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ABSTRACT  
 

The opportunities of fully foldable structures are well utilized in the aerospace and automotive industry, but are 
only rarely applied in the built environment. This is the reason for investigating the potential of fully foldable 
structures in the built environment in this thesis. More specifically, the opportunities of fully foldable structures are 
exploited to design an adaptable pavilion.  

In the first part of this thesis, a number of folding typologies are investigated and their (un)favourable properties in 
relation to the feasibility for the built environment are described.  In the second part of the thesis, the results of the 
first part, are exploited in order to design an adaptable pavilion.  

The conclusion of the first part of the thesis is, that there are multiple folding typologies which can generate a wide 
variety of forms. However, there is especially one typology with a high potential to translate the folding patterns 
into real (stable) structures. This folding typology is called non-singular, rigid foldable. The advantage of this 
typology compared to the other typologies, is that the individual surfaces do not bend during the folding motion, 
while the degrees of freedom (DOF) are only dependent on geometric characteristics of the folding patterns. By 
relating the DOF’s of the patterns with the number of supports, it is possible to stabilize the structure by only 
pinning the supports. Furthermore, because the DOF’s are independent of the folded configuration, the structure is 
stabilized regardless of the position of the supports. This means that these structures are able to modify their global 
geometry by moving the supports, while they are stabilized by pinning the supports, regardless of their position. 
Structures which possess these properties are defined in this thesis as Stable adaptive structures. 

In the second part of the thesis, the results from the first part of the thesis are utilized to design an adaptable 
pavilion. This section starts with describing the design criteria of the pavilion for which four folding patterns 
(belonging to the stable adaptive typology) are compared. These design criteria are; structural performance, 
innovative appearance, effective floor space range and ease of transportation/deployability. From this variant study, 
the variant with the highest potential is chosen and is investigated in more detail in the remainder of the thesis. The 
final variant is called the quod on column and is mainly chosen because of its efficient floor space range and 
innovative appearance.   

This variant is studied in more detail and a structural analysis (geometrical non-linear)  is conducted based on the 
Eurocode for temporary structures (EN 13782). In this structural analysis, the structure is modelled in GSA Oasys 
(a finite element programme) and loaded on dead-, wind-, snow-, settlement- and temperature loads, to verify the 
structural integrity with respect to strength, stiffness and stability. 

In the final part of the thesis, the manner in which the adaptable pavilion is transported and deployed are 
elaborated in more detail and recommendations are given to improve the design and expand the stable adaptive 
structures typology.  
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PREFACE 
  

The report that lies before you is the end result of the thesis at the Eindhoven University of Technology, chair 
innovative structural design.   

The idea to investigate the potential of foldable structures in the built environment emerged after having seen the 
paper and stick film (R., Resch, 1966). I was astonished by the enormous form freedom and corresponding 
opportunities of these models. Although this video was made almost fifty years ago, it surprised me how little of the 
shown opportunities, have actually been used in the current built environment. This is even more surprisingly, 
because the opportunities to model foldable structures has increased significantly with the aid of computer 
programmes such as freeform origami (T., Tachi, 2010).  

I am conscious of the fact that the results of this graduation project would not have been possible without the 
earlier research done by R. Resch and T. Tachi. This is why I wish to thank (Ron) Resch and (Tomohiro) Tachi for 
giving me the inspiration and tools for this thesis.  

Next,  I want to thank my supervisors Prof. Dr. Ing. (Patrick) Teuffel, Ir. (Arjan) Habraken and Prof. Dr. ir. (Theo) 
Salet for their support and advise throughout the entire project. I really appreciate the freedom they gave me for 
choosing the graduation subject and subsequent research directions. This resulted in a very inspirational 
graduation project, which led to this thesis.  

Furthermore, I want to thank a group of students with whom I had a great time while working on the graduation 
project. Besides having a good time, they were always willing to give advice when needed. Because of their different 
educational backgrounds (Architecture, Building Technology and Structural Design) there was always a ‘specialist’ 
available to discuss a question with. I really think this has contributed to the end result of the graduation project.  

Last but not least I want to thank my family for supporting me during the entire graduation project. 
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1  INTRODUCTION 
 

Although the opportunities of fully foldable structures are already widely exploited in the aerospace and 
automotive industry, fully foldable structures are rarely applied in the built environment. The aim of this thesis is to 
investigate the potential of fully foldable structures in the built environment and utilize the findings to design an 
adaptable pavilion.  

Currently, most of the structures in the built environment are static, which means that the load bearing structure 
cannot be modified without a radical renovation. This implies that the structure is only suitable for one specific 
floor plan. In contrast to static structures, adaptable structures are able to modify their global structure to meet 
changing demands such as floor space and appearance. Due to these properties, adaptable structures are an 
interesting typology to investigate as part of the chair of innovative structural design, master Architecture Building 
and Planning, (TU/e).  

1.1 MOTIVATION 
In the literature study (M3-report), multiple typologies to design adaptive structures were discussed after which the 
choice was made to continue with foldable structures. The main reason for choosing the folding typology was 
because of the enormous variations of folding patterns and associated form freedom which was presented by Rech, 
R. in the paper and stick film (1966). Furthermore, the potential of foldable structures is already shown by multiple 
examples in the aerospace and automotive industry.  

The main characteristic of foldable structures is that they are subdivided into sections which are hingedly 
connected to each other. By folding the structure, the overall geometry changes, whereby the total volume decreases 
or increases dependent on the folding motion. Because of the difference in volume, it is often beneficial to transport 
the structure in the folded state after which it is deployed at the destination.  

This is one of the reasons why deployable foldable structures are already widely used in the aerospace and 
automotive industry. Due to strict boundary conditions, e.g. limited storage space, these industries had to come up 
with innovative solutions to transport structures and, therefore, often utilize the advantages of foldable structures. 
This is in contrast to the building industry which is relatively conservative when compared to the above-mentioned 
industries, due to the lack of strict boundary conditions. This is mainly because, after the construction phase, the 
structures in the built environment do not have to be transported anymore. As a result, the aerospace and 
automotive industry are leading when it comes to deployable foldable structures. Two well-known examples are 
shown in figure 1-1.  

     
Figure 1-1; Examples of (deployable) foldable structures in the aerospace and automotive industry. Left: deployable solar panels (ESA, 
2007). Right; Mercedes SLK with retractable roof ( Topspeed, 2012). 
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In contrast to the aerospace and automotive industry, the folding principle in the built environment is mainly used 
in static structures in order to increase the stiffness of the structure (Siegel, C., 1960). Due to the folds, the 
structural height increases, which in turn increases the moment of inertia.  This principle is visualized in figure 1-2 
where the stiffness of a flat sheet of paper is compared to a folded sheet of paper.   

      
Figure 1-2 Left; Increasing the stiffness of a plate structure by folding the section. (Siegel, C., 1960) 

 Right; example of static folded structure (Nervi, Unesco congree Hall) 
 
Despite of the advantages of static folded structures, this thesis will only focus on deployable foldable structures in 
order to investigate the potential of adaptable structures in the built environment. In the remaining part of the 
thesis, all foldable structures will refer to deployable foldable structures.  For readability, the term deployable is 
omitted in the rest of the report. 

1.2 RESEARCH GOAL 
The research goal of this thesis is formulated as follows: 

Investigate the potential of fully foldable structures in the built environment, in order to design an adaptable pavilion.  

The term ‘fully foldable structures’ refers to structures where the load bearing (primary) structure is part of the 
folding mechanism. This results in adaptable structures which are able to change their global geometry, dependent 
on the following requirements: 

• Function 
o Structural performance 
o Floor space 
o Appearance 

• Ease of transport 
• Ease of erection  

In order to achieve the research goal, the thesis is globally divided into two parts. The first part investigates the 
potential of foldable structures in the built environment, by examining folding patterns and categorizing them with 
respect to their structural properties and potential (chapter 2). The potential of the folding pattern is dependent on 
the feasibility of the pattern to be translated into a real foldable structure. The typology with the highest structural 
potential will be discussed in more detail in the second part of the thesis.                                                                 

The second part of the thesis considers the design of an adaptable pavilion. The final design criteria for this pavilion 
are described in chapter 7. Subsequently, a variant study is performed (chapter 8) of folding patterns which belong 
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to the typology which is chosen in the first part of the thesis. The variant with the highest potential is investigated 
further in a structural- and feasibility analysis (chapter 9-11).  
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2  FOLDING TYPOLOGIES 
 

One way to model foldable structures is by folding paper. The main advantage of folding paper is that it can be 
done fairly quickly, while the underlying folding principles remain the same. The art of folding paper is known for 
many centuries and is called ‘origami’, which is a Japanese word for folding paper (‘oru’= fold ‘kami’ = paper). In 
the 20th century, there was a resurgence of interest for origami models and the desire to translate them into real 
structures. A pioneer in this field was Resch (1968), who investigated the form freedom of multiple folding patterns 
and already suggested to use them in the built environment.  

In this section, the basic principles behind origami are treated, after which the folding patterns are subdivided in 
four typologies, depending on their structural properties and potential. 

Origami 

A piece of paper is a two dimensional flat surface, which can mathematically be seen as a plane. The state of the 
paper before there are any folds is referred to as the unfolded state, while at the end the form is referred to as the 
fully folded state. The folding motion of a piece of paper is defined as a continuous motion of the paper from one 
configuration to another, that does not cause the paper to stretch, tear, or self-penetrate. This folding motion is 
caused by folding the paper over predefined creases. A predefined crease is a straight (or curved) line segment 
which is folded in either a mountain or a valley fold as is shown in figure 2-1.  

• Mountain fold, forming a protruding ridge 
• Valley fold, forming an indented trough 

 
Figure 2.1 Visualisation of  mountain and valley folds (NCETM, 2011) 
 
By varying the location and number of the mountain and valley folds, it is possible to generate an infinite variety of 
patterns. However, not every pattern is foldable. In order for the patterns to be foldable, the patterns have to meet 
several mathematical rules, which were investigated by S. Belcastro and T. Hull (2002), D. Balkcom (2002) and T. 
Tachi (2009).  Tachi implemented these mathematical rules in a computer program called ‘freeform origami’ 
(2010), with which it is possible to check whether a pattern is rigid foldable. Next to checking the validity of the 
pattern, the ‘freeform origami’ program has the additional advantage that the geometry is defined in a 
computational environment, which means that the (folded) geometry can be exported to other programs. Due to 
these properties, the ‘freeform origami’ program is used throughout this thesis to model the folding motion and to 
export the geometry.  

As presented in numerous origami books, e.g. Geometric folding algorithms (Demaine, E.,D., 2007), there is a wide 
variety of folding patterns which all have different characteristics. However, not every folding pattern is equally 
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useful for the built environment. Because the final research goal of this thesis is to design an adaptable structure for 
the built environment, the folding patterns are categorized based on their structural properties and potential. This 
refers to the feasibility of the folding patterns to be constructed on full scale as a structure in the built environment.   

Categories 

In general, all folding patterns can be categorized in two categories with fundamentally different structural 
properties. These categories are, rigid foldable and non-rigid foldable. Rigid foldable means that during the folding 
process all the individual folds and surfaces do not deform. This is in contrast to non-rigid patterns where the 
individual folds and surfaces deform during the folding process. Due to this difference, the structural properties of 
these two typologies are fundamentally different. Besides these (contrary) typologies there is also an intermediate 
category which consists of patterns which are both rigid- and non-rigid foldable. The properties of these three 
typologies are described in more detail in the following sections.   

2.1 NON-RIGID FOLDABLE PATTERNS 
Non-rigid foldable patterns are patterns where the individual surfaces have to deform to facilitate the folding 
motion. When the surfaces cannot deform, the pattern is overconstrained and unable to fold. Folding patterns are 
generally non-rigid foldable if they consists of a quadrilateral mesh. Tachi (2009) states that; 

“In general, a quadrilateral-mesh does not enable a continuous rigid motion because an over constrained body is 
constructed. This is due to the fact that a rigid origami constructs a constrained mechanism where the configuration is 
represented by the fold angle of each fold line, which is constrained by three equations for each inner vertex. This is 
why the motion can be represented by the solution space of the 3M N⋅ Jacobian matrix, where N is the number of 
folds and M the number of inner vertices. In this sense, a quadrilateral mesh origami constructs an overconstrained 
system in general because N<3M.” (Tachi, 2009) 

An example of a folding pattern with quadrilateral surfaces is the waterbomb pattern shown in figure 2-2.   

  
Figure 2-2  Quadrangular ‘waterbomb’ pattern. Mountain folds (red) Valley folds (blue) 
  
The waterbomb pattern consists of a combination of triangles and quadrilaterals. When the pattern is folded it is 
possible to create a wide variety of geometrical configurations as is shown in figure 2-3.   
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Figure 2-3 Different configurations of the ‘waterbomb’ pattern in the folded state 
 
It can be seen from the physical model that the waterbomb pattern belongs to the non-rigid typology because the 
quadrilateral surfaces are deforming during the folding process. This is visualized and shown in figure 2-4.  

       
Figure 2-4 Left; Schematisation of bending of the quadrilaterals during the folding motion  
    Right; Deformed quadrilateral in the physical model of the ‘waterbomb’ fold 
 
When non-rigid folding patterns are used to design an adaptable structure, this implies that the surface material has 
to undergo the same deformation as the origami models. This is only feasible if the surface is made of an flexible 
material. Although there are materials which possess this property, it is difficult to translate a non-rigid folding 
pattern into a stable structure due to the following two reasons.  

The first reason is that due to the deformation of the (flexible) faces, a stress is introduced which wants to unfold 
the structure. This means that when the structure is folded, this force has to be overcome, and a significant force is 
needed to fold the structure.  

The second and most important argument is that it is almost impossible to stabilize a structure which fully consists 
of flexible surfaces. To stabilize non-rigid folding patterns, all the surfaces have to be stiffened when the structure is 
in the desired (folded) configuration. In practise this would mean that the property of the surface material has to 
shift between flexible and rigid.  Because there are currently no (approved) building materials which have these 
properties, it is impossible to design an adaptable structure based on non-rigid foldable patterns.   

However, there is a possibility that in the future some smart materials become available which have these 
properties. More information about smart materials and corresponding properties is available in the M3-report  
(Knippenberg, 2013).  
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2.2 RIGID AND NON-RIGID FOLDABLE PATTERNS 
In contrast to other folding patterns with a quadrilateral mesh, the Miura and Eggbox patterns are rigid foldable 
(for in plane movement). The Miura and Eggbox pattern are shown in figure 2-5.  

        
Figure 2-5 Miura(left) and Eggbox(right) crease pattern. Mountain folds (red) Valley folds (blue) Cut lines (Hatches)  
 
This unique property was investigated by Tachi (2009, Generalization on rigid-foldable quadrilateral-mesh 
origami). The conclusion of this research was that the rigid-foldability of these quadrilateral folding patterns is 
caused by specific singularity in the patterns. This singularity results in a one degree of freedom (DOF) system for 
every possible state, while the pattern is rigid foldable. A one-DOF system means that the entire geometry can be 
described by only one parameter, i.e. the folding angle. Due to this reason it is possible to model the folding motion 
in  algorithmic modelling programmes such as Grasshopper (McNeel).  The resulting models are shown in figure 
2-6 and 2-7. The underlying formulas are described in more detail in Annex A. 

 
Figure 2-6 Grasshopper model of the Miura fold for different folding angles θ. 
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Figure 2-7 Grasshopper model of the Eggbox fold for different folding angles α.  
Although the Miura and Eggbox pattern are rigid foldable, this is only the case for in plane movement. When the 
global geometry is bended, as is shown in figure 2-8, the folding patterns is overconstrained and the non-rigid 
foldable mechanism is necessary to enable the patterns to fold. This means that the properties of the patterns 
change to non-rigid foldable, meaning that the individual surfaces are not planar anymore.  

Summarizing, the Miura and Eggbox pattern are special patterns because they are both rigid- as non-rigid foldable. 
Rigid foldable for in plane movement, and non-rigid foldable for out of plane movement. This is vizualized in 
figure 2-8.  

      

      
Figure 2-8 Upper; In plane movement, rigid foldable 
  Bottom; Out of plane movement, non-rigid foldable 
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2.3 RIGID FOLDABLE PATTERNS 
Rigid foldable patterns are patterns where the individual surfaces and folds stay planar during the folding process. 
This implies that it is possible to make rigid foldable structures out of rigid panels and hinges.  

