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Summary 

This thesis shows that a deployable folded structure is a suitable method for covering large spans such 

as the stage of the Lichtenberg theatre. Because of its deployability, it is able to adapt to weather 

circumstances despite of the large span. Deployable folded structures are an innovative method for 

making a building adaptable because of their ability of expanding from a compactly folded up package to 

a large structure, which makes them extendible. The stiffening effect of the folds is beneficial from a 

structural point of view and is influenced by the angles of the folds.  

The Lichtenberg theatre was originally designed by Pierre Weegels as a dominant element in the 

landscape. However, due to years of decay and low maintenance of the area and vegetation, the theatre 

building is currently hidden. The monumental theater building initially reminds the visitors of 

monumental buildings of Rome. From the outside the theatre has a modest appearance. However, 

when entering the theatre, there is an overwhelming and powerful atmosphere. Due to the 

monumental character of the location no alterations can be made on the existing building. For this 

reason a cover is designed that starts deploying from the outside of the theatre walls. Due to these 

restrictions several requirements were determined based on the view lines and functional requirements 

such as; an unobstructed view of the stage and building, the deployable structure is not visible when it is 

folded up, viewers can’t see the sides of the cover and the roof.  

Because of these requirements a deployable arch would be a suitable solution. This arch consists of 

connected rows rhombus elements. The gap between the elements is covered by a curved membrane. 

The rows of rhombus figures can rotate; therefore an additional underlying structure that stabilizes the 

arc is required such as a curved scissor arch. Scissor structures are deployable structures, which consists 

of beam elements connected by hinges, allowing them to be folded up compactly. By combining the 

rhombus rows with the scissor arch, a structure which deploys in only one direction is created. The 

scissor arches are combined with the rhombus rows by connecting the top nodes of the scissor arch with 

the bottom nodes of the rhombus elements and hereby creating a combination of a scissor structure 

with an origami inspired pattern.   

The deployable theatre cover consists of five scissors arches made from steel rectangular tubes. The 

arches span 40 meters in total, with a distance of 3 meters in between the arches. Between the scissor 

arches diagonal steel bracings are added to ensure the stability and stiffness. The cables are attached to 

the inner beams of the scissor arch, because they do not interfere with the deployment process. Hence, 

the diagonals cannot be connected to every edge of the structure. At the bottom of each arch, the inner 

bottom node of the scissor is fixed to the world with a hinged connection while the outer bottom node 

can move along a rail, as part of the deployment mechanism with one degree of freedom along a vector 

in xz direction. This movement is actuated by a hydraulic cylinder.   

A crucial point of a scissor mechanism is the movement of the structure during deployment. This 

geometry is determined by mathematical formulas which describe a circular scissor mechanism.  These 

formulas provide the ability to create a parametric Computer Aided Design (CAD) model by means of 

Grasshopper. To regain more insight in the geometrical aspect of a deployable scissor arch structure, 

first the points of one Scissor Like Element (SLE) are defined. First, the angles and dimensions of one 
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element are described and boundary conditions are formulated. Next, an equation for the minimum 

number of SLEs as function of the element size and the desired span and height is provided. Finally, the 

formulas for the coordinates of the points of one scissor element are derived.  

After the geometry is known during deployment, two dimensional FEM analyses are made of several 

scissor structures, for a range of parameter values in order to determine the critical factors of the 

structure, and to determine the most optimal parameter setting. For these FEM calculations, identical 

cross sections have been used, to make a fair comparison among various scenarios. Secondly, the 

influence of the dead weight on the structural performance is investigated. Hereafter, the wind loads 

will be added to de FEM model, to get a more complete overview of the structural behaviour. Hereafter 

several models have been compared and elaborated.  

