‘FACS’ indicates the imposed stiffness factor for a certain element or group 

of elements. Assigning a very small stiffness factor (i.e. 1E-10) to the membrane 

elements implies that their elastic stiffness is reduced drastically. ‘FACS 1’ implies that 

the full material stiffness is applied. 
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finding of the bending elements, the mechanical properties are taken into 

account, as they influence the resulting deformed geometry. 

Therefore, both for the large deformations of the beam and membrane elements, 

a third order theory calculation is adopted (in Sofistik: TH3), in which for each 

iteration the force equilibrium is applied on the deformed geometry of the 

preceding iteration step. The iteration process stops from the moment that the 

remaining residual forces are smaller than a prescribed value, i.e. once the 

structure reaches its equilibrium.
80

 The iteration method that is adopted for the 

elimination of these residual forces in this analysis is a line search method with 

an update of the tangential stiffness after every iteration step (in Sofistik: 

CTRL ITER 3 V2 1).  

Furthermore, Sofistik allows implementing ‘incremental load step loops’ based 

on the principle of primary load cases (in Sofistik: PLC). Using the PLC 

function implies that the deformations and strains of the primary (already 

calculated) load case are adopted for the next load case (to be calculated). The 

use of these loops allows an efficient incremental increase of the applied loads 

with a reduced calculation time. Another useful tool concerns the 

implementation of a geometry update (in Sofistik: SYST STOR), which stores 

the updated nodal coordinates of the modelled system with its displacements of 

the PLC.  

As explained in (Lienhard, 2014), the Elastic Cable Approach offers an 

interesting strategy to model the (often unpredictable) elastic deformation of 

bending-active elements. The approach uses contracting cable elements with a 

temporarily reduced elastic stiffness (similar to the transient stiffness method 

used for the form-finding of the membrane), allowing large deformations when 

adding prestress to the cable. The actual contraction of the cable elements 

occurs through the implementation of an ‘incremental load step loop’, as 

explained above, where the load is in this case the prestress in the cable (in 

Sofistik: PREX). The incremental increase of the prestress of the cables 

shortens the cables step-by-step. This results in a gradual elastic deformation 

of the bending elements, until the elastic cables are contracted towards a nearly 

zero length.  

                                                              
80  This stop criterion value can be adapted in function of the required accuracy.  
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5.2.2 NUMERICAL MODEL OF CS2  

In this case study, the beam is first bent from a linear element towards a 

circular ring by applying a bending moment at the two beam ends. This 

initiates residual stresses in the beam element, causing an increase in stiffness 

in the out-of-plane direction, i.e. under a load acting perpendicular to the plane 

wherein the ring is bent, compared to the same ring element without those 

bending stresses. Different ways of modelling this initial bending stress are 

compared in Appendix B. As a validation of this first step of the numerical 

simulation, a number of basic experiments are performed and compared to the 

numerical results. 

In the next step the membrane is pretensioned in the GFRP ring, causing the 

out-of-plane deformation of the ring (provided that a small out-of-plane force 

is applied). Due to the complex interaction between the membrane and bending 

elements and, consequently, the large deformations of the structure when 

increasing the membrane’s prestress, the form-finding process of this textile 

hybrid occurs slightly different compared to conventional membrane structures. 

In this case study the intention is to immediately shape the ring element 

depending on the applied prestress in the membrane. This simultaneous 

approach (Lienhard, 2014) performs the form-finding of the membrane and the 

beam elements at the same time: as the prestress is increased, the ring element 

incrementally undergoes a higher out-of-plane movement. Note that the 

application of this simultaneous approach is only possible due to the relatively 

simple geometry of the structure. 

In Sofistik, the form-finding of the membrane with a certain applied prestress 

requires to temporarily reduce the membrane stiffness. Unfortunately, this 

leads to unacceptable distortions of the outer membrane elements when the 

bending-active boundary element deforms too much. Therefore, the actual 

form-finding with reduced membrane stiffness is performed keeping the 

boundaries fixed. Afterwards, the boundary constraints are removed and a final 

calculation is done with full membrane stiffness in order to allow relaxation of 

the bending elements. 

The following process is adopted to perform the form-finding, where the two 

lower points can still slide towards each other, after which the resulting cutting 

pattern can be generated (also visualized in Figure 5.7):   
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1. THE PRELIMINARY FORM-FINDING 

Defining an ‘approximate’ shape of the structure by applying the 

membrane’s prestress (with FACS = 1). Due to the settlement of the ring 

during this pretensioning, i.e. the out-of-plane movement, the resulting 

stresses in the membrane are often much lower than the intended prestress; 

2. THE ACTUAL FORM-FINDING 

Performing the actual form-finding with FACS = 1E-10 on the geometry 

obtained in step 1, keeping the ring element fixed. This results in a 

homogeneously distributed prestress that equals the intentional value; 

3. THE FINAL FORM-FINDING 

Ending the form-finding with FACS = 1 to relax the membrane and to make 

sure that possible constraints during the actual form-finding do not lead to 

intolerable deviations (Sofistik Manual, 2016). In this case, releasing the 

constraints on the ring results in the further settlement of the ring as 

expected. As the ring undergoes further relaxation, the membrane prestress 

slightly drops under the intended prestress value.  

 

 

 

Figure 5.7. Methodology for the form-finding of the textile hybrid to finally come to the 

cutting pattern; from this form-found structure the kinetic deployment is initiated 
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After the form-finding, the lower points are fixed and the structure is subjected 

to an analysis under external loading (Figure 5.7): 

4. KINETIC DEPLOYMENT 

In this case, this external loading represents the kinetic deployment of the 

textile hybrid. As shown in Figure 5.7, this kinetic deployment is established 

through the contraction of an elastic cable between the two upper points of 

the pringle shape. It is in this stage that the elastic cable approach described 

above will be applied.  

 

Based on the structural analysis during the transformation, one can suggest 

adapting boundary properties, the pretension in the membrane, adding 

structural elements, etc. Here, the numerical model in Sofistik is used to 

perform a parameter study and to determine the influence of each of the 

selected parameters. As changing structural parameters will obviously also 

influence the form-finding geometry, it is essential to return back to the initial 

state (before form-finding), after which the entire process is repeated. This 

iterative process allows improving the overall structural behaviour of the 

textile hybrid, aiming for a structurally stable system in all the phases of its 

deployment. Of course, it is also verified that the resulting stresses never 

exceed materials’ limits. 
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5.3 PRELIMINARY PARAMETER STUDY 

In this section, a preliminary design is proposed, taking into account that an 

experimental model based on this numerical model is manufactured and tested 

manually. Although the structural stability is verified for each modification, 

the ability to manually apply the prestress and the kinetic deployment (see 

Chapter 6) will be the limiting and decisive factor.  

It needs thus to be emphasized that the resulting levels of prestress in this 

parameter study are too (often unacceptably) low to ensure that the structure 

will remain properly tensioned without wrinkling of the membrane. The 

prestress in membrane structures of this scale should preferably lie around 

~0.5-1 kN/m. Nevertheless, the influence of the different studied parameters 

can be quantified and the conclusions of this preliminary parameter study will 

be used for further investigation. 

Based on the previous findings, Chapter 7 describes a more extensive 

parameter study, aiming for a real applicable structural concept with more 

acceptable values of membrane prestress. 

 

5.3.1 THE NEED FOR A PARAMETER STUDY 

The complex interaction between membrane and bending elements complicates 

the structural analysis of textile hybrids. Changes in e.g. element dimensions 

and prestress values already influence the geometry in the form-finding stage, 

but furthermore the behaviour during the kinetic deployment varies with the 

initial structural choices. Therefore, the effect of different parameters on the 

structural and kinetic behaviour is studied in-depth (in the next paragraphs for 

the preliminary design and in Chapter 7 for the real applicable structural 

concept). 

In order to quantify the effect of each parameter, the structural stability of the 

system is verified, measuring forces and stresses in the elements in several 

stages of the deployment (from the form-finding configuration to the fully 

folded configuration). Furthermore, the system’s deflections are measured 

under a certain applied external loading, also providing an indication of the 

structure’s overall stiffness.  
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5.3.2 STUDIED DESIGN PARAMETERS 

MATERIALS AND SECTIONS 

The chosen materials and dimensions have a great influence on the form-

finding geometry and thus also on the further behaviour during the kinetic 

deployment.  

In Chapter 2 it is already mentioned that GFRP elements are highly suited for 

the use as bending-active elements due to their high strength and low bending 

stiffness. In the scope of this research, no other materials are considered for the 

bending elements in this case study; only the influence of varying sections is 

investigated.  

For the membrane material, on the contrary, two types of fabric are provided 

by Sioen: a rather stiff PVC-coated polyester fabric and a highly stretchable 

PU-coated polyester fabric (see section 5.1.2). In the first case study only the 

PVC-polyester fabric is used, but for this smaller-scale textile hybrid the 

parameter study confirms that it is interesting to consider the use of the knitted 

PU-polyester fabric.  

ORIENTATION OF THE FIBRES 

As the used membrane materials consist of two orthogonal fibre directions 

with varying properties, the orientation of the membrane is of remarkable 

importance.  

Three variants are investigated: (i) with the warp direction aligned along the 

line connecting the top points (0°), (ii) with the warp direction aligned along 

the line connecting the lower points (90°) and (iii) at 45°. 

 

 

Figure 5.8. Indication of the studied fibre orientations 
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PRESTRESS IN THE MEMBRANE 

In membrane structures, the applied prestress in the membrane contributes to 

the overall stiffness of the tensile structure (section 2.1.2). In this case, the 

prestress in the membrane also influences the form-finding geometry, as 

increasing the prestress also results in an increase in curvature (and thus in 

geometric stiffness for this particular prestress).  

Choosing the prestress value will depend on the selected profile sections and 

vice versa. It is thus of high importance to evaluate these choices thoroughly.  

Similar to case study 1, it can be preferred to apply an asymmetric prestress 

ratio depending on the resulting stress distributions in the different phases of 

the deployment.  

INTERNAL ELEMENTS 

Initially, the structure consists only of a GFRP ring element wherein a 

membrane is tensioned. To improve the structural behaviour of the pringle 

shape, i.e. to reduce the loss of pretension during the kinetic deployment, a 

new GFRP element is added internally.  

The differences without and with an internal element are measured, but also 

the effect of how to model the connection of the internal element to the 

membrane. An additional parameter considers if the membrane is fixed to the 

internal beam or if it can slide along it.  

 

5.3.3 RESULTS 

The influence of each of the above mentioned parameters is discussed in this 

section. The study starts from a ring with a diameter of 3.18 m – with a 

circular section of 12.7 mm. The GFRP’s Young’s modulus of 41 GPa results 

in residual stresses in the ring element (resulting from bending the beam from 

a straight element) of:  

 ( 5-5 ) 

 

with E the Young’s modulus, t the section’s diameter (= 12.7 ˖10
-3

 m) and r the 

ring’s radius (= 1.59 m). 
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Initially, a PVC-coated polyester fabric is tensioned in the GFRP ring with its 

warp direction aligned along the y-axis (x- and y-axis like defined in Figure 

5.6). In the form-finding stage, the two lower points can slide along this x-axis, 

i.e. towards and away from each other, to allow the ring element to transform 

to its pringle-shaped geometry. Once the kinetic deployment is initiated these 

points are fixed completely. 

 

5.3.3.1 MATERIALS AND SECTIONS  

MEMBRANE MATERIAL 

Using PVC-coated polyester fabric requires a higher initial prestress value than 

using flexible PU-coated fabric to obtain a stable textile hybrid. This is due to 

the high flexibility of the bending-active ring, which causes a reduction in 

membrane strains as the ring relaxes under the applied prestress. For the 

flexible membrane, this reduction in membrane strains only results in a slight 

decrease in membrane stresses, whereas for the stiffer PVC fabric a significant 

drop in stresses is noticeable. This can also be seen in the results from the 

uniaxial tensile tests on both materials in Figure 5.9. 

 

 

Figure 5.9. Force-displacement curves from uniaxial tensile tests on both the PVC-coated 

and the PU-coated polyester fabric 

 

In order to obtain a similar geometry for the form-finding with both materials, 

the initial prestress value should be set at 0.3 kN/m for the PU fabric and at 
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11 kN/m for the PVC fabric. 
81

 Figure 5.10 clearly shows that – at the final 

form-finding state – the stresses in the membrane are distributed more 

uniformly in the PU fabric, compared to the PVC fabric. The actual prestress in 

the middle of the membrane after the final form-finding, i.e. after the 

relaxation of the ring element, lies at ~0.10% of the intentional prestress (= 

0.01/11 kN/m) for the PVC PES and at 33% (=0.10/0.3 kN/m) for the PU PES.  

To confirm that the resulting stress field improves (in terms of homogeneous 

stresses) with increasing flexibility of the chosen membrane material, the 

form-finding is once more done with a virtual membrane that is even more  

 

 

Figure 5.10. Von Mises stresses in final the form-finding state, after relaxation: (i) for the 

PVC-coated polyester fabric; (ii) for the PU-coated polyester fabric and (iii) for a virtual 

flexible membrane 82 

                                                              
81  Of course, a prestress of 11 kN/m is practically impossible. This high value only 

indicates the prestress value that needs to be numerically applied in order to obtain a 

similar geometry and is thus not the actual prestress present after form-finding (which 

decreases due to the high beam deformations).  

82  The prestress and other forces in membranes are usually expressed in kN/m, as the 

thickness of the membrane is negligible compared to the other dimensions. Nevertheless, 

some of the results in Sofistik are presented in MPa. For the conversion to kN/m, it 

should be kept in mind that with a thickness of ~0.83 mm, the PVC-coated polyester 

fabric is almost twice as thick as the PU-coated polyester with a thickness of ~0.43 mm.  
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flexible than the PU PES. Using the virtual membrane with a prestress of  

0.18 kN/m in both warp and weft direction results in a similar geometry with a 

homogeneous stress distribution (see Figure 5.10 (iii)). Note that the colour 

scale is different for each case. 

The beam stresses presented in Figure 5.10 incorporate both the initial bending 

stress (from bending the straight element to a ring) and the stresses resulting 

from the form-finding. The given Von Mises stresses represent the maximum 

stresses on the ring’s section.  

The properties of the materials used in this comparison are summarized in 

Table 5.5.  

 

Table 5.5. Material properties for the PVC PES, the PU PES and the virtual membrane  

 
� 

 
� 

 
�� 

 
�� 

 
�� 

 
�� 

 

PVC PES 663 557 384 149 0.39 22.4 

PU PES 6.65 4.56 0.00 3.72 0.49 1.52 

( Virtual 2.15 2.15 0 0 0.49   1.29 ) 

 

To ensure a complete understanding of the process, a more detailed analysis of 

the results of comparing different membrane materials is given below. For the 

other analysed parameters, only a selection is given of the most important 

results.  

Figure 5.11 illustrates the deformations of the initially flat textile hybrid after 

the final form-finding, comparing the geometries for the PVC PES and the PU 

PES membrane material. In both cases, the top points (B and B’) move 

upwards (in z-direction) and at the same time inwards in y-direction, while the 

lower points move inwards in x-direction. Although small differences are 

visible, the illustrations confirm the similar geometries for the PVC PES with a 

numerically applied prestress of ‘11 kN/m’ and the PU PES with a numerically 

applied prestress of ‘0.3 kN/m’. 
83

 

                                                              
83  As mentioned in footnote 81, these numerically applied prestress values are not the 

actual prestress values present in the membrane after form-finding.  
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Figure 5.11. Final form-finding geometries of the pringle-shaped textile hybrid with a 

PVC- and a PU-coated polyester fabric  
 

The evolution in overall geometry and forces in the membrane (in x- and 

y-direction) over the different steps of the form-finding – as described in 

section 5.2.2 – are shown in Figure 5.12. Note that the colour scales are 

different for the case with the PVC- and the PU-coated polyester fabric.  

In the preliminary form-finding step (Figure 5.12 (top)) a significant decrease 

in membrane forces is noticed in both directions, due to the high deformation 

of the ring element. As the membrane is assigned its full stiffness (FACS 1), 

the resulting strains cause a decrease in stresses, whereby a part of the initial 

prestress value dissipates. As explained previously, the same straining results 

in a larger decrease in membrane forces for the PVC fabric than for the PU 

fabric. 

During the actual form-finding (Figure 5.12 (middle)) the membrane is 

assigned a very low stiffness (FACS 1E-10) and the boundary ring is fixed. In 

this step, the full force field equals the numerically applied prestress. 

As a final step, the full membrane stiffness is again applied (FACS 1) and the 

ring is released, whereby the membrane relaxes and the ring deforms further. 

Consequently, also here (yet less than in the preliminary form-finding) the 

membrane forces drop below the initial prestress value (Figure 5.12 (bottom)). 

Figure 5.13 zooms in on the results after the final form-finding along two 

perpendicular lines. Both membrane forces (kN/m) in x- and y-direction are 

plotted for the PVC- and the PU-coated membrane.   
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Figure 5.12. Membrane forces and geometric values for the PVC and the PU-coated 

fabric: (i) at the preliminary form-finding, (ii) the actual form-finding and (ii) the final 

form-finding (note that in the legends resp. above 1 and 0.3 kN/m all values are red and 

resp. below -1 and -0.3 kN/m all values are purple) 
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For both membrane materials, after the form-finding, the forces in the middle 

are similar in x-and y-direction and increase when approaching the boundary 

ring. Along the vertical line, i.e. the y-direction, the forces in x-direction 

increase more towards the top points than the forces in y-direction. Along the 

horizontal line on the contrary, the opposite occurs: the forces in y-direction 

are larger than in x-direction when approaching the lower points. These force 

concentrations can again be explained by the corresponding strains in the 

membrane. As previously mentioned the large deformations of the ring element 

cause a decrease in strain and consequently lead to a loss of membrane forces. 

  

  

 

Figure 5.13. After the final form-finding: Membrane forces (kN/m) along the axes of 

symmetry for the PVC- and the PU-coated membrane; nxx is grey, nyy is black 
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Close to the boundary ring, i.e. where the chord of the ring is very small (in x-

or y-direction), only limited straining is possible locally and the drop in 

membrane forces is thus also limited. Near the lower points the forces in y-

direction are thus higher, whereas in the top points the x-direction shows 

higher forces. Comparing the graphs from the PVC and the PU PES illustrates 

that the high local stress concentrations are avoided when using the more 

flexible material. 

This first part of the analysis compares the structural result of the form-finding, 

but also the influence on the behaviour during the kinetic deployment is of 

major importance.  

Contracting the PVC-coated polyester structure obtained in Figure 5.10 would 

not clearly show the influence of shortening the contraction cable on the 

membrane stresses, as these are already unacceptably low after the form-finding. 

To obtain a pringle-shaped form-found structure with a PVC membrane 

prestress of ~0.1 kN/m in the centre, the stiffness of the bending-active 

supporting structure should be increased, as is explained in the paragraph ‘beam 

section’. With a ring section of 16 mm diameter and a numerically applied 

prestress of ‘6.5 kN/m’, a similar pringle-shaped geometry is obtained after 

form-finding. 
84

 From this state, the contraction cable is gradually shortened 

(steps of 2 cm) and the membrane forces in x- and y-direction are plotted for 

both the PVC and the PU coated membranes (see Figure 5.14). 

 

Figure 5.14. Evolution of the membrane forces (in the centre of the membrane) during the 

contraction of the cable: comparison between the PU- and the PVC-coated polyester 

                                                              
84  Cfr. footnote 81: the 6.5 kN/m prestress is only the numerically imposed value, not the 

stress level present after the form-finding (which is ~0.1 kN/m as shown in Figure 5.14) 
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From the graph it is clear that the forces in the membrane drop much quicker 

for the stiffer PVC coated fabric and thus also here the advantages of using a 

flexible membrane material are highlighted. 