Rigid foldable patterns can be recognized by their fully triangulated mesh. A triangulated mesh is rigid foldable due 
to the fact that a triangle is a rigid polygon (in contrast to a quadrilateral) which means that it is impossible to move 
a vertex out of plane, which causes the surface to bend. Because of this reason, all foldable patterns with a triangular 
mesh are rigid foldable. Besides folding patterns with a triangular mesh, there are  some exceptions  of rigid 
foldable patterns with a quadrilateral mesh as was shown in the previous section (e.g. Miura and Eggbox pattern).  

In the following section, rigid foldable structures with a triangular mesh are further divided into the following 
categories:  

• Singular folding patterns 
• Non-singular folding patterns 

This division is made because it influences the way in which it is possible to stabilize the folding patterns.  

2.3.1 SINGULAR, NON-RIGID FOLDABLE 
 
A folding pattern is called singular when it consists of multiple (the same) base patterns which are connected 
together. Whereby the base pattern has the additional characteristic, that it is multiple symmetric.  

An example of a singular, rigid foldable pattern is the triangular waterbomb pattern which was investigated by R. 
Resch (1968, 1970). It consists of a triangular base pattern, which is three times symmetric and returns several 
times, as is shown in figure 2-9. 

  
Figure 2-9 Waterbomb patter, singular (Left), base pattern, non-singular (right)  
 
The difference between singular and non-singular patterns is that the (multiple symmetric) base pattern returns 
multiple times in the singular typology, in contrast to the non-singular typology. In fact, when the base pattern 
shown in figure 2-9 is considered by itself, it belongs to the non-singular typology. Whereas the waterbomb pattern, 
which consists of multiple base patterns, belongs to the singular typology.  

When all the folds of the waterbomb pattern are changed simultaneously, the curvature of the geometry changes in 
a double curved synclastic geometry, after which the ‘surface triangles’ form a planar surface again in the fully 
folded state. This is visualized in figure 2-10. 
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Figure 2-10 Global geometry of the triangular waterbomb origami during folding 

   (Tachi, 2013, Freeform origami tessellations by generalizing Resch’s Patterns) 
 
It is also possible to modify the individual folding angles relative to each other, with which the design freedom 
increases. It follows from figure 2-11 that the singular waterbomb pattern can generate a wide variety of 
configurations.  

       
Figure 2-11 form freedom investigation, triangular waterbomb pattern  
 
Due to the singular nature of the pattern, it is unknown how to determine the exact number of degrees of freedom 
(DOF) for every folded state. However, the DOF are needed to determine the number of vertices that have to be 
pinned to stabilize the entire structure. This is described in more detail in chapter 3.   

However, there are more possibilities to stabilize folding patterns, including singular non-rigid foldable patterns. 
One of these possibilities was presented by Tachi et al. (2011, Rigid origami Structures with vacuumatics). Tachi et 
al. suggested to stabilize the patterns by ‘freezing’ all the hinges when the geometry is in the desired folded 
configuration. In this method the hinges are made of a double membrane with particles in between. By applying a 
negative pressure (vacuum), the hinges are prevented from rotating. The  suggested stabilizing process is shown in 
figure 2-12.   

  
Figure 2-12 Left; Stabilizing singular-rigid folding pattern with the aid of vacuumatics (Tachi et all., 2011) 
                     Right; Hinge detail (Tachi, T., Motoi, M. and Iwamoto, I., 2011) 
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The process consists of transporting and deploying the structure when the hinges are still free to rotate. When the 
structure is in the desired configuration, the air is retracted out of the hinges, which prevents the hinges to rotate. 
Due to the combination of fixed angles of the hinges and the rigid surfaces, the structure is stabilized.   

Although this concept is in principle possible, the question remains to what level it is feasible. Because of the 
complexity of the vacuumatics principle and the number of hinges, it is likely that the structure will fairly quickly 
become complex. Due to these reasons, there is still research necessary to investigate and find useful ways to 
stabilize singular- rigid patterns. This is also described in chapter 12, as part of the recommendations for future 
studies. 

2.3.2 NON-SINGULAR, RIGID FOLDABLE 
 

As described in the previous section, non-singular patterns consist of only one base pattern which is multi- 
symmetric. An additional difference with singular folding patterns is that non-singular patterns have a clear mid-
point. Although non-singular patterns only consist of one base pattern, it is possible to further subdivide the 
pattern into sub-patterns which are rotated around the mid-point. An example of a non-singular, rigid foldable 
pattern is shown in figure 2-13, which is called the quod pattern. 

   
Figure 2-13 sub-pattern (left), quod pattern (middle) 3d view of folded geometry (right) 
  
The folding pattern consists of 24 triangular surfaces, which can be subdivided into four sub-patterns. This sub-
pattern is rotated four times around the mid-point to form the entire pattern.  The sub-pattern used for the quod is 
called ‘the breaking surface’ because the pattern is transformed into a three dimensional geometry, by virtual 
breaking the two ‘legs’ around the two triangles in the middle. The folding process of ‘the breaking surface’ is 
shown in figure 2-14. This sub pattern is very useful for generating new folding patterns because it can be modified 
in multiple manners. This is described in more detail in chapter 4.  

     
Figure 2-14 The folding motion of ‘the fracture surface’ 
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Rigid foldable patterns have the advantage that it is possible to schematize the geometry as a structure with 
hingedly connected bars. This is possible by schematizing the folds as bars and the vertices as ball hinges. The 
resulting structure consists of bars which are hingedly connected to each other in the vertices. A physical model of 
the schematization of the quod pattern is shown in figure 2-15.   

  
Figure 2-15 Hingedly connected bars model, side view (right) 3d view (left), quod pattern 
 
For structures with hingedly connected bars, it is possible to determine the number of degrees of freedom based on 
the number of bars and vertices. However, due to singularities in the singular patterns, this is not the case for 
singular patterns (Tachi, 2010).This is the reason why, it is only possible for non-singular, rigid foldable patterns to 
calculate the DOF.  

Jansen (2008) showed that for structures with hingedly connected (and efficiently located) bars, the number of bars 
needed to construct a rigid body is dependent on the number of vertices as is shown in formula 2-1.  

 
 = 3  - 6

 = 3  17 - 6 = 45

  number of bars needed for a rigid body

 =   number of vertices

s k

s

s

k

=

i  

Formula 2-1 Formula to determine the number of bars needed to construct a rigid body  
(Janssen, 2008) 
  
It follows from this formula that for the quod pattern, which consists of 17 vertices, at least 45 bars are needed to 
construct a rigid body. However, there are only 40 bars present which means that the geometry has 5 DOF (45-40) 
and is not rigid. To transform this adaptable geometry into a rigid body, there are at least five extra bars or support 
components needed.   

When the geometry is rigid, it has to be connected to the surrounding world, whereby rigid body motion is 
prevented by adding 6 support components (three for translation and three for rotation). The total number of 
independent support components needed to transform the adaptable quod pattern into a stable structure is 11 
(5+6). 

In addition to the formula presented by Janssen, there is an alternative way to determine the DOF of non-singular 
rigid foldable structures. Tachi (2010) showed that it is possible to calculate the degrees of freedom of structures 
within this typology by a simplified formula, based on the number of boundary edges of the patterns. This is 
possible because all folding patterns within this typology are based on triangles whereby a relation is present 
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between the number of folds, vertices and boundary edges. The simplified formula presented by Tachi is shown in 
formula 2-2. 

Eo

Eo

N   DOF

8 - 3 = 5 DOF

N  = number of boundary edges

- 3 =

 

Formula 2-2 Formula to calculate the DOF of non-singular, rigid foldable structures  (Tachi, 2010)  

The number of boundary edges is defined as the number of lines along the edges of the patterns which run from 
intersection point to intersection point. This means that the quod pattern consists of 8 boundary edges (two for 
each side). Substituting this number in formula 2-2, it follows that the DOF of the adaptable geometry is again 5 
and (5+6) 11 independent support components are necessary to create a stable structure.  

The advantage of the formula presented by Tachi is that the DOF are only dependent on the number of boundary 
edges, instead of the internal pattern. This means that if the number of boundary edges is not modified, the DOF 
remain the same, regardless of the internal (triangular) pattern. It is therefore possible to generate an infinite 
number of patterns with the same number of DOF. Three examples of non-singular rigid folding patterns with 11 
DOF are shown in figure 2-16.  

     
Formula 2-16 Example of folding patterns with 8 boundary edges and corresponding 11 DOF   

When studying at the folded geometry of the quod shown in figure 2-16, it follows that the geometry has four 
columns where the supports are located in the same XY plane. By pinning these supports, 12 (three for each point) 
support components are added whereby the adaptable geometry is transformed into a stable (singular statically 
undetermined) structure because 12 ≥ 11. This means that the global geometry is dependent on the location of the 
supports while the structure is stabilized by pinning the supports. Structures which possess these properties are in 
this thesis called Stable adaptive structures. The associated properties are described in more detail in chapter 3. The 
characteristics, in combination with the advantages of rigid foldable patterns, give the non-singular rigid foldable 
typology a high potential for application in the built environment as adaptable structure.  
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2.4 SUMMARY AND CONCLUSION  
In the previous sections folding patterns where categorized based on their structural properties and potential for 
the built environment. This section lists the characteristics of these typologies and gives the final conclusion.    

2.1 Non-rigid foldable patterns  

+ Huge form freedom due to deformation of the individual surfaces.    
- Stresses are introduced by deformation of the surfaces during the folding process. 
- (Almost) impossible to stabilize because of the flexibility of the surfaces. 

    
2.2 Rigid and non-rigid foldable patterns 

 
+ Rigid foldable for in plane movement. 
- Non-rigid foldable for out of plane movement. 
- Limited adaptability (one-DOF) in the rigid foldable range. 

    
2.3.1 Singular, rigid foldable patterns 

 
+ Is possible to make of rigid panels and hinges. 
- Are stabilized by ‘freezing’ all the hinges in the desired configuration.  
- Complex principles for stabilizing the structure are needed (for example vacuumatics). 

   
2.3.2 Non-singular, rigid foldable patterns 
 

+ Is possible to make of rigid panels and hinges. 
+ Is possible to determine the DOF. 
+ The structure is stabilized by pinning the supports. 
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The final goal of the thesis is to design an adaptable pavilion for the built environment. The conclusion of this 
chapter is that non-singular, rigid foldable patterns have a high potential to achieve this goal due to the following 
reasons: 

1. It is possible to construct non-singular, rigid foldable structures with rigid panels and hinges because the 
surfaces do not deform during the folding process. This means that it is possible to use conventional (stiff) 
building materials to make the panels and hinges.  

2. Due to the non-singularity of the folding patterns, the DOF and corresponding support component 
needed to stabilize the structure are known.  

3. It is possible to relate the number of needed support components to the number of present supports 
(column points) of the geometry in the folded state. This results in adaptable structures where the global 
geometry is dependent on the location of the supports, while the structure is stabilized by pinning the 
supports.  

Due to these reasons the non-singular rigid foldable typology is chosen to be investigated further is the remaining 
part of the thesis.  
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3 STABLE ADAPTABLE STRUCTURES  
 

As was described in the previous chapter, the DOF of non-singular rigid folding patterns are dependent on the 
number of boundary edges. When the DOF of the patterns is known, it is also possible to determine the number of 
support components needed in order to convert the folding pattern into a stable structure. The minimum number 
of support components needed is equal to the number of DOF plus 6 (due to rigid body motion).  

When the required number of support components is known, they are distributed over the points located on the 
edge of the pattern. For each pinned point there are three support components added (translation in x-, y- and z 
direction). This means that also the number of points that have to be pinned can be determined.  The derivation of 
the formula to calculate the number of boundary points that have to be pinned is shown below. 

Eo

Eo

N + 3

N  3  DOF 

DOF + 6  number of support components

 number of pinned points
3

- =

≤

≤

 

Formula 3-1 Derivation of formula to calculate the number of points that have to be pinned. 

There is a geometrical rule added to formula 3-1 in order to ensure that all pinned points are located on the same 
XY plane (the ground) in the folded situation. This geometrical rule holds that half of the vertices at the edge of the 
pattern consist of support points, and may only be connected to each other with a maximum of two boundary 
edges. In other words, the vertices which lie on de boundary edge of the pattern, are alternately support points (on 
the ground level) and non-supported points (located in a higher XY plane). Due to this rule, there are always 
enough support points to pin, and local instability is prevented because the support components are uniform 
distributed over the pattern.  

Folding patterns create stable adaptive structures if they meet the following geometrical rules: 

• The folding pattern fully consists of triangles 
• The supports are connected to each other with a maximum of two boundary edges. 
• In the unfolded state, there is a maximum of two support points present which lie on the same line. 

This excludes singular folding patterns.  
• The pattern is foldable 
• The number of support components is uniform distributed over the support points, with a maximum 

of three (pinned).  
• The total number of independent support components must be equal to or more than E0 +3, 

Eo= the number of boundary edges 

Every folding pattern which complies with the above mentioned rules belongs to the Stable adaptive typology and 
has the following properties: 

• Adaptable by moving the supports 
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• Stabilized by pinning the supports 
• Constructed of rigid panels (or frame) and hinges 

    
Figure 3-1 Adaptable geometry (left) changes in a stable adaptive structure (middle and right ) 

Based on the geometrical rules, it is possible to generate an infinite number of structures which possess these 
properties. Examples of folding patterns which create stable adaptive structures are shown in figure 3-2. More 
examples of stable adaptive structures (with their folded geometry) are presented in annex C. 

     
Figure 3-2 Example of folding patterns which generate stable adaptive structures in the folded state 

Besides folding patterns which are based on a totally different pattern, it is also possible to modify already existing 
folding patterns in the stable adaptive structures typology by modifying the underlying base pattern. For instance, 
by modifying the angles between the folds the length of the folds is changed while the number of boundary edges 
remains the same, meaning that the structure is still stabilized by pinning the supports. 

It is even possible to modify the number of supports by modifying the angle between the boundary edges of the 
base pattern. For example, the base pattern used in the quod pattern can also be used for designing an triangular or 
pentagon folding pattern as is shown in figure 3-3.   

  
Figure 3-3  triangular, quadrilateral and pentagon folding pattern based on ‘the breaking surface’ base pattern 
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The folding patterns shown in figure 3-3 are all stable when the supports are pinned. The only difference between 
the patterns is whether the structures are statically determined or undetermined as is shown in table 3-1.  

polygon Number of boundary edges 
(polygon  x2) 

Needed support 
components 
(NEO +3) 

Number of 
supports  

All supports pinned 

triangle 6 9 3 Statically determined 
(3x3=9) 

quadrangular 8 11 4 1 statically undetermined 
(4x3=12) 

Pentagon 10 13 5 2 statically undetermined 
(5x3=15) 

Table 3-1  properties of triangular, quadrilateral and pentagon folding pattern based on ‘the breaking surface’ base pattern 

This example shows that it is possible generate an infinite number of stable adaptive structures based on only one 
base pattern. The possibilities to modify the base patterns is explained in more detail in chapter 4.    
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4 BASE PATTERN ‘BREAKING SURFACE’ 
 

Folding patterns which belong to the stable adaptable typology are composed of base patterns. A base pattern is a 
portion of the folding pattern which returns by rotating it around the mid-point.  

An example of a base pattern which is used in multiple variants is called ‘the breaking surface’. The name is chosen 
because the two dimensional pattern transforms in a three dimensional geometry by virtually breaking the two 
‘legs’ around the two triangles in the middle. This section describes the pattern in more detail and mentions the 
possibilities to generate variants. The folding pattern of ‘the breaking surface’ is shown in figure 4-1.  

    
Figure 4-1 The folding motion of ‘the breaking surface’ 

Because the folding pattern consists of a triangular mesh, the DOF is dependent on the number of boundary edges. 
The ‘breaking surface’ has four boundary edges which results in a geometry with one DOF.  

Eo
N  3  DOF 

4 - 3 = 1

- =  

Formula 4-2 DOF of ‘the breaking surface’  

Because the DOF is only dependent on the number of boundary edges, the location of the boundary edges relative 
to each other is irrelevant. This means that ‘the breaking surface’ base pattern can be modified, by adjusting the 
location of the boundary edges, while the degrees of freedom remain the same. Three variants of the ‘breaking 
surface’ are shown in figure 4-3. In the remaining part of the chapter, the triangular ‘breaking surface’ is used to 
explain more opportunities.    

 
Figure 4-3 Variants of ‘the breaking surface’ (one DOF) by changing the boundaries lines relative to each other.  