One of the conclusions made from these FEM results is that the number of SLEs has a direct influence on 

the bottom angles between the beams and therefore influences the structural performance. The 

dependency of the structural behaviour in relation to the vertical and horizontal reaction forces is 

defined by free body diagrams.  From these derived formulas, we can conclude that angle Ѳ has a large 

impact on the reaction forces; small angles Ѳ lead to large vertical reaction forces, and large angles Ѳ 

lead to large horizontal forces. A higher amount of SLEs lead to smaller bottom angles and therefore 

higher vertical forces. This effect is further enhanced during deployment, when the structure is unfolded 

the angle is the largest, in this phase the horizontal reaction forces will be the largest and the vertical 

reaction forces will be the smallest. However, when the structure is almost fully deployed the opposite 

effect occurs, during this phase the horizontal forces will be the smallest and the vertical forces will be 

the largest. 

Another aspect is the cantilever effect; a small displacement in the bottom elements will lead to a large 

displacement in the top. This effect can be reduced by enhancing the moment of inertia of the sections. 

However, enhancing the moment of inertia often results in a higher dead load, which can cause a larger 

displacement. However, reducing the number of SLEs, will influence the angles and reduce the dead 

load.  

Based on the elaborations from the two-dimensional FEM the most optimal FEM model is chosen for 

further optimization by interactively optimizing the cross sections. To minimize the displacement in the 

top, the bottom two elements have a height of 450mm, this high section was unavoidable due to the 

cantilever effect. The basis of the optimization is; minimal deformation and displacement in the bottom 

elements, and sections as large as possible to enhance the moment of inertia in the middle and top.  

Because the structure is known, the emphasis will be on the structural behaviour during eight phases of 

deployment.  During the deployment of the scissor arch, the structural behaviour and the forces acting 

on the structure will change. This is primarily caused by the following four phenomena which occur 

during deployment: the changing angles between beam elements, the shifting of the centre of gravity 

during deployment, the changing prestress in the cables and the discrete transition of modelling the 

wind load using form factors corresponding to a free standing wall in the first five phases of the 

deployment towards modelling wind load using form factors corresponding to a cylindrical roof. 
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All these transitions occur simultaneously. Hence, the forces and moments in the structure evolve in a 

complex manner. Therefore the load situation is evaluated in detail per phase with the focus on the 

decisive bottom beams and sliding cables of the structure. Extra attention is given to the closing 

procedure of the deployable cover. When closing the structure, it is important to take into account that 

the structure might be deformed before the actual connection. The deflection at the moment of 

connection affects the equilibrium state of the fully unfolded structure and therefore the results of the 

FEM analysis. For this reason, two methods have been investigated in order to cope with this 

phenomenon. If the structure needs to be deployed in presence in wind loads, a mechanism is required 

to connect both scissor arches before it reaches its fully deployed state. In this way, the closing 

procedure is better controlled as the arches will not be perfectly aligned due to the presence of wind.  

After these two-dimensional analyses, the entire structure was evaluated at the most crucial phases of 

the deployment process. The FEM analysis showed that the bending stresses, which is the most critical 

aspect of this structure, are very similar to the bending stress computed with the two-dimensional 

models. Hence, the transition towards a three dimensional structure does not result in additional 

complexities. At last, some details were provided such as the bottom part of the arch, the closing 

mechanism and the hinges.  
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Introduction 

In this thesis a deployable cover is designed and elaborated for “Openluchttheater de Lichtenberg”, an 

outdoor theatre located in Weert. The cover of this outdoor theatre is an interesting application of 

adaptive structures, both from a structural design perspective as an architectural perspective due to the 

following reasons.  

Openluchttheater de Lichtenberg is a monumental, multi-functional area which is used throughout all 

seasons. For this reason, a deployable cover is desirable in order to be able to encounter various 

weather conditions. At outdoor concerts for example, it is desired to have the cover removed on sunny 

days while on rainy days; it is desired to have the stage area covered. Since we are dealing with a 

theatre, it is also important that the view of the audience remains unobstructed.  Given the above 

mentioned reasons, for the design of a deployable cover, it is a requisite to take into account criteria 

such as functionality, structural performance and architectural appeal. Therefore, in this work the stage 

cover design is a folded deployable structure based on an origami pattern which constitutes the 

integration between the folded shape and the supporting structure. 