For further investigation of the pringle shaped textile hybrid only the flexible 

PU-coated polyester fabric is considered. 

RING BEAM SECTION 

Increasing the ring’s section results in an increase in overall stiffness of the 

system and thus in a reduced out-of-plane movement for a certain applied 

prestress. Figure 5.15 plots the position of the top points (z-direction) during 

the different phases of the form-finding process. The prestress value of 

0.3 kN/m is applied gradually, with steps of 0.03 kN/m, after which the actual 

form-finding and beam relaxation is performed. 

 

 

Figure 5.15. Position (Z) of the top points under a prestress of 0.3 kN/m in both warp and 

weft direction for different ring beam sections 

 

The graph indicates that for the applied prestress of 0.3 kN/m and an 

increasing section, the out-of-plane displacement decreases until the prestress 

is insufficient to keep the pringle shape in position. At this point, the 

relaxation of the bending-active element no longer results in a further elevation 
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of the top points, but in a drop down under the structure’s self-weight (Figure 

5.15: 16 mm and 18 mm). When the beam section is chosen too small it ‘fails’ 

under the applied prestress, which results in a decrease in height of the top 

points (Figure 5.15: 8 mm). As can be seen in Figure 5.15, the form-finding 

geometry of the structure with a boundary ring of 8 mm shows a different 

deformation, which is clearly visible when comparing the geometry to the one 

with a boundary ring of 9 mm.   

Figure 5.16 indicates the nonlinear relation between the final height of the top 

points after form-finding and the beam’s section.   

 

Figure 5.16. Final height of the top points after form-finding and relaxation of the beam in 

function of the beam's section 

 

As mentioned before, the more the boundary ring deflects during the relaxation 

of the beam after the form-finding, the higher the difference is between the 

actual membrane forces and the intentional applied prestress value. Figure 5.17 

shows the significant difference between four of the considered beam sections: 

for a section of 9 mm the forces in the centre drop from 0.3 kN/m to ~0.1 kN/m, 

whereas for the 18 mm section membrane forces of ~0.28 kN/m are reached. 

Nevertheless, concluding that a thicker section leads to better results is not 

fully correct. Considering that the diameter of the ring remains 3.18 m, the 

residual stresses in the ring – due to bending of the straight element – increase 

linearly with increasing beam section (see formula ( 5-5 )). From the three- 

point bending test a maximal stress of 600 MPa is measured. Considering the 

material’s safety factor (=1.3 for machined profiles, see Chapter 2) 
85

, this 

                                                              
85  Note that this material’s safety factor only holds true for short term loads. Incorporating 

the temperature coefficient for long term loads leads to a safety factor of 3.2-4.0 (Fiberline 

Composites, 2003) 
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results in a maximal design strength of 460 MPa that might not be exceeded 

under any condition.
86

  

 

Figure 5.17. Membrane forces in x- and y-direction (kN/m) at an intentional prestress of 

0.3 kN/m for different beam sections 

 

It is thus very important to find a good balance between the chosen beam 

section and the applied prestress, as those parameters have great influence on 

each other. The selection of an appropriate prestress is further discussed in 

section 5.3.3.3. 

As in this preliminary study the aim is to obtain a structure that allows manual 

prestressing of the membrane, an intermediate section, i.e. 12.7 mm, is chosen 

for the further calculations in this chapter.
 87

 In Chapter 7 a more elaborate 

parameter study is performed, where for example several ring elements are 

bundled to increase the overall structural stiffness without increasing the ring’s 

initial residual stresses. 

Another design consideration is the ease of the kinetic deployment, which 

takes into account that the forces in the contraction cable increase to obtain the 

same rate of kinetic deployment, when choosing a greater beam section. 

                                                              
86  In this chapter no analysis under external loads, such as wind and snow loads, is 

performed yet, but it should be noted that the indicated maximal design strength might 

not be exceeded under none of the load cases. 

87  The available profiles at our supplier Vink industries (Vink bvba) of course influenced 

the choice of the selected beam section. 
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5.3.3.2 INTERNAL ELEMENTS 

Prestressing the membrane results in an out-of-plane movement of the top 

points and an inward movement of the lower points. Without an internal beam 

element, the centre point of the membrane is positioned at about half height of 

the top points after form-finding. Contracting the cable element between the 

top points generates a decrease in membrane length from one top point to the 

other top point, resulting in a reduction in strain (and consequently 

forces/stresses) in the membrane’s y-direction (Figure 5.18, where a side view 

(yz) is given). Both due to the interaction between warp and weft direction and 

the geometric parameters, also the forces in the membrane in x-direction 

decrease during the cable contraction. 

 

 

Figure 5.18. The membrane length between the top points reduces when shortening the 

contraction cable, causing a decrease in membrane forces – yz view: 

(top) situation without internal beam element; (bottom) with internal beam element 

 

To obtain a structurally stable system in all the phases of the deployment, 

internal bending-active elements could be integrated in the pringle shape. For 

this first analysis, one internal beam element is added centrally in the initially 

flat circular structure, running from one top point to the other. The length of 

the internal element equals the diameter of the ring (3.18 m). 

The addition of this internal element should avoid the high loss of tension in 

the membrane, especially in the y-direction. As the pretension is applied and 

the top points move up- and inwards, the rectangular beam element will bend 
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perpendicular to the xy-plane, pushing the membrane down. After the final 

form-finding, the centre of the membrane lies no longer at half height of the 

top points, but at 44% of the height of the top points. When the kinetic 

deployment is initiated, the internal element pushes the membrane down to 

keep the membrane stressed. In reality, the membrane will often slide along the 

internal beam element (the beam is placed in a pocket), causing a slightly 

different behaviour than the numerical model where the membrane is fully 

fixed to the internal beam element.  

Figure 5.19 compares the forces in the membrane in both x- and y-direction for 

the three cases: the pringle without an internal element, with an internal 

element that is fully fixed and with an internal element that allows sliding of 

the membrane. 

In the form-finding state already slight improvements in membrane forces can 

be noticed with the internal element, especially in y-direction. When looking at 

the second state, where the contraction cable (initially with a length of ~3m) is 

shortened with ~20 cm, and at the third state, where the cable is shortened with 

~40 cm, it is proven that the loss of stresses in the y-direction is reduced. 

Unfortunately, the stresses in x-direction consequently drop slightly when 

adding a beam element.  

In this first attempt, no major improvements are obtained by adding the 

internal beam element. As a second attempt, the intention is to increase the 

internal beam’s length, so that after form-finding, the beam’s middle point lies 

close to or under the reference height, i.e. the height of the lower points or 

‘zero level’ (as indicated in Figure 5.18). In this case, shortening the 

contraction cable will push the internal beam element below the zero level, 

which results in positive straining of the membrane in x-direction instead of 

losing prestress. Nevertheless, starting from a beam length that is longer than 

the ring’s diameter would hinder the experimental investigation, as this 

wouldn’t allow performing the DIC and other measurements starting from the 

flat untensioned reference state. Therefore this part of the parameter study will 

only be discussed in Chapter 7. 

The differences in membrane forces for the fully fixed and the sliding beam are 

minimal, but for the ‘experimental numerical model’ (see section 5.5) the 

adoption of this sliding principle is required. 
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Figure 5.19. Membrane forces in x- and y-direction (kN/m) for the pringle without internal 

beam element, with a fully fixed internal element and a sliding internal element 
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5.3.3.3 PRESTRESS IN THE MEMBRANE 

Similar to the variation of the ring’s section with a constant membrane 

pretension, the variation of the membrane pretension using the same ring 

section results in different form-finding geometries. The higher the pretension, 

the higher the top points are positioned after the form-finding (Figure 5.20). 

Analogous, the lower the prestress (and thus the smaller the ring deformations), 

the more the forces in the membrane are distributed homogeneously.  

 

 

Figure 5.20. Deformation of the textile hybrid with an internal bending-active element 

with increasing initial prestress of the membrane 

 

This can also be seen in the graphs in Figure 5.23, presenting the membrane 

forces in warp (y) and weft (x) direction along two lines. The horizontal line 

runs from one lower point to the other lower point. The vertical line runs in the 

middle of one half of the membrane (divided by the internal beam element), as 

the forces decrease the most in this area. 

Also the behaviour during the kinetic deployment is highly influenced. Figure 

5.21 shows the membrane stresses/forces for the situation where the 

contraction cable has a length of 2.61 m (=load case 32, LC32). With a lower 

initial prestress the stress distribution in the membrane is more desirable, i.e. 

uniformly distributed and with a minimal reduction of the stresses, than with 

higher prestress values. 

This can be related to the position of the central point of the internal  

beam element, which lies lower for a lower pretension, which is advantageous 

for the preservation of stresses in the x-direction when shortening the 

contraction cable, as discussed in 5.3.3.2. This is also visible in Figure 5.23. 
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Figure 5.21. Membrane stresses/forces when the contraction cable has a  

length of ~2.61 m; with an initial prestress of 0.2 kN/m (left),  

0.3 kN/m (middle) and 0.4 kN/m (right) 

 

Nevertheless, it should be verified if this situation with a lower initial prestress 

is structurally stable enough under external loading, bearing in mind that the 

overall stiffness of membrane structures increases with increasing prestress 

and increasing curvature.  

As an example, the self-weight of the connection pieces in the experimental 

set-up are added to the form-found structure (40 x tensioning belts and 2 x 

connection pieces internal beam element: see Figure 5.22). Note that the two 

lower points are fixed when the loading is applied. For a prestress of 0.3 kN/m 

a maximum vertical displacement of 16.7 mm is obtained under the applied 

loading, whereas for a prestress of 0.2 kN/m a maximum displacement of 

33.2 mm is measured. This confirms that lowering the membrane prestress 

results in a decrease in overall structural stiffness. 

 

 

Figure 5.22. The applied loads for the verification of the structure’s overall stiffness are derived 

from the experiment: the weight of 40 polyester belts and 2 connection pieces are inputted as 

an example of external loading (more information can be found in Chapter 6) 
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Figure 5.23. Membrane forces (kN/m) along two lines in x- and y direction, for the 

form-finding state and for LC32 where the contraction cable has a length of ~2.61 m  

(i.e. shortened with ~40 cm); Three cases are illustrated: with a numerically imposed 

prestress of 0.2 kN/m (top), 0.3 kN/m (middle) and 0.4 kN/m (bottom) 
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Furthermore, an asymmetric prestress ratio is considered. Following the 

principles of the position of the internal beam element, one should choose the 

situation where the centre of the internal beam element is pushed down the 

most during form-finding.  

Lowering the prestress in y-direction results in an increase in distance between 

the top points and consequently in an elevation of the centre point. Lowering 

the prestress in x-direction, on the contrary, causes an increase in distance 

between the lower points and a downward movement of the centre point, which 

is more advantageous for the further deployment of the structure (looking at 

the distribution of the membrane forces).  

Table 5.6 points out some geometric parameters for three different prestress 

states: (i) the reference state of 0.3 kN/m in both warp and weft direction, (ii) a 

prestress of 0.2 kN/m in x- and 0.3 kN/m in y-direction, being respectively 

weft and warp direction, and (iii) a prestress of 0.3 kN/m in x- and 0.2 kN/m in 

y-direction. 

Table 5.6. Geometric parameters for the different prestress ratios after form-finding, with 

warp and weft aligned with respectively y- and x- direction (see Figure 5.22) 

x & y prestress 

Distance 

lower pnts 

x (mm) 

Distance 

top pnts y 

(mm) 

Height top 

pnts z 

(mm) 

Height 

centre 

point (mm) 

0.3 & 0.3 kN/m 2914 3055 706 312 (=44%) 

0.2 & 0.3 kN/m 3100 3064 566 175 (=31%) 

0.3 & 0.2 kN/m 2890 3093 654 321 (=49%) 

 

Visually, the different resulting geometries are presented in Figure 5.24, both 

for the form-finding state and the configuration where the contraction cable 

reaches a length of 2.61 m (=LC32). In all three cases, the membrane stresses 

decrease in the central areas of each half of the ring (divided by the internal 

beam element) during the kinetic deployment, but indeed less for the prestress 

of 0.2 kN/m in x-direction (i.e. the weft direction in this case) and 0.3 kN/m in 

y-direction (i.e. the warp direction in this case). 

The membrane forces are plotted in function of the length of the contraction 

cable to study the decrease during the contraction (see Figure 5.25). The 

membrane forces are extracted in the central point of one half of the membrane 

(divided by the internal beam element), i.e. the intersection of the vertical and 
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horizontal line indicated in Figure 5.23. The graphs indicate that the loss of 

membrane stresses is reduced when the prestress in x-direction is lower than 

the prestress in y-direction. 

 

 

Figure 5.24. Visualisation of the structure’s geometry and Von Mises stress distribution 

for the three considered prestress ratios 

 

 

 

Figure 5.25. Membrane forces at the intersection of the vertical and horizontal line 

indicated in Figure 5.23 

 

5.3.3.4 ORIENTATION OF THE FIBRES 

The influence of the fibre orientation on the structural behaviour is verified by 

rotating the fibre directions. The first case aligns the warp direction with the 

internal beam element (i), the second case orients the weft direction along the 
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internal element (ii) and in the third case the warp and weft directions are 

rotated 45° (iii) (see Figure 5.26).  

 

Figure 5.26. Indication of the studied fibre orientations 

 

Figure 5.27 presents the membrane forces in x- and y-direction for the three 

situations described above, starting from an initial prestress of 0.3 kN/m in 

both warp and weft direction. The reference case is the one where the warp 

direction is orientated along the internal beam element, as was the case in all 

previous sections.  

Aligning the weft direction along the internal beam element instead of the 

warp direction (Figure 5.27 (ii), i.e. the 90° rotated situation) results in a more 

advantageous stress distribution during the kinetic deployment. As the warp 

direction will strain less to obtain the same prestress value and the weft 

direction deforms more, the distance between the lower points increases in this 

case and the distance between the top points decreases. This results in a ratio 

between the height of the top points and the height of the centre of the internal 

element that is lower (39.7%) than in the reference case (44%), which is 

beneficial, as already explained in the investigation of the other parameters. 

Logically, rotating the membrane’s warp and weft direction with 45° results in 

an asymmetric stress pattern (see Figure 5.27 (iii)) 
88

. The membrane forces are 

visualized along the warp (x) and weft (y) direction, as indicated in the figure.  

To compare the influence of this parameter, again the deflection under the self-

weight of the connection pieces in the experimental model (see Chapter 6) is 

evaluated in the final form-finding state and in LC32. It needs to be noted that 

when loading the form-finding state, the two lower points are fully fixed and 

that in LC32, the contraction cable provides extra stiffness to the structure. 

This is done for the 45° rotated situation and compared to the reference case. 

                                                              
88  i.e. asymmetric compared to the symmetry axes of the structure itself. 
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For the reference case, the maximal deflection is 13.2 mm // 14.2 mm (resp. 

form-finding // LC32). The case where the fibres are oriented at 45° deflects 

14.8 mm // 16.1 mm, which is thus less desirable. 

Note that due to practical reasons the fibre orientations for the experimental 

model are limited to aligning the warp direction (i.e. the longitudinal direction 

of the roll) along the internal beam element. As the provided roll of membrane 

material has a width of only 1.45 m, the membrane is composed out of two flat 

membrane panels that are welded together along the internal beam (see 

Chapter 6) and thus align the warp direction with the internal element.  

 

Figure 5.27. Membrane forces (kN/m) in x- and y-direction for (i) the reference fibre 

orientation, i.e. with the warp direction aligned with the internal beam element,  

(ii) at 90° and (iii) at 45°  
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5.4 CONCLUSIONS PARAMETER STUDY 

This preliminary parameter study illustrates the complexity of the structural 

behaviour due to the strong interaction between the ring, the beam, the cable 

and the membrane properties (such as beam sections, membrane stiffness and 

the applied prestress). The chosen materials and sections, the membrane 

orientation and prestress have a great influence on the form-finding geometry 

and consequently on the behaviour during the kinetic deployment. 

By comparing the forces in the membrane, the stresses in the beam elements 

and the overall geometry of the pringle shape, the influence of a series of 

parameters is evaluated, both for the form-finding geometry and the behaviour 

during the kinetic deployment. In some specific cases also the deflection of the 

structure under a certain external loading is verified (where in this case the 

self-weight of the connection pieces from the experimental set-up are used). 

Due to the high deformation of the ring element under the applied membrane 

prestress, using a more flexible PU-coated polyester fabric improves the 

behaviour significantly, compared to using a relatively stiff PVC-coated 

polyester (please note that no external loading is considered yet). The higher 

the membrane stiffness, the higher the loss in membrane stress for the same 

loss in strain, i.e. for the same ring deformation, which consequently leads to a 

less desirable stress distribution. Future research could analyse the influence of 

using an uncoated mesh instead of a coated fabric.  

The higher the ring’s section (for the same applied prestress), the lower the 

ring deformation and thus the more homogeneous the stress distribution is. 

Nevertheless, the ring’s initial bending stresses due to bending of an initially 

straight element will influence the designer’s choice. Furthermore, the overall 

stiffness should be investigated, as it is known that for membrane structures 

both the prestress and the curvature of the membrane contribute to the overall 

structural stiffness.  

The integration of an internal beam element improves the behaviour by 

pushing the membrane downwards, both for the form-finding state and during 

the deployment. The lower the middle point of the internal beam, the more 

advantageous the distribution of the membrane forces, which becomes very 
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important when analysing the influence of the other studied parameters. The 

influence on the overall structural performance is verified in Chapter 7, where 

an analysis under external loading is performed on different configurations.  

Similar to varying the ring’s section, changing the applied prestress in the 

membrane results in a variation of resulting geometries. The higher the 

prestress, the higher the position of the top points will be, but consequently the 

less homogeneous the membrane forces are distributed. Furthermore, the 

middle of the internal beam element lies lower for a lower prestress value, 

which proved more advantageous for the behaviour under deployment. Again, 

the great interaction of the different parameters is confirmed and thus also the 

importance of carefully considering different combinations. Also the choice of 

an asymmetric prestress is considered, where opting for a lower prestress in 

x-direction than in y-direction results in improved structural results.  

Also the preferred orientation of the fibres can be selected based on the 

position of the middle point of the internal beam element. For this case study, 

aligning the stiffer fibre direction (i.e. the warp direction) with the line 

connecting the lower points (x-direction) leads to a more desirable structural 

response. Unlike in case study 1, the 45° oriented configuration does not lead 

to an improved structural behaviour. 

It can be concluded that the different studied parameters all have a great 

influence on each other and on the structural behaviour of the designed textile 

hybrid. This interaction complicates the design and thus the choice of the 

selected parameters. However, this integrated design model allows quantifying 

the influence of each parameter and helps the designer to make the appropriate 

structural choices.  

Generalising some findings could extend the use of textile hybrids for 

transformable architectural solutions to other geometrical shapes.  

A first step is to estimate the configuration and the zone with the highest beam 

curvature, which could occur either in the form-found position or in one of the 

transformation phases. Based on this curvature (and the selected material 

properties of the beam elements), the section can be chosen depending on the 

resulting initial stress. Next, the prestress in the membrane can be increased 

(i) until the intended geometrical shape is obtained or (ii) until the prestress 
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value exceeds the allowable range for the selected beam section. Finally, the 

zones or directions where the highest loss of tension occurs, can be reinforced 

with an internal element, which leads us to the next paragraph. 