The number of DOF (one) of the ‘breaking surface’ is validated by adding an extra bar in the physical model, 
between the two end points of the geometry. By adding this bar, the geometry becomes rigid as is shown in figure 
4-4.  
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Formula 4-4 Rigid geometry by adding an extra bar between the support points 

When it is known that the pattern transforms in a geometry with two columns and has one DOF, it is possible to 
design a structure by  coupling multiple base patterns. An example is shown in figure 4-5, where the ‘breaking 
surface’ is mirrored. This pattern results in a structure with 3 supports and 3 DOF, because there are 6 boundary 
edges (6-3 = 3 DOF). As was shown in table 3-1 this means that the structure becomes stable and statically 
determined, by pinning the three support points (9=9). 

 
Figure 4-5 Two adjacent breaking surfaces in unfolded (left) and folded (right) state  

By adding a third ‘breaking surface’ the number of boundary edges is increased to 8 (figure 4-6), which results in a 
structure with 5 DOF (8-3=5). By pinning the four support, the structure is stabilized and singular statically 
undetermined (12>11). 

  
Figure 4-6 three adjacent breaking surfaces in unfolded (left) and folded (right) state  

Besides connecting the base patterns along the edge, it is also possible to connect the base patterns in the center 
point, as is shown in figure 4-7. Although the folded geometry is totally different than the previous variant, the 
number of boundary edges and supports remain the same. This means that by pinning the supports the structure is 
again stable and singular undetermined (12>11).  
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Figure 4-7 two breaking surfaces opposite to each other in unfolded (left) and folded (right) state  

When the fourth base pattern is added, the geometry changes in a closed square. However, the number of boundary 
edges is unchanged which means that the DOF is still 5. Because also the number of supports is still four, the 
structure becomes stable and singular statically undetermined when the supports are pinned. 

 
Figure 4-8 Closed folding pattern with four breaking surfaces in unfolded (left) and folded (right) state  

Besides changing the number and location of the base pattern, it is also possible to modify the ‘breaking surface’ 
itself. By modifying the angle between the boundary edges of the base pattern, the total number of boundary edges 
and supports is changed for the fully closed pattern. For instance, by modifying the internal angle of 900 to 720 the 
number of base patterns is changed from 4 to 5 (3600/720 = 5). The structure consists of 10 boundary edges which 
leads to 7 DOF (10-3). By pinning the five supports, the structure becomes stable and twofold statically 
undetermined (7+6 = 13 < 15).   

    
Figure 4-9 Closed folding pattern with five breaking surfaces (720) in unfolded (left, middle) and folded (right) state  

Another possibility is to change the dimensions of the internal base pattern, without changing the number of 
boundary edges. Because the number of boundary edges is not changed, the DOF remain the same while the 
geometry is changed. Two examples are shown in figure 4-10.  
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Figure 4-10 Closed folding pattern with narrow internal breaking surfaces  (left) and wide internal breaking surfaces (right)  

The final option to modify the ‘breaking surface’ base pattern, is by adding folds without modifying the number of 
boundary edges. Furthermore, the new folding pattern must still fully consist of triangles. By adding extra folds as is 
shown in figure 4-11, the folds which runs from the supports to the center point are divided in two parts. The main 
advantage of adding these folds is that the effective floor space is increased because the angle of the columns is 
increased. As is the case with the original ‘breaking surface’, the dimensions and location of the extra folds is 
adjustable.  

 
Figure4-11 Closed folding pattern with extra internal folds in the unfolded (left) and folded state (right)  

The above mentioned manners to design and modify base patterns, within the stable adaptive typology, can be 
mathematically described. As a result, it is possible to implement the base pattern in a generative modeling 
program, e.g. Grasshopper (McNEeel). The ‘breaking surface’ is described in Grasshopper based on the following 
parameters: 

• Length of the boundary edges (line 1-2 and 2-4) 
• Angle α of the internal pattern at the center point 
• Angle β of the internal pattern at the boundary edge 
• The polygon number of the closed pattern (triangle, square, pentagon etc.) 
• The number of breaking surfaces 
• Addition of extra folds 
• The location of the end points of the extra folds on line (1-3 and 1-4) 

Two examples of folding pattern generated in Grasshopper, with corresponding parameters are shown in figure 4-
12. 
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Figure 4-12 Parameters to describe the breaking surface pattern  

It has to be mentioned that all folding patterns, which are described in this section, are based on the ‘breaking 
surface’ pattern. However, it is also possible to do the same with other base patterns, which fold completely 
different. To design a new ‘family’ of structures, it is therefore important to surch for new base patterns. A folding 
pattern can be used as a base pattern when it meets the following requirements; 

• Fully triangular pattern 
• Has four boundary edges (results in one DOF)  
• Is foldable 

An example of another base pattern is called the ‘Bird base’ and is shown in figure 4-13. The ‘Bird base’ is also 
implemented in Grasshopper to create new folding patterns.  

    
Figure 4-13 Bird base (left), closed bird pattern(middle) folded base pattern (right)  

This chapter has shown the possibilities to generate a wide variety of folding patterns which belong to the stable 
adaptive typology.  However, to translate these folding patterns into real structures, there are still a number of 
differences which have to be overcome. Manners in which it is possible to translate the folding patterns into real 
structures are presented in the following two chapters. 
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5 STRUCTURAL CONCEPTS 
 

In this section, three structural concept are described which are able to translate a folding pattern into a real 
structure.  

5.1 HINGEDLY CONNECTED BARS 
The folding patterns which belong to the stable adaptive typology can be schematized by hingedly connected bars. 
In this concept, every fold is schematized as a bar, whereby the bars are hingedly connected to each other at the 
vertices. Although this structural concept is conceptually possible, it leads to major difficulties when transforming 
it into an actual structure.  

   
Figure 5-1 Left; Hingedly connected bars concept. The bars are hingedly connected at the intersection points.                                                           

 Right; detail of hingedly connected bars which shows the difficulties.  
 

Let us focus for instance on the intersection point in the middle of the structure shown in figure 5-1. There are 
twelve bars present which are hingedly connected to each other at the centre point. It is very difficult for a structure 
to hingedly connect multiple bars in exactly the same point. An example of a detail where multiple bars are 
hingedly connected to each other is the ball joint shown in figure 5-1. Although this detail hingedly connects 
multiple bars, it is still not applicable for these structures because the point of rotation is not exactly in the middle 
of the detail. In fact, every bar has its own rotation point. It is therefore impossible (with such a ball joint) to 
translate a folding pattern into a real structure with the use of the hingedly connected bars concept.  

5.2 HINGEDLY CONNECTED PANELS 
The second structural concept consists of schematizing the folds as hinges (instead of the intersection points). In 
this concept, the structure consists of rigid triangular elements which are hingedly connected to each other along 
the edges with line hinges. The main advantage of this concept is that the details consist of ‘standard hinges’, which 
only have to rotate around one axis. Depended on the location in the folding pattern, the hinge can fold down 
(valley folds) or fold upwards (mountain folds). This structural concept is visualized in figure 5-2.   
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Figure 5-2 The individual panels (left) are connected by line hinges (right), depending on the location in mountain (red) or          valley 
folds (right).   

A possibility is to make the panels of (thin) lightweight materials, which are locally stiffened. However, the 
transportability options would still be limited due to the relative large dimensions of the individual panels. To 
reduce the dimensions further, it is possible to add extra hinges to further fold the individual panels. This option is 
mentioned in chapter 12.2 Recommendations, as an topic for further research.                                                                                                                                      

5.3 HINGEDLY CONNECTED FRAME 
An alternative is to use the same principle, but making use of a rigid frame instead of rigid panels. This is possible 
because the folding patterns which belong to the stable adaptive typology fully consists of triangles, which has the 
advantage that they are already rigid. This concept  results in a structure which consists of individual triangular 
frames, which are hingedly connected to each other at locations along the length of the frame, as is shown in figure 
5-3.   

      
Figure 5-3 Triangular frame model (left), location of mountain and valley hinges (middle) and example of hinge (right) 
 
To close the structure, the frame is covered with a membrane. This is explained in more detail in chapter 10. The 
advantage of the hingedly connected frame concept is that the entire structure can be detached to only one 
dimensional (beam) elements, which are relative easy to transport. In addition, the structure is also relative light 
because the surfaces only consists of a membrane. Due to these reasons, the hingedly connected frame concept is 
preferred over the other two concepts and is used in the remainder of the thesis in order to construct an adaptable 
pavilion.  
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6 THICK FOLDABLE STRUCTURES 
 

An important difference between origami models and actual foldable structures is the thickness of the structural 
elements. Origami models consist mathematically seen of ideal zero-thickness surfaces. This is in contrast to real 
structures where the thickness is not negligible. This difference causes problems during the folding process, when 
an origami model is converted into a real structure. Because the pivoting point is no longer on the outer edge of the 
surface, the adjacent facets collide when the structure starts to fold, as is shown in figure 6-1. In other words, by 
thickening an origami model, it is no longer foldable.  

   
Figure 6-1 Upper: Origami model with zero thickness  

 Middle: Structure with thickness  
 Bottom: Folding motion is prevented due to colliding of the adjacent facets in the red circles 

 
To overcome this problem, a couple of solutions are presented in literature written by Hoberman (1988) and Tachi 
(2010). The principles behind these solutions are discussed in the following sections. 

6.1 AXIS SHIFT METHOD 
Hoberman (1988) came up with the idea to shift the axes to the valley side of the structure. This principle allows the 
structure to fully fold and unfold from 0 to π because there are no longer adjacent facets which collide, figure 6-2. 

 
Figure 6-2 Upper: Structure with pivotal point in the middle  

 Middle: Structure were the axes are shifted to the valley sides (Hoberman, 1988)  
 Bottom: Resulting folding motion of the structure (Tachi, Rigid foldable thick origmi) 

 
By shifting the axes to the valley sides of the structure, the pivoting points are no longer located on the same 
(horizontal) plane in the unfolded (flat) state. This causes differences in the folded state between the geometry of an 
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ideal zero-thickness model and  the axis shifted model. This is shown in figure 6-3 were the geometry of the axis 
shifted model (in black) is compared to the geometry of the ideal zero-thickness model (in red) with both the same 
folding angles. 

 
Figure 6-3 Difference in geometry between shifted axes model (in black) and the ideal zero-thickness model (in red). The arrows show the 
increasing distance between the location of the hinges in the shifted model and ideal zero-thickness model.   
 
It follows from figure 6-3 that there is a growing difference between the geometries. This is due to the fact that 
every shifted hinge causes an additional difference compared to the ideal model. Due to this difference, the axis 
shift principle is only applicable for structures which are foldable in one direction. When the same principle is used 
for patterns with more DOF’s, an overconstrained structure arises and the structure is no longer foldable. This 
means that the axis shifted method is not applicable for folding patterns which belong to the stable adaptive 
typology, because these patterns have multiple DOF. 

6.2 TAPERED PANELS METHOD 
An alternative principle to enable the folding motion of (thick)structures is called the tapered panel method Tachi 
(2010). The principle consists of variously using tapered and non-tapered constant-thickness panels. By only 
tapering the panels at the valley side of the panels, the structure is able to fold while the location of the hinges is 
unchanged, as is shown in figure 6-4.  

 
Figure 6-4 Tapered panels method (Tachi, Rigid-foldable thick Origami) 
 
The advantage of this method is that the structure describes the same folding motion as an ideal zero-thickness 
model because the hinges are still on the same location. This means that this principle is applicable for all folding 
patterns, including the folding patterns which are part of the stable adaptable typology.   
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The only difference with ideal zero-thickness origami is that the structure is not able to fully fold 1800. This is not 
possible because the structure has a certain thickness while the pivoting points are in the middle of the sections. 
This implies that there is a so called ‘minimum folding angle’ which remains after folding, figure 6-6. The value of 
the minimum folding angle is dependent on the thickness of the structure and the length of the tapered section. 
The minimum folding angle is calculated with formula 6-5. 

1 0.5
2 tan
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off = offset distance
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Formula 6-5 Formula for calculating the minimum folding angle 

 
Figure 6-6 Left; Fully folded model with minimum folding angle α 
  Right; Parameters which determine the minimum folding angle 
 
The minimum folding angle is important because it limits the range of adaptability. This is in particular important 
for variants which have usable configurations in the fully folded state. An example is the ‘quod’ shown in figure 6-
7.  

     
Figure 6-7 Quod variant in the fully folded configuration, dependent on the minimum folding angle α. 
  
Figure 6-7 shows the ultimate folded geometries which can be achieved for a given minimum folding angle. It 
follows that the minimum folding angle will significantly influence the configuration of the fully folded state. The 
influence of the minimum folding angle on the fully folded (usable) state varies significantly over the different 
variants. This influence is discussed in more detail in chapter 8 were the variants are compared.    
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6.3 DOUBLE BAR OFFSET METHOD 
The conclusion of chapter 5 was that the structural concept of a hingedly connected frame is preferred over the 
rigid panels concept. This implies that there are no rigid panels present for using the tapered panel method to fold 
the structure. However, it is possible to modify the tapered panel method so it is also applicable for structures with 
a hingedly connected frame.  

Structures with a hingedly connected frame consist of two bars for every fold, whereby the axis of rotation lies in 
between the two bars. The minimum folding angle for this type of structures is dependent on the distance between 
the bars and the dimensions of the elements, as is shown in figure 6-8. The minimum folding angle is therefore be 
determined with the same formula as is the case for the tapered panel method.  
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Figure 6-8 Double bar offset method, with corresponding formula to calculate α  
 
It is possible to further minimize the ultimate folding angle by modifying the section of the elements. This is for 
instance possible by changing the section in a triangular form as is shown in figure 6-9.  

 
Figure 6-9 Triangular section has a smaller minimum angle α 
 
However, by changing the shape of the section, the stiffness changes accordingly and is no longer the same in all 
directions. This is especially difficult because the angle of the elements changes for each configuration, which also 
causes the normative axis to shift. There is further research required to optimize the sections of the elements in 
relation to the minimum folding angle stiffness of the elements. In this thesis, circular tubes are used which have 
the same stiffness in all directions.  
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6.3.1 MATERIALIZATION OF THE FRAME 
It is possible to make the frame, which was discussed in the previous section, of multiple materials. In this section, a 
number of materials with corresponding characteristics are discussed.  

• Aluminium 

A common building material for temporary structures is aluminium. This is mainly due to the fact that aluminium 
is a relative light material in relation to its strength. This is especially beneficial for temporary structures because 
the weight has a high influence on the total load of the structure and the transportability options. Furthermore,  it is 
possible to produce a wide variety of profiles with different dimensions and forms, figure 6-10.   

 
Figure 6-10 Aluminium profiles with different dimensions and thicknesses (Gauravsteel, n.d.) 
 
For aluminium structures there are clear codes (EN 1999-1-1) available to check whether the structure meets the 
structural requirements. Due to these reasons, the initial pavilion which is designed in this thesis, is made of an 
aluminium frame. However, in order to optimize the structure further, it might be beneficial to investigate other, 
less common building materials which are mentioned below.  

• Glass- or carbon fibre composite 

To further optimize the structure it is also possible to construct the frame of glass- or carbon fibre composites, 
figure 6-11. These composite materials have an even better ratio between weight and strength as is the case by 
aluminium. This means that it is (most likely) possible to further reduce the weight of the structure, which is 
beneficial for the transportation and deployability concept. For this reason, it is recommended in chapter 12 to 
further investigate the structural design with respect to these materials.  

  
Figure 6-11 Carbon fibre profiles with different dimensions and thicknesses (carbonfiber, n.d.) 

• Inflatable  

In contrast to strong and stiff materials, it is also possible to investigate the option of an inflatable structure because, 
in theory, it is possible to make the frame of inflatable beam elements. If this is the case, it will significantly foster 
the transportation and deployability concept. However, more research is required to investigate the exact 
dimensions and details of the beams to reach the desired strength and stiffness. An example of a structure which 
consists of inflatable beams is present in figure 6-12.  
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Figure 6-12 Tent which consists of an inflatable frame (vrijbuiter, n.d.) 
The inflatable frame of the structure in the above shown figure is small when compared to the final pavilion. It is 
therefore recommended in chapter 12 to do more research whether the inflatable concept is a viable option.  In 
addition to the structural viability, also the appearance of the pavilion will significantly change, therefore, it has to 
be checked whether the appearance is still acceptable.  
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7 DESIGN CRITERIA 
 

In this chapter, the second part of the thesis is started. This part utilizes the results from the first part of the thesis in 
order to design an adaptable pavilion.  