Folded structures are three-dimensional structures or spatial structures created by a folded surface 

which forms a structural system. These structures are attractive to architects for their aesthetics and to 

engineers for their structural behavior. From an aesthetical point of view, these structures are 

innovative because the variation of light and shadows along the folded faces emphasizes the rhythm of 

the folds and the spatial experience by accentuating the perceptual depth. From a structural point of 

view, the stiffening effect of the folds is beneficial, considering that spans can be realized without 

constructing a single or double-curved surface which straightforwardly leads to reduced complexity of 

the entire structure. Basically, the folds give the surface resistance to support the loads caused by the 

self-weight of the system. The angles of the folds are essential for increasing the bending stiffness. Due 

to the enhanced structural performance of folded structures, thinner surfaces can be applied and a 

larger span is possible. This straightforwardly results into a lighter structure and therefore smaller 

deformation of the complete structure. Besides these aesthetical and structural aspects, folded 

structures are in particular interesting because of their ability to expand fast and easy in contrast to 

static conventional buildings.  

Deployable structures are often supported by a secondary structure such as a scissor structure. Scissor 

structures are deployable structures, which consists of beam elements connected by hinges, allowing 

them to be folded up compactly. A well-known application of the scissor structure is a scissor lift widely 

used in construction industry. The field which studies these deployable structures is referred to as 

kinematic architecture. This currently rising field is under-explored and has many challenges due to the 

mechanical and mathematical complexity of deployable (folded) structures.  

In this thesis, a novel deployable folded structure design for “Openluchttheater de Lichtenberg” is 

presented which is based on an origami pattern supported by a scissor mechanism. The aim of this work 

is to derive and implement mathematical descriptions of the scissor’s geometry and movement. By 

means that the mathematical description and the movement of the structure can be studied in detail in 
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order to assure that the structure meets its functional requirements. Furthermore, this thesis will 

provide background information for designing the geometry of a scissor arch structure and outline the 

direct influence of the scissor geometry on the deployment behaviour and the structural performance, 

resulting in the following research question: “Which parameters are most influential when creating a 

deployable scissor arch structure, with respect to structural capacity and how to optimize them?” 

This thesis is organized as follows. In Chapter 1, the location of the theatre is analysed to get a better 

comprehension about the existing building and its surroundings which is followed by Chapter 2 that 

emphasizes the basic dimensional requirements corresponding to this location. After these 

requirements and restrictions are determined, the development towards a design which integrates an 

origami pattern with a scissor mechanism is presented and outlined Chapter 3.  

Until this point the focus was on analyzing the location and creating a first design. However, for the 

practical realization of a structure, the technical aspects and structural aspects need to be investigated 

as well. Therefore, Chapter 4 will focus on the degrees of freedom and the challenges that occur, 

followed by Chapter 5, which briefly presents the materials. Mathematical descriptions for the geometry 

and the movement of the structure are derived and presented in Chapter 6. These mathematical 

descriptions make it possible to insert the structure into a parametric modelling program such as 

Grasshopper, which allows to quickly generate scissor structures with alternating parameter settings 

such as beam length and the amount of scissor elements.  

In order to find the optimal parameters settings, 30 different two-dimensional geometries were 

generated with Grasshopper. The structural capacities of these geometries are then numerically 

determined by means of the FEM program GSA in Chapter 7 after which one geometry is selected for 

further optimisation. The cross-sections of this geometry are namely interactively optimized with 

respect to the structural behaviour and the geometry is further investigated at several phases of the 

deployment process with respect to critical aspects. In Chapter 8, we will briefly highlight the overall 

stability of the structure the three-dimensional system in the two most critical deployment phases.  

For the practical realization of the stage cover, details are designed and outlined in relation to the 

deployability of the structure in Chapter 9. Finally, conclusions and recommendations are given in the 

last section.  
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1 Architecture 

In this chapter the location, architecture and the original vision of the Lichtenberg location will be 

described. After the discussion on the location and terrain, the theatre itself will described in more 

detail in terms of architecture and routing.  