It should be noted that adding the internal beam element, on the one hand, 

contributes to the maintenance of lengths of the membrane but, on the other 

hand, also provides additional structural stiffness. The former can raise the 

question whether one has to add another additional element, e.g. running from 

one lower point to the other lower point to also preserve the length in this 

direction. Possibly also other configurations of internal elements could be 

investigated in further research. The latter leads us to the opportunities of 

using a knitted membrane material that allows integrating different materials 

and knitting types in order to (locally) change the membrane stiffness (see 

section 2.1.3). 

In this chapter, the selected values and properties keep in mind that the 

experimental verification of this model should be performed manually, as 

discussed in Chapter 6. Nevertheless, the influence of each of the parameters 

will be taken into account when designing the real applicable textile hybrid in 

Chapter 7, where a more extended parameter study is performed. An analysis 

under a realistic external loading investigates the application range of the 

designed structure. 

The next section introduces the adapted numerical model that mimics the 

consecutive steps of the experimental test. 
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5.5 SIMULATION OF THE EXPERIMENTAL TEST PROCESS 

The experimental analysis of the designed textile hybrid structure investigates 

both the shaping of the three-dimensional geometry and the kinetic deployment. 

Therefore, a set-up is required that allows an incremental increase of the 

prestress. This is done by means of adjustable belts along the membrane 

boundary (see Figure 5.28).  

The models, both the numerical and the experimental, start from the cutting 

pattern obtained through the cutting pattern generation tool in Sofistik. Based 

on the form-finding result of the ‘numerical design model’ discussed in this 

chapter (after FACS 1), the membrane is flattened and compensated. In this 

case, the compensation factors in both warp and weft direction were set at 4%. 

The obtained cutting pattern was then manually shrunk down to account for the 

link lengths, which were foreseen to end up with a length of ~150 mm. 

 

Figure 5.28. The ‘numerical experimental model’: shortening the links results in pre-

stressing of the membrane and thus, consequently, the 3D pop-up of the pringle shape 

 

This ‘numerical experimental model’ does not really perform a form-finding 

step, as the cutting pattern of the membrane is implemented with its full 

stiffness. The prestress is not imposed as such, but the length of the links 

defines the prestress in the membrane. Therefore, also the interconnection of 

the ‘numerical design model’ and the ‘numerical experimental model’ are 

investigated and it is thus verified whether this numerical design model can be 

used for further investigation. An extensive description of the experimental 

investigation and its comparison to the numerical model is given in the next 

chapter. 
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EXPERIMENTAL INVESTIGATION AND 

VALIDATION OF THE NUMERICAL 

MODEL (CS2) 
 

 

 

 

 

 

 

 

As a validation of the numerical model analysed in Chapter 5, an experimental 

investigation of a physical model is conducted. This chapter describes both the 

experimental results and the comparison to the numerically obtained values.  

The overall geometry is studied in detail, both at different prestress levels and 

during the deployment, as the shape of the structure greatly relies on the 

interaction between the boundary elements and the flexible membrane material. 

Next, the strain field in the membrane and the forces and stresses in the 

bending-active elements are measured and compared with the data obtained 

from the simulations.  
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6.1 EXPERIMENTAL INVESTIGATION  

The experimental investigation of this 

second case study, with integrated bending-

active elements and a highly flexible 

membrane, looks both into the shaping of the 

three-dimensional form-finding geometry 

and the kinetic deployment. Therefore, an 

experimental model is generated that allows 

an incremental increase of the prestress. This 

is realised by means of adjustable polyester 

belts that connect the membrane to the GFRP 

bending-active ring. Incrementally shorte-

ning those links results in the out-of-plane 

displacement of the bending-active ring, 

creating a three-dimensional pringle shape 

(see Figure 6.1).   

 

Figure 6.1. Deformation of the ring (a) 

flat, (b) intermediate and  

(c) folded position 

 

6.1.1 TEST SET-UP 

GEOMETRY AND MATERIALIZATION 

A GFRP rod with a section of 12.7 mm is bent to form a circular ring with a 

diameter of 3.18 m (Figure 6.2 (left)). To do so, two GFRP rods with a length 

of 5 m are glued together with epoxy glue into an aluminium tube (one at each 

side).  

A PU-coated polyester fabric is positioned in the plane of the ring and is 

attached to the GFRP ring with 40 adjustable polyester belts, to allow gradual 

tensioning of the membrane (Figure 6.2 (right)). The cutting pattern of the 

membrane is determined through the cutting pattern analysis that is 

implemented in Sofistik (module TEXTILE).  

► 
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Figure 6.2. (left) Set-up of the ring without membrane;  

(right) ring with membrane attached with 40 polyester belts 

 

For this case, it is decided to generate the membrane as one flat piece of PU-

fabric in order to allow a DIC measurement starting from a flat unstressed 

reference state of the membrane.  

The final form-finding geometry of the ‘numerical design model’ is used to 

generate the cutting pattern, as explained in section 5.1.1, Figure 5.6. Next to 

the elastic compensation, i.e. the part accounting for the elastic deformation of 

the membrane, an additional compensation factor, i.e. the part accounting for 

the permanent deformation, of 4% in both membrane directions is applied. 

Sofistik then returns the cutting pattern presented by the grey line in Figure 6.3. 

To allow the implementation of the tensioning belts, this contour line is offset 

with 15 cm, resulting in the final cutting pattern that is hatched in Figure 6.3.  

 

Figure 6.3. Determination of the actual cutting pattern, based on the generated pattern in 

Sofistik, including the polyester belts for the prestressing of the membrane 
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As the PU-coated membrane material provided by Sioen has a width of only 

1.45 m, the flat membrane is divided into two parts (see Figure 6.4) that are 

welded together with a high frequency welding machine. The connection of the 

two membrane panels is designed in a way that a pocket is created wherein the 

internal GFRP beam element can be implemented.    

 

 

Figure 6.4. Fabrication detail of the pocket 

wherein the internal beam element is placed 

(top) Derivation of the cutting pattern 

(bottom) Detail of the experiment   

 

 

In order to determine the material parameters of the used materials, a number 

of standard tests are performed. The GFRP circular bar and the GFRP beam 

element are subjected to tensile tests to determine the E-modulus and the 

maximal tension strength. The GFRP bar is also subjected to a number of three 

point bending tests to define the bending modulus and the bending strength. 

The other material parameters of the GFRP elements are adopted from 



Chapter 6 – Experimental investigation and validation of CS2 

172 

(Fiberline Composites A/S, 2003) and (Vink bvba). Both continuous and cyclic 

tensile tests are performed on the polyester belts in order to determine their 

stiffness and tensile strength. The membrane is subjected to a biaxial tensile 

test, following the MSAJ test protocol, which allows calculating the E-modulus 

and Poisson’s coefficients in warp and weft direction. The shear stiffness of 

the PU-coated polyester membrane is determined through a bias extension test. 

More information on the material tests and the determination of the material 

parameters can be found in Chapter 5, section 5.1.2 p120, and in Appendix A. 

CONSTRAINTS AND CONNECTIONS 

The GFRP ring is placed on 4 supports, of which two can move freely, i.e. the 

upper points, and two are fixed in the upward direction, i.e. the lower points. 

The lower points are clamped in a steel connection that can be fixed onto a 

steel beam by means of a bolt (Figure 6.5 (left & bottom)). One of the lower 

points is fully fixed during the whole test run, whereas the other point can slide 

horizontally during the pretensioning of the membrane and is then fixed to 

perform the kinematic deployment (i.e. when shortening the contraction cable).  

 

Figure 6.5. (left) 

Clamped 

connection lower 

points; (right) 

connection top 

points; (bottom) 

one of the clamped 

supports can slide 

along the steel 

beam and can then 

be fixed through 

one of the holes 

 

 

At the top points, both the internal beam element and the contraction cable 

have to be attached (allowing rotation of both elements around the ring), as 

indicated in Figure 6.5 (right). 
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INTRODUCING THE PRESTRESS AND KINEMATICS 

Along the membrane boundary a second layer of fabric is glued as 

reinforcement (Figure 6.3 and Figure 6.6). Forty oval eyelets are perforated 

along this reinforced zone, equally spaced to allow a uniform tensioning of the 

membrane in the GFRP ring. Through these eyelets polyester belts are 

connected with a small ratchet, as indicated in Figure 6.6. This allows manual 

tensioning of the membrane with discrete steps: the length of the belts is 

measured manually at every step to obtain a more or less equal/symmetrical 

prestress. 

 

Figure 6.6. Detail of the 

adjustable belts 

connecting the membrane 

(with speckle pattern) to 

the bending-active ring 

element 

 

After the membrane is pretensioned in the boundary ring, the kinetic 

deployment of the system is initiated. This is done by means of shortening the 

‘contraction cable’, which is in this case a polyester belt interconnecting the 

two top points (Figure 6.7). Similar to the small belts to apply the pretension, 

the internal belt is provided with a small ratchet. 

 Figure 6.7. Connection of 

the contraction cable 

between the two upper 

points; the belt can be 

shortened in order to 

simulate the kinetic 

deployment of the 

membrane structure  
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6.1.2 MEASUREMENT EQUIPMENT 

Similar to the experimental investigation of case study 1, some measurements 

are done to compare the experimental results with the numerically obtained 

values, but also to confirm the feasibility of the structural principle.  

MANUAL MEASUREMENTS 

The manual measurements are performed using a simple meter and are mainly 

used to make sure that all adjustable link lengths are approximately uniform in 

each step of the prestressing process. Furthermore, the structure’s overall 

geometry is verified through manual measurements. Only some crucial lengths 

are measured in order to validate the lengths that are calculated through the 

DIC measurements (by means of the tracking of discrete points). 

STRAIN GAUGES 

To determine the stresses in the beam during the transformation, strain gauge 

rosettes are used. Three rosettes that measure the strains in three directions (at 

0°, 45° and 90°) are glued onto the beam’s surface: (i) On the upper side of the 

structure’s top point, (ii) on the upper side of the beam at the location of the 

clamped support and (iii) at the bottom of the beam at the location of the 

clamped support. The measurement of the strains in three directions allows 

calculating the plane stresses in the two principle directions at each of the three 

locations. Figure 6.8 shows the positioning of the strain gauge rosettes as 

applied in the experimental set-up. 

 

 

Figure 6.8. Strain gauge rosettes: (left) one is positioned at one of the top points; (right) 

two are positioned near to one of the supports (one on the upward and one on the 

downward side) 
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DIGITAL IMAGE CORRELATION 

At a height of 4 m the DIC cameras are attached to a meccano beam at a 

distance of ~3.5 m to capture the whole structure (as indicated in Figure 6.9). 

Like in case study 1, two coupled ccd cameras with 8 mm C-mount lenses are 

used, placed under a different angle to allow three-dimensional measurements. 

More information on the principles and terminology of the DIC system and 

measurements can be found in Chapter 4. 

The experimental investigation of this case study is performed with Point Grey 

Grasshopper3 ccd cameras (type GS3-U3-51S5M, (Point Grey)), with a 

resolution of 2448 x 2048 pixels. 

 

 

 

 

 

 

Figure 6.9. Positioning of the DIC cameras  

at a height of 4 m 

 
 

The correlation of the DIC images is performed with a subset of 27 x 27 pixels 

and a step size of 5 pixels. The filter size for the calculation of the strains is set 

at 7, smoothing the strain field over an area of 7 x 5 pixels.  

The membrane’s surface is provided with a speckle pattern to allow a full field 

measurement (Figure 6.10 (top)), whereby displacements and strains in the 

membrane can be visualised throughout the test. Furthermore, by placing 

markers at a number of characteristic points, the geometry of the pringle shape 

can be tracked automatically throughout the pretensioning and deployment 

(Figure 6.10 (left)). In the most important steps of the test process, a series of 
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virtual markers are placed along the ring, the membrane boundary and the 

internal member (Figure 6.10 (right)). This not only allows the verification of 

the overall geometry, but also serves as a verification of the measured length 

of the pretensioning belts.  

 

 

Figure 6.10. (top) A speckle pattern is applied on the membrane surface for full field DIC 

measurements; (left) A number of characteristic points are provided with markers and are 

measured throughout the test; (right) In the most important steps of the test, virtual 

markers are positioned for a more detailed geometry verification 

 

DIC ERROR ESTIMATION 

To estimate the error of the DIC measurements, a number of subsequent 

images are captured keeping the structure static. The small deformations and 

strains in the membrane give an indication of the error of the measurements for 

this specific set-up. Strain variations of 0.08% in weft (horizontal) and 0.07% 

in warp (vertical) direction and displacements of respectively 0.095 mm and 

0.14 mm are measured.   
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6.2 NUMERICAL SIMULATIONS 

In the preliminary parameter study, discussed in Chapter 5, the numerical 

design model is established through the real form-finding of a technical textile 

inside bending-active boundaries, where the applied prestress in the membrane 

determines the structure’s shape (Figure 6.11 (top)). The model allows 

evaluating different design parameters to come to a structurally efficient 

kinematic textile hybrid, after which the cutting pattern can be derived to 

construct the obtained structural design. 

The simulation process of the numerical experimental model, mimicking the 

process of the actual experiment, is fairly simple. First, the GFRP ring is 

modelled together with the internal beam element, incorporating the initial 

stresses in the ring due to the bending of a straight element. Secondly, the 

membrane’s cutting pattern is generated and is connected to the GFRP ring by 

means of forty cable elements. The connection of the membrane to the internal 

beam element is realized using kinematic constraints, allowing the membrane 

to slide along the internal element. Finally, each of the links is assigned the 

length that is measured during the experiment at the form-finding state, which 

results in the creation of the three-dimensional pringle shape (Figure 6.11 

(bottom)).  

 

 

Figure 6.11. The ‘numerical design model’ vs. the ‘numerical experimental model’ 
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6.3 RESULTS AND DISCUSSION 

This section describes the results of the experimental investigation and verifies 

the correspondence with the numerically obtained results. In the first place, the 

experimental results are compared to the ‘numerical experimental model’, i.e. 

the one mimicking the test process (introduced in Chapter 5, section 5.5). In 

the next section (6.4), the accuracy of the ‘numerical design model’ is 

evaluated, providing information on the suitability and precision of the 

simulated design process. 

 

6.3.1 OVERALL GEOMETRY  

As described previously, the out-of-plane displacement of the pringle shape is 

established through the shortening of the forty polyester belts. The belts are 

tensioned bit by bit while their length is manually measured at different 

intervals, until the belts reach their intentional length of 15 cm. 

In the early phase of the pretensioning, i.e. when the small belts still have a 

length >> 15 cm, the structure is very unstable. As there is nearly no prestress 

in the membrane and no pronounced curvature is created yet, the structure can 

hardly carry its own self-weight (Figure 6.12 (left)). Slightly tensioning the 

contraction cable between the top points helps to stabilize the structure during 

this early stage of applying the prestress (Figure 6.12 (right)). From the 

moment the pretension is sufficient, this tensioning belt is removed in order to 

approach the actual prestressing process as close as possible. The comparison 

with the numerical simulation will only evaluate the final stages of the 

pretensioning (without the internal belt) and, of course, the kinetic deployment. 

 

 

Figure 6.12. Instabilities in the early stage of the pretensioning: (left) asymmetric 

deflection of the structure; (right) slightly tensioning the belt between the top points, 

helps stabilizing the structure during the early stage of the pretensioning 
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Figure 6.13 shows the textile hybrid in its fully tensioned state, i.e. when the 

belts have a length of ~15 cm. In this state, the middle belt is removed and thus 

the structure is shaped solely through the prestressing of the membrane. Until 

this position, one of the lower points can slide horizontally along the steel 

beam. Afterwards, i.e. before the internal belt is shortened to simulate the 

kinetic deployment, this point is fixed by clamping the supporting point onto 

the beam. 

 
Figure 6.13. Three-

dimensional 

geometry of the 

textile hybrid 

obtained by 

pretensioning the 

PU-membrane in 

the GFRP ring 
 

 

The set-up of the DIC system allows measuring lengths and displacements in 

the three-dimensional space. Doing so for the points indicated in Figure 6.10 

permits to verify the overall geometry of the experimental textile hybrid. 

Figure 6.14 (left) presents the experimentally obtained geometry after form-

finding, i.e. when the links have a length of ~15 cm and Figure 6.14 (right) 

presents the obtained geometry when the contracting cable is shortened with a 

length of ~30 cm.   

In meantime, the DIC measurements provide information to calculate the 

length of each link. These lengths are then assigned to each corresponding link 

of the numerical model to generate the three-dimensional pringle shape. 



Chapter 6 – Experimental investigation and validation of CS2 

180 

Comparing the geometries obtained in the experiment (Figure 6.14) and in the 

numerical experimental model (Figure 6.15), a relatively good correspondence 

is acquired. The out-of-plane movement of the top points is 88 cm for the 

experimental model and 90 cm for the numerical experimental model. The 

maximum deviation is observed in the distance between the top points, which 

is only a 6.5 cm for a total distance of 267.5 cm.  

Those differences can be due to inaccuracies in the fabrication of the 

experimental model or set-up. The precision of the manually applied tensioning 

of the belts can also contribute to slight inconsistencies and asymmetries. 

Furthermore, in the numerical model the lower points can slide freely in 

x-direction, whereas in the experimental model the friction between the 

support and the steel beam could obstruct this movement slightly. This could 

for example explain why the distance between the lower points is larger in the 

experimental than in the numerical model.  

 

 

Figure 6.14. Geometrical parameters from the experimentally obtained structure: (left) 

after form-finding; (right) after contracting the internal cable 

 

 

Figure 6.15. Geometrical parameters from the numerical results (numerical experimental 

model): (left) after ‘form-finding’, i.e. when the belts have a length of approximately 15 

cm; (right) after contracting the internal cable 
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6.3.2 MEMBRANE STRAINS 

Furthermore, the strain distribution in the membrane surface is measured 

throughout the test by continuously tracking the applied speckle pattern with 

DIC, which allows visualizing the strains in horizontal (weft) and vertical 

(warp) direction. The unstressed flat membrane is taken as the reference state, 

i.e. where no strains are present. The resulting strain fields presented below are 

thus strains relative to this unstressed state: (i) after the form-finding (Figure 

6.16) and (ii) after shortening the contraction cable with ~30 cm (Figure 6.17). 

It should be noted that the experimental results presented in Figure 6.16 and 

Figure 6.17 are projected on the undeformed reference geometry. As the DIC 

cameras are placed at a distance of 3.5 m away from each other, the angle 

whereby they capture the textile hybrid is relatively high. Consequently, the 

visualisation of the results on the out-of-plane deformed structure would give a 

false impression of the structure’s deformations.  

The two vertical strips where no correlation is obtained (in the experimental 

strain field) result from the tensioning belt between the top points that is 

integrated to keep the structure stable in the early phases of the pretensioning. 

The zones of the speckle pattern that are hidden by the contraction cable 

cannot be tracked and thus no strains can be calculated in those areas. Again, 

due to the angle of the cameras this results in two different hidden zones and 

thus in two ‘vertical’ uncorrelated strips. 

Looking at the experimental form-finding state (Figure 6.16 (top)), a zone with 

high straining of the membrane material in the vertical direction is located 

along the internal beam (εyy = ~3.5 → 4%), as a result of the beam pushing the 

membrane down. In this same zone, the strains in horizontal direction are 

smaller due to the effect of crimp interchange (εxx = ~0.2 → 0.4 %). In the 

central zone of each half (divided by the internal beam) the strains in warp and 

weft direction are quite similar (around 1.2%).  