The pavilion will be used for promotional purposes at festivals, sport events and product launches. This function is 
chosen due to the special combination of appearance and properties of the structures, which are part of the stable 
adaptive typology. It is the intention that the unique appearance will draw the audience attention, while the 
properties are favourable for the owners to transport, deploy and modify for changing demands. The design criteria 
for the adaptable pavilion are listed below: 

• Innovative appearance 

The appearance of the adaptable pavilion is a very important criterion for the adaptable pavilion for two reasons. 
Firstly, the pavilion has a promotional function, meaning that the primary function of the pavilion is to draw the 
audience attention.  Secondly, an innovative appearance corresponds (and even emphasizes) the innovative 
principles on which the structure is based. This means that there is a clear concept of the pavilion; innovation.  

• Adaptable floor space    

The pavilion is used for promotional purposes at events such as festivals, sport events and product launches. The 
required floor space range for these functions is assumed to be 15-30m2. Due to the adaptability of the pavilion, the 
final dimensions of the pavilion can be adjusted on site.   

• Transportable 

Because most events only last for a couple of days, the pavilion has to be transportable. Therefore, it is important to 
reduce both the packaging volume as well as the weight of the pavilion, in order to enhance the ease of 
transportation. It is assumed that the pavilion should be (at least) transportable with a truck. The final 
transportation concept is described in section 11.1.   

• Deployable   

After the structure is transported, it has to be deployed. It is the intention to come up with a deployability concept 
which is as easy as possible and no more than four people are needed to deploy it. The final deployability concept is 
described in more detail in section 11.2.   

Based on the above mentioned design criteria, a variant study is conducted in the next chapter.   
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8 VARIANT STUDY 
 

Based on the geometrical rules described in chapter 3, it is possible to generate a wide variety of folding patterns 
which belong to the stable adaptive typology. Even though the patterns are based on the same geometrical rules, the 
individual appearances significantly differ. A list of multiple patterns which were found during the variant study is 
present in annex C. Four of the most interesting folding patterns are shown in figure 8-1. 

   

   
Figure 8-1 Four of the most interesting folding patterns in the folded state. 
  
These four variants are compared to each other in a preliminary comparison study based on their geometrical 
properties. The relevant geometrical properties for the comparison study are described below. In the final section, 
the geometrical data is compared to each other and related to the design criteria listed in the previous section, after 
which a chose is made.  

• The minimum dimensions  

The minimum dimension of a folding pattern, is the dimension of the boundary edges in the unfolded (flat) state, 
which is necessary to create a geometry with an usable height of approximately 2.2 meters in the folded state. The 
minimum dimension of the folding patterns is dependent on the effectiveness of the pattern.  Especially the height 
of the openings are important because all the openings consists of two straight lines under an angle and is therefore 
the limiting factor for multiple variants.  
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The minimum dimension of the patterns is important because it influences the total weight of the structure 
significantly. The weight of the structure is important in its turn because it affects the transportation and 
deployable options as is described in chapter 11.   

• Effective floor space range 

The effective floor space range is the adaptable floor space range which the structure can generate, while the 
effective height is still acceptable. The range is dependent on the minimum dimensions and the effectiveness of the 
pattern.   

• Minimum folding angle 

The minimum folding angle is the smallest angle between two adjacent surfaces during the folding motion in the 
effective floor space range. The minimum folding angle is important because it determines the minimum rotation 
angle which the hinges have to fulfil.  As was described in chapter 6, it is impossible to fully fold structures 1800  
because of the thickness of the elements. Due to this reason, the minimum folding angle will limit the adaptability 
of variants which have fully flat folded folds in the effective floor space range.   

• Variety of triangles 

Every folding pattern is entirely based on triangles. However, each pattern is  based on a number of triangles with 
different dimensions. The number of different triangles is dependent on the number of folds and influences the 
complexity of the structure. This complexity also affects the way in which the structure is transported and 
deployed. It is therefore important to know the number of different triangles for each variant. 

• Total length of the folds 

When the folding patterns are transformed into real structures, every folding line is converted into two bars 
(double bar offset method). By measuring the total length of the folds, it is possible to calculate the total length of 
the bars to give an estimation of the weight of the frame. 

• Number of hinges 

The minimum number of hinges necessary to translate the folding pattern into a real structure is dependent on the 
number of fold lines of the patterns. When assumed that for every (internal) fold line two hinges are necessary, it 
becomes possible to calculate the total number of hinges. The weight of these hinges in this preliminary study, is 
approximated to be one kg apiece. 

• Estimation of the weight  

When the total length of the frame is known and the profile of the bars is estimated, it is possible to estimate and 
compare the global weight of the frames. It is mentioned that, in this preliminary comparison study, the profiles are 
assumed to be the same for every variant and are not yet validated in a finite element program. The calculated 
weight is therefore just for giving a global estimation. Furthermore, the weight of hinges is determined by 
multiplying the number of hinges with one kg and the weight of the membrane is taken into account by 
multiplying the total surface area with 0,4kg/m2.   
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8.1 BIRD 
The Bird variant consists of an unconventional geometry which is caused by the sharp protruding mid-point. The 
base of the pattern is called the ‘Bird base’ and is usable for multiple patterns as was described in chapter 4.  

The unconventional geometry comes at the cost that the effective height in the middle of the structure is only half 
the height of the protruding mid-point. Due to this fact, the minimum dimension of the total structure is relative 
large (10x10m) because an effective height of 2.2m has to be achieved. Furthermore, there are fully (flat)folded 
folds present in the usable floor space range. This fold is surrounded with a dotted line in the figure shown below. 
As is explained chapter 6, fully folded folds cannot  be realized in real structures and will therefore limit the 
adaptability of the structure.  

Name Bird  
Geometrical name Bi-8E-50/50L  

   Folding pattern Side view 3d view 
 
Geometrical characteristics Bird 
Base pattern  ‘Bird base’ is useful for generating a wide variety of folding 

patterns. 
Minimum dimensions 10x10m smaller dimensions would lead to non-useable space 
Effective floor space range 25-35m2 The effective floor space is significantly smaller than the total 

floor space due to a low effective height at the supports.  

 6x6m                                   7x7m 
Minimum folding angle  00 This is not feasible, meaning that a minimum folding angle 

will limit the adaptability 
Number of triangles 16 This is the minimum number of triangles needed to 

construct a stable adaptive structure 
Variety of triangles 2  
Total length of frame 207 m Hingedly connected frame concept (double bars) 
Weight frame 248 kg Assumption aluminium beam with cross section 50-3mm 
Weight frame 196 kg Assumption aluminium beam with cross section 40-3mm 
Number of hinges 40 When every frame is connected to the adjacent frame with 

two hinges 
Estimated total weight 276 kg  Frame 218kg (40-3mm), hinges 40kg, membrane 40kg  
Figure 8-2 Geometric properties of the Bird variant 
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8.2 QUOD 
The second variant which is investigated is called the quod pattern. The quod variant also has an innovative 
appearance, although it is completely different than the Bird variant. This is due to the fact that the quod variant is 
based on a different base pattern, called the ‘breaking surface’. It is possible to use this base pattern to generate a 
wide variety of folding patterns which belong to the stable adaptive typology. This is explained in more detail in 
chapter 4.  

The quod is more efficient with respect to the effective floor space (when compared to the Bird) because the 
midpoint is highest point of the pattern and the folds located at the supports are directly connected to it. This 
means that the loss of effective floor space is limited due to the steep slope of the folds.  

In the final folded state there are fully folded folds (dotted line in the folding pattern shown below). However, the 
influence of the minimum folding angle is not as important because the fully folded state does not belong to the 
effective floor space range. It follows from the figure of the geometry in the 3x3m state, that the minimum folding 
angle is 250. When this minimum folding angle is reached, the adaptable floor space range is not limited.  

Name Quod  
Geometrical name BP-8E-1B-A45-90  

 
  

Folding pattern Side view Bird’s eye view 
 
Geometrical characteristics Quod 
Base pattern  ‘breaking surface’ is useful for generating a wide variety of folding 

patterns. 
Minimum dimensions 8x8m smaller dimensions would lead to a low effective floor space because 

the folds run directly from the supports to the mid-point 
Floor space range 9-30m2 There is a significant difference between the gross floor space and net 

floor space due to oblique lines. 

  3x3m                            5x5m                                 6x6m 
Minimum folding angle  250 In the small state (3x3m) the minimum angle is 250 
Number of triangles 24  
Variety of triangles 4  
Total length of frame 197 m Hingedly connected frame concept (double bars) 
Weight frame 236 kg   Assumption aluminium beam with cross section 50-3mm 
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Weight frame 186 kg   Assumption aluminium beam with cross section 40-3mm 
Number of hinges 64 When every frame is connected to the adjacent frame with two hinges 
Estimated total weight 275 kg Frame 230kg (40-3mm), hinges 64kg and membrane 26kg 
Figure 8-3 Geometric properties of the quod variant 
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8.3 QUOD ON COLUMNS 
The Quod on column variant is based on the same ‘breaking surface’ pattern as the quod variant. The only 
difference is that the folds  running from the supports to the midpoint are divided into two parts by adding two fold 
lines. This results in a geometry where the floor space is more effective because the slope of the folds located at the 
supports is increased further and (some sort) of a column arises. Due to  these ‘columns’ the effective floor space 
increases. An additional advantage of the quod on column variant is that the minimum folding angle does not limit 
the adaptability of the structure due to the absence  of fully folded folds. 

When comparing the quod on column to the quod pattern, there are also some disadvantages. By adding folds to the 
quod pattern, the total length of the frame increases which also causes the total weight of the structure to increase. 
Furthermore, the different types of triangles is increased which makes the structure more complex to transport and 
deploy on site.  

Name Quod on columns  
Geometrical name BP-8E-1B-A90-45  

(broken columns, straight contour)  
 

   

 
 

 
Folding pattern Side view Bird’s eye view 
 
 Data Quod on columns  
Base pattern  Is based on the ‘breaking surface’ with added folds to create 

the columns 
Minimum dimension 8x8m The pattern is more efficient than the Bird and Quod 

variant with respect to the effective floor space height. . 
Floor space range 16-36m2 

   4x4m                                   6x6m 
Height column (red line) 1,5 m  
Minimum folding angle  900 In the small state (4x4m) the minimum angle is 900 
Number of triangles 32  
Variety of triangles 4 -5 Dependent on the internal folding angles there are 4 or 5 

different types of triangles present.  
Total length of frame 208,2 m Hingedly connected frame concept (double bars, offset 

75mm) 
Weight frame 250 kg Assumption aluminium beam with cross section 50-3mm 
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Weight frame 196 kg Assumption aluminium beam with cross section 40-3mm 
Number of hinges 88 When every frame is connected to the adjacent frame by 

two hinges 
Estimated total weight 310 kg Frame 258kg (40-3mm), hinges 88kg and membrane 26kg  
Figure 8-4 Geometric properties of the quod on column variant 
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8.4 BIRD ON COLUMN  
The Bird on column pattern is by far the most effective pattern with respect to the  effective floor space range and 
weight of the structure. The Bird on column pattern is a combination of the Bird base and the column principle. It is 
this combination of patterns that makes the Bird on column so effective.  

However, the efficient form is at the same time its disadvantage. Because of its efficiency, the global form is a little 
bit less attractive when compared to the other variants. Although it has to be mentioned that this is a subjective 
opinion and can differ for each person.  

Name Bird column  
Geometrical name Bi-co (no sides, short column)  
   

   
Folding pattern Side view Bird’s eye view 
 
Data Bird on column  
Base pattern  Is based on the ‘Bird’ base with added folds to create the 

column 
Minimum dimension 8x8m The pattern is more efficient than the Bird and Quod variant.  
Floor space range 9-36m2 

     3x3m                                   6x6m  
Height column (red line) 2,4 m  
Minimum folding angle  1100 In the small state (4x4m) the minimum angle is ±1100 
Number of triangles 16 This is the lowest amount of triangles that is needed to design 

an stable adaptive structure.  
Variety of triangles 2  
Total length of frame 124,8 Hingedly connected frame concept (double bars) 
Weight frame 150 kg Assumption aluminium beam with cross section 50-3mm 
Weight frame 118 kg Assumption aluminium beam with cross section 40-3mm 
Number of hinges 40 When every frame is connected to the adjacent frame by two 

hinges 
Estimated total weight 183 kg Frame 135kg (40-3mm), hinges 40kg and membrane 25kg 
Figure 8-5 Geometric properties of the bird on column variant 
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8.5 COMPARISON AND CONCLUSION 
In table 8-6, the geometrical properties of all four variants are listed besides each other.  

 Bird Quod Quod on column Bird on column 
Minimum dimensions 10m 8 m 8m 8m 
Floor space range 25-35m2 10-36m2 16-36m2 9-36m2 
Minimum folding angle  00 250 900 1100 
Number of triangles 16 24 32 16 
Variety of triangles 2 4 4 -5 2 
Total length of frame 207 m 197 m 208,2 m 124,8 
Number of hinges 40 64 88 40 
Weight frame (40-3) 196 kg 186 kg   196 kg 118 kg 
Estimated total weight 276 kg  275 kg 310 kg 183 kg 
Table 8-6  Geometrical properties of the four considered variants 
 
It can be seen from table 8-6, that each variant has some different strengths and weaknesses.  There is no variant 
which is unanimously the ‘best’ variant with respect to the design criteria listed in chapter 7: 

• Attractive appearance 
• Floor space efficiency 
• Transportability/deployability 

It is possible to schematize the strength and weaknesses of the variants in the visualization shown in figure 8-7. The 
closer a variant is located at a design criteria, the better the properties are with respect to that starting point. 
Although it has to be mentioned that this schematization is partly subjective, because the design criteria can be 
interpreted by designers in different ways (depending on the preference and actual function).   

 
Figure 8-7 Schematization of the variants in relation to the design criteria 
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It follows from the schematization that each variant has some different design criteria which they approach. The 
final choice of the variant is therefore dependent on the starting point(s) which is considered as most important. 
This choice is mainly dependent on the function of the pavilion and the preference of the designer.  

It was mentioned in chapter 7, that the appearance of the adaptable pavilion is an important characteristic due to 
two reasons. Firstly, because of its promotional function and secondly, because it emphasizes the innovative 
principles on which the structure is based.  For these reasons, the emphasises in this thesis is on the appearance of 
the pavilion and the Quod on column variant is chosen to be studied in more detail. Although it has to be 
mentioned,  that with a different function (or focus), a different choice could be made.   

 

 
Table 8-7 Visualisation of Quod on column variant as pavilion.  
 

In the remainder of the thesis, the Quod on column variant is investigated in more detail in a structural analysis 
(chapter 9) after which the transportation/deployability possibilities are considered (chapter 11).  
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9 STRUCTURAL ANALYSIS  
 

In this chapter, a structural analysis is performed on the chosen pavilion. The chapter starts with describing the 
structure that is modelled in GSA Oasys, with the corresponding configurations. In the second section, the loading 
on the structure is explained, after which in the final section the result of the geometric non-linear calculations are 
discussed. 

9.1 GSA MODEL 
The structure that is modelled in GSA Oasys can globally be divided into four components. 

1. Aluminium frame  

The structure consist for the most part of an aluminium frame. The frame is modelled (in GSA Oasys) as 
aluminium beam elements which are connected to each other to form triangular segments. The frame consists of 
beam elements with two different cross sections, as is shown in figure 9-1. The main part of the frame consists of 
aluminium beams with a diameter of 40mm and a wall thickness of 3mm. The beams, at the boundary of the 
structure, have a diameter of 50mm and a wall thickness of 3mm. The beams at the boundary of the structure have 
a larger cross section because these bars are the longest bars in the structure and are vulnerable for buckling. This is 
explained in more detail in section 9.6.  

   
Figure 9-1 Complete frame (Left), beams with section 40-3mm (middle), beams with section 50-3 (right) 
2. Hinges  

The triangular segments of the frame are connected to each other with hinges. The hinges between the triangular 
segments are modelled as short beam elements with rotational releases (in the y and z direction) in the node where 
they meet the beam element of the opposite triangle, which is shown in figure 9-2. 

    
Figure 9-2 Modelled beam elements with rotational releases at their intersection point  
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3. Membrane  

The surfaces of the triangular segments are composed of a membrane, as is shown in figure 9-3. To model this 
membrane, the triangular surfaces are meshed in a 8x8 mesh, with triangle 3 elements with assigned membrane 
properties. This mesh size is chosen after a comparison study was conducted, where multiples mesh sizes where 
investigated with respect to load distribution and computational time. An overview of the investigated mesh sizes is 
present in annex D.  