1.1 De Lichtenberg terrain 

The facilities of “Openluchttheater de Lichtenberg” were originally developed for recreational purposes 

for interns and clergy of the episcopal college. The walls surrounding this area emphasize the private 

character of this location, which consists of tennis courts, swimming pools, a chapel and an outdoor 

theatre. The location of the tennis court, old swimming pool, chapel and theater are illustrated in Figure 

1. Unfortunately this swimming of Olympic size was filled with concrete later on. The tennis courts are 

situated in a deepened area which is aligned with retaining walls made of kunrade stones. In a corner of 

“De Lichtenberg” terrain the chapel is located. This chapel designed by Pierre Weegels in 1956. 

 
Figure 1. Design of “De Lichtenberg” complex.  

 
In Figure 2 and Figure 3 the accessibility and the landscaping of the area is illustrated. Originally, the 

Lichtenberg theatre was designed as a monumental element in the landscape. However, during the 

years decay has taken place in terms of maintenance of the area, the theatre building and the 

landscape. Due to the low maintenance of the vegetation during the years, the theatre building is 

basically hidden.  
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Figure 2. Landscaping of the Lichtenberg terrain.  Figure 3. Accessibility and roads of the Lichtenberg terrain.  

 
The chapel, indicated with number 2, has a parabolic plan, which emphasizes the organic and expressive 

form.  The structure mainly consists of concrete. However, for the parabolic outer wall quarry-run rocks 

were used. The windows of the chapel were originally from glass stained windows, but that later on 

were replaced by plain glass windows. The parabolic outer wall of the chapel consists of stones with 

hemispherical openings below the eaves, which were filled with colored glass. The roof of the chapel 

consists of a concrete sloping cantilever roof which is supported by two concrete columns. [1] 

  
Figure 4. Picture of the Chapel in 1954 [2] Figure 5. Plan of the Chapel. [1] 

  



 

 
 

Design and analysis of a deployable theatre cover Page 18 J.L. Martens      2014-2015 

 

1.2“De Lichtenberg” theatre 

“Openlucht theater de Lichtenberg” is a monumental outdoor, theatre which consists of an outdoor 
tribune and a theater building. The theatre building is situated alongside an artificial hill were the 
tribune is located. The monumental theater building initially reminds the visitors of monumental 
buildings of Rome. From the outside the theatre has a modest appearance. However, when entering the 
theatre there is an overwhelming and powerful atmosphere. [1] 
 

  
Figure 6. A picture with the view of “De Lichtenberg” theater in the 
landscape. [1] 

Figure 7. The viewers view of “De Lichtenberg” front view 
during a concert. [1] 

 
The theatre building consists of a rectangular volume with on the backside of the building, a staircase 
which has a curved outer wall of kunrade quarry-run rocks. The front view consists of huge colonnade of 
concrete. Behind this colonnade a wall is located with steel frame windows and balconies. This wall also 
has a sgraffito made by Harrie Martens. At the side walls, Weegels combined glazed bricks with walls of 
concrete. The steel frame windows were located in the concrete walls. On the wall of the south side, 
there is an artwork by Harrie Martens and Kees Meinderts made of glazed masonry. [1] 
 

 
  

 

Figure 8. Design by Harrie Martens of the large 
sgraffito on the front side of the theater building. [1] 

Figure 9. A picture of the side view of 
the theater building with the sgraffito of 
Harrie Martens and Kees Meinderts. [1] 

Figure 10. Projection 
booth on concrete 
column. [1] 
 

 

 
In the back of the theatre, the projection booth is located for movies that can be projected on a screen 

in front of the building. The booth is supported by a concrete column which is rigidly connected to the 

foundation. The concrete column gives the projection booth a floating appearance. The projection 

booth can be attained by the stairs behind the booth. The sidewalls of the projection booth consist of 

glazed blue masonry as wel. The front of the projection booth consists of a grid of beams and columns  

filled with timber planes and two narrow rectangular projection openings. [1] 
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The theatre is based on the Roman version a classical Greek theatre with large monumental stage walls. 
But Weegels added certain changes to this Roman version, for example the stage has a more oval shape 
instead of rectangular and the tribune area has a fan shape instead of a hemisphere. In the theatre the 
acoustics are optimized by using hollow stones in the back corners of the theatre, which eliminates 
reverberation. [1] 
 

 

 
 
 
 
 
 
 
 

 
 
 
 

Figure 11. Plan of “De Lichtenberg” theater.  Figure 12. Front view of “De Lichtenberg” theater.  