Along the membrane boundaries, in x-direction locally increased strain values 

are noticed around the top points, whereas for the y-direction locally increased 

strain values appear near to the lower points. Referring back to the distribution 

of the membrane forces discussed in Figure 5.12 and Figure 5.13, similarities 

can be noticed. Near the top points, the chord of the ring is small in x-direction, 

whereby less force and thus strain is dissipated due to the deformation of the 
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ring. Near the lower points the opposite holds true, whereby locally less strain 

is dissipated along the vertical chords (near the lower points).  

The overall strain field resulting from the numerical experimental model 

(Figure 6.16 (bottom)) looks quite similar to the experimental results. As the 

links of the numerical model are assigned the same length as in the experiment, 

also here small asymmetries are visible. In the centre of each half of the 

structure, the strains are slightly smaller in x-direction and at the same time 

slightly larger in y-direction than in the experimental model. This can be due 

to the friction of the sliding lower point during the ‘form-finding’ step. As 

mentioned in the previous section, the distance between the lower points is 

smaller in the numerical model, compared to the experiment. This could result 

in decreased strains in the numerical model in x-direction (εxx = ~0.9%) and 

due to the effect of crimp interchange consequently in slightly increased strains 

in y-direction (εyy = ~1.3%). 

 

 

 

 
εxx 

 
εyy 

Figure 6.16. Strain fields (%) after the ‘form-finding’: (top) experimental results in x- 

and y-direction; (bottom) numerical results in x- and y-direction 
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Next, the evolution of the strains is evaluated during the kinetic deployment, 

comparing the configuration where the contraction belt is shortened from 

286.5 cm to 256.8 cm (i.e. ~30 cm) (Figure 6.17).  

Both in the experimental and the numerical experimental model, the strains in 

x- and y-direction decrease when the top points are pulled towards each other. 

In the central zone of each half of the membrane, the strains in x- and 

y-direction drop to approximately 0.9% and 0.6% for the experimental and 

0.6% and 0.1% for the numerical experimental model.  

The overall structural response (when looking at the membrane strains) of the 

numerical simulation thus corresponds to the experimentally observed results, 

but when looking more in detail, some deviations are noticed. In x-direction, 

for example, the strains in the numerical model are indeed lower along the 

internal element, but they increase towards the middle of the internal beam, 

 

  

 
εxx 

 
εyy 

Figure 6.17. Strain fields (%) after contracting the internal cable with 30 cm:  

(top) experimental results; (bottom) numerical results in x- and y-direction 
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unlike in the experimental strain field. When comparing the geometry of the 

internal beam element it becomes clear why (see Figure 6.18): the beam in the 

numerical model is pushed down more in the middle, whereas the experimental 

beam approximates a more rounded shape. A possible explanation lies in the 

modelling of the interaction between the internal element and the membrane 

(by means of kinematic constraints in x- and z-direction), which can differ 

from the actual experimental connection (e.g. due to the indeterminate friction).  

 

Figure 6.18. Geometry of the internal beam element with the cable shortened with 30 cm: 

experimental vs. numerical model 88 

 

After the kinetic deployment, the middle belt is again removed and the 

prestressing links are gradually loosened. The resulting strains in the 

membrane in this fully relaxed state are the permanent strains in the membrane 

(visualized in Figure 6.19). Logically, the permanent strains in warp direction 

(i.e. the y-direction) are smaller than the permanent strains in weft direction 

(i.e. the x-direction). A mean value of 0.68% in weft and 0.43% in warp 

direction are registered, which corresponds to the additional compensation 

factor (that needs to be applied besides the compensation that account for the 

elastic straining of the membrane material). 

Comparing those values to the applied compensation factor of 4%, one can 

conclude that the compensation was taken too high for this range of applied 

prestress and resulting forces. A tailored biaxial test should have been 

performed, similar to what is described for case study 1 (section 3.3.3.5). 

Unfortunately, the biaxial bench that is available at the Vrije Universiteit 

Brussel cannot cope with these low forces, as the load cells connected to this 

biaxial bench have a capacity of 100 kN and thus a prestress of 0.3 kN/m lies 

within the noise range of the used load cells.  

                                                             
88  Note that the difference between the two high points of the internal beam element occurs due 

to the slight deviations between the numerical and experimental geometry (see Figure 6.15). 
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In this stage of the comparison (between the experiment and the numerical 

experimental model) this has no major influence, as this simulation is fully 

based on applied straining of the material. The ‘form-finding’ of the three-

dimensional pringle shape is not obtained by imposing a certain prestress, but 

by shortening the belts, i.e. by applying a certain straining to the membrane’s 

cutting pattern.  

As this compensation factor of 4% is applied to both the cutting pattern of the 

experiment and the numerical experimental model, no major deviations were 

expected in the strain field, nor in the geometry, due to this misconception on 

the material’s permanent deformation for this range of prestress (being ~0.68% 

(x) and ~0.43% (y), see Figure 6.19). Small deviations can however occur due 

to the approximated linear elastic behaviour that is used in the numerical 

models. 

The reflection to the numerical design model, on the contrary, does not 

incorporate the influence of the compensation factor and will highlight the 

importance of applying a more correct/suited value. This comparison between 

the numerical experimental model and the numerical design model are 

discussed in section 6.4. Not only the strain fields are compared, but also the 

membrane forces and the overall geometry of the structure. 

 

 
εxx 

  
εyy 

 

Figure 6.19. Strain fields (%) after loosening the forty belts again, i.e. the permanent 

strain in the membrane material. 



Chapter 6 – Experimental investigation and validation of CS2 

186 

6.3.3 BEAM STRESSES 

The initial bending of the straight element towards a ring generates residual 

stresses in the ring of 163.5 MPa, being the maximum stress on the circular 

section. This pure bending around the z-axis results in a distribution of the 

stresses along the section as presented in Figure 6.20 (left), reaching its 

maximum at point A. As the strain gauges are glued on the already deformed 

ring and, furthermore, are positioned on the top and bottom of the beam’s 

section (where the stress resulting from this initial bending is zero, point B), 

these residual stresses are not captured by the strain gauges. Nevertheless, they 

should be taken into account when analysing the stresses in the beam element.  

The actual out-of-plane deformation of the ring due to the pretensioning of the 

membrane, results in both bending in and perpendicular to the xy-plane (Figure 

6.20 (left) and (right)). Superposition of the resulting stresses, consequently, 

leads to a shifted stress distribution on the section, where the maximum stress 

lies not on the position of the strain gauges.  

 

 

Figure 6.20. Distribution of stresses on a circular beam section: (left) bending in the xy-

plane; (right) bending out of the xy-plane  

[based on figures from (Hibbeler, 2011)] 

 

Furthermore, due to the out-of-plane movement caused by adding the prestress 

and the kinetic deployment, the ring member rotates around its longitudinal 

axis. Therefore, the strain gauge rosette that is located at one of the top points 

is thus no longer positioned at the highest point of the beam section, but is 

rotated inwards (Figure 6.21). 
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Figure 6.21. Due to the out-of-plane movement (causing bending and torsion), the beam 

section is rotated around its longitudinal axis and the strain gauge rosette lies no longer at 

the highest point of the section [based on figures from (Hibbeler, 2011)] 

 

EXPERIMENT 

During the experimental investigation, the strain gauge rosettes continuously 

register the strains in the GFRP ring. Each of the rosettes contains three strain 

gauges, oriented as indicated in Figure 6.22. Two strain gauge rosettes are 

positioned near one of the support points (on the upper side: ‘Support UP’, on 

the downward side: ‘Support DOWN’) and one rosette is positioned near one 

of the top points (on the upper side: ‘High point UP’). 

 

 

Figure 6.22. Orientation of 

the strain gauges; two strain 

gauge rosettes are positioned 

at one of the support points 

(on the upper and downward 

side) and one at one of the 

top points (on the upper side) 

 

In function of the measured strains in the three directions (��, �� and ��) and 

the orientation angle of the strain gauges (��, �� and ��), the normal strains (�� 

and ��) and the shear strain (���) can be calculated, combining the following 

formulas (Hibbeler, 2011): 
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�����
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�����

� + ����������� ( 6.1 ) 

�� = ��
�����
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�����

� + ����������� ( 6.2 ) 

�� = ��
�����
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�����

� + ����������� ( 6.3 ) 

 

Following the material property relationships, also the normal and shear 

stresses can be calculated, by means of the following equations: 

�� =
��

��
−
�����

��
 ( 6.4 ) 

�� =
��

��
−
�����

��
 ( 6.5 ) 

��� =
���

�
 ( 6.6 ) 

 

The results measured during the experimental investigation are summarized in 

Table 6.1.  

 

Table 6.1. Resulting strains and stresses from the strain gauge rosettes: Rosette 1 = 

support, top; Rosette 2 = support, bottom; Rosette 3 = top point, top 

 

Form-finding 

PIC728 

Cable contraction 

PIC873 

Rosette 

1 

Rosette 

2 

Rosette 

3 

Rosette 

1 

Rosette 

2 

Rosette 

3 

��	
μstrain� -4299 -1151 1204 -4974 -1372 2285 

��	
μstrain� 1579 4220 -458 1668 4664 -779 

���	
μstrain� -742 -1469 123 -548 -865 -477 

 !	
"#$� -175.2 173.5 49.0 203.3 191.3 93.3 

 %	
"#$� 3.66 1.45 -0.84 2.22 0.35 -1.19 

&!%	
"#$� -3.71 -7.35 0.62 -2.74 -6.86 -3.90 
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NUMERICAL EXPERIMENTAL MODEL 

From the numerical experimental model the Von Mises stresses along the cross 

section can be visualized. An example of the distribution near to the support 

point (at the location of the strain gauge rosettes) is given in Figure 6.23 for 

the situation where the contraction cable is shortened with 30 cm.  

 

 

                  

Figure 6.23. Distribution of the Von Mises stresses (MPa) on the ring section in Sofistik: 

example at the position of the strain gauges near the support point when the contraction 

cable is shortened with 30 cm (left: front view, right: 3D view) 

 

As the values given from Sofistik are not always presented at the exact 

location of the strain gauge rosette (in Figure 6.23 at the top and bottom of the 

section), the needed value is obtained by interpolation between the two 

adjacent values.  

Investigating the beam stresses near the top point reveals an inconsistency in 

the numerical model. The ring does not rotate around its longitudinal axis 

(locally) in the two top points, although no constraints are imposed that restrict 

this rotation. In the two top points, only symmetry conditions are imposed, i.e. 

only the movement in x-axis and the rotation around the y- and z-axis are 

restricted.  

Figure 6.24 presents the orientation of the local z-axes of the ring elements. It 

becomes clear that in between the support points and the top points the ring is 

free to rotate around its local x-axis (i.e. the longitudinal axis), but in the top 

points the local z-axes are again orientated vertically, indicating that the 

rotation around its local x-axis is restricted (unlike was seen in the experiment). 

The experimental value at this point 

equals 203 MPa (see Table 6.1) 

Experimental: 191 MPa 
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Figure 6.24. Local z-axes of the ring elements: in between the support points and the top 

points the ring is free to rotate around its local x-axis (longitudinal); in the top points the 

local z-axis is again orientated vertically 

 

Zooming in on the top points (Figure 6.25), shows that the effect of restricting 

the rotation in these points is rather limited. Only the actual top is twisted 

slightly: the global curvature of the ring element is smooth, until one 

approaches the top very closely.  

 

Figure 6.25. Visualisation of the local restriction on the rotation around the ring's 

longitudinal axis: (left) form-finding state, (right) 30 cm contracted state 

 

Furthermore, the correspondence between the experimental geometry and the 

numerical experimental geometry, as well as the resulting strain distributions, 

confirm the limited influence (section 6.3.1 and section 6.3.2).  

However, this inconsistency does influence the interpretation of the strain 

gauge rosette positioned near the top point. In the numerical model the upper 

side of the ring remains the upper side (locally in the top points), whereas in 

the experimental model these points rotate (as expected, see Figure 6.21). 

Therefore, the rotation of the top points is approximated based on the ring’s 

properties. Figure 6.26 shows how the angle is estimated that is used to determine 

the Von Mises stress on the location of the strain gauge rosette at the top point. 
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Figure 6.26 Approximation of the ring’s rotation around its longitudinal axis and the 

corresponding shift of the Von Mises stresses (MPa) at the position of the rosette 

(example in the form-finding configuration) 

 

An overview of the obtained Von Mises stresses at the location of the strain 

gauge rosettes for both the ‘form-finding’ configuration and the deployed 

situation (30 cm contraction) is given in Table 6.2. Comparing those to the 

values presented in Table 6.1 shows a relative good correspondence for both 

the form-finding and the contracted configuration. Near the lower point 

slightly higher values of Von Mises stresses are obtained in the numerical 

model, compared to the experimentally obtained values. Looking into the Von 

Mises stresses in the top point, larger deviations between experiment and 

numerical model are observed, which can be due to the approximated location. 

For all strain gauge rosettes an increase in stress is noted when contracting the 

cable element. 

 

Table 6.2. Axial strains and shear strains at the positions of the strain gauge rosettes: Rosette 

1 = support, top; Rosette 2 = support, bottom; Rosette 3 = top point, top 

 Form-finding Cable contraction 

Rosette 

1 

Rosette 

2 

Rosette 

3 

Rosette 

1 

Rosette 

2 

Rosette 

3 

 !	
"#$� 191 191 46 215 213 73 

&!%	
"#$� 8.67 8.67 -8.40 -11.66 -11.66 -9.43 
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6.4 VALIDATION OF THE NUMERICAL DESIGN MODEL 

In the previous section, the experimental results are evaluated and compared to 

the results from the numerical experimental model. However, this model does 

not allow to properly re-design the structure by changing design parameters, 

since the membrane’s cutting pattern is fixed and no actual form-finding is 

performed in this numerical process (i.e. with FACS 1E-10 in Sofistik). This 

model rather creates new equilibrium shapes with the same structural elements. 

It is thus important to also reflect on the initial numerical design model, 

whereby this cutting pattern is created.  

As was already initiated in section 6.3.2, it is expected that the cutting pattern 

used for the numerical experimental model is too much compensated, 

especially in the warp direction (y). The comparison of geometry and stress 

and strain patterns between the ‘numerical design model’ and the ‘numerical 

experimental model using the overcompensated cutting pattern’, confirms this 

prediction (Figure 6.27). However, due to the great interaction between the 

ring and the membrane stresses, the effect of this overcompensation is not 

straightforward. Intuitively, a smaller cutting pattern would result in higher 

strains and higher membrane forces, but due to the large beam deformations 

this holds not true, as can be seen in Figure 6.27. Furthermore, the significant 

importance of crimp interchange results in a decrease in strain in x-direction as 

the strain in y-direction increases.  

Along the internal beam element the strains and forces in y-direction are 

indeed higher, compared to the numerical design model. In the x-direction on 

the contrary, the stresses and strains are remarkably lower than predicted in the 

numerical design model. Unlike in the y-direction, where the inward movement 

of the upper points is partially limited due to presence of the internal beam 

element, the lower points can move freely in x-direction. Due to the higher 

pretensioning (due to the smaller cutting pattern) the lower points are pulled 

more inwards, resulting in the larger deformation of the ring element and 

consequently in lower stresses and strains in a big part of the membrane area 

(Figure 6.27 and Figure 6.28). Note that it was already discussed in Chapter 5 

that the larger the deformations (due to a higher pretension), the less 

homogeneous the stress distribution is. Together with the effect of crimp 
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Figure 6.27. Comparison of the strain distribution (%) for the ‘numerical design model’ 

(top) and the ‘numerical experimental model’ (bottom) 
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Figure 6.28. Comparison of the stress distribution (kN/m) for the ‘numerical design 

model’ (top) and the ‘numerical experimental model’ (bottom) 
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interchange, the stresses and strains in x-direction along the internal beam are 

thus remarkably lower than in the numerical design model. 

Looking at the geometry, the numerical experimental model indeed shows 

higher deformations than the numerical design model: the height of the top 

points lies 83 mm higher, the distance between the top points is 78 mm shorter 

and the lower points lie 47 mm closer to each other.  

Therefore, the cutting pattern of the membrane is re-calculated, integrating 

additional compensation factors, i.e. the part of the compensation that takes 

into account the permanent deformation of the membrane, of 0.43% and 0.68% 

in respectively warp and weft direction (as determined from the experimental 

investigation). An adapted numerical experimental model is investigated using 

this new cutting pattern.  

Figure 6.30 compares the results of this adapted numerical experimental model 

with the numerical design model. Especially in the warp direction (i.e. the 

y-direction) significant improvements are observed. The high stresses and 

strains along the internal beam have decreased considerably, whereby the 

overall stress distribution and strain pattern lies much closer to the ones of the 

numerical design model (compared to the original numerical experimental 

model). Although also the distributions in x-direction correspond better, still a 

larger difference with the numerical design model is observed compared to the 

distributions in y-direction. 

Concerning the geometry of this adapted numerical experimental model with a 

modified cutting pattern, other improvements are obtained: the difference in 

distance between the top points drops to 28 mm, the difference in distance 

between the lower points to 2 mm and the difference in height to 20 mm. 

It can be concluded that the performance of a tailored biaxial test in order to 

determine the appropriate compensation factors is of major importance. 

Considering this, the numerical design model can be used to design and 

analyse the structural behaviour of the kinetic textile hybrid.  
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Figure 6.29. Comparison of the strain distribution (%) for the original ‘numerical design 

model’ (top) and the ‘numerical experimental model’ with the adapted cutting pattern 

(bottom) 
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Figure 6.30. Comparison of the stress (kN/m) distribution for the original ‘numerical 

design model’ (top) and the ‘numerical experimental model’ with the adapted cutting 

pattern (bottom) 
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6.5 CONCLUSIONS  

The experimental investigation confirms the feasibility of designing kinetic 

textile hybrids. The analysed principles of both the prestressing (and form-

finding) of the membrane and the kinetic deployment of the structure are tested 

and evaluated. Thanks to the experimental study a lot of insight is gained in the 

behaviour of the structure, which was very valuable for the further structural 

investigation. 

The comparison of the experiment with the numerical experimental model 

shows good correspondence. The geometries, strain field patterns and 

measured beam stresses of the numerical experimental model lie close (within 

an acceptable range) to the experimental results. Using a linear elastic 

orthotropic material model allows thus to predict the overall structural 

behaviour of the textile hybrid. Nevertheless, some small deviations are 

present (mostly) due to the inaccuracies in the experimental model. 

It needs to be noted that an inconsistency showed up when analysing the beam 

stresses. Locally, the top nodes of the ring element are restricted to rotate 

around their longitudinal axis (unlike all the other points between the lower 

and the top points). As no solution is found thus far, some assumptions are 

made in order to allow a comparison of the most important structural results, 

which showed good correspondence when comparing the approximated results 

to the experimentally obtained values. Nevertheless, future work could 

investigate how to solve this shortcoming, allowing to quantify the influence of 

this inconsistency. 

Furthermore, the results of the numerical experimental model are compared to 

the numerical design model, in order to validate if the adopted form-finding 

process for the design of textile hybrids can predict the actual behaviour. The 

residual strains in the membrane (i.e. the permanent deformation) after the 

experimental investigation already indicate that the adopted compensation 

factor (= elastic strain + permanent strain) is taken too high. The analysis of 

numerical experimental and design model confirms this presumption. 

Therefore, an adapted numerical experimental model (with a modified cutting 

pattern) is established and analysed, resulting in a structural response 

comparable to the numerical design model. Considering the major importance 
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of defining the correct compensation factor, this numerical design method can 

be used for the structural analysis of textile hybrids.  