     
Figure 9-3 with membrane filled frame (right), meshed membrane (middle), membrane properties (right) 
It has to be mentioned that, in reality, the membrane is applied over the entire frame, instead of only inside the 
triangular segments. Although this would increase the surface area, it is assumed that the modelled configuration of 
the membrane is a valid approximation because the extra surfaces (in between the triangular elements) are 
relatively small.  

4. Supports 

To stabilize the pavilion, the supports have to be pinned. In the structural model, the supports are located at the 
hinge points in the middle of the legs, as is shown in figure 9-4. In reality, the rotational axis of the hinge point is 
extended, after which it is hingedly connected to a steel base plate which is anchored. This is done to ensure that the 
rest of the structure does not touch the ground and is described in more detail in section 10.4. 

   
Figure 9-4 Modelled pavilion with pinned supports (left), close up (middle), support detail (right) 
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9.2 CONFIGURATIONS 
The configurations which are considered in the structural analysis are shown in figure 9-5. These three 
configuration are the ultimate positions which are allowed to construct the pavilion. This means that it is allowed to 
construct the pavilion in these, or intermidiate, configurations (4x4m-6x6m or 4x4m-4x6m).   

 

          
 Figure 9-5 Investigated configurations of the Bird on column variant: conf. 1 (left), conf. 2 (middle) and conf. 3 (right). 
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9.3 ACTIONS ON STRUCTURE 
The actions on the structures are explained based on the 4x4m configuration. The loading on the other two 
configuration is done in a similar way and are presented in annex E. 

9.3.1 DEAD LOAD 
 
The gravity loading of the frame and hinges is taken into account and is set in the –z direction. The weight of the 
membrane is neglected. When only the dead load is investigated, the safety factor is 1,35. For load case 
combinations the safety factor is 1,2 or 0,9, (dependent on a positive or negative action on the overall structure). 

 
Figure 9-6 Dead load of the structure in configuration 1 (Left), 2 (middle) and 3 (right),  

9.3.2 WIND LOAD 
 
The wind load on the structure is calculated according to the formula 9-7 (EN 1991-1-4 section 5.4).  
 

 ( )  

 Building factor ( =1 for structures with a height of 15m or less)
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Formula 9-7 Formula for calculating wind loading on structures with the use of force coefficients (EN 1991-1-4 5.4, 2011) 
 
Hence, it follows from formula 9-7 that the wind pressure (qp) and force coefficient (cf) have to be determined to 
calculate the wind load. 

Wind pressure qp 
The wind pressure (qp) on the structure is determined according to the Eurocode for temporary structures (EN 
13782). In this code, wind pressures on temporary structures are given which are subjected to wind speeds up to 
28m/s (100km/h). This is a valid assumption, if it is prohibited to construct the tent in the prospect of an extreme 
storm e.g. hurricane. In case a storm of this magnitude is predicted, it is compulsory to deconstruct the pavilion.  
For wind speeds up to 28m/s the wind pressures on temporary structures are presented in table 9-8 (EN 13782 table 
1).  
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Table 9-8 Given values in EN 13782 to determine the wind pressure on temporary structures (EN 1382, table 1)  
 
It follows from table 9-8 that for structures with a height of 5m or less, the wind pressure is 500N/m2. However, for 
structures with a width of 10m or less and height of 5m or less, which is the case for all three configurations, a 
reduced wind pressure of 300 N/m2 is given. Due to this reason, the wind pressure qp= 0,3kN/m2 is used in the 
structural analysis for all configurations.  

Due to the absence of pressure coefficients for open structures which are partially closed (due to the legs) the 
structure is subdivided into a roof- and a wall section. First, the force coefficients of the roof structure are 
determined after which the same is done for the wall sections. 

   
Figure 9-9 Structure is subdivided into a roof (left) and a wall (right) section, to determine the force and pressure coefficients.  
 
Roof structure  

The wind loads on the roof structure are determined by schematizing the roof structure as part of an open canopy, 
figure 9-10.   

  
Figure 9-10 Canopies with different blocking effects φ. Left; φ=0 Right φ=1  (EN 1991-1-4 figure 7.17, 2011) 
 
The force coefficients of open canopies are dependent on two parameters (EN 1991-1-4 section 7.3). The first 
parameter is called the blockage ratio (φ) and is defined as the solid (closed) area divided by the area of the 
envelope. For instance, when the structure is for 40% solid and for 60% open, the blocking ratio is φ=0,4.  
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The blocking ratio of the presented structure in figure 9-10 is mainly dependent on the presence or absence of side 
walls. When there are no side walls assumed, the blocking ratio is approximately φ=0,5 due to the presence of the 
legs of the pavilion. By adding side walls, the blocking ratio is increased to φ=1,0. For safety reasons, the maximum 
(negative) value for the force coefficient is taken with φ=1,0, while the maximum (positive) value is taken for all φ.  

The second parameter in order to determine the force coefficient, is the angle of the roof surfaces. Due to the 
adaptability of the structure, the roof angles change when the configuration is modified. In this section the roof 
angles of configuration 1 (4x4m) are derived. The derivation of the roof angles and corresponding force coefficients 
of configuration 2 and 3 are present in annex E.   

The roof structure consists of three surfaces with different roof angles. These surfaces are shown in figure 9-11 with 
the letters A, B and C.  

 
Figure 9-11 Roof structure divided into surfaces with same angle A, B and C. Top view (left), 3d view (right) 
 

• Roof surfaces A: 
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Given this angle, it is possible to determine the force coefficient with the use of table 9-12 (EN 1991-1-4 table 7.7). 
Submitting this coefficient in formula 9-7, the wind load on the surfaces is determined as: 
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The same is done for the roof surfaces belonging to category B and C. 

• Roof surfaces B: 
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• Roof surfaces C: 
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The force coefficients follow from table 9-12.  

 
  Table 9-12 Given force coefficients for duopitched canopies with different angles and blocking ratio’s (EN 1991-1-4 table 7.7, 2011)  
For a duopitched canopy, the center of the wind loading is located in the middle of each surface. The load cases 
which have to be investigated are shown in figure 9-13 (EN 1991-1-4 figure 7.17).  
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Figure 9-13 Arrangements of loads obtained from force coefficients for duopitch canopies (EN 1991-1-4 figure 7.17, 2011) 

The load arrangements of the pavilion, which approximate the load arrangement mentioned in the EN 1991-1-4, 
are visualized in figure 9-14. The surfaces which are not filled, are not loaded in that specific load arrangement. The 
wind load of each surface acts perpendicular to the (deformed) local axis of the surface and is uniformly 
distributed.  

 
Figure 9-14 Arrangements of loads for pavilion, positive (red)values is wind pressure, negative (blue) values are wind suction 

Wind loading on legs  

The wind loading on the legs of the pavilion is determined by schematizing them as free standing walls with return 
corners. The pressure coefficients (cp,net) for free-standing walls are given in table 9-15 (EN 1991-1-4 table 7.9). 
However, in contrast to free standing walls, the legs are connected to a roof structure. Due to this fact, the wind 
suction on the leeward side is reduced when compared to a free standing wall. Therefore, the pressure coefficient in 
category B is used in order to calculate the wind load, instead of category A.  

In addition to the surfaces of the legs which are standing perpendicular to the wind direction, there are also surfaces 
which are standing parallel to the wind. These surfaces are subjected to a reduced wind load, because the wind is 
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already partly directed over the structure. The wind loads on the parallel surfaces are therefore determined with the 
pressure coefficient presented in category D.    

 
Table 9-15 Pressure coefficients cp,net for free-standing walls (EN 1991-1-4 table 7.9, 2011) 

Given the pressure coefficients in table 9-15, it is possible to calculate the wind loads on the legs of the pavilion. The 
wind loads on the surfaces, perpendicular to the wind direction (category B), are calculated as follows: 
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The wind loads on the surfaces parallel to the wind direction (category D): 

2
1  1,2  0, 3      0, 36 /   

w ref ref
F A kN m A= =i i i i   
The global wind loading on the pavilion is calculated for the following two wind directions: 

• Wind parallel to the supports, 00 wind  
• Wind under an angle of 450 to the supports, 450 wind 

  
Figure 9-16 Plan view of wind directions, 00 (left)and 450 (right), the supports are highlighted in red 

For each wind direction, two load cases are analysed. In all load cases, the elements which lie directly in the path of 
the wind direction, are loaded on the highest wind load (category B). The difference lies in the fact that the surfaces 
at the sides can both be loaded on positive or negative wind pressure. The four load cases (two for each wind 
direction) are visualized in table 9-17.  
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 Side panels, negative wind load Side panels, positive and negative wind load 
00 Wind 
 
 
 
 
 
 

 

 

 

 

  
450 Wind 
 
 
 
 
 
 
 

 

 

 

 

 
Table 9-17 Wind loading on columns in configuration 2, four load cases. (red = positive pressure) (blue = negative pressure)  

 
9.3.3 SNOW LOAD 
 
It follows from the Eurocode for temporary structures (EN 13782 6.4.3.3), that a snow load of 0,2 kN/m2 may be 
applied on the overall roof area, provided that the snow height does not exceed 8cm. It is therefore forbidden to 
construct the pavilion on locations where the probability of snowfall is high. In case of unpredicted snowfall, it is 
recommended to unfold the pavilion to the flat folded state. The snow load on the structure is visualized in figure 9-
18.  

    
Figure 9-18 Projected snow load 0,2kN/m2 on configuration 1 (Left), 2 (middle) and 3 (right),  
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9.3.4 TEMPERATURE LOAD 
 
The structure is also subjected to a temperature load. Due to the presence of openings in the structure, the 
temperature is uniformly distributed over the entire structure.  The maximum temperature difference of the 
structure in the deployed state is assumed to be 30 degrees. However, due to the ability of the structure to adapt, the 
introduced forces are negligible, figure 9-19.  

 
Table 9-19 Analysed temperature load 

9.3.5 SETTLEMENTS 
 
Loads can also be introduced by differences in settlements between the supports. This can occur when for example 
the pavilion is constructed with three legs founded on a paved road while the fourth leg is founded on a lawn. The 
settlement of one leg in relation to the other three legs will introduce stresses because the structure is singular 
statically undetermined, as was described in chapter 3. However, when two or more legs are settling 
simultaneously, this will not introduce forces because the structure is able to adapt to this movement. For this 
reason, the structure is checked on a settlement of only one support (50mm), which is shown in figure 9-20.  

       
Figure 9-20 Settlement of leg in 4x4m configuration (Left), 6x6m configuration (right) and 4x6m configuration 
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9.4 LOAD CASE COMBINATIONS  
As is described in the previous sections, there are multiple actions on the pavilion which have to be taken into 
account. All load cases are geometrically non-linear analysed and are shown in table 9-21.  

It follows that there are 24 load cases with respect to the wind loading on the structure. This is due to the fact that 
the wind loading was subdivided into a roof structure (with 6 load cases) and a leg structure (4 load cases). By 
combining these load cases, the total number of load cases with respect to the wind load becomes 24. 

For configuration 3 (supports 4x6m apart) the number of load cases with respect to the wind load is 36. This is 
because the structure is only singular symmetric which means that the structure has to be analysed for winds 
coming from a direction of  0, 45 and 900 to the structure. 

   
Table 9-21 Analysed load case combination (left) with corresponding safety factors (right) 
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9.5 GLOBAL LOAD PATHS 
In this section, the global load paths of a load case is described in order to get a feeling for the distribution of forces 
in the structure. The load case which is investigated is shown in figure 9-22 (load case od 1/2p 1/2s, all roof surfaces 
loaded on positive wind pressure). This load case describes the wind load on the structure when the wind is coming 
from the left hand side, whereby half of the leg surfaces is loaded on a positive wind pressure and half of the leg 
surfaces on negative wind pressure (suction). Furthermore, the entire roof structure is loaded on a positive 
(downward) wind pressure.  

 
Figure 9-22 Visualization of load case 0d, 1/2p 1/2s, all roof section positive (downward) wind pressure. 

In the above mentioned load case, the global wind force is directed to the right hand side. In figure 9-23, the axial 
forces in the structure are shown. It follows from this figure that the diagonal beams (1) which are connected to the 
supports located on the left hand side are loaded on tension, while the opposite (diagonal) beams (2) are loaded on 
axial compression. This is explained by the fact that the structure wants to move in the direction of the wind, which 
causes the diagonal bars (1) to elongate and the diagonal bars (2) to shorten. However, this motion is prevented by 
the diagonal beams, which causes the diagonal beams to be loaded on tension (1) and compression (2). In fact, the 
diagonal beams are responsible for stabilizing the structure.   

   
Figure 9-23 Global load path of structure loaded on wind load, 0d 1/2p 1/2s, All roof areas loaded on positive wind pressure 

Now that the global axial forces in the diagonal beams are discussed, the axial forces in the beams above the support 
points are discussed in more detail. 

The axial forces in the beams located right above the support points, can be derived in the following way. In the 
discussed load case (figure 9-22), the entire roof structure is loaded on a positive (downward) wind pressure. Due 
to this loading, the roof structure wants to come down which causes axial compression in beam 1. The axis of this 
beam is directed diagonally out of the structure. This causes axial tension forces in the adjacent beams (2), figure 9-
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24. These beams are in its turn connected (or hanged) to the beams (3), which run directly to the support. These 
beams ultimately transfer the wind load to the supports by compression.  

    
Figure 9-24 Load path of leg structure loaded on wind load, 0d 1/2p 1/2s, All roof areas loaded on positive (downward) wind pressure. 
Entire structure (left), Side view leg structure with forces in nodes (middle), 3d view leg structure with forces in beams (right). 
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9.6 RESULTS STRUCTURAL ANALYSIS  
A geometric non-linear analyse is performed of the pavilion for all three configurations and adjacent load cases. 
The normative results of the first configuration (supports 4x4m apart) are shown in the figures below. It has to be 
mentioned that the given values do not belong to one load case, but are the result of the maximum values of all load 
cases (in a load envelope). This means that the shown values do not belong to one specific load case. The normative 
forces of configuration 2 and 3 are present in table 9-26.  

Normative axial forces Fx:          4,26kN(tension)  -3,4kN(compression) 
 

   In this figure, the signed absolute values of the maximum axial compression and tension are given. The beams are 
loaded on compression or tension dependent on the wind direction, as was described in section 9.5 
 
Normative shear force Fx:    1,81kN   -1,81kN  
 

  

 

In this figure, the signed absolute values of shear force Fy are present. It follows, that the maximum shear force in 
the structure  is present at the hinge points.  
 

 

  



Eindhoven University of Technology | Stable adaptive structures |    Ruud van Knippenberg  
 

66 

MOMENT MYY:  0,28KNM   -0,30KNM 
 
 

  In this figure, the signed absolute values of the moment force Myy are present.  
 

Moment Mzz : 0,34kNm  -0,35kNm 
 

    In this figure, the signed absolute values of the moment force Myy are present. 
 

MAX COMBINED STRESS:  110,3N/MM2 

   In this figure, the combined stresses are visualized. The maximum combined stress is present at the location where 
the beams are connected to each other.  This stress is mainly caused by bending moments.  
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MIN COMBINED STRESS: -107,7 

   The maximum combined (negative) stress is present at the location where the beams are connected to each other.  
This stress is mainly caused by the bending moments. 
 

Beam stress, Von mises:  114,3 

   In this figure the maximum values of the von mises stress is present. The stresses are slightly higher as the 
combined stresses.   
 

Element translation |U|: 98,7mm 
 

    In this figure, the maximum translations of the beam elements is present. The maximum translation of the beam 
elements is present in the roof structure due to wind suction.  
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Membrane translation |U|: 149,7 

   In this figure, the maximum translation of the membrane is vizualized. It follows that the maximum translation of 
the membrane is present in the roof structure, where the surface is loaded on a negative (upward) wind direction. 
 
Figure 9-25 Results structural analysis in GSA Oasys 

The maximum forces for all three configurations (for all load cases) in the geometric non-linear analysis are listed 
in table 9-26. This means that the given values do not belong to one particular load case, but are the combination of 
the maximum values of all load cases (in a load envelope). Furthermore, the maximum values do not have to 
belong to the same element.  