 
During the development of the theater the landscape was an important aspect. However, the theatre is 
not a simple building with a traditional appearance. The theater forms a dominating element in the 
landscape. The use of the kunrade quarry-run rocks was also used in the back wall of the theater 
building. The combination between the kunrade quarry-run rocks and the smooth surface of harsh 
concrete refers to the influence of the architecture of south-Limburg. Weegels maintains a pragmatic 
approach in the subdivision of the function of the theater; this emphasizes the clear connection 
between the different parts of the theater. Furthermore, Weegels creates expressiveness by combining 
the kunrade quarry-run rocks with the smooth concrete. [1] 
 
 

 
 
Figure 13. Section of “De Lichtenberg” theater.  
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2 Dimensional restrictions  

In this chapter, we will analyses the “Openlucht theater de Lichtenberg” to define dimensional 

restrictions such that the current monumental architecture is kept intact, with respect to the required   

unobstructed view. First, the view lines will be examined in both the vertical and horizontal direction. 

This results in a specific height and width of the deployable stage cover.   

2.1 View lines 

Figure 14 illustrates a schematic representation of view lines in the back of the outdoor theatre and of 

the front. The most important aspect is that viewers in the back have an unobscured view of the stage 

and that they do not look on top of the roof. In the front of the theatre, the height of the stage is crucial 

since it is desired that the audience in front can look at the stage in a straight line. Having to look up to 

the stage generally leads to an uncomfortable position and should be avoided. Another criterion is that 

the theatre building needs to be visible during the concert, due to it monumental status. The view lines 

in the front determine if the top of the building is visible.  

 
Figure 14. View lines in the outdoor theatre. Red lines indicate the view lines of the viewers in the front of the tribune. The yellow lines 
indicate the view lines from the viewers in the back of the tribune. 

 
The minimal vertical height of the theatre cover is shown in Figure 15 together with the side section of the 

theatre. One import aspect to take into account while determining this minimal height is that the top of 

the theatre building behind the deployable cover needs to be visible for the viewers in the front. This is 

illustrated by the view line indicated in red. The height of the front of the deployable cover is 

determined by the horizontal view line indicated in yellow corresponding to the back viewers.  

 
Figure 15. The minimal volume of the deployable cover, on the basis of the view lines. Red lines indicate the view lines of the viewers in the 
front of the tribune. The yellow lines indicate the view lines from the viewers in the back of the tribune.  
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The horizontal view lines of the viewers in the back are illustrated in Figure 16 and in Figure 17 the 

horizontal view lines of the viewers in front of the tribune are. Note that in this drawing, the viewers in 

the front corners have unobscured view. However this view is not optimal.  

  
Figure 16. Horizontal view lines of viewers in the back of the theatre.  Figure 17. Horizontal view lines of viewers in the front of the 

theatre.  

 
By combining these view lines of the top corners and the bottom corners a view of the stage is created 

which has an unobscured view. This is illustrated in Figure 18, resulting in the area that is visible for 

viewers in the front and in the back. But more importantly is the minimum distance of the stage view. 

This minimum distance results in a basic shape for the plan of the stage cover.  In the red area illustrated 

in Figure 19 shows that the view of the building and the stage is unobscured.  

 

 

Figure 18. Combined view lines of the top corners and the bottom 
corners, to get an unobscured view of the stage.  

Figure 19. View lines of the top corners and the bottom corners, 
which result in a basic plan marked by the red shape.  

 

  



 

 
 

Design and analysis of a deployable theatre cover Page 22 J.L. Martens      2014-2015 

 

The in red marked plan is a very basic shape which results in the basic 3d shape illustrated in Figure 20. 