Similar to case study 1, a project oriented protocol should be established for 

the biaxial testing of the membrane material. For this PU-coated polyester 

fabric, only a standard MSAJ test is performed, due to the inability to perform 

the tailored biaxial test at the Vrije Universiteit Brussel. Because of the large 

deformations and the low prestress values, this tailored test reached beyond the 

capacities of the available biaxial bench. Future work should definitely analyse 

the results of a project oriented biaxial test.  
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After the numerical model is being validated, a series of parameters are varied 

numerically and their influence on the structural behaviour is quantified. The aim 

is to obtain an improved behaviour under loading and, more specific, during the 

kinematic transformation. 
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7.1 THE NEED FOR AN IMPROVED STRUCTURAL SYSTEM 

7.1.1 PROBLEM STATEMENT 

The parameter study performed in Chapter 5 kept in mind that the designed 

structure would be manufactured and tested manually. Therefore, only small 

values of pretension were adopted and limited sections of GFRP elements were 

used. These structural choices resulted in a relatively easy manageable system, 

but consequently the resulting design was not structurally stable enough (to 

serve as an applicable architectural element).  

Nevertheless, this preliminary study (Chapter 5) and the corresponding 

experimental investigation (Chapter 6) confirmed the potential of designing 

kinematic textile hybrids and, furthermore, revealed some interesting insights 

in the complex behaviour of the studied system. Due to the important 

interaction between the different structural elements, the main task is to find a 

good balance between the different parameters.   

In Chapter 5 a number of enhancing structural principles were already 

proposed and introduced in this preliminary state. Due to the above mentioned 

practical reasons, however, some of these principles were not yet adopted. 

Those unapplied findings from chapter 5 will be adopted in the next phase 

(Chapter 7), before the newly defined parameters are investigated.  

The aim of this more elaborate parameter study is thus to improve the system 

in order to obtain a structural design that can withstand (a certain amount of) 

external loading. In this study, the performance of both the form-finding 

configuration and the different phases of the deployed structure are evaluated 

and improved by investigating a number of carefully selected parameters.  

 

7.1.2 STUDIED PARAMETERS 

In what follows, the parameters that are investigated through a numerical 

model in Sofistik (Sofistik AG ©) are presented.  

Of course, the results from the preliminary parameter study, concerning for 

example the membrane prestress and orientation of the fibres, are adopted in 

this new structural design. 
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INCREASING RING STIFFNESS 

An increased stiffness of the bending-active boundary element, i.e. the 

boundary ring, results in an increase in the overall stiffness of the membrane 

structure. As discussed in Chapter 5, this increase in ring stiffness results in a 

reduced out-of-plane movement under a certain applied prestress. Oppositely, 

for a stiffer boundary structure, a higher prestress can be applied to obtain the 

same out-of-plane deformation, which in its turn contributes to the stiffness of 

the structure (namely, the stiffness of membrane structures is highly influenced 

by the applied prestress and the curvature). 

Also, for the same applied prestress, it was confirmed that the higher the 

deformation of the ring element, the less homogeneous the force distribution in 

the membrane appeared.  

Basically, the aim is to find a good balance between the chosen section and the 

applied prestress, as both influence the stiffness of the structure and they 

highly interact. As the membrane prestress of the structure designed in the 

preliminary parameter study reached unacceptably low values, the initial 

prestress value should be increased, but consequently also a more appropriate 

boundary section needs to be found.  

Simply increasing the ring’s section results in too high residual stresses (when 

bending the ring element from an initially straight element). Therefore, in this 

chapter, research is done on the use of bundles of initially straight GFRP 

elements that are bent together towards a circular ring. Applying this principle 

results in an increased overall ring stiffness, but with a limited initial residual 

stress in each of the beams.  

Not only is the form-finding performed, but also the analysis of the kinematic 

deployment of the structure. Logically, when the overall stiffness of the 

structure is increased, the force in the contraction cable will be higher for the 

same rate of deformation. Of course, an important part of the study will focus 

on the resulting stresses in the different structural elements during the 

deformation, verifying that they never exceed the material stress limits. 

It is thus investigated whether bundling different GFRP sections as a boundary 

element can result in a structurally stable and efficient system with a properly 

prestressed membrane.  
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LENGTH OF THE INTERNAL BEAM 

As discussed in section 5.3.3.2, the motivation of integrating an internal beam 

element in the membrane structure is that the beam keeps the membrane 

tensioned during the deployment, by pushing the membrane down.  

Initially, a beam with a length equal to the ring’s diameter (3.18 m) is placed 

from one top point to the other. This, however, only tensions the membrane in 

y-direction (i.e. the direction along the internal beam). As the centre of the 

beam lies at 44% of the total height after form-finding (p 143), contracting the 

cable – and thus bending the internal beam element – results in a lowering of 

the centre of the beam. This indeed reduces the loss in membrane force in 

y-direction along the internal element, but unfortunately in x-direction a 

reduction in length and consequently a loss of tension occurs at the same time.  

Therefore, it was already mentioned that the intention is to integrate an internal 

beam element with an increased length. As a result, after the form-finding, the 

beam’s middle point will lie close to or under the reference height, i.e. the 

location of the lower points, which is advantageous for the preservation of the 

membrane stresses in x-direction when shortening the contraction cable (see 

Chapter 5). 

Indeed, in this case, contracting the cable will push the membrane below the 

level of the support points, whereby the fabric is further pretensioned in x-

direction instead of experiencing a loss of tension.  

In this chapter the influence of elongating the internal beam member is 

quantified and it is investigated to what extend this is possible. Furthermore, 

the influence of the membrane’s pretension on the form-finding geometry of 

the structure with the elongated beam element is verified. 

SLIDING LOWER POINTS 

Previously, the lower points were always fixed from the moment the kinematic 

deployment was initiated, i.e. after the final form-finding state was reached. 

Indeed, in practical applications, the textile hybrid is installed in its form-

finding state, whereby fixing the lower points in this installation phase allows 

using relatively simple clamped connections.  
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However, in some cases it could be required to provide sliding supports. 

Although this slightly complicates the practical application, it is investigated 

what the influence of freeing those lower points in x-direction is on the 

structural behaviour. 

 

7.1.3 BEHAVIOUR UNDER EXTERNAL LOADING 

In order to validate the impact of varying the studied parameters, an analysis 

under external loading is performed for each situation. Analysing the resulting 

deformations gives an indication of the structure’s stiffness and helps thus to 

quantify the effect of each parameter.  

Section 3.4 already mentioned the difficulties and uncertainties concerning the 

determination of the loads to be applied on membrane structures. As no 

harmonized design codes are finalized yet, a simplified analysis under wind 

loading (+ self-weight) is performed. The detailed determination of the 

external loads, together with their corresponding safety and material factors, 

falls thus beyond the scope of this research.  

Nevertheless, it needs to be noted that the European Commission works 

towards a comprehensive Eurocode for the Structural Design of Tensile 

Membrane Structures (Stranghöner & Uhlemann, 2016).  

In the first case study of this thesis, a wind loading of 0.7 kN/m² is applied on 

the membrane surface as a verification of the structure’s behaviour under 

loading for different opening angles (based on the values described in the 

European Design Guide (Foster & Mollaert, 2004) and the Eurocodes for wind 

loading (NBN EN 1991-1-4:2005)).  

For this second case study, the European Standard “Temporary Structures – 

Safety – Tents” is consulted, which states that: 

“… a reduced pressure of 300 N/m² may be applied in the case of 

tents with a width of 10 m or less and height of 5 m or less.” 

(NEN-EN 13782:2005) 
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7.2 RESULTS OF THE PARAMETER STUDY 

Based on the results of the parameter study in Chapter 5, the improvement of 

the structural behaviour of the pringle shaped textile hybrid starts with 

orienting the warp direction perpendicular to the internal beam element (i.e. 

with the warp in the x-direction). 

Also the prestress in the PU-coated fabric will be increased (depending on the 

implemented changes), aiming to obtain a geometry similar to the geometry 

obtained in Chapter 5, with a height of the top points of ~600-700 mm. As the 

preliminary parameter study confirmed that pretensioning the membrane more 

in y-direction, i.e. along the internal beam element,  is more advantageous, it 

will also be investigated to what extend this can be implemented in this 

improved system. 

Initially, again a rectangular beam element with a cross section of 5 x 40 mm 

and a length of 3.18 m is assigned to the internal member (like was the case in 

the preliminary parameter study and the experimental model). 

 

7.2.1 STIFFNESS OF THE BOUNDARY RING 

In the first place, three rods with a diameter of 12.7 mm are combined to a 

bundle serving as a bending-active boundary (Figure 7.1). The rods are 

interconnected by three small beam elements at each ring segment to ensure 

they act as one whole, as indicated in the figure.  

Next, also the configuration with a bundle of seven rings is analysed, 

organized as indicated in Figure 7.1. In this case, twelve interconnecting beams 

are integrated (at each ring segment) to bundle the elements.   

To obtain an out-of-plane displacement after the final form-finding step, 

similar to the one obtained with only one GFRP ring as a boundary, the 

membrane prestress needs to be increased. A prestress of 0.5 kN/m has to be 

applied for the situation with three rings and a prestress of 1.1 kN/m for the 

situation with seven rings (compared to 0.3 kN/m for the single ring solution). 

This indicates the amount of increase in stiffness when combining a number of 

bending-active elements. 
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Figure 7.1. Bundling of (a) three GFRP elements with a diameter of 12.7 mm;  

(b) seven GFRP elements with a diameter of 12.7 mm 

 

Figure 7.3 and Figure 7.4 compare the results from the textile hybrid with one 

GFRP element (1 x 12.7 mm) with the results from the one with a bundle of 

respectively three GFRP elements (3 x 12.7 mm) and seven GFRP elements 

(7 x 12.7 mm). This is done for the final form-finding state, for an intermediate 

contraction state with a cable contraction of 300 mm and for a fully contracted 

state with contraction of 2000 mm. 

Important to verify when combining different GFRP elements is the way they 

are connected. In (Ahlquist & Lienhard, 2016) for example the use of combining 

GFRP beams with knitted sleeves of various yarn compositions is investigated. 

FORM-FINDING STATE 

The height of the top points is compared, confirming that the chosen prestress 

values result in similar form-finding geometries with a height of ~680 mm. 

Looking at the side views of the form-finding states it becomes clear that the 

centre of the internal beam element lies lower for the 1 x 12.7 mm 

configuration. Indeed, the height of the centre lies at 264 mm for 1 ring, 

320 mm for 3 rings and 334 mm for the 7 boundary rings.  

Logically, the forces in the membrane after form-finding vary, as the applied 

prestress differs. But not only the overall stress values vary when increasing 

the overall stiffness, it is also confirmed that the stiffest structure (i.e. the one 

with 7 x 12.7 mm rings) results in the most homogeneous stress distribution.  
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INTERMEDIATE STATE  

In the next step, the configuration where the contraction cable is shortened 

with ~300 mm is analysed, which is comparable to the situation in the 

experimental investigation described in Chapter 6.  

For all three cases, the membrane force in both x- and y-direction drop when 

contracting the internal cable (Figure 7.3 (bottom)). The higher prestress (for 

the 7 x 12.7 mm situation) on the one hand leads to the observation that the 

remaining forces in the membrane lie still higher for the same deformation rate, 

compared to the situation with 1 x and 3 x 12.7 mm. On the other hand, the 

relative decrease in forces compared to forces in the form-finding position is 

higher for the lower prestress values, as is indicated in Table 7.1 where the 

forces in the centre of one half of the membrane are given. The remaining 

membrane forces, respectively in x- and y-direction, in this configuration reach 

0.05 and 0.046 kN/m for one ring (i.e. 38 and 27% of the initial form-finding 

forces), 0.26 and 0.23 kN/m for three rings (i.e. 70 and 55%) and 0.8 and 

0.72 kN/m for seven rings (i.e. 87 and 72%). 

Furthermore, due to the higher prestress in the stiffer structure, the middle of 

the internal beam element sags less (see Figure 7.2). Indeed, the height of the 

centre of the internal element lies at 154 mm for 1 ring (i.e. 57% of the height 

after the form-finding), 208 mm for 3 rings (i.e. 65%) and 270 mm for the 7 

boundary rings (i.e. 81%). As this implies that the distance between the lower 

points and the centre of the internal element decreases less for the stiffer 

structures, the stresses in x-direction will decrease less for the same 

deformation rate. 

 

 

Figure 7.2. Geometry of the ring and the internal beam element for a cable contraction of 

300 mm: 1, 3 and 7 x 12.7 mm (side view yz) 
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p208: Figure 7.3. Comparison of geometry and membrane forces for the configuration 

with 1, 3 and 7 GFRP boundary rings: the form-finding state and the 300 mm 

contracted state 

 

p209: Figure 7.4. Comparison of geometry and membrane forces for the configuration 

with 1, 3 and 7 GFRP boundary rings: the fully contracted state (2000 mm) 
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Table 7.1. Membrane forces (kN/m) in the centre of each half of the membrane surface 

(divided by the internal beam element): comparison of the amount of ring elements 

 1 x 12.7 mm 3 x 12.7 mm 7 x 12.7 mm 

 
nxx 

(kN/m) 

nyy 

(kN/m) 

nxx 

(kN/m) 

nyy 

(kN/m) 

nxx 

(kN/m) 

nyy 

(kN/m) 

Form-

finding 

0.13 

(100%) 

0.17 

(100%) 

0.37 

(100%) 

0.42 

(100%) 

0.92 

(100%) 

1.00 

(100%) 

300 mm 
0.05 

(38%) 

0.046 

(27%) 

0.26 

(70%) 

0.23 

(55%) 

0.8 

(87%) 

0.72 

(72%) 

2000 mm 
0.007 

(5.1%) 

0.002 

(1.1%) 

0.02 

(4.6%) 

0.004 

(1%) 

0.36 

(39%) 

0.03 

(3%) 

 

FULLY CONTRACTED STATE 

A third configuration that is analysed is the one where the contraction cable is 

shortened with ~2000 mm. Also in this contraction state, the improvements of 

bundling multiple ring elements become clear.  

Looking at the stress distributions in Figure 7.4, it is confirmed that the 

membrane remains more tensioned when 7 x 12.7 mm rings are combined, 

whereas for the 1 x and 3 x 12.7 mm almost no prestress is left in this state. 

Note that the scale is different for the fully contracted state (compared to the 

form-finding and the intermediate state). Table 7.1 again gives the relative 

decrease in membrane force in the centre of one half of the membrane surface. 

Also here, the internal element is shaped differently due to the varying 

prestress, as visualized in Figure 7.5. The middle of the internal element lies at 

1 mm (i.e. 0.2% of the initial height at form-finding state) for one ring, at 

43 mm (i.e. 13%) for three rings and at 90.1 mm (i.e. 27%) for seven rings. 

Although it was observed from Chapter 5 that the configurations where the 

middle of the internal beam element lies lower in the form-finding state were 

more advantageous, this is not the case in this analysis. In Chapter 5, the 

applied prestress ratios lie close to each other, whereby the influence of the 

location of the middle of the beam becomes more important. Indeed, in 

Chapter 5 the downward displacement of this middle point is approximately 

the same for each configuration and thus comparable losses of prestress are 

observed. The lower thus the middle point in the form-finding state, the more 
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the loss of the membrane stresses (especially in x-direction) is limited. In this 

chapter, it becomes clear that when the prestress is considerably increased, the 

lowest initial position of this middle point is not necessarily the most optimal. 

When comparing different situations with highly varying initial prestress, it is 

more interesting to compare the relative displacement of the middle point. 

 

Figure 7.5. Geometry of the internal beam element for a cable contraction of 2000 mm:  

1, 3 and 7 x 12.7 mm 

 

The maximal Von Mises stresses in the beam elements in this fully deployed 

state are reached near the lower points and in the two top points. The 

configuration with 7 rings encounters the highest beam stresses, due to the 

higher membrane prestress. Indeed, especially the normal forces in the ring 

elements increase when increasing the number of ring elements.  

Depending on the position of the ring in the bundle, the element perceives 

different forces. The membrane is tensioned (directly) to the most centred 

beam in the bundle. The beams on the inside of this ring will be in 

compression when bending the bundle around the z-axis (i.e. the axis 

perpendicular to the initially flat membrane surface) and the outer beams will 

be in tension. Therefore, slightly varying von Mises stresses are measured in 

the different beam elements. 

The highest beam stress for the case with 7 ring elements reaches ~410 MPa 

near the lower points and ~400 MPa in the top points. These stresses remain 

thus under the predetermined limit of 600/1.3 MPa (i.e. the maximal measured 

value divided by the safety factor (same remark as in footnote 85)). 
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UNDER EXTERNAL LOADING  

As a verification of the overall stiffness, the deformation under a certain 

loading is compared and analysed. In the first place, a wind loading of only 

50 N/m² is applied in both the y-direction and the z-direction (upward and 

downward), as shown in Figure 7.6. At the end of the chapter, i.e. when the 

‘most optimal’ solution is selected, the wind load is calculated based on the 

appropriate codes. 

 

Figure 7.6. Visualization of the investigated wind loadings: downward wind loading, 

upward wind loading and wind loading from the side 

 

When looking at Figure 7.7 it becomes clear that the textile hybrid with a 

single ring member as a boundary cannot withstand even relatively small 

loadings, as was already expected from the experimental study (Chapter 6). 

Both in the form-finding state and in the fully contracted state, the system is 

instable under a wind load of 50N/m². In the contracted configuration, even no 

equilibrium is found and thus the deformed geometries are only an indication.  

In the structure with 3 x 12.7 mm rings, the wind loading causes wrinkling of 

the membrane, whereby locally some residual forces can be observed in the 

area of the wrinkles (maximal residual force measured for the wind in 

y-direction = 0.02 kN). Although the overall structure can withstand the 

loading, deformations of almost 120 mm are registered.  

For the case with 7 ring elements, the deformations under a wind load of 

50 N/m² stay rather limited, with a maximum of 29 mm for the wind loading in 

y-direction in the fully contracted state. 
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Figure 7.7. Deflection under a wind loading of 50 N/m² in y-direction, upward direction 

and downward direction for the configuration with 1,3 and 7 GFRP boundary rings 
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7.2.2 LENGTH OF THE INTERNAL ELEMENT 

For the study on the influence of the length of the internal element, the results 

from the previous section are taken into account and thus a configuration with 

7 x 12.7 mm rings is adopted. The dimensions of the internal element are kept 

at 5 x 40 mm. 

Increasing the length of the internal element before it is integrated in the ring 

shaped membrane structure requires pre-bending the element which generates 

initial bending stresses in the bent element. These bending stresses are added 

in Sofistik by assigning a bending moment around the local y-axis of the 

already curved/bent beam. The sag of the internal element is set at 200 mm, 

resulting in a length of 3216 mm and an initial bending stress of 13.6 MPa. 

Two ways of integrating the pre-bent element are investigated. In a first case, 

the membrane is attached directly to this bent internal element, as indicated in 

Figure 7.8 (top). Both the initial modelling state and the geometry after the 

final form-finding with a certain prestress are shown. In a second case, the 

curved beam and the membrane are interconnected by means of links (Figure 

7.8 (bottom)). Note that the sag after form-finding becomes higher than 200 mm. 

 

 

Figure 7.8. Two manners of implementing an increased internal beam length: (top) the 

membrane is directly attached to the internal element; (bottom) the membrane stays flat in 

the un-tensioned state and is indirectly connected to the beam element  
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FORM-FINDING STATE 

As can already be seen from Figure 7.8, in the case of the direct connection, 

the applied prestress in the membrane pulls the internal beam element upwards. 

Due to this upward moving, the top points reach a height of 823 mm if a 

prestress of 1.1 kN/m is applied and the middle point lies at a height of 

398 mm.  