 Fx 
(kN) 

Vy 
(kN) 

Vz 
(kN)  

Myy 
(kNm)  

 Mzz 
(kNm) 

Stress 
(N/mm2) 

Von 
mises 
(N/mm2)  

Deformation 
(mm) 

Configuration 
4x4m 

4,26 
-3,40 

1,81 
-1,81 

2,22 
-2,42 

0,28 
-0,30 

0,34 
-0,35 

110,3 
-107,7 

114,3 98,7 

Configuration 
6x6m 

3,80 
-3,22 

2,29 
-2,29 

2,63 
-2,42 

0,38 
-0,28 

0,33 
-0,39 

112,2 
108,3 

 112,7 90,4 

Configuration 
4x6m 

3,78 
-3,26 

2,34 
-2,27 

2,62 
-2,90 

0,37 
-0,28 

0,39 
-0,39 

113,4 
-108,8 

115,8 96,2 

Figure 9-26 Ultimate forces in configurations for all load case combinations 

It follows, that the maximum forces for all (three) configurations are about the same order. The only significant 
difference is the difference in the maximum axial forces. This can be explained as follows: 

The highest axial forces are present in configuration 1 (4x4m). This can be explained by the fact that this is the 
configuration where the supports are located the closest to each other, when compared to the other configurations. 
Because of this small distance, the angle of the diagonal beams (which stabilize the structure) is large with respect to 
the horizontal axis. Due to this large angle, the load path of the lateral wind forces is less efficient whereby the axial 
forces increase. Therefore, the axial load of configuration 1 is taken in to account when it comes to checking the 
diagonal beams on their buckling behaviour in section 9.7.3. 
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9.7 STRENGTH, STIFFNESS AND STABILITY  
In this chapter, the structure is checked on its strength, stiffness and stability.  

9.7.1 STRENGTH 
The frame is made out of extruded aluminium tubes of the type EN AW 6082 T6. This alloy is chosen because of 
the combination of high strength and its good resistance against rust. The specification of this aluminium alloy are 
given in table 9-28.  

 
  Table 9-28 Material properties of aluminium alloy’s (table 3.2b EN 1999-1-1, 2007)  
The value of the 0,2% proof strength (f0) for the 6082 alloy is 250N/mm2 and 125N/mm2 for the heat affected zones. 
The maximum stresses present in the structure, for all configurations and load cases, is 115,8N/mm2. This means 
that the aluminium alloy is strong enough to take the stresses, even if they are located in the heat affected zone. The 
resistance of the pivoting point against shear is checked in annex G. 

9.7.2 STIFFNESS 
 

It is assumed that there are no requirements with respect to the maximum deflection of the structure. This is a valid 
assumption because the structure is a temporary (tent) structure, where deflection of the elements and membrane 
is acceptable to a certain extent and not governing. The maximum deflections of the beams (98,7mm) and the 
membrane (149,7mm) is therefore assumed to be acceptable.  
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9.7.3 STABILITY 
 

The main idea of the stable adaptive concept is that the global stability of the structure is ensured by pinning the 
supports, regardless their position (chapter 3). In this section, the reaction forces which have to be resisted by the 
pinned supports are described.  

In figure 9-29, the support reactions, caused by the dead weight of the structure, are shown in the largest 
configuration (6x6m). This configuration is normative with respect to the (lateral) reaction forces because the angle 
of the legs structure is the highest of all configurations (in relation to the z-axis). Due to this angle, the dead weight 
does not only lead to reaction forces in the z-direction, but also in the x- and y- direction. 

   
Figure 9-29 side view (left) and top view (right) of structure  in configuration 3 (6x6m), with reaction forces due to dead the load.  

When is assumed that during the transformation process (e.g. from the 6x6m to 4x4m configuration) there are 
no/negligible external loads acting on the structure, the reaction forces in figure 9-29 have to be overcome in order 
to be able to modify the geometry of the structure.  

The maximum lateral reaction force in a support, for all load case combinations, is 3, 74 kN. In order to keep the 
supports in place, the supports are anchored with four anchors in a base plate as is shown in figure 9-30, and 
described in more detail in section 10.4. 

 
Table 9-30 Anchors used in order to keep the supports in place 
In addition to the global stability of the structure, also the local stability of the individual elements has to be 
ensured. In the following section, the local stability of the beam elements is checked with respect to buckling. The 
initial intention was to construct the entire structure of 40-3mm beams. However, from a buckling calculation 
(present in annex F.3) it was concluded that this is not sufficient for the beams on the boundary of the structure. 
Therefore, the beams on the boundary of the structure are made out of 50-3mm beams, while the rest of the 
structure consists of 40-3mm beams.  
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The first beam element which is checked on buckling, is the diagonal beam shown in figure 9-31. We focus on this 
beam elements it is the longest beam in the structure and is loaded on relative high compression forces, as was 
described in section 9.5. 

 
Figure 9-31 Location of beam which is checked on buckling 

The normative forces in this beam element, are shown in figure 9-32 and listed in table 9-32. It has to be mentioned 
that the listed values are the highest values for all load cases. This means that the maximum axial force does not 
have to be (and is not) present in the same load case as the maximum bending moment.  

 Fx (kN) Myy Mzz 
Conf. 1 
(4x4m) 

                              Conf. 2 
(6x6m) 

      
Conf. 3 
(4x6m) 

    
 

 Fx 
(kN) 

Myy 
(kNm)  

 Mzz 
(kNm) 

Configuration 4x4m -2,47 0,34 0,26 
Configuration 6x6m -1,80 -0,22 0,38 
Configuration 4x6m -1,98 -0,23 0,32 
Figure 9-32 maximum compression and moments in diagonal beams 

The beams are fixated to each other to form triangular segments. This connection explains the bending moments in 
the ends of the beams. 
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 However, the (global) position of the connection is ensured by the remainder of the structure (and not fixated to 
the surroundings). Due to this fact, it is still possible for the end point of the beam to move (slightly) because of 
deformations in the entire structure. This is the reason why, a buckling length of L is taken into account instead of 
2L (for a beam fixated in both directions).  

Now that the cross section (with corresponding stiffness) and buckling length are known, it is possible to calculate 
the critical (Euler) buckling force. 

2 2 4 5

2 2 2 2

7,0 10 1,228 10
6546 6,5 
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In the following steps, the reduction factor χ  is determined in order to calculate the resistance against axial 
compression. 
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The profiles belong to the buckling class A, as was shown in table 9-28. For buckling class A, the values of α and 
0

λ  are given in table 9-33. 
 

 
Table 9-33 Value of α and 

0
λ for flexural buckling (EN1999 1-1 Table 6.6 ) 
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The design value of the (diagonal) boundary beam when only loaded on compression is: 
0
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However, the boundary beams are not only loaded on compression but also on bending. For beams with hollow 
cross-sections (such as tubes),  loaded on axial compression and bending, the profile has to satisfy the following 
equation:  
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Formula 34 Hollow tubes loaded on axial- and bending force (EN1999 1-1 formula 6.62 ) 
 

Resistance against bending for both axes, with cross-section class A: 
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Table 9-35 Values of factors α (EN1999 1-1 Table 6.4) 
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The maximum loading which is present on the boundary beams was given in table 9-32. It has to be mentioned that 
this is a conservative assumption, because the maximum values of all load cases are combined together. This means 
that the load case with the highest axial force is combined with the load case with the highest bending moment 
(while this does not have to be the case).  

The beam is checked on buckling for each configuration: 
0 ,6
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The conclusion is that the beam section is sufficient for all calculated configuration and will not buckle. 
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10 STRUCTURAL DETAILS 
  

In this chapter the structural details of the adaptable pavilion are described.  

10.1 FRAME 
The structural design of the adaptable pavilion consists of an aluminium frame which is covered with a membrane. 
The frame is made of hollow aluminium tubes with the following sections: 

• 40-3mm  
• 50-3mm (bars on the boundary edge)  

The bars on the boundary edge are made of a larger section of 50-3mm, as is described in the previous chapter. The 
location of the bars with associated sections is shown in the unfolded (flat) state in  figure 10-1.   

    
Figure 10-1 Left; Whole frame in unfolded state 
     Middle; Frame with dimensions 40-3mm 

    Right; Frame with dimensions 50-3mm 

10.2 TRIANGULAR SEGMENTS 
The bars of the (rigid) triangles are connected to each other with the connection detail shown in figure 10-2. The 
detail consists of two steel elements, into which the bars can be inserted after which they are fastened by tightening 
socket bolts.  

 
Figure 10-2;  Connection detail individual bars (display xl, 2014) 
 

However, it is possible to further optimize this detail by adding a hinge as is shown in figure 10-3. The two sides are 
hingedly connected to each other with the use of the shifted axis method.  
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Figure 10-3 Left; Connection detail individual bars (display xl, 2014) 

    Right; Location of the hinges, in the corners of the triangular elements 
 

Due to the shifted axis, it is possible to construct all corners with the same detail, regardless of the angle. This is 
especially advantageous because the frame consists of multiple triangles with different internal angles. The 
properties of this detail in relation to the transportability options are described in more detail in chapter 11. 
Although, this detail possesses several advantages it has to be mentioned that the detail is modelled in GSA as a 
fixed connection, which only allows the detail shown in figure 10-2. The detail in figure 10-3 is further elaborated 
in chapter 11 to show the potential of the detail.  

10.3 HINGE 
The second detail consists of the hinge between the (rigid) triangular segments. The connection consists of two 
rings which are pushed over the frame after which they are fastened to the frame with socket bolts. These rings are 
protruding on one side, with an extra hole. By locating the rings of the opposite segments one below the other and 
adding a bolt, the structure is able to rotate around the bolt. This results in a line hinge along the bars, as is shown 
in figure 10-3. 

     
Figure 10-3 Left; Hinge detail, Rings with extra holes (display xl, 2014) 

   Right; Schematisation double bar model 

10.4 ANCHORING 
The adaptable pavilion is anchored to ground with the principal detail shown in figure 10-4. The detail consists of a 
base plate which is fixed to the surrounding by four tent pegs. The base plate is hingedly connected to the rest of the 
pavilion because the angle differs for each configuration. The bar running from the base plate is connected to the 
nearest hinge detail in the leg of the pavilion. Here it is connected to the bolt around which the elements rotate.  
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Figure 10-4 Anchoring detail, base plate is hingedly connected to the pavilion (left and middle), base plate with ball joint (right)  
 
This detail can be further optimized by replacing the hinge connection at the base plate with a ball hinge. The 
advantage of a ball hinge connection, is that the base plate is fully free to rotate in any direction. This is especially 
advantageous for the pavilion when it is located on uneven (rough) terrain, because it is possible to place the base 
plate under any angle. This is in contrast to the original design which can only be rotated in one direction. When 
the surface is also uneven in the other direction, it is necessary to add material underneath the base plate to equalize 
the structure. However, the disadvantage of the base plate with a ball joint is that the anchoring plate will become 
complex and thereby expensive. Due to this reason, the base plate with rotational release in one direction is 
preferred. 

10.5 MEMBRANE 
In order to close the pavilion, a membrane is added on top of the frame. To avoid problematic connections in 
between the (rigid) triangular segments, it is chosen to add the membrane in one piece over the frame. In order to 
prevent the hinges from damaging the membrane the hinges it is important that the rotational points are shielded 
from the membrane. The pavilion with membrane is shown in figure 10-5. 

     
Figure 10-5 Membrane added over structural frame, outside (left), inside (middle and right) 
 
Geometrically, the total area of the structure remains the same, because the individual triangles are rigid. However, 
the area in between the (rigid) triangles changes during the folding motion, if there are no hinges present (figure 
10-6). 
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Figure 10-6 Above; Membrane sliding over hinge 

   Below; Distance between frames is reduces, at location where no hinges are present. This causes the membrane to sag. 
 
The reduction in distance between the bars will locally (on locations without hinges) lead to a slack membrane. To 
avoid this, the membrane is made of a stretchy material which is prestressed in the unfolded (flat) state. This will 
keep the membrane tight for every configuration. However, because the differences in area are local and are 
relatively small, it is assumed that influence of the prestress on the structural properties is negligible.  

An example of a stretchy material is the stretch-bedouin membrane. Examples of tents where this membrane is 
used are shown in figure 10-7.  

  
Figure 10-7  Examples of tents made of the flexible Bedouin membrane (gap tents, n.d.) 

In the initial (unfolded, flat) state the membrane is added along the outer edges of the structure with a rubber band 
as is shown in figure 10-8.  To avoid the membrane to (locally) come off the frame, due to wind suction, the 
membrane is attached to the interior bars with velcro strap. The Velcro strap is attached from below, immediately 
after the structure is deployed.  

   
Figure 10-8 Connection of the membrane to the boundary bars (left) and the interior bars (left), (Party tent online, n.d.) 
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11 OPERATIONAL PHASE 
 

 
An important property of temporary structures is that they have to be transportable and deployable in a relatively 
easy manner. This chapter presents a number of transportation and deployability concepts of the designed 
adaptable pavilion. 

11.1 TRANSPORTATION CONCEPTS 
In the initial unfolded (flat) state, the pavilion consists of a structure of 8x8m. Due to these dimensions, it is 
impossible to transport the pavilion in the unfolded state with a truck (2,5x2,5x12m). Therefore, it is necessary to 
come up with a transportation concept which enables this transportation.  

• Individual bars 

The first concept is called the individual bars concept and is based on disconnecting all beam elements (figure 11-
1). This concept has the advantage that there are only one dimensional beams elements which have to be 
transported, which means that they can be stored in a relative confined space.  

The disadvantage of this concept is that there is a lot of labour required on site to (dis)connect the individual 
elements. This is especially the case for the quod on column variant because it consists of 96 beams and 88 hinges, 
which is far more than in the other variants. Furthermore, there is technical knowledge required for the workers to 
(re)assemble the structure. Therefore, other transportability concepts are considered. 

 
Figure 11-1 Structure consisting of individual beams. This variant has a total  of 96 bars. 
 

• Solid triangles 

The second concept is based on only disconnecting the hinges in between the triangular segments (figure 11-2). 
When all the hinges are disconnected, the only remaining parts are the rigid triangular segments. This concept has 
the advantage that the individual beam elements do not have to be assembled on site, which means there is less 
labour required. In reality this means that the triangular segments have to be placed in the right location (like a 
puzzle) after which they are connected to each other with the hinges. The disadvantage is that the individual 
triangles are harder to transport because of their triangular shape and dimensions. 
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Figure 11-2 Structure consisting of solid triangles. This variant consists of a total  of 32 triangles.  

In order to reduce the transportable volume, it is possible to add extra hinges along the triangular segments, which 
enable to fold the triangular segments in half. This is possible when the axis shift method is used, whereby the extra 
folds are located on the surface of the structure. This option is one of the recommendations done in chapter 12.2 to 
further investigate.  

• Collapsible triangular segments 

An intermediate option is to disconnect one beam element of each triangle, after which the triangle segment is 
collapsed in a one dimensional element. This is possible when the beam elements are hingedly connected to each 
other with the detail shown in figure 11-3. This detail shows that the rotation point of one beam element is shifted 
to the side which enables the beams to fully fold. Due to this principle, each triangle only has to be connected on 
one location in order to form a triangle.  

     
Figure 11-3 Shifted hinge connection between beams (left) which enables triangular elements to be collapsible (right)by only 
disconnecting one connection (in red). 

Furthermore, it is possible to mirror this principle to the adjacent triangular segment. This has the advantage that 
hinges, in between the adjacent triangular segments, do not have to be disconnected. This principle is shown in 
figure 11-4. 
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Figure 11-4 Mirrored collapsible triangular elements process, only two connections disconnected (red), to fold the structure while the 
hinges in between the triangular elements remain attached. 
This concept means for the quod on column pavilion, that there have to be (re)connected 32 beam connections (one 
connection for each triangular segment) and 44 hinge connections (half of the total number of hinge connections). 

As was mentioned in the conclusion of the variant study, each variant has its strengths and weaknesses. The 
strength of the quod on column variant is mainly based on the innovative appearance and the efficient floor space. 
The downside of the quod on column variant is that it consist of a lot of elements which have to be (dis)connected 
to be transported. This is for instance the case when the quod on column is compared to the bird on column variant 
which consists of only half the number of elements. With the above mentioned transportation concept it is possible 
to collapse the Bird on column variant by only disconnecting 16 beam connections and 16 hinge connections, as is 
shown in figure 11-5.  

  
Figure 11-5 Collapsible triangular segments concept of the Bird on column variant 
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For this reason, the Bird on column variant is recommended over the quod on column variant when there are strict 
transportation conditions.  

• Collapsible triangular segments with extra hinge 

The largest beam element which has to be transported in the previous concept is 4m long. Although this is an 
acceptable dimension for an element to be transported with a truck, there is a concept which can even further 
reduce the element dimensions. 

The final concept which is considered makes use of extra hinges in the middle of the longest beam elements. This 
extra hinge enables the triangular segments to approximate a line element while all the beam connection remain 
connected. The main advantage of this concept is that the transportation length of the elements is reduces further 
because now the second longest beams are governing due to the folding of the longest bars. After the beams are 
located in the right position, the extra folds have to be fixated to gain the same stable adaptable properties as is 
described in chapter 3.  