This is far from spectacular; hence we aim to create a more interesting form like the shape. However, 

the plan and the minimum stage length will remain the same.   This plan is also useful in assure that 

viewers in the top can not see the outer side from the top viewpoint, only the inside.  

 
Figure 20. Basic shape from a view line perspective.  

2.2 Overview of requirements 

This section provides an overview of the requirements determined in the previous section.  

 Unobstructed view  

 Stage 

 Building 

 Deployable stage cover 

 The structure is not visible when  folded up 

 Viewers can’t see sides and roof of cover 

 Monumental building -> no alterations existing structure 

 Open and closing in approximately 30 min 
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3 Development towards the final design 

In the previous chapter, we established the requirements for stage cover of “Openluchttheater de 

Lichtenberg”, which have to be incorporated in the design process. In this chapter, the process towards 

the final design, which we will be pursued in the following chapters, will be discussed and elaborated. 

First a qualitative analysis on several initial concept deploy mechanisms is presented. In the second part, 

we further elaborate the most suited concept by examining the usage of origami structures. In the third 

part, typologies, main principles and geometric aspects of a deployable scissor-hinge structures is 

presented. In the final part we aim to find a design which forms integration between architectural and 

structural aspects by combining an origami pattern with a scissor structure.  The mechanical and 

structural properties of this final concept will be studied and refined in the hereafter following chapter. 

3.1 First ideas 

In this chapter we aim to find a design which forms integration between architectural and structural 

aspects. The first step in accomplishing this goal is to determine the direction of the movement of the 

deployable cover. “Openlucht theater de Lichtenberg” is a monumental building; therefore no alteration 

on the existing structure are allowed. For this reason, we are looking for a structure that covers the 

complete stage, starting from outside the walls of the theatre building. First, we consider a cover that 

deploys from one side only, illustrated in Figure 21 indicated with a blue arrow, observe that, an arch 

shape would be suitable for this type of movement.  

 
Figure 21.Stage cover starts from one side outside the wall of the theatre.  

 
The advantage to deploy form one side is that the folded state of the structure does not take a lot of 

space which enhance the flexibility of the area. The structure might even be invisible in folded state if 

one would store it in a basement next to the wall. Furthermore, the monumental theatre building would 

still be visible and there is an unobscured view of the stage. However, analyzing Figure 21, we can 

conclude that the span of the cover would have to be relatively large, namely 40 meters. As 

consequence, large bending moments will be present in the structure, since the structure will constitute 

a large cantilever.   
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The next concept to cover the stage area is illustrated in Figure 22. In this figure, the stage is covered by 

a structure deploying from both sides, in the folded state the structure is stored on both sides of the 

wall in a basement. Each arch-shaped arrow represents a deployable structure that starts unfolding next 

to the wall and that covers the half of the stage area when it is fully unfolded. In this conceptual design, 

the span of the structure is 20 meters and, therefore the cantilever effect is will be smaller. Other 

benefits of this concept are identical to the previous concept.  

 
Figure 22. Cover stage from two sides outside the wall of the theatre.  

 
In the following paragraphs and chapters we will continue with the second concept since it has to cover 

a smaller span, implying that the to be designed structure has to encounter smaller bending moments.  

Furthermore, if we would cover the building from one side, the deployment mechanism would require 

relatively high force in order unfold the structure.  The aim of this thesis is to cover the stage area in 

combination with a origami pattern, in the following paragraph the usage of such a pattern as a 

structure element will be discussed.   