In order to obtain a similar geometry than the configuration with a ‘normal’ 

beam length (i.e. 3.18 m), the prestress in the membrane has to be reduced to 

0.95 kN/m. Doing so, a geometry where the top points lie at a height of 

679 mm and the middle of the internal beam element lies at a height of 332 mm 

(compared to 334 mm for the case with a ‘normal beam length’) is obtained. 

The expected effect of lowering the middle point by increasing the beam’s 

length holds thus not true. Instead, due to the prestress in the membrane the 

beam pushes the top points out- and upwards. Figure 7.9 shows the top and 

side views of the textile hybrids with an increased internal beam length, 

compared to the one with the ‘normal’ length (i.e. 3.18 m). Indeed, the top 

points lie at a distance of 3120 mm, which is 36 mm wider than the ‘normal’ 

model. Consequently, the lower points lie closer to each other and the plan 

view is stretched in y-direction. 

 

 

Figure 7.9. Top and side views of the form-finding geometry for (i) the ‘normal’ beam 

length, (ii) the increased beam length with direct connection and (iii) the increased beam 

length with indirect connection 
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For the indirect connection, during the form-finding process, the membrane 

and the internal beam element are not yet connected. The links connecting the 

internal beam and the prestressed membrane are only added after the final 

form-finding. In this form-finding state, the prestressed membrane is thus not 

directly influenced by the increased beam length, but the beam element does 

have an effect on the overall equilibrium shape. Also here, the top points are 

pushed more upwards and the prestress in the membrane should thus be 

lowered to 0.95 kN/m in order to obtain a global height of 675 mm. For this 

case, the central node of the membrane is positioned at a height of 339 mm and 

the middle of the beam element at a height of 91 mm. In this case, on the 

contrary, the plan view is stretched in x-direction, pulling the top points closer 

to each other and pushing the lower points apart.  

Comparing both cases to the situation with a beam element with an initial 

length equal to the ring’s diameter (i.e. 3.18 m) the centre lies thus more or 

less at the same height, in contradiction to what was expected. This again 

proves the high level of complexity due to the great interaction between the 

membrane (stress) and the bending elements. 

 

INTERMEDIATE STATE & FULLY CONTRACTED STATE 

From the moment the cable contraction is initiated, the links connecting the 

membrane to the beam element are implemented. Three possibilities are 

verified: (i) the links are modelled as cable elements, (ii) the links are 

modelled as beam elements and (iii) the links are modelled as cable elements 

with a certain constant prestress (i.e. they are assigned the same prestress in 

every iteration step). As none of the cases provides significant improvements 

(or even results in worse conditions) compared to the ‘normal’ beam length, 

only case (i) is presented.  

The intermediate contraction state refers again to the configuration where the 

contraction cable is shortened with a length of 300 mm. In the fully contracted 

state the contraction cable is shortened with a length of 2000 mm. 

Figure 7.10, Figure 7.11 and Figure 7.12 compare the membrane stresses in x- 

and y-direction, illustrating the decrease in membrane forces in function of the 

increasing cable contraction. Table 7.2 presents the membrane stresses in the 
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centre of each half of the membrane surface (divided by the internal beam 

element) in both directions. The table not only shows the lower absolute forces 

for both cases with increased beam lengths (partly due to the lower initial 

prestress), but also the relative decrease in membrane stresses is worse.  

Table 7.2. Membrane forces (kN/m) in the centre of each half of the membrane surface 

(divided by the internal beam element): increasing the internal beam’s length 

 
Beam length  

of 3.18 m  

Increased beam 

length, directly 

connected 

Increased beam 

length, indirectly 

connected 

 
nxx 

(kN/m) 

nyy 

(kN/m) 

nxx 

(kN/m) 

nyy 

(kN/m) 

nxx 

(kN/m) 

nyy 

(kN/m) 

Form-

finding 

0.92 

(100%) 

1.00 

(100%) 

0.849 

(100%) 

0.920 

(100%) 

0.928 

(100%) 

0.888 

(100%) 

2000 mm 
0.36 

(39%) 

0.03 

(3%) 

0.291 

(34%) 

0.02 

(2.2%) 

0.276 

(30%) 

0.019 

(2.1%) 

 

‘Normal’ beam length (3.18 m) 

 Form-finding 300 mm contracted 2000 mm contracted 

n
x
x
 

   

n
y
y
 

    

Figure 7.10. Resulting membrane forces for the configuration with a 'normal' beam 

length: (i) form-finding, (ii) 300 mm contracted and (iii) 2000 mm contracted state 
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Increased beam length, DIRECTLY connected 
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Figure 7.11. Resulting geometries and membrane forces for the configuration with an 

increased internal beam length, where the membrane is directly connected to the beam: 

(i) form-finding, (ii) 300 mm contracted and (iii) 2000 mm contracted state 
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Figure 7.12. Resulting geometries and membrane forces for the configuration with an 

increased internal beam length, where the membrane is indirectly connected to the beam: 

(i) form-finding, (ii) 300 mm contracted and (iii) 2000 mm contracted state 

 

Increased beam length, INDIRECTLY connected 
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As the increase of the internal beam length did not improve the structural 

behaviour, following sections continue with a ‘normal’ beam length of 3.18 m.  

7.2.3 SLIDING LOWER POINTS 

Instead of fixing the lower points when the kinematic deployment is initiated, 

i.e. when the contraction cable is shortened, the constraints remain unchanged 

compared to the ones from the form-finding. The lower points are thus both 

allowed to slide in x-direction throughout the whole simulation (which is 

possible due to the imposed symmetry conditions). From the geometrical data 

presented in Figure 7.13 and Figure 7.14 it can be seen that during the 

deployment, the lower points first move inwards (dlower,300 < dlower,ff) and only 

in a later phase they move outwards (dlower,2000 > dlower,ff).  

Sliding lower points 

 Form-finding 300 mm contracted 2000 mm contracted 

 

Htop = 677 mm 

dtop = 3084 mm 

dlower = 2940 mm 

fcable =  / 

Htop = 948 mm 

dtop = 2776 mm 

dlower = 2872 mm 

fcable = 0.403 kN 

Htop = 1270 mm 

dtop = 1068 mm 

dlower = 3096 mm 

fcable = 0.876 kN 

n
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x
 

   

n
y
y
 

    

Figure 7.13. Resulting geometries and membrane forces for the configuration with an 

internal beam length of 3.18 m and sliding supports: (i) form-finding, (ii) 300 mm 

contracted and (iii) 2000 mm contracted state 



Chapter 7 – Improvement of the structural system through a parameter study (CS2) 

  

221 

As a consequence, the forces in the membrane in the intermediate state lie 

slightly lower compared to the situation where the lower points remained fixed 

during the kinematic deployment (as presented in Figure 7.10). The membrane  

forces in the fully contracted state (i.e. 2000 mm contracted), on the contrary, 

are more advantageous than the stress distributions from Figure 7.10.  

This evolution of membrane forces throughout the kinematic deployment is 

presented in Figure 7.15. The moment when the membrane forces become 

more advantageous for the sliding supports corresponds to the point where the 

displacements of the top points become larger in y-direction than in z-direction. 

It can be concluded that if it is feasible to design sliding supports, this results 

in a better overall structural behavior during the kinematic deformation. 

  
Figure 7.14. Displacements of the lower points (X) and the top points (Y and Z) in 

function of the contraction of the cable 

 

 

Figure 7.15. Membrane forces in x- and y-direction in the centre of each half of the 

membrane surface: sliding vs. fixed lower point 
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7.3 BEHAVIOUR UNDER EXTERNAL LOADING 

Although the case with the sliding lower supports obtains better properties 

during the kinematic deployment (compared to the case with the fixed 

supports), the structural stability under external loading of both cases still 

needs to be investigated. 

Therefore, for the analysis under external loading of this ‘final’ improved 

structural design (with sliding and with fixed supports), a wind load is applied 

on the structure, which is calculated based on the available European Standards.  

Besides the general Eurocode on wind actions (NBN EN 1991-1-4:2005), also 

a more specific standard is used. The European Standard “Temporary 

Structures – Safety – Tents” states that: 

“… a reduced pressure of 300 N/m² may be applied in the case of 

tents with a width of 10 m or less and height of 5 m or less.” 

(NEN-EN 13782:2005) 

As mentioned in Chapter 3, the exact determination of the Cp-values for 

doubly curved membrane structures is extremely difficult. Therefore, in this 

thesis only an approximate value is selected. Based on Table 7.7 – cp,net and cf 

values for duopitch canopies in (NBN EN 1991-1-4:2005), the factor whereby 

the pressure of 300 N/m² needs to be multiplied with is determined. The 

simplified overall force coefficient is used, instead of the pressure coefficients 

for different zones in the membrane. As the studied membrane structure is 

kinematic, it is not possible to define only one roof angle. Therefore, the 

maximum and minimum value over all angles is taken (with a blockage factor 

φ = 0). The maximum value equals 0.9, whereas the minimum value equals -1, 

where the positive values indicate a downward acting wind and the negative 

values represent an upward acting wind loading.  

The analysis under wind loading investigates the deformations under an 

upward, a downward and a side wind loading, as indicated in Figure 7.6. As an 

approximation, in all directions, the same wind loading of 1 x 300 N/m² is 

applied.  



Chapter 7 – Improvement of the structural system through a parameter study (CS2) 

  

223 

Unfortunately, the deformations under a wind loading of 300 N/m² still result 

in an unstable structure. Even a loading of 0.8 x 300 N/m² already causes 

unacceptably high deformations for the case with the fixed supports, especially 

in the form-finding position (Figure 7.16). For the case with the sliding 

supports, this resulted in failure of the structure and, for example, snap through 

for the form-finding position under a downward wind loading. 

7 ring elements, fixed lower points, wind loading 0.8 x 300 N/m² 
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Figure 7.16. Deformations under a wind loading of 0.8 x 300 N/m² for the fixed supports: 

unacceptable high deformations, especially in the form-finding position 

 

Therefore, the applied wind loading is further reduced to 0.5 x 300 N/m². 

Hereby a stable structure is obtained in both cases (with fixed and sliding 

supports). Nevertheless, the deformations remain rather high: up to maximum 

190 mm for the fixed lower points and 342 mm for the sliding lower points 

(Figure 7.17). Also here it is confirmed that in the early stage of the 

deployment, the case with the fixed support is more beneficial (comparing the 

form-finding deformations in Figure 7.17), but after a certain point the 

situation with the sliding supports becomes more advantageous (comparing the 

LC2000 mm deformations in Figure 7.17). 

Furthermore, it is observed that, although higher membrane forces are present 

in the form-finding position, this configuration deforms more than the fully 

contracted configuration, where the membrane stresses were significantly 

lower. Due to its low stiffness, the membrane highly deforms under the applied 

external wind loading, whereby the contribution of the GFRP elements to the 

structure’s overall stiffness becomes very important. Therefore, a good 

compromise should be found between the high flexibility of the membrane 

(which results in a well tensioned form-found structure, but highly deforms 
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under the applied loading) and the structure’s overall stiffness (both after the 

form-finding and during the kinematic deployment). 

At all time, it should be checked if the stresses in the membrane and the beam 

elements under the applied wind loading do not exceed the material limits. For 

the case with the fixed supports, the maximal beam stress is 438 MPa (wind y, 

LC2000), the membrane force nxx max is 1.21 kN/m (wind -z, LCFF) and nyy 

max is 1.31 kN/m (wind y, LC2000). For the case with the sliding supports, the 

maximal beam stress is 441 MPa (wind -z, LC2000), nxx max is 1.34 kN/m 

(wind z, LCFF) and nyy max is 1.32 kN/m (wind y, LC2000). The beam 

stresses remain thus below the maximal allowable stress of 600 MPa / 1.3 

(safety factor) and the membrane stresses remain below the maximal allowable 

stress of 80 kN/m x 0.25 (safety factor). 

 

7 ring elements, fixed lower points, wind loading 0.5 x 300 N/m² 
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7 ring elements, sliding lower points, wind loading 0.5 x 300 N/m² 
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Figure 7.17. Deformations under a wind loading of 0.5 x 300 kN/m² for: 

(i) the fixed supports and (ii) the sliding supports  
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7.4 CONCLUSIONS  

Compared to the experimentally investigated structure, this adapted textile 

hybrid clearly shows an improved structural behaviour. In the fully contracted 

state the membrane is still tensioned to some extent, which was not the case in 

the preliminary design. Furthermore, the obtained pringle-shaped membrane 

structure can withstand some external loading in the different stages of the 

deployment, whereas for the preliminary design the structure failed for the 

same amount of external loading. However, the designed structure is still not 

able to carry the high loads prescribed by the Eurocode. 

This inability to carry the prescribed external loads is influenced by the high 

level of flexibility of all the structural elements. The highly flexible membrane 

material indeed showed advantageous results when comparing the level of 

prestress, both in the form-found state and during the deployment. However, 

when applying an external loading, this flexible membrane will experience 

very high deformations, whereby its contribution to the overall stiffness (under 

external loading) is limited. Therefore, one should find a good compromise 

between the membrane’s ability to stay well tensioned during the deployment 

and the overall structural stability under the external loading. 

The increase of the overall stiffness by means of bundles of GFRP elements 

has a great influence on the structure’s stability under external loading. 

Increasing the boundary stiffness implies that the membrane prestress has to be 

increased, causing a better preservation of the membrane stresses during the 

deployment. Recent studies have shown the potential of combining GFRP 

beams with knitted sleeves of various yarn compositions (see section 7.2.1). 

This also opens possibilities of using bending-active elements with a varying 

section or with a varying number of elements along the beam length. 

In contradiction to what was expected, increasing the internal beam’s length 

did not improve the overall behaviour. Not only remained the centre of the 

membrane at approximately the same height (where it was expected to be 

pushed downward), the induced geometry changes were disadvantageous for 

the further deployment of the structure. This again proves the high level of 

complexity due to the intricate interaction between the membrane (stress) and 

the bending elements. 
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Due to practical reasons, in the previous chapters, the lower points were kept 

fixed from the moment the kinematic deployment is initiated. In certain 

applications, however, it can be required to implement sliding supports (i.e. 

lower points that are allowed to slide along the x-axis). Evaluating the 

geometrical data and membrane forces shows that the membrane remains better 

tensioned in the case with the sliding supports. However, with the sliding 

supports, the deformations of the form-finding state under the applied wind 

loading are higher compared to the situation with the fixed supports. It thus 

still needs to be verified that the structure can withstand the external loading. 

Note that a full structural analysis also needs to incorporate other types of 

external loading, with the corresponding combination factors and safety factors 

(as prescribed by the (EN 1991-1-1:2002, 2002)).  
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CONCLUSIONS AND FUTURE WORK 
 

 

 

 

 

 

 

 

 

 

 

This last chapter gives a summary of the most important findings and results of 

both the numerical simulations and experimental investigations. Global 

remarks and experiences are listed and evaluated to come to an overall 

conclusion. 

As conducted research will always open its way up to new topics of 

investigation, a non-exhaustive list of future work is presented. 
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Engineers and architects are persistently striving for a more 

environment, which can respond to the demand for more adaptable building 

solutions

weather protection and improving 

building

Due to their low self

technical textiles 

structures. 

bending

the great variability in possible geometries and expressive shapes.

However, until present most of the membrane structures remain static or when 

they can be transformed, they are only 

tensioned) in their fully deployed state. 

The challenge of this research was to 

kinematic form

structure are stable in the different phases of the deployment. 

This thesis describes

analysis and
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The first case study consists of a membrane that is tensioned in a transformable 

frame, where opening and closing the frame results in (un)folding the 

membrane (Chapter 3 and Chapter 4). The second case study that is 

investigated in this research consists of a (quasi-) self-supporting structure 

with a flexible membrane that is tensioned in a bending-active ring element 

(Chapter 5, Chapter 6 and Chapter 7).  

Through the analysis of the two case studies, the main research question, 

together with a number of important sub questions, is aimed to be answered: 

 

 

« Can the integration of technical textiles in kine(ma)tically deployable 

structures result in an efficient transformable lightweight system, 

remaining tensioned in all configurations of the application range? » 

 

 

HOW WILL WE SIMULATE THESE KFAS?  

To what extent can an analysis tool used for the analysis of tensile 

surface structures be used to model different configurations of the 

kinematic form-active structures (KFAS)? 

The thesis discusses how a simple linear elastic numerical model can serve as a 

valuable design tool both for the form-finding and for the simulation of the 

kinematic deployment.  

The first case study is modelled in Easy©, where the membrane surface is 

approximated by a cable net. The Easy software is specifically developed for 

the design and analysis of membrane structures and uses a linear elastic 

material model, integrating the shear stiffness and the effect of crimp 

interchange. In the second case study, bending-active elements are integrated 

in the kinematic membrane structure. As Easy cannot cope properly with those 

bending elements, new options are explored. Therefore, the Finite Element 

software Sofistik© is used to model the textile hybrid, where the membrane is 
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simulated as a continuous surface. Also here a linear elastic material model is 

implemented. Both software programs allow implementing a geometrically 

nonlinear calculation and have an integrated cutting pattern generation tool. 

Even to model the simple linear elastic material behaviour a correct 

determination of the material properties is of major importance. The kinematic 

aspect of the membrane structures adds an extra dimension. For the PVC-

coated polyester membrane (case study 1) both a standard MSAJ biaxial test 

was performed and a tailored biaxial test that mimics the behaviour of the 

kinematic deployment of the KFAS (where the biaxial load profile is based on 

the stresses in the large-scale numerical model). The observed difference 

confirmed the importance of a project oriented biaxial load protocol and thus 

the importance to approximate the material behaviour as close as possible. For 

the PU-coated fabric (case study 2), the limits of the biaxial bench at the Vrije 

Universiteit Brussel unfortunately didn’t allow a project oriented biaxial test 

(due to the high deformations and the low applied loads) and thus only a 

standard biaxial test was carried out. 

The form-finding under the applied prestress occurs in Easy through the force 

density method, whereas Sofistik uses the reduced stiffness method for the 

form-finding of the membrane. The high deformations of the bending-active 

boundary elements complicate the numerical modelling and therefore a slightly 

adapted form-finding process is adopted compared to traditional membrane 

structures (as is explained in section 5.2.2 (p 135)). 

The kinematic deployments of the structures are modelled as an analysis under 

external loading that is applied on the form-found geometry. Both software 

packages allow an iterative calculation process, whereby the relative 

deformations, forces and strain variations can easily be compared for different 

opening phases. 

In order to verify the accuracy of the numerical models, experimental 

investigations serve as a validation of the simulation process. The experiments 

showed that the results derived from the numerical model give a good 

approximation of the experimentally obtained results and confirm thus that the 

simple linear elastic material models allow a good prediction of the actual 

behaviour of the membrane structure. More information on the experimental 

investigation is given further in this section.  
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However, an important point of concern is that the linear elastic model does 

not take into account the large initial and permanent deformations of both the 

membrane and the polyester belts. It is confirmed that a correct derivation of 

the compensation factor is of major importance, as deviations in the used 

cutting patterns influence both the form-finding geometry and the behaviour 

during the kinematic deployment. Detailed findings on this matter can be found 

in section 4.2.3 (p 106) for case study 1 and in section 6.3.2 (p 181) for case 

study 2.  

 

 

HOW DO WE DESIGN KFAS…? 

… to keep the membrane tensioned in all its phases of the considered 

transformation. In other words, which design parameters and values 

can improve the overall structural response in various configurations? 