    
Figure 11-6 Collapsible triangular segments with the use of an extra hinge  

11.1.1 CONCLUSION 
 

There are concepts manners in which the adaptable pavilion can be transported. Depending on the available 
transportation vehicle and the available construction time, a choice between the above mentioned concepts can be 
made.  

Besides the transportation concept, also the variant itself has a huge influence on the ease of transportation. As was 
described in chapter 8,  the quod on column was mainly chosen due to the combination of effective floor space 
range and appearance (and not because of its ease of transportation). However, the transportation options are 
better for other variants. Especially, the Bird on column variant is beneficial from a transportation side of view, 
because there are much fewer connections which have to be (dis)connected in order to transport the structure. 
When there are strict boundary conditions with respect to the manner of transport and the construction time, the 
Bird on column variant is recommended over the Quod on column. 

11.2 DEPLOYABILITY CONCEPT 
After the structural elements are transported and (re)assembled on site, the structure is ready to be deployed. This 
is the process in which the structure transforms from a two dimensional- into a three dimensional structure. In this 
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section, the steps to deploy the structure are described. This process is the same for all structures within the stable 
adaptive typology and is visualized in figure 11-7 based on the quod variant.  

1. Check structural elements  

Before the structure is deployed, it is important to double check if all the structural elements are in the correct 
location and are properly connected.  

2. Add a jack underneath the midpoint  

The second step consists of adding a jack underneath the mid-point of the structure. This jack is used for raising 
the midpoint of the structure.  

4.  Jacking the structure  

During the jacking process, the midpoint of the structure is raised which causes the hinges to pre-fold. The pre-
folding of the hinges is necessary to ensure that the hinges fold in the right direction (mountain or valley folds) 
during the entire deployability process. The jacking process is stopped when all the hinges have a clear pre-fold in 
the right direction. This is achieved when the mid-point has reached a height of approximately one meter. 

3. Cover the structure with the membrane 

After the structure is pre-folded, the membrane is added over the frame. This is done by two persons which walk on 
the opposite side of the structure and carry the membrane in between them, which is possible in this phase because 
the highest point is still only ±1m above the ground. First, the membrane is only connected to the boundary beams 
of the structure. In the remaining phase, the membrane is gradually connected to the interior beams from below, 
with the use of velcro strap. 

5. Adding ratchet lashing strap 

The following phase consists of adding lashing straps to the four legs of the structure and connecting them to the 
opposite leg. This is simply done by adding a hook through an eye opening at the supports. 

6. Tensioning lashing strap 

By tightening both lashing straps, with the use of the ratchet, the distance between the opposite legs is shortened, 
and the structure will gradually deploy. In order to ensure a smooth process, it is important that both lashing straps 
are tensioned simultaneously. This process is continued until the largest configuration is reached which is analysed 
in the structural analyses (chapter 9). For the quod on column variant, this is the configuration where the legs are 
standing 6x6m apart.  

7. Anchoring supports 

When the structure is in the desired configuration, the supports are anchored with tent pegs, or in case the 
structure is standing on a paved surface, by adding weight on the anchoring plates. After the legs are pinned, it is 
allowed to loosen and remove the lashing straps.  
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Figure 11-7 Deployability concept stable adaptive structures  

 Ervoor zorgen dat deze afbeelding op de blz naast de vorige pagina te zien is! 
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12 CONCLUSION AND RECOMMENDATIONS 

12.1 CONCLUSIONS 
The research goal formulated in chapter 1 of this thesis was: 

Investigate the potential of fully foldable structures in the built environment, in order to design an adaptable pavilion.  

The potential of fully foldable structures in the built environment is investigated in the first part of the thesis, by 
investigating the properties of several folding typologies. The conclusion of investigation is that especially the non-
singular, rigid foldable typology has a high potential to be applied in the built environment. This is the reason why, 
this typology is used, in the remainder of the thesis, to generate a new typology of structures which is called stable 
adaptive structures. This typology comprises of structures which are able to modify their global geometry by 
moving their supports, while the structures are stabilized by only pinning the supports, regardless of their position. 
With a set of geometrical rules it is possible to generate a wide variety of structures which all belong to this 
typology.  

The properties of the stable adaptive structures are used to design an adaptable pavilion where the actual form 
(configuration) is dependent on the requirements such as floor space, appearance and transportability. In a variant 
study, four variants were compared to each other, after which the so called quod on column was chosen as the final 
design (figure 12-1). The main reason for choosing this variant is due to its effective floor space range in 
combination with its innovative appearance, which emphasizes the innovative principles behind the pavilion.   

In a structural analysis it was shown that it is possible to construct the adaptable pavilion out of an aluminium 
frame which is covered by a membrane. During the analysis, the structure was loaded on wind, snow, settlements 
and temperature loading and geometric non-linear calculations were made to verify the structural integrity with 
respect to strength, stiffness and stability. 

In the final part of the thesis, the manner in which the adaptable pavilion is transported and deployed was 
discussed. The conclusion of this section was that the ease of transportation is to a great extend dependent on the 
chosen variant. Because the quod on column consists of many elements (when compared to the other variants) it 
was concluded that from a transportation point of view a different variant would be preferred. In particular, the 
Bird on column possess several options to improve the ease of transportation and is the recommended variant if 
there are strict conditions with respect to transportation and construction time.  

 
Figure 12-1: Visualisation of the final model 
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12.2 RECOMMENDATIONS 
In this section, a number of recommendations are given in order to further improve the stable adaptive structures 
presented in this thesis, or to find new research areas with high potential.   

• Investigate more folding typologies 

The conclusion of the first part of the thesis was that the non-singular, rigid foldable typology possess a high 
potential to be applied in the built environment. However, this does not mean that the other typologies have 
absolutely no potential. In fact, these folding typologies have a wider form freedom and, as a result, can generate 
(very) interesting forms. However, to translate these folding patterns into stable structures, there is more research 
required. It is therefore recommended to investigate new concepts in order to stabilize these typologies. 

         
Figure 12-2: Examples of form freedom of folding patterns  belonging to other typologies 

• Geometric designing process  

To be part of the stable adaptive typology, folding patterns have to meet a number of geometrical rules. With the aid 
of graphical algorithm programmes, such as Grasshopper, it is possible to modify the folding patterns based on a 
number of parameters, while maintaining the stable adaptive characteristics (as is described in chapter 4). 
However, it is still a labour-intensive process to investigate the pattern with respect to structural properties, because 
the model has to be exported several times between programmes. 

 
Figure 12-3 Process from two dimensional folding pattern to three dimensional analysed structure  

In order to speed up the design process, it would be beneficial to implement the freeform origami program (Tachi, 
2010) into Grasshopper. If this is done, it becomes possible to directly relate the parameters of the folding pattern 
(described in Grasshopper) to the efficiency of the structural design, which is analysed in GSA Oasys. By feeding 
back the results from GSA Oasys to the Grasshopper model, it is possible to optimize the structural design of the 
pavilion by modifying the initial folding pattern, while the folding pattern remains part of the stable adaptive 
typology. 

 
Figure 12-4: Shortened modelling method, enable direct feedback from the structural analysis to the initial folding pattern  
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• Investigate rigid panel concept  

The pavilion presented in this thesis, is made of beam elements which are connected together to form triangular 
segments. However, it is also possible to schematize the triangular segments as rigid panels. This concept may have 
some advantages (e.g. increased stiffness) over the beam concept. Furthermore, the possibility of applying the stable 
adaptive typology to permanent structures could be investigated.  

    
Figure 12-5: Scale model of the pavilion made of rigid panels 

• Alternative materials 
The adaptable pavilion design in this thesis, is made of aluminium beams. However, it is also possible to use less 
common materials such as glass- or carbon fibre composites. This is worthwhile to investigate, because it is likely 
that it will significantly reduce the weight of the structure and as a result will improve the transportability options.  

• Inflatable concept 

Another option to improve the transportability of the pavilion, is to investigate the possibility to make the structure 
inflatable. This refers to making the triangular elements inflatable, whereby they obtain stiffness. However, it has to 
be investigated whether an inflatable structure is strong and stiff enough and what the corresponding dimensions 
will be. Furthermore, the impact on the appearance of the structure should be investigated.  
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ANNEX STABLE ADAPTIVE STRUCTURES 
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A. MIURA AND EGGBOX GRASSHOPPER MODEL 
 

A.1  MIURA CREASE PATTERN 
 
The Miura origami consists  of a quadrilateral mesh as is shown in the figure A-1.  

 
Figure A-1 Crease pattern of the Miura origami. Mountain folds (red) Valley folds (blue) 
 
Because the crease pattern has one-DOF it is possible to model the geometry with Grasshopper. This is done by 
making the geometry dependent on the fold angle θ .  

 
Figure A-2 Unit cell description of the Miura fold (Schenk, M. 2011 ) 
  
The first step that is to mathematically describe the coordinates of the 9 base points which describe a unit cell. 
Hereafter the unit cell can be multiplied over a grid. All vertices and variables that will be inserted in the 
Grasshopper model are visualized in figure A-2. Variables which describe the crease pattern of the (unfolded) 
parallelogram are, the side lengths a and b (which are independent of each other) and the internal angle γ  (Schenk, 
M., 2011) and are shown in figure A-3.  
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Figure A-3 Crease pattern miura fold with variables a,b and ϒ. 
 
The geometry can be described by changing the angles in the crease pattern. This is possible by changing one of the 
following angels; 

Angle θ ,  0  � 900, the angle between the parallelogram surface and the (horizontal) XY plane which is connected 
by edge b.  

Angle ε ,  γ  � 0. the angle between the edge b and the y axis. 

Angle ψ , 0 � (1800 - 2γ )  . the angle between the edge a and the x axis. 

Angle ϕ, 0 � 900  . the angle between the surface and the YZ plane. 

Each point of the unit cell is mathematically determined. The overall geometry is dependent on the fold angle θ . 
The dimensions of the unit cell are determined by the expressions H (height), W (width), L (Lengths), T 
(translation). (Schenk, M., 2011) 
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And the relations between the angles that can be modified is; 

1tan (cos( ) tan( ))ε θ γ−=  
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1sin (sin( )sin( ))ψ θ γ−=  
1sin (sin( ) / sin( ))ϕ ξ γ−=  

 
By implementing these formulas in Grasshopper (McNeel), the resulting geometries for different values of α are 
found. The geometries are shown in figure A-4.  
 

 
Figure A-4 Created geometry of the Miura fold in Grasshopper for different values of the crease angle θ. 
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A.2  EGGBOX CREASE PATTERN 
 
Besides the Miura fold there is another example of a quadrilateral folding pattern which is both rigid- and non-
rigid foldable. This origami is called the eggbox fold (figure A-5) and was validated by Schief et al (2007) to be rigid 
foldable for in plane movement. To create the eggbox pattern the paper has to be locally cut and glued together. 
This means that the origami is not developable from one sheet of paper.  

 
Figure A-5 Crease pattern of the Eggbox origami. Mountain folds (red) Valley folds (blue)Cut lines (Hatches) 
 
Like the Miura fold the Eggbox fold has one-DOF for in plane movement. This means that the entire structure can 
be described by the folding angle γ .  
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Figure A-6 Unit cell description of the Eggbox fold (Schenk, M. 2011) 
  
The geometry can be described by changing the angles α  and β . The internal angle that is dependent on the 
crease pattern is γ .During the folding motion the angles are related to each other with the following formula 
(Schenk, M., 2011). 

cos( ) cos( ) cos( )α β γ⋅ =  
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With this formula it is possible to express the angle β  by angle α  and the constant angleγ  (dependent on crease 
pattern). The result of this is that there is only one variable.  

1 cos( )
cos

cos( )

γ
β

α
−  

=  
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By implementing these formulas in Grasshopper (McNeel), the resulting geometries for different values of α are 
found. The geometries are shown in figure A-7.  
 

 
Figure A-7 Created geometry of the Eggbox fold in Grasshopper for different values of the angle α.  
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B. DOF OF HINGEDLY CONNECTED BARS  
 

This section is cited from the course ‘mechanica 3’ at the Eindhoven university of technology. 
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Example of a structure which singular statically undetermined; 
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C. VARIANTS 
 

In this chapter the variants which were found during the variant study are listed. The variants have  an geometrical 
name based on the following properties: 

Geometrical name; 

B= Breaking surface (name of base pattern) 

BP= Breaking surface with lines to boundary lines. 

BL= Breaking surfaces with lines which break lines.  

xE= number of boundary edges 

xB= number of breaking surfaces from the sides to the middle point 

Ax= internal angels 

(name) = extra description of the pattern 
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Geometrical name: BP-6E-1B-A90 

 
Base: broken surface 
Variant number: 
 

 Folding pattern 

 Side view 

 Bird’s eye view 
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Geometrical name: BP-8E-1B-A60 

 
Base: broken surface 
Variant number: 
 

 Folding pattern 

 Side view 

 Bird’s eye view 
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Geometrical name:  BP-8E-1B-A45-90 (quod) 

 
Base: broken surface 
Variant number: 
 

 Folding pattern 

 Side view 

 Bird’s eye view 
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Geometrical name: BP-10E-1B-A90-30,3 

 
Base: broken surface 
Variant number: 
 

 Folding pattern 

 Side view 

 Bird’s eye view 
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Geometrical name: BP-8E-1B-A90-45 (broken columns, straight contour)  

 
Base: broken surface 
Variant number: 
 

 Folding pattern 

 Side view 

 Bird’s eye view 
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Geometrical name: BP-8E-1B-A90-45 (Broken columns small angle, straight contour)  

 
Base: broken surface 
Variant number: 
 

 Folding pattern 

 Side view 

 Bird’s eye view 
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Geometrical name: BL-8E-1B-A30-2L (Broken columns, angled contour) 

 
Base: broken surface 
Variant number: 
 

 Folding pattern 

 Side view 

 Bird’s eye view 
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Geometrical name: Bird-Triangulated middle-8E-50/50L 

 
Base: Bird 
Variant number: 
 

 Folding pattern 

 Side view 

 Bird’s eye view/plan view 
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D. MESH SIZE STUDY 
 

In this study, the different mesh sizes (5x5, 8x8 and 10x10 and load panel) are compered to each other to find a 
mesh which approaches the correct load distribution while the computational time is still acceptable. All mesh sizes 
are loaded on the same face load (-0,39kN/m2) and the same area is loaded. The modelled structure is a triangular 
surfaces of the quod on column variant, where the hinges are pinned. 

 
Figure D-1 Investigated triangular surface 

The conclusion of this study is that there is a significant difference between the stresses of  5x5mesh when 
compared to a 8x8mesh (85N/mm2-99,7N/mm2) while the difference between the 8x8 and 10x10 mesh is relative 
small (99,7N/mm2-103,1N/mm2) when compared to the increase in computational time. Due to this reason, the 
8x8mesh is used for the final calculations of the adaptable pavilion.  

 

Figure D-2 Different mesh sizes (5x5, 8x8 and 10x10) with combined stresses in the beam elements 
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D.1 TRIANGLE LOADED WITH MEMBRANE MESH 5X5 

 Configuration  

  
Combined stress 

 Fx  

 Myy 

 |U| beams 

  
|U| membrane 

Figure D-3 Results, with mesh density 5x5m    
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D.2 TRIANGLE LOADED WITH MEMBRANE MESH 8X8 

 Configuration  
Combined stress 

Fx  

Myy 

|U| beams 

 |U| membrane 

Figure D-4 Results, with mesh density 8x8m   
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D.3 TRIANGLE LOADED WITH MEMBRANE MESH 10X10 

 Configuration  

 

 Combined stress 

 Fx  

 Myy 

 |U| beams 
 |U| membrane 

Figure D-5 Results, with mesh density 10x10m   
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D.4 TRIANGLE LOADED WITH LOAD PANEL 
The load panel divides the surface load directly over the three beams. 