3.2 Diamond pattern-Yoshimura pattern 

 The Yoshimura pattern is a well-known classic origami folding pattern, which was originally developed 

under the buckling of the thin circular shell under axial compression. After the initially unstable response 

of the compressed cylinder, a stable situation is formed, whereby the structure settles in this well-

known folding form, as shown in Figure 23 and Figure 24. The pattern is named after the scientist 

Yoshimura who observed and described this pattern in detail. The resulting Yoshimura folding pattern 

has the capability to fold and unfold the structure without significant in plane stretching. This principle 

can especially be interesting for deployable structures. [3] 

  
Figure 23. Foldlines and angles of  
the folding mechanism of a cylinder. [4] 

Figure 24. Truss geometry of the folding mechanism  
of the pattern. [4] 
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Figure 25. Diamond pattern. [5] Figure 26. Diamond pattern. [5] 

 

Typically, an origami pattern consists of valley folds (forming a valley) and mountain folds (forming a 

mountain) which indicates the direction of the fold. In the Yoshimura crease pattern (illustrated in 

Figure 27), the diagonals are valley folds and the straight edges of each element are the mountain folds. 

If the crease pattern is composed of elements which have the same shape and size, the curvature of the 

folded pattern approaches a segment of a cylinder as shown in Figure 25. By modifying the angle of the 

elements, the curvature changes. Steeper angles lead to a les curved shape. The pattern allows a lot of 

freedom in shape by varying the angles of each individual element as pictured in Figure 26. 

Furthermore, the pattern can also be varied by splitting the diamond or kite shape and stretching it 

along the folded diagonal. This results in a hexagonal pattern formed by symmetrical trapezoids (sown in 

Figure 27b). [6] 

 
Figure 27. (a) Diamond pattern, (b) Hexagonal pattern 

 

Let us discuss the deployability and movement of the Yoshimura pattern in more detail. Observe that 

the Yoshimura pattern basically consists of a collection of rhombus elements. The crease line over its 

diagonals makes it possible to deform such a rhombus element without introducing internal stresses as 

illustrated in Figure 28.  

 
Figure 28.Movement of Rhombus element [7] 
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The movement of a series of connected rhombus elements is illustrated in Figure 29 and Figure 30. 

Important to note is that this structure has two directions in which it deploys. The primary deployment 

direction of the coupled rhombus elements is perpendicular to the crease lines illustrated in red in 

Figure 29. If the top vertices of this structure are being moved towards each other, secondary 

movement arises, namely, the bottom vertices move inward (illustrated in blue in Figure 30).  

  
Figure 29.Coupeled rhombus elements with the direction of the 
primary movement.  

Figure 30. Folded rhombus elements, the blue points moved 
inwards during the deployment.  

 
Given the described facts above, we can now see why the folded Yoshimura pattern constitutes a 

cylindrical shape. Even though the Yoshimura pattern allows deployment in one direction only, namely 

perpendicular to the diagonals of the rhombus elements, a change in curvature during deployment is 

inevitable, illustrated in Figure 31 and Figure 32. In fact for most origami structures this is the case. For 

the design of a stage cover, this phenomenon is undesirable. Furthermore, observe that an arc made 

with the Yoshimura pattern does not deploy in the desired direction as illustrated in Figure 32. Hence, 

despite of wide range of possibilities that origami structures, the Yoshimura pattern in particular, allows, 

adaptions are needed in order to integrate this appealing Japanese art into the stage cover design.  

   
Figure 31. Paper model with Yoshimura 
pattern in the deployed state. The 
curvature is changed due to deploying.  

Figure 32. Paper model with Yoshimura pattern 
in the unfolded state. The curvature is changed 
due to unfolding of the model. 

Figure 33. Paper arch with Yoshimura 
pattern consisting of rhombus elements, 
with the undesired deployment direction in 
green, and the desired direction of 
deployment in yellow.  
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Figure 34. Two coupled rows of rhombus 
elements, the red lines represent the direction of 
the desired movement.  

Figure 35. Two rows of rhombus elements. A gap 
is formed between the two rows.  

 
Consider the combination of two rows of rhombus elements of which only a selection of vertices are 

connected instead of the entire edges as illustrated in Figure 34. This combination allows deployment in 

vertical direction while the width of the structure remains fixed. Moreover, the rows can take any 

desired curvature, in Figure 36 the desired direction of deploying is illustrated with a green arrow. 

However, note that two rows of rhombus elements are not stable and can rotate as shown in Figure 37. 