This research proves that an exhaustive preliminary numerical study is 

essential to enhance the overall structural behaviour of the membrane structure 

in all stages of its transformation (within the application range), keeping the 

membrane properly tensioned and avoiding excessive stress concentrations. As 

the design and analysis of KFAS is quite new, these parameter studies clarified 

some important steps that need to be integrated in the design process.   

For both case studies a parameter study was performed to derive a set of 

conceptual design considerations for the kinematic prestressed fabric structure. 

The specified parameters to be verified in the design process were (i) the 

boundary configuration in which form-finding was conducted (i.e. the 

reference state), (ii) the prestress levels and ratios, (iii) the control of the 

deployment and (iv) the used material parameters and dimensions of the 

elements. Note that for the case study with integrated bending-active elements 

(i) and (ii) are directly related, due to the high interaction between the 

boundary and the membrane.  

Compared to the design of traditional membrane structures, the choices of the 

abovementioned parameters do not only depend on the structural behaviour 

under external loading, but also on the behaviour of the kinematic deployment, 

as illustrated in Figure 8.2. 
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The influence of each parameter is investigated by varying every parameter 

separately. Both the form-finding state and the kinematically deformed 

configurations are studied in order to quantify the effect. Therefore, the 

stresses in the membrane in both warp and weft direction are compared, in 

order to select the conditions where the prestress is preserved the best in all the 

phases of the deployment. Other criteria for choosing a certain design 

parameter are for example the ease of prestressing the membrane and 

kinematically deploying the structure. More detailed findings on both case 

studies can be found in section 8.1.2. 

This analysis confirms that for kinematic form-active structures a whole series 

of possible combinations has to be investigated because one needs to take into 

account different phases of the structure’s application range. The process of 

designing KFAS is thus clearly an iterative process, which underlines the 

advantages of using simple linear elastic numerical models. These available 

basic material models allow to change and adapt material properties, structural 

choices and geometrical data easily and quickly. For this type of preliminary 

design studies they prove to be an interesting tool. 

 

 

CAN THIS BEHAVIOUR BE CONFIRMED BY EXPERIMENTAL VALIDATION? 

Does the experimental data validate the numerical simulation, i.e. can 

we use this simplified simulation tool for the preliminary design of 

KFAS?  

The described parameter study leads to a ‘final’ design for each of the case 

studies, i.e. with an improved structural behaviour. For each case study a large-

scale experimental set-up is then constructed and tested. The rigid hinged 

membrane structure has dimensions of ~6 m by 1.5 m, whereas the pringle- 

shaped textile hybrid has a diameter of ~3.2 m. Displacements of the overall 

structure, strains in the membrane (in both warp and weft directions) and 

forces in the boundary elements are measured and compared to the results 

obtained from the numerical analyses. 

Initially, the overall structural behaviour and measurements of the experiment 

show the same tendencies as the numerically predicted ones, however, the 
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actual values of forces and strains showed some deviations (see section 4.2 for 

case study 1 and section 6.3 for case study 2). After further investigation of the 

experimental models, it became clear that those deviations occurred due to the 

application of inaccurate compensation factors. In case study 1, the large 

(elastic + permanent) deformation of the belts was not taken properly into 

account, whereas for case study 2, the membrane was overcompensated due to 

the impossibility to perform a project oriented biaxial test (as the limitations of 

the biaxial bench were reached). A re-calculation of the numerical model with 

adapted cutting patterns (membrane) or lengths (belts) confirmed the 

importance of using the right compensation factor, as these adapted numerical 

models showed an improved correspondence with the experimental results, 

both on the global level and on the level of actual strain values, displacements, 

forces etc. 

The experimental investigation not only confirms the reliability of the 

numerical design models, but also involves a better understanding and some 

practical insights in the behaviour of the transformable membrane structures. 

Compared to traditional building components, the high membrane flexibility 

implies that every small (construction) detail can have a great influence on the 

actual behaviour. 

 

This integrated analysis confirms the feasibility of creating kinematic form-

active structures and the suitability of the used simplified numerical models to 

design those structures. The different steps of the analysis comprise generating 

an appropriate numerical model, performing a parameter study, carrying out a 

structural analysis and validating the numerical models by means of an 

experimental analysis (scheme shown in Figure 8.2). This combination of 

numerical and experimental analyses definitely contributed to the overall 

understanding. 

Although every type of structure will have its unique solution and this thesis 

thus not provides an overall design guide, this study provides an overview of 

some interesting insights and some important parameters to consider during the 

design of kinematic form-active structures.  



Chapter 8 – Conclusions and future work 

  

237 

 

 

Figure 8.2. Different steps in the "Design, Analysis and Experimental Verification of 

Kinematic Form-Active Structures (KFAS)" 
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8.1.3 GENERAL GUIDELINES 

CS1 showed some great opportunities of kinematic form-active structures for 

the integration in different applications: from transformable roof cover to 

kinematic façade shading… Some general thoughts can be summarised in order 

to extend the use to other geometries and sizes of transformable membrane 

structures. For now, this generalisation is restricted to membrane structures 

where the deployment results in a limited variation of the overall geometry, i.e. 

a variation in length of the principal axes of the membrane of ~0 to 5%. 

Based on a study of geometrical variations, it can be concluded that increasing 

the prestress in the direction where the length decreases (the most), results in a 

more homogeneous stress distribution throughout the deployment. Depending 

on the amount of length variation, the prestress ratio between warp and weft 

direction can vary (e.g. opting for 1 kN/m in warp direction and 1.2 kN/m in 

weft direction, instead of 1 and 2 kN/m). If the change in lengths is too high, 

one could implement additional compression or bending elements, like is the 

case in the Soft House (see section 2.2.3).  

Also the choice of the form-finding position could be related to the variation in 

lengths during the deployment. One could select the opening angle that 

provides a compromise between the reduction in length in the one direction 

and the increase in length in the other direction (Figure 3.14), in order to find 

the middle ground between stress increase and decrease when opening and/or 

closing the membrane.  

In transformable membrane structures, the force-controlled connections could 

help to keep the membrane tensioned in the different phases of the deployment 

and avoid stress concentrations. In the Soft House, for example, a relatively simple 

system is designed to control the tension, using bending-active plate elements.  

Another way to obtain more homogeneously distributed stresses throughout the 

deployment is to align the 45° direction along highest loading directions, 

which provides more flexibility (see section 3.3.3.7). In future investigations, 

one could use an uncoated mesh instead of the used PVC-coated polyester 

membrane (e.g. for façade shading). 

 

CS2 brought the design and the kinematic deployment to a next level. Not 

only the large deformations of the membrane material were important, but also 
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the flexibility of the integrated bending-active elements played a crucial role in 

the design and experimental investigation of the kinematic textile hybrid. The 

important interaction between the prestressed membrane and the bending-

active boundary elements complicated both the selection of the parameters and 

the interpretation of the results. Nevertheless, generalising some findings could 

extend the use of textile hybrids for transformable architectural solutions to 

other geometrical shapes and sizes.  

A first step is to estimate the configuration and the zone with the highest beam 

curvature, which could occur either in the form-found position or in one of the 

transformation phases. Based on this curvature (and the selected material 

properties of the beam elements), the section can be chosen depending on the 

resulting initial stress. Next, the prestress in the membrane can be increased 

(i) until the intended geometrical shape is obtained or (ii) until the prestress 

value exceeds the acceptable range for the selected beam section. Combining 

different bending-active beam sections allows further increasing the prestress, 

as this increases the overall structural stiffness. Finally, the zones or directions 

where the highest loss of tension occurs can be reinforced with one or more 

internal elements. 

Adding internal beam elements, on the one hand, contributes to the 

maintenance of lengths of the membrane but, on the other hand, also provides 

additional structural stiffness. Future research could investigate whether one 

has to add additional internal elements (in this case e.g. running from one 

lower point to the other lower point) to also preserve the length in this 

direction or whether other configurations of internal elements could provide 

better results. The latter leads us to the opportunities of using a knitted 

membrane material that allows integrating different materials and knitting 

types in order to (locally) change the membrane stiffness (see section 2.1.3). 

 

To conclude, it can be stated that although this study indicates the great 
potential of kinematic form-active (hybrid) structures, it only forms the first 

step towards an even more varied use of textiles in architecture. Thanks to the 

combination of the numerical analyses and the experimental investigations new 

interesting insights are revealed in the structural behaviour of both the case 

studies.  
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8.2 FUTURE WORK 

Below, a non-exhaustive list of aspects that require further research is 

presented. Each of those aspects could be investigated to contribute to an 

improved design that correctly predicts the actual behaviour of the kinematic 

form-active structure. 

 

MATERIAL PROPERTIES 

On the PVC-coated textile material a series of accurate biaxial tests are 

performed in the scope of this research. However, it is observed that for 

example small changes in the calculation method for deriving the elastic 

constants even result in different material properties. Further research on both 

the testing and the processing of the data is still required and the need for an 

overarching guide for biaxial testing on membrane materials is clearly present. 

As the biaxial bench designed at the Vrije Universiteit Brussel is not suited for 

the experimental investigation of the used PU-coated polyester fabric (due to 

the high straining of the material and the low operation forces), only an 

approximate standard biaxial test is performed. A project oriented biaxial test 

should still be performed that can provide more precise material parameters for 

the flexible PU-coated membrane material. 

The used membrane and belt materials experience high straining and a 

considerable permanent deformation. Therefore, the correct determination of 

the compensation factors in warp and weft direction is crucial. The applied 

compensation factor used in these linear elastic models consists out of a part 

that results from the elastic deformation and a part that represents the 

permanent deformation.  

Furthermore, in this thesis, the shear stiffness is determined through a simple 

bias extension test. It should be checked whether, for example, a biaxial shear 

test of the used materials could result in more accurate results.   

Current research also investigates the potential of using knitted fabrics and 

tweaking their properties to improve the structural behaviour. Future 
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As the range of applications can vary from façade shading, over roof covering, 

to standalone structure, the connection details must adapt depending on each 

specific case.  

In the case of the pringle-shaped textile hybrid for example, the two lower 

points are fixed from the moment that the kinematic deployment is introduced 

(i.e. after the form-finding). In certain cases, sliding points can be necessary 

and one will thus have to design a sort of rail system in order to allow a 

smooth and well-controlled movement. 

Also, during the experimental investigation of the pringle-shaped textile hybrid, 

some limitations of the PU-coated polyester fabric were experienced. The high 

frequency welding of the material is way more difficult than for the PVC-

coated material. Furthermore, the eyelet connections that are integrated in the 

membrane fail under the applied prestress: the membrane slips out of the 

eyelets. One can thus investigate whether the used PU material can be tweaked 

to obtain better welding properties and fixing mechanisms, without losing its 

flexibility. 
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A |    APPENDIX:  
MATERIAL PROPERTIES OF THE USED MATERIALS 

 

A.1 THE PVC-COATED POLYESTER FABRIC 

The membrane material used for case study 1, which is discussed in Chapter 3 

and Chapter 4, is a PVC-coated polyester fabric provided by Sioen Industries
89

. 

The type T2103 coated textile has a thickness of 0.83 mm and a mass density 

of 900 g/m2. The fabric has a breaking strength of 4000 N/5 cm in both warp 

and weft direction.  

 

A.1.1 UNIAXIAL TENSION TESTS 

The membrane is subjected to a series of uniaxial tests. Strips with a width of 

50 mm are cut out of the membrane material; (i) aligned with the warp 

direction, (ii) aligned with the weft direction and (iii) along the 45° direction. 

Figure A.1 presents the stress-strain curve for the continuous tensile tests, 

showing the difference in membrane stiffness in warp and weft direction, but 

also clearly shows the low shear stiffness.  

 

 

Figure A.1. Results of continuous uniaxial tensile tests on the PVC-coated membrane 

                                                             

89  Data sheet available at http://www.sioen.com / (Sioen Industries, sd) 
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For the determination of the E-moduli in warp and weft direction biaxial tests 

are performed (see section A.1.2). For the determination of the shear modulus 

these uniaxial tensile tests at 45° are used, which is called the bias extension 

test (Morozov, 2003):  

 

Figure A.2. 

Visualisation 

parameters to calculate 

the shear modulus from 

a bias extension test 

 

Knowing the four elastic constants and measuring the E-modulus in the pulling 

direction, following equation allows calculating the shear modulus: 

��� = ����	. ���²	1�� − ����	�� − ����	�� + ������ + ����� � . ����	. ���²	 

 

( A-1 ) 

 

Where: 

- ���	 is the membrane’s shear stiffness [kN/m²]; 

- �� and  �� are the E-moduli in warp and fill direction [kN/m²]; 

- ��	  is the E-modulus under a certain angle 	 [kN/m²]. 

- 	 the angle between the warp direction and the  

pulling direction [°] (= 45° in this case); 

- ���	and  ��� represent the stresses in respectively warp, fill and 

shear direction [kN/m²]. 

 

 

Figure A.3 gives more information on the permanent straining of the 

membrane material. The cyclic tensile tests consist of a number of load cycles 

with increasing loading at each cycle. The permanent straining of the 

membrane material clearly increases with increasing applied loading and is 

significantly higher in weft than in warp direction, respectively ±55% and 

±35% after loading the specimen till 4000 N. 
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Figure A.3. Results of cyclic uniaxial tensile tests on the PVC-coated membrane 

 

A.1.2 BIAXIAL TESTS 

A.1.2.1 MEASUREMENT EQUIPMENT 

The biaxial tests described in Chapter 3 are performed on the biaxial bench 

developed at the Vrije Universiteit Brussel (VUB), illustrated in Figure A.4 

(left). The rig consists of four independently controllable servo-hydraulic 

actuators, each provided with a load cell with a maximum capacity of 100 kN 

and a stroke of 150 mm (Instron 2518-111).  

By means of a closed-loop controlling system that measures and corrects the 

difference between two opposing loads, the symmetry of the applied tensile 

forces is ensured and, consequentially, the centre of the specimen is kept in the 

middle (Figure A.4 (right)). The movement of each actuator is restricted to 

only allow lateral translation of the arms. The load-controlled system applies a 

given load independently in the warp and weft direction, respectively the 

north-south and east-west direction, allowing to apply different load ratios.  

The load cells continuously register the applied load in the two directions 

throughout the test. Meanwhile, the three-dimensional DIC (Digital Image 

Correlation) system continuously captures images of the speckled cruciform 

specimen (Figure A.5 (left)), whereby the strains in the membrane can be 

calculated. More information of the DIC system can be found in Chapter 3.  
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Figure A.4. (left) Biaxial test bench developed at the VUB; (right) control mechanism to 

keep the loads symmetrical 

 

The central area of the cruciform specimen is taken at 30 x 30 cm in order to 

ensure that the strain field is more or less uniform in this central square (Figure 

A.5 (right)). The reduction factor, i.e. the factor that quantifies the amount of 

load that actually reaches the centre, is obtained iteratively. For this specific 

case, a reduction factor of 95% is obtained.  

    

Figure A.5. Cruciform specimen: (left) speckled membrane in the biaxial bench with the 

DIC measurement system on top; (right) detailed geometry 
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The applied load sequence of the biaxial test is based on the MSAJ standard 

(Membrane Structures Association of Japan, 1995). As explained in Chapter 3, 

also tailored biaxial tests are performed, mimicking the actual stresses in the 

membrane structure wherefore the material is used. Nevertheless, only the 

detailed results of the MSAJ tests are presented in the next section.  

 

 

Figure A.6. Applied load profile of the biaxial tests, based on the MSAJ standard 

 

A.1.2.2 RESULTS 

This section describes the resulting stress and strain evolution throughout the 

biaxial test. Those results are later used for the derivation of the elastic 

constants of the tested membrane material (section A.1.2.3). 

The DIC measurements allow deriving a full field strain pattern. Figure A.7 

shows an example of the resulting strains over the speckled area for a load 

ratio of 1/2 (i.e. the ratio of applied load between warp and weft direction). 

The central area of the cruciform indeed shows a quite uniform stress pattern. 

Therefore, it is allowed to use the strains in the centre of the specimen for 

further calculations.  

Figure A.8 shows the resulting strains in warp and weft direction in the centre 

of the specimen, where the high permanent straining of the weft direction is 

clearly visible. Also the effect of crimp interchange becomes apparent when 

looking at the asymmetric load ratios.   
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Figure A.7. DIC images from the cruciform specimen under a 1/2 load ratio (MSAJ); the 

warp is the horizontal and the weft is the vertical direction 

 
 

 

Figure A.8. Resulting strains in the centre of the cruciform specimen  

in function of time 

 

e_yy 

e_xx 
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Figure A.9 plots the stress in the membrane in function of the strain. Again, the 

strain values from the centre of the specimen are used and the stress 

calculation incorporates the reduction factor of 95% (determined for the PVC-

coated membrane). 

 

 

Figure A.9. Resulting stress-strain curves in warp and weft direction 

 

 

A.1.2.3 DERIVATION OF THE MATERIAL PARAMETERS 

In this thesis, only the linear elastic properties of the membrane material are 

used for further calculations and the numerical modelling. These elastic 

properties are calculated from the biaxial test results, i.e. the measured strains 

and stresses. The strains are measured through DIC measurements, whereas the 

stresses are derived from the applied forces on the biaxial arms, incorporating 

the appropriate reduction factor. This reduction factor quantifies the amount of 

stress that is actually directed to the centre of the cruciform specimen and 

equals ±95% for the PVC-coated polyester. 
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These test results allow deriving the 4 main material parameters using the 

equations provided in the MSAJ protocol: the E-modulus in both warp and 

weft directions and two Poisson ratios. The MSAJ considers all load ratios at 

once and fits a linear elastic, orthotropic stress-strain plane through the 

maximum data points obtained through the test, minimising the sum of the 

squared errors from the solution compared to all the equations. Using the least-

squares method, there are two options to use the equations mentioned above. 

The first method minimises the stress term: 

%& = �11�' + �12�( 

%) = �21�' + �22�( 

Where: 

�11 = �'� 		 ; 		�22 = �(� 		 ; 		�12 = �21 = �('
�'� = �'(

�(� 		+�,		� = 1 − �'(�(' 

 

Note that the MSAJ assumes the stiffness matrix to be symmetric, implying 

that the reciprocal relationship (�-� = ��-) is valid and thus only three of the 

four elastic constants are independent. 

For every load ratio these equations can be formulated, where after the least 

square calculation in Matlab (© MathWorks (Matlab)) allows us to derive the 

material parameters easily from the biaxial test data.  

. = 	/01�--�� + �-��� − %�2� + (�-��� + ����� − %�)²5 

6.6�-- = 6.6��� = 6.6�-� = 0	
 

Afterwards, the actual material parameters can be calculated since: 

�wf = �12�22
 

�fw = �12�11
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�w = �11 − �11�'(�(' 

�� = �22 − �22�'(�(' 

 

Analogously, the second option is to minimise the strain term: 

�' = �11%' + �21%( 

�( = �22%( − �12%' 

Where: 

�-- = 1�� 		 ; 		��� = 1�� 		 ; 		�-� = ��- = ����� = �����  

 

Once again, the parameters E11, E12 and E22 will be determined by minimising 

the square error of the result compared to the over-determined system. These 

parameters then allow for an easy calculation of the material parameters: 

�x = 1
�11

 

�) = 1
�22

 

�x = �12�& 

�y = �12�) 

 

It needs to be noted that different load protocols (with varying prestress rate, 

other sequence of load ratios, etc.…) lead to slightly different material 

properties (an example of a more elaborate study is given in (Van 

Craenenbroeck, 2017). Also the application of different least square functions 

in Matlab results in slight variations of the resulting parameters. All these 

variables and approximations confirm the complexity of deriving the 

membrane’s material properties.  