 Configuration  

 Combined stress 

 Fx  

 Myy 

 |U| beams 

 
 

Figure D-6 Results, with triangular load panel 
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E.  WIND LOADING ROOF STRUCTURE 
 

E.1 CONFIGURATION 2. (6X6M) 

 
Figure E-1 Roof structure in second configuration with supports 6x6m apart.  
Roof angle is subdivided into three sections; 

• Roof surfaces with angle A 

1 03, 27 1, 52
sin 25,9

4

− −
=

 
 
 

 

2

2

Assuming roof angle 25

1  0,7  0, 3        = 0, 21 /     

1  1, 3  0, 3     = -0, 39 /     

w ref ref

w ref ref

F A kN m A

F A kN m A

=

= −

i i i i

i i i i

 

• Roof surfaces with angle B 

1 03, 27 2, 48
sin 16, 2

2,83

− −
=

 
 
 

 

2

2

Assuming roof angle 15

1  0,4  0, 3        = 0,12 /     

1  1, 3  0, 3     = -0, 39 /     

w ref ref

w ref ref

F A kN m A

F A kN m A

=

= −

i i i i

i i i i

 

• Roof angle with angle C 

1 02,50 2, 43
sin 3, 4

1,17

− −
= −

 
 
 

 

2

2

0
Assuming roof angle -5  

1  0,3  0, 3        = 0, 09 /     

1  1, 3  0, 3     = -0, 39 /     

w ref ref

w ref ref

F A kN m A

F A kN m A

=

= −

i i i i

i i i i
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The force coefficients follow from figure E-2.  

 
  Table E-2 Given force coefficients for duopitched canopies with different angles and blocking ratio’s (EN 1991-1-4 table 7.7, 2011)  
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E.2 CONFIGURATION 3. (4X6M) 

  
Figure E-3 Roof structure in second configuration with supports 6x6m apart.  
Roof angle is subdivided into three sections; 

• Roof surfaces with angle A 

1 03, 78 1, 56
sin 33, 7

4

− −
=

 
 
 

 

2

2

Assuming roof angle 30

1  0,9  0, 3        = 0, 27 /     

1  1, 3  0, 3     = -0, 39 /     

w ref ref

w ref ref

F A kN m A

F A kN m A

=

= −

i i i i

i i i i

 

• Roof surfaces with angle B (low) 

1 03, 78 2, 47
sin 28,5

2, 75

− −
=

 
 
 

 

2

2

Assuming roof angle 30

1  0,9  0, 3        = 0, 27 /     

1  1, 3  0, 3     = -0, 39 /     

w ref ref

w ref ref

F A kN m A

F A kN m A

=

= −

i i i i

i i i i

 

• Roof surfaces with angle B (high) 

1 03, 78 2,95
sin 17, 6

2, 75

− −
=

 
 
 

 

2

2

Assuming roof angle 20

1  0,6  0, 3        = 0,18 /     

1  1, 3  0, 3     = -0, 39 /     

w ref ref

w ref ref

F A kN m A

F A kN m A

=

= −

i i i i

i i i i

 

• Roof angle with angle C (low) 
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1 02,39 2,13
sin 15, 2

0,99

− −
=

 
 
 

 

2

2

0
Assuming roof angle 15  

1  0,4  0, 3        = 0,12 /     

1  1, 3  0, 3     = -0, 39 /     

w ref ref

w ref ref

F A kN m A

F A kN m A

=

= −

i i i i

i i i i

 

• Roof angle with angle C (high) 

1 02,96 3,33
sin 21,9

0,99

− −
= −

 
 
 

 

2

2

0
Assuming roof angle -5  

1  0,7  0, 3        = 0, 21 /     

1  1, 3  0, 3     = -0, 39 /     

w ref ref

w ref ref

F A kN m A

F A kN m A

=

= −

i i i i

i i i i

 

The force coefficients follow from figure E-4.  
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  Table E-4 Given force coefficients for duopitched canopies with different angles and blocking ratio’s (EN 1991-1-4 table 7.7, 2011)  
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F. BUCKLING ANALYSES  
 

In this section, the interior beams are checked on buckling.   

F.1  BEAM ROOF STRUCTURE 
The first beam which is analysed is the beam circled in figure F-1.   

 
Figure F-1  Side view of pavilion, with circled beam which is analysed 

2 2 4 4

2 2 2 2

7,0 10 6,006 10
4050 4,05 

1 3200

z
cr

y

EI
N N kN

k L

π π ⋅ ⋅ ⋅ ⋅
= = ≈ =

⋅
 

In the following steps the reduction factor χ , is determined to calculate the resistance against axial compression. 
 

0

3

348 250
4,63

4,05 10

eff

cr

A f

N
λ

⋅
= = =

⋅
 

The profiles belong to the buckling class A. For buckling class A the values of α and 
0

λ  are given in table x. 
 

 
Table F-2 Value of α and Labda for flexural buckling (EN1999 1-1 Table 6.6 ) 
 

( ) ( )
2

2
00,5 1 0,5 1 0,20 4,63 0,10 4,63 11,6α λ λ λ   Φ = + − + = + − + =   

 

2 2 2
2

1 1
0,045

11,6 11,6 4,63
χ

λ
= = =

+ −Φ + Φ −
 

The design value of the (diagonal) boundary beam when only loaded on compression is; 
0

,

1

0,045 348 250
3560 3,56 kN

1,1

eff

b Rd

M

A f
N N

χ

γ

⋅ ⋅
= = ≈ =  
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The beams are not only loaded on compression but also on bending. For hollow cross-sections such as tubes, 
loaded on axial compression and bending, the following formula is given;  

0,6
1,7 1,7

, ,

min 0 , ,

c

1
1, 00

 0,8 for tubes

c

y Ed z EdEd

x Rd y Rd z Rd

M MN

N M M

ψ

χ ω ϖ

ψ

+ + ≤

=

     
     
      

 

Table x Hollow tubes loaded on axial- and bending force (EN1999 1-1 formula 6.62 ) 
 
Resistance against bending around both axes with cross-section class A; 

, 0

, ,

1

y el

y Rd z Rd

M

W f
M M

α

γ
= =

i i  

6

,

6

,

4,12 10
1,35

3, 05 10

y pl

y el

W

W
α

−

−
= = =

i

i

 

3 2

, 0

, ,

1

1,35 3050 250 /
936000 0,93

1,1

y el

y Rd z Rd

M

W f mm N mm
M M Nmm kNm

α

γ
= = = ≈ =

i i i i  

The maximum loading which is present on the analysed beam is shown in table F-3. It has to be mentioned that this 
is a conservative assumption because the maximum values of all load cases are combined together. This means that 
the load case with the highest axial force is combined with the load case with the highest bending moment (while 
this does not have to be the case).  

 Fx (kN) Mzz (kNm) Myy (kNm) 
Conf. 1 4x4m -1,85 0,26 -0,15 
Conf. 2 6x6m -1,4 -0,22 0,38 
Conf. 1 4x6m -1,58 -0,23 0,32 
Table F-3 Maximum values of axial forces and moments present 
The beam are checked on buckling for each configuration: 

0,6
0,8 1,7 1,7

0,6

0,6
0,8 1,7 1,7

0,6

1,85 1 0, 26 0,15
 : 0, 59 (0,114 0, 0449) 0, 92 1, 00

3, 56 1 0, 93 0,93

1, 40 1 0,38 0, 22
 2 : 0, 47 (0, 21 0, 086) 0, 9

3, 56 1 0, 93 0, 93

onf 1

Conf

C + + = + + = ≤

+ + = + + =

      
      
      

      
      
      

0,6
0,8 1,7 1,7

0,6

5 1, 00

1, 58 1 0,32 0, 23
 3 : 0, 52 (0,16 0, 093) 0, 95 1, 00

3, 56 1 0, 93 0, 93
Conf

≤

+ + = + + = ≤
      

      
      

 

The conclusion is that the beam section is sufficient for all calculated configuration. 
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F.2  BEAM LEG STRUCTURE 

The second beam which is analysed is the beam shown in figure F-4.  

 
Figure F-4: Side view of pavilion, with circled beam which is analysed 

 
2 2 4 4

2 2 2 2
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In the following steps the reduction factor χ , is determined to calculate the resistance against axial compression. 
 

0

3

348 250
3,34

7,8 10

eff

cr

A f

N
λ

⋅
= = =

⋅
 

The profiles belong to the buckling class A, as was shown in table x. For buckling class A the values of α and 
0

λ  are 
given in table x. 
 

 
Table F-5 Value of α and Labda for flexural buckling (EN1999 1-1 Table 6.6 ) 
 

( ) ( )
2

2
00,5 1 0,5 1 0,20 3,34 0,10 3,34 6,4α λ λ λ   Φ = + − + = + − + =   

 

2 2 2
2

1 1
0,059

11,6 6,4 3,34
χ

λ
= = =

+ −Φ + Φ −
 

The design value of the (diagonal) boundary beam when only loaded on compression is; 
0

,

1

0, 059 348 250
4670 4, 67 kN

1,1

eff

b Rd

M

A f
N N

χ

γ

⋅ ⋅
= = ≈ =  

 
The beams are not only loaded on compression but also on bending. For hollow cross-sections such as tubes, 
loaded on axial compression and bending, the following formula is given;  
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0,6
1,7 1,7

, ,

min 0 , ,

c

1
1, 00

 0,8 for tubes

c

y Ed z EdEd

x Rd y Rd z Rd

M MN

N M M

ψ

χ ω ϖ

ψ

+ + ≤

=

     
     
      

 

Table x Hollow tubes loaded on axial- and bending force (EN1999 1-1 formula 6.62 ) 
 
Resistance against bending around both axes with cross-section class A; 

3 2

, 0

, ,

1

1,35 3050 250 /
936000 0,93

1,1

y el

y Rd z Rd

M

W f mm N mm
M M Nmm kNm

α

γ
= = = ≈ =

i i i i  

The maximum loading on the beam is listed in table x. It has to be mentioned that this is a conservative assumption 
because the maximum values of all load cases are combined together. This means that the load case with the highest 
axial force is combined with the load case with the highest bending moment (while this does not have to be the 
case).  

 Fx (kN) Mzz (kNm) Myy (kNm) 
Conf. 1 4x4m -3,16 0,11 -0,09 
Conf. 2 6x6m -1,4 -0,22 0,38 
Conf. 1 4x6m -1,58 -0,23 0,32 
Table F-6 Maximum values of axial forces and moments present 
The beam are checked on buckling for each configuration: 

0,6
0,8 1,7 1,7

0,6

0,6
0,8 1,7 1,7

0,6

3,16 1 0,11 0, 09
 : 0, 73 (0, 0265 0, 0189) 0,88 1, 00

4, 67 1 0, 93 0,93

2, 57 1 0,10 0, 09
 2 : 0,55 (0, 023 0, 086) 0

4, 67 1 0, 93 0,93

onf 1

Conf

C + + = + + = ≤

+ + = + + =

      
      
      

      
      
      

0,6
0,8 1,7 1,7

0,6

, 81 1, 00

2, 94 1 0,18 0,12
 3 : 0, 69 (0, 06 0, 03) 0, 93 1, 00

4, 67 1 0, 93 0,93
Conf

≤

+ + = + + = ≤
      

      
      

 

The conclusion is that the beam section is sufficient for all calculated configuration. 
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F.3  BEAM BOUNDARY EDGE 

In this section the boundary beam shown in figure F-7 is analysed and checked whether a 40-3mm cross section is 
sufficient. The conclusion of this section is that the boundary beam (with a 40-3mm) is not sufficient mainly 
because the beam is longer than the other beams. This is the reason why the beams on the boundary edge of the 
pattern are dimensioned with a 50-3mm cross section, in contrast to the interior beams with a cross section of 40-
3mm. 

 
Figure 7  Side view of pavilion, with circled beam which is analysed 
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In the following steps the reduction factor χ , is determined to calculate the resistance against axial compression. 
 

0

3

348 250
5,21

3,2 10

eff

cr

A f

N
λ

⋅
= = =

⋅
 

The profiles belong to the buckling class A, as was shown in table x. For buckling class A the values of α and 
0

λ  are 
given in table x. 
 

 
Table F-8 Value of α and Labda for flexural buckling (EN1999 1-1 Table 6.6 ) 
 

( ) ( )
2

2
00,5 1 0,5 1 0,20 5,21 0,10 5,21 14,6α λ λ λ   Φ = + − + = + − + =   

 

2 2 2
2

1 1
0,035

14,6 14,6 5,21
χ

λ
= = =

+ −Φ + Φ −
 

The design value of the (diagonal) boundary beam when only loaded on compression is; 
0

,

1

0,035 348 250
2800 2,8 kN

1,1

eff

b Rd

M

A f
N N

χ

γ

⋅ ⋅
= = ≈ =  

 
The beams are not only loaded on compression but also on bending. For hollow cross-sections such as tubes, 
loaded on axial compression and bending, the following formula is given;  
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0,6
1,7 1,7

, ,

min 0 , ,

c

1
1, 00

 0,8 for tubes

c

y Ed z EdEd

x Rd y Rd z Rd

M MN

N M M

ψ

χ ω ϖ
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+ + ≤

=

     
     
      

 

Table x Hollow tubes loaded on axial- and bending force (EN1999 1-1 formula 6.62 ) 
 
Resistance against bending around both axes with cross-section class A; 

3 2

, 0

, ,

1

1,35 3050 250 /
936000 0,93

1,1

y el

y Rd z Rd

M

W f mm N mm
M M Nmm kNm

α

γ
= = = ≈ =

i i i i  

The maximum loading on the beam is listed in table x. It has to be mentioned that this is a conservative assumption 
because the maximum values of all load cases are combined together. This means that the load case with the highest 
axial force is combined with the load case with the highest bending moment (while this does not have to be the 
case).  

 Fx (kN) Mzz (kNm) Myy (kNm) 
Conf. 1 4x4m -2,47 0,34 0,26 
Conf. 2 6x6m -1,80 -0,22 0,38 
Conf. 1 4x6m -1,98 -0,23 0,32 
Table F-9 Maximum values of axial forces and moments present 
The beam are checked on buckling for each configuration: 

0,6
0,8 1,7 1,7

0,6

0,6
0,8 1,7 1,7

2, 47 1 0, 34 0, 26
 : 0, 90 (0,18 0,11) 1, 38 1, 00 (Not sufficient)

2,80 1 0, 93 0, 93

1,80 1 0, 22 0,38
 2 : 0, 64 (0, 0

2,80 1 0, 93 0, 93

onf 1

Conf

C + + = + + = ≥

−
+ + = +

      
      
      

      
      
      

0,6

0,6
0,8 1,7 1,7

0,6

86 0, 22) 1,12 1, 00 (Not sufficient)

1, 98 1 0, 23 0, 32
 3 : 0, 70 (0, 093 0,16) 1,14 1, 00 (Not sufficient)

2,80 1 0,93 0, 93
Conf

+ = ≤

−
+ + = + + = ≤
      

      
      

 

The conclusion is that a section of 40-3mm is not sufficient for the boundary beams (for all configurations). Due to 
this reasons the cross section is increased to 50-3mm, which is sufficient as was shown in section 9.7.  
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G. SHEAR RESISTANCE HINGE  
 

In this section,  it is checked if the hinge is able to resist the shear forces which act on the rotational axis. The 
rotation point of the hinge is made of a  M12 bolt (class 5.6). 

, ,v Ed v Rd
F F≤  

The shear resistance of a bolt is calculated as follows: 

,

0,6 500 84,3
20200 20, 2

1, 25
v Rd

ub
F

f A
kN

α

γ
= = ≈ =
i i i i

 

  

 
Formula G-1 Formula to calculate the resistance of a bolt against shear force  

In table G-2, the axial forces and moment which are present in the beams which are connected to the pivotting 
points are given. The shear load which acts on the bolt, is a combination from of normal force from one side of the 
hinge and a moment divided by the length of the other side. In this calculation, the maximum axial force is 
combined with the maximum moment, divided by the length of the beam. This is a conservative assumption 
because in reallity these two maximum values are not present in the same hinge (and or load case).  

 Fx (kN) Myy (kNm) 
Conf. 1 4x4m 2,93 

-2,75 
0,17 
-0,18 

Conf. 2 6x6m 2,23 
-1,82 

0,12 
-0,13 

Conf. 1 4x6m 3,03 
-2,78 

0,20 
-0,22 

  
Table G-2 Axial force (left) and moment (middle) present in modelled hinge (right) 
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,

,

,

0,18
 1:  +  = 2, 93 5, 33 20, 2 ( )

0, 075

0,13
 2:  +  = 2, 23 3, 96 20, 2 ( )

0, 075

0, 22
 3:  +  = 3,03 5, 96 20, 2 ( )

0, 075

yy

v Ed x

yy

v Ed x

yy

v Ed x

M
conf F F kN kN suffice

offset

M
conf F F kN kN suffice

offset

M
conf F F kN kN suffice

offset

= + = ≤

= + = ≤

= + = ≤

 

The shear resistance of the hinge is sufficient for in all configurations  and adjacent load cases.  
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