Hence, this degree of freedom requires the structure to have an additional underlying structure that 

stabilizes the arc. A suitable supporting structure for these rows is a scissor mechanism which will be 

discussed in the next section. The gaps in between the two rows show in Figure 35, can be covered by a 

membrane. Hereby, it is important to attach the membrane such that a double curved surface is created 

in order to prevent water accumulation. Hence, the above described concept allows an origami inspired 

structure suitable for the design of a deployable stage cover.   

  
Figure 36. Row of rhombus elements in arch shape, 
the direction of the movement is illustrated with the 
green arrow.  

Figure 37. Coupled rhombus elements are very 
flexible and can rotate, and are not stable.  
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3.3 Scissor mechanism 

The main advantage of scissor mechanisms is that they are modular and theoretically infinitely 

expandable. A scissor mechanism is composed of several scissor units, also called scissor-like elements 

(SLE’s). Each SLE consists of two beams connected through a revolute joint, the intermediate hinge, 

allowing a relative rotation as illustrated in Figure 38.  

 

 
 

 
Figure 38. Scissor like element [8] Figure 39. Scissor lift with a 

vertical loading, with bending 
moment in the pivot joints. [9] 

Figure 40. Scissor lift in folded 
state. [9] 

 
The loadbearing mechanism of a scissor system experiences bending moments in the intermediate 

hinges (pivoting hinges) that inevitably result in more sturdily-dimensioned structural components, this 

bending moments are shown in Figure 39. By connecting several SLE’s at their end nodes by means of 

hinges, a grid structure is formed, which can be transformed from a compact bundle of elements to a 

fully deployed configuration. By adding constraints, the mechanism goes from the deployment phase to 

the service phase, in which it can bear loads. A well-known example of this principle is a scissor lift as 

shown in Figure 39 and Figure 40. The location of the intermediate joint has a defining influence on the 

shape of the structure. Two types of scissor mechanisms will be described in this paragraph: 

translational and polar. [10] 

  
Figure 41. A translational scissor unit, with angle 
Ѳ, and an intermediate hinge in the middle. [10] 

Figure 42. Translational mechanism during two phases of deployment. [10] 
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A translational scissor mechanism is formed when translational scissor units, shown in Figure 41, are 

linked at the top nodes. These translational scissor units consist of two straight beams linked by a pivotal 

hinge at the midpoints of the beams. During deployment the unit lines remain parallel. The state of 

deployment is dependent of angle Ѳ and varying this angle results in a linear movement as shown in 

Figure 42. [10]  

  
Figure 43. A polar scissor unit.  Figure 44. Curved scissor mechanism during two phases of deployment. [10] 

 
A polar scissor mechanism, also referred to as a curved scissor arch, deploys and contracts as an arch. 

Therefore, this structure would be ideal for covering the stage area. In Figure 46, a schematic view of a 

deployable scissor arch is illustrated. A scissor arch differs from the translational scissor mechanism in 

the location of the intermediate hinge. The location of the intermediate hinge in case of a scissor arch is 

not in the middle of the beams like the translational scissor mechanism but positioned with an 

eccentricity e (see Figure 45).  

 

 
 
 

 

Figure 45. Influence of the position of the pivotal hinge on the shape. 
[10] 

Figure 46. Schematized view of a deploying scissor arch in the 
Lichtenberg theatre. 

 
As consequence, the unit lines are not parallel but intersect at an angle γ. During deployment, angle γ 

changes meaning that the unit lines rotate around the intersection point. To guarantee that the 

structure will be able to deploy and contract, rhombus figures need to be made, meaning that the  

length b and a need to be the same in the same rhombus figure. If this is not the case, the structure 

cannot be fully contracted. The ratio between a and b determines the curvature of the structure. If in 

addition the following condition holds The length of the bars and the location of the pivot are crucial for 
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making the structure deployable. He scissor arch constitutes a circular shape if the conditions of the 

length b and a are (see Figure 47): 

𝑎𝑖−1

𝑏𝑖−1
=

𝑎𝑖

𝑏𝑖
=

𝑎𝑖+1

𝑏𝑖+1
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

 
Figure