Again, it should be emphasised that this thesis only incorporates some basic 

material tests and thus the determination more precise material properties and 

more detailed models lie beyond the scope of this research. 
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Table A.1. Material properties of the used polyester-PVC fabric 

 ��	(;</>) ��	(;</>) ��� 	(−) ���	(−) �	(;</>) 
MSAJ      

Stress min. 737 660 0.37 0.33 22 

Strain min. 795 658 0.37 0.31 22 

Average 766 659 0.37 0.32 22 

      

Tailored      

Stress min. 1149 347 1.16 0.35 22 

Strain min. 926 345 1.00 0.37 22 

Average 1037 346 1.08 0.36 22 
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A.2 THE PU-COATED POLYESTER FABRIC 

The PU-coated knitted polyester fabric (type F5637 
90

) has a mass density of 

290 g/m² and a thickness of ±0.43 mm. The tensile strength in course direction 

is 400 N/5 cm and in wale direction 300 N/5 cm.
91

 

 

A.2.1 UNIAXIAL TENSILE TESTS 

Also on this PU-coated polyester first a series of uniaxial tensile tests are 

performed, both in warp and weft direction (Figure A.10). These tests are 

mainly performed to analyse different methods of connecting the membrane. 

As the high frequency welding of the PU-coated fabric is rather difficult, a 

number of alternatives were tested. The different specimens use high frequency 

welding, stitching, silicone and a glue gel (Figure A.11).  

 

 

Figure A.10. Force-strain graph of uniaxial tensile tests on the PU-coated polyester fabric 

(in both warp and weft direction) 

 

                                                             

90  Data sheet available at http://www.sioen.com/ (Sioen Industries, sd)  

91  For knitted textile fabrics, the ‘courses’ are the knits running in the length direction of 

the fabric and the ‘wales’ are the knits running along the cross-wise direction. 
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Nevertheless, it becomes clear that the welded solution poses the best option. 

The other solutions fail before the ultimate strength of the material is reached, 

limiting the load bearing capacity of the membrane specimens. 

 

 

Figure A.11. Comparison of different connection methods:  

using glue gel, silicone, high frequency welding and stitching 

 

A.2.2 BIAXIAL TESTS 

A.2.2.1 SPECIMEN GEOMETRY AND LOAD PROFILE 

The same biaxial bench is used as for the biaxial investigation of the PVC-

coated membrane. Unfortunately, the biaxial bench properties are not ideal for 

the testing of the PU-coated membrane with its highly flexible properties.  

As the stroke of the bench is only 150 mm, the cruciform specimen has to be 

small enough so that the high membrane deformation is not restricted by the 

limited displacements of the loading arms. As indicated in Figure A.12, the 

central area has dimensions of 115 x 115 mm.  

Furthermore, the forces to be applied in each of the membrane arms are 

relatively low, as the MSAJ prescribes a maximal loading of 25% of the UTS 

(i.e. for the warp direction 400 N/5 cm x 0.25 = 2.0 kN/m and for the weft 

direction 300 N/5 cm x 0.25 = 1.5 kN/m). Combined with the small cruciform 
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dimensions, the load in each of the arms should equal ±0.2 kN. The prestress 

value should even be lower, resulting in loading values that reach beyond the 

capacities of the load cells of the biaxial bench. As theses low values lie too 

close to the noise range, the controlling mechanism (as explained in Figure 

A.4) cannot maintain the balance and the specimen will distort totally. 

 

 

Figure A.12. Geometry of the biaxial specimen (PU-coated polyester fabric) 

 

Therefore, the loads are applied manually by imposing displacements of each 

arm manually (warp and weft simultaneous). The approximate load protocol of 

the biaxial test performed on this PU-coated polyester fabric is given in Figure 

A.13. Even though some deviations can be noticed in the loading protocols, 

compared to the prescribed MSAJ protocol, the resulting outcome can be used 

for the derivation of the material parameters. 

 

Figure A.13. Applied load profile of the biaxial tests, based on the MSAJ standard (PU-

coated membrane) 
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A.2.2.2 RESULTS 

The corresponding strain values in the centre of the specimen are derived from 

the DIC measurements during the biaxial test (example of a 1/2 load ratio see 

Figure A.14) and are presented in function of time in Figure A.15. 

 

  

 

Figure A.14. Strain fields in the PU-coated polyester fabric warp (right) and weft (left) 

direction: DIC image of a 1/2 load ratio 

 

 

Figure A.15. Resulting strains in the centre of the cruciform specimen 

 

Again, when determining the material properties the right reduction factor 

should be taken into account. As can be seen from Figure A.14, the strain field 

in the central area is slightly less uniform than for the PVC-coated fabric, 

which results in a lower reduction factor for the used PU-coated polyester 

fabric of 80%.  

e_yy e_xx 
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A.2.2.3 DERIVATION OF THE MATERIAL PARAMETERS 

Initially, also here the material parameters are determined following the MSAJ 

standard, using the formulas in section A.1.2.3.  

Table A.2. Material properties for the PU-coated polyester fabric, calculated following the 

MSAJ standard 

 ��	(;</>) ��	(;</>) ��� 	(−) ���	(−) �	(;</>) 

MSAJ      

Stress min. 6.13 4.39 1.05 0.75 1.52 

Strain min. 5.53 5.25 0.91 0.86 1.52 

Average 5.83 4.82 0.98 0.81 1.52  

 

The Sofistik software implements a material model where the E-moduli vary 

with the applied loads in warp and weft direction (Galliot & Luchsinger, 

2009).  

The formulas presented in section 5.1.2 are encoded in a Matlab calculation, 

after which the patternsearch function allows to perform the least square 

minimization to determine the material parameters presented in Table A.3 

 

Table A.3. Material properties for the PU-coated polyester fabric, calculated following the 

Gaillot & Luchsinger model 

 ��	(;</>) ��	(;</>) ∆@�	(;</>) ∆@� 	(;</>) ��A	(−) 

No restriction 5.41 4.96 0.76 1.92 0.81 

Restriction 0.5 6.65 4.56 0 3.72 0.49 
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A.3 THE POLYESTER BELTS 

Both the small polyester belts (with a width of 2.5 cm and a maximal strength 

of 28 kN) and the large polyester belts (with a width of 5 cm and a maximal 

strength of 60 kN) are subjected to a series of continuous and cyclic tensile 

tests.  

An extensometer was placed in the middle of the specimens to measure the 

strains during loading (Figure A.16 (left)), whereas the load is continuously 

measured with the test bench (Instron 5900R). The resulting load-strain curves 

are presented in Figure A.17 for the small belts and in Figure A.18 for the 

large belts, both for continuous loading and for cyclic loading.  

The graphs show the remarkable importance of permanent straining of the 

belts, increasing with growing applied load. The importance of taking this into 

account in the design of membrane structures was confirmed in the analysis of 

case study 1 (Chapter 4).  

The specimens are fabricated by stitching a loop at each side, by which it can 

be attached to the tensile bench. Stitching the loops as they would be attached 

in the actual experiment, immediately verifies the strength of the connections 

(Figure A.16 (right)). 

 

Figure A.16. 

Example of a tensile 

test on a polyester 

belt: (left) the tested 

specimen with 

extensometer; (right) 

detail of the 

connection   
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Figure A.17. Load-strain graphs of a series of tensile tests on the  

small polyester belts with a width of 2.5 cm (cyclic and continuous testing) 

 

 

Figure A.18. Load-strain graphs of two tensile tests on the  

large polyester belts with a width of 5 cm (cyclic and continuous testing) 
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A.4 THE GFRP ELEMENTS 

A.4.1 TENSILE TESTS 

The tensile moduli of the GFRP elements are determined through uniaxial 

tensile tests. Both the strips (5 x 40 mm) and the rods (diam. 12.7 mm) are 

subjected to a tensile loading until rupture (Figure A.19 (right)). The load is 

measured by means of the load cell in the testing device (Instron 5900R), 

whereas the strains are captured by an extensometer (Figure A.19 (left)).  

The resulting stress-strain curves are plotted in Figure A.20, both for the GFRP 

rods with a circular section with a diameter of 12.7 mm and for the GFRP 

strips with a rectangular section with dimensions of 5 x 40 mm.  

The resulting E-moduli are indicated in the graph: ±46 GPa for the rods and 

±35 GPa for the strips. This could be explained by the composition of the glass 

fibres. The circular rods consist of unidirectional fibres, whereas the strips are 

composed out of unidirectional fibres and glass fibre mats. The percentage of 

glass fibres lies consequently higher for the GFRP rods than for the strips, 

which can explain the difference in E-moduli. 

 

Figure A.19. Example of a 

tensile test on the GFRP 

beam elements: (left) with 

extensometer; (right) after 

failure    
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Figure A.20. Stress-strain curve resulting from the tensile tests on both the  

GFRP strips (5 x 40 mm) and rods (diam. 12.7 mm) 

 

 

A.4.2 THREE POINT BENDING TESTS 

Besides the tensile tests, also three point bending tests are performed on the 

circular GFRP rods (Figure A.21 – Instron 5885). Based on the results 

presented in Figure A.22, the bending modulus is calculated:  

� = 	 BC³48GH = 	I41	�B+ 

    

Figure A.21. Three point bending test on the GFRP rods with a section of 12.7 mm 
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With  

- � the bending modulus [GPa] 

- B the applied load (in the middle of the beam) [kN] 

- C the span of the beam [mm] 

- G the moment of inertia of the section [mm
4
] 

- H the measured displacement in the middle of the beam [mm] 

 

 

Figure A.22. Load-displacement curve resulting from the three point bending test on the 

GFRP rods with a section of 12.7 mm 

 

The maximal load that is reached for these three point bending tests is ±2 kN, 

which corresponds to a maximal allowable stress of:  

% = J(K/2)G = BC4 ∙ K2G = I600	JB+ 

With  

- % the maximal stress [MPa] 

- J the moment in the middle of the beam [kNm] 

- B the applied load (in the middle of the beam) [kN] 

- C the span of the beam [mm] 

- G the moment of inertia of the section [mm
4
] 

- K the diameter of the section [mm] 
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A.4.3 DETERMINATION OF THE POISSON’S RATIO 

Two additional tensile tests are performed, measuring the strains in 

longitudinal and transversal direction by means of strain gauges, in order to 

determine the Poisson’s ratio (see Figure A.23): 

�N = −	�OPQRSTUPSQV�VWRXYOZ[YRQV = 0.3 

 

With  

- �N the Poisson’s ratio [-] 

- �OPQRST. the strain from the transversal strain gauge [m/m] 

- �VWRX. the strain from the longitudinal strain gauge  [m/m] 

 

   

Figure A.23. Tension test with strain gauges in longitudinal and in transversal direction in 

order to measure the Poisson’s coefficient �N 

 

A.4.4 TORSION TESTS FOR DETERMINING THE SHEAR MODULUS 

The shear modulus is determined through a torsion test, where the rotation 

angle is measured by means of lasers that are oriented on small mirrors (glued 

on the GFRP beam element at a distance l from each other). Gradually 

applying a torsional moment by means of weights (see Figure A.24), results in 

the relative rotation between the two mirrors. Measuring the difference in 

height between the projected laser beams, allows calculating this rotation angle 

over a distance l of the GFRP beam. Since the applied torsional moment is 

known, the definition of torsion allows determining the G modulus:  

] = _̂ ∙ ` = 	 Ĉ ∙ � ∙ a 
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With  

- ] the torsional moment [kNm] 

- ^ the polar moment of inertia [m
4
] 

- ` the shear stress [kN/m²] 

- C the span of the beam [m] 

- � the shear modulus [kN/m²] 

- a the rotation angle [rad] 

 

Figure A.24. Torsion 

test set-up using 

lasers that project the 

rotation on the beam 

through mirrors  
 

 

The graph presented in Figure A.25 clearly shows the linear relation between 

the applied torsional moment and the resulting rotational angle. The shear 

modulus G of the used GFRP beam elements equals 5 GPa. 

 

 

Figure A.25. The applied torsional moment  

in function of the resulting rotation angle 
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B |    APPENDIX:  
VALIDATION OF THE NONLINEAR DEFORMATION OF THE 

GFRP ELEMENTS  

 

Before starting on the analysis of the pringle shaped textile hybrid discussed in 

Chapter 5, 6 and 7, a number of basic tests are performed in order to gain some 

insights in the behaviour and numerical modelling of the flexible GFRP 

elements. 

 

B.1 BENDING AN INITIALLY STRAIGHT BEAM 

Firstly, the modelling of bending an initially straight beam with a circular 

section of 12.7 mm diameter is investigated by means of a displacement of one 

of the end points. The results from two calculation programs, i.e. Kangaroo      

( (Rhino ©), (Grasshopper/Kangaroo ©)) on the one hand and Sofistik (Sofistik 

©) on the other hand, are compared. Figure B.1 shows the good 

correspondence, where the coloured lines represent the results from Sofistik 

and the grey dashed lines are the results from Kangaroo.  

 

 

Figure B.1. Comparison of the geometry when bending an initially straight GFRP beam 

element: Sofistik (coloured lines) vs. Kangaroo (grey dashed lines) 

 

These numerical results are then also compared to the experimentally obtained 

results. To do so, a number of horizontal lines are drawn on the ground 

surface, after which at each intersection (between a horizontal line and the bent 
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beam) the horizontal and vertical position is measured for each load case 

(LC1 – LC7), as indicated in Figure B.2. Furthermore, the force in the 

contraction cable is measured in each step. Figure B.3 shows the good 

correspondence between the geometry obtained through the numerical model 

and the experimentally obtained geometry. In Table B.1 the numerically and 

experimentally measured forces in the contraction cable are presented. In the 

lower loading phases, higher deviations are noted between experimental and 

numerical results, which are due to the inaccuracy of the simple load cell in  

 

 

Figure B.2. Experimental verification of bending an initially straight GFRP element with 

a section of 12.7 mm; measuring the geometry and the force in the cable between the 

beam's two endpoints 

 

 

Figure B.3.  Comparison of the geometry when bending an initially straight GFRP beam 

element: Experimental (coloured lines) vs. Sofistik (black lines) 
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these low load regions. Approaching the higher loadings, a good  

correspondence is obtained, confirming the good determination of the GFRP 

rod’s E-modulus, which is taken at 41 GPa (i.e. the bending modulus).  

 

Table B.1. Measured forces in the contraction cable for each of the load cases  

(LC1 - LC7): experimental vs. numerical results 

Force in the contraction cable (kN) 

 LC1 LC2 LC3 LC4 LC5 LC6 LC7 

Experimental 10.8 12.8 14.2 16.2 18.6 20.6 24.5 

Numerical 14.5 15.2 15.8 16.7 17.9 20.2 25.9 

 

Secondly, a beam element with a rectangular cross section of 5 x 40 mm is 

bent by clamping the middle point and pulling the two end points towards each 

other by means of a contraction cable (Figure B.4). In the graphs, both the 

geometries and the forces in the cable for different E-moduli and varying 

sections are compared. The resulting geometries are the same in all cases, 

whereas the forces in the contraction cable augment with increasing E-modulus 

and increasing cross section thickness of the element.  

 

GENERAL CONCLUSIONS 

This preliminary analysis, both numerical and experimental, confirms that the 

actual geometry of an elastically deformed bending element is independent of 

the chosen section of the element and the E-modulus of the selected material. 

If a certain rotation angle or displacement is imposed to a beam element with a 

continuous section, this will result in the same geometric configuration, no 

matter which material or section is used.  

Although, the force (or moment) needed to obtain this displacement or rotation 

will vary in function of the E-moduli and sections. Tensioning the membrane 

in such bending-active elements with a certain prestress will thus result in a 

different geometry with varying prestress, beam cross section or used material. 

Also here, increasing the E-modulus or ring section will require higher 

prestress values in the membrane in order to obtain the same deformed 

structure. 
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Figure B.4. Comparison of the geometry of the deformed beam element and the 

corresponding forces in the contraction cable: (left) for varying E-moduli; (right) for 

varying section 
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B.2 LOADING OF A (INITIALLY STRAIGHT) RING ELEMENT 

B.2.1 MODELLING THE INITIAL BENDING STRESS 

In this section, the manner of implementing the initial stresses from bending 

the ring element from an initially straight element is studied. Two cases are 

compared: (i) a straight element that is actually bent towards a circular ring 

(Figure B.5) and (ii) a ring element with initial stresses added as a force 

(Figure B.6). 

To quantify the effect of this initial stress, the rings are loaded perpendicular to 

the plane of the ring (i.e. the xy-plane – see Figure B.7). When loading the 

ring, two quadrant points are fully fixed, whereas the other two quadrant points 

can move freely. The vertically applied loadings are located in these free 

points. 

The resulting load-displacement curves are presented together with the 

experimental results in Figure B.8. 

 

 

 

Figure B.5. Applying a moment on 

both ends in order to transform the 

straight beam element to a ring 

 

 

Figure B.6. Applying a moment on 

each part of the (already formed) ring 

element 

 

▲ 

 

 

◄ 
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B.2.2 VALIDATION OF THE NUMERICAL MODEL 

The out-of-plane loading of a ring element that is bent from a straight rod with 

a cross section of 12.7 mm is also performed experimentally. The ring is fixed 

at two points and step by step weights are added at the free ends (Figure B.7). 

The graph indicates on the one hand a good correspondence between the two 

manners of modelling the initial bending stress and on the other hand the good 

prediction of the experimental behaviour (only Z-displacements are measured). 

 

Figure B.7. Experimental investigation of a ring element that is bent from a straight 

element (diam. 12.7 mm) 

 

 

Figure B.8. Load-displacement curves of vertically loading a GFRP ring element: 

(a) “line” = bent from a straight element, (b) “ring” = a ring with added bending moments, 

(c) “exp” = experimental results  
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C |    APPENDIX: 
VERIFICATION OF THE MESH CONVERGENCE 

 

For the verification of the mesh convergence, a simple pringle shaped textile 

hybrid is modelled. A ring element with a circular cross section and a diameter 

of 3.18 m is created, wherein a PU-coated membrane is tensioned.  

Applying a different mesh size to a series of 10 identical pringle shaped 

structures, allows verifying whether the chosen mesh size is small enough to 

obtain accurate results. A range of mesh sizes between ±0.23 m and ±0.05 m is 

modelled (using the automatic meshing tool of the initially flat surface with the 

Rhino-Sofistik interface), as shown in Figure C.1. 

 

 

Figure C.1. Comparing the form-finding results of membranes with different mesh sizes 

(varying between 0.05 m and 0.23 m) 

 

Note that no internal beam element is implemented and that no initial bending 

stresses are added to the boundary ring (implying that the ring is stress free 

before tensioning the membrane). 
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With an imposed membrane prestress of 0.4 kN/m and a beam cross section of 

18 mm diameter, the top points reach a height of 766 mm after the ‘final form-

finding’.
92

 

The membrane forces in both x- and y-direction are measured in the centre of 

each of the structures shown in Figure C.1. The results for the ‘final form-

finding state’ are plotted in Figure C.2, showing a clear convergence when 

approaching the smaller mesh sizes.  

For the further analysis, numerical models are used with a mesh size of 0.05 m. 

This value is small enough to give accurate results, but is still big enough to 

avoid extreme calculation times. Based on these findings a more regular mesh 

is manually created, with a uniform pattern of rectangular membrane elements 

of exactly 0.05 x 0.05 m. 

 

 

Figure C.2. Resulting membrane forces in the centre of the surface, after the final form-

finding of the membrane (x-direction between lower points, y-direction between top 

points) 

 

  

                                                             

92  The different steps of the form-finding process (preliminary, actual and final form-

finding) of this textile hybrid are described in Chapter 5, p 127. 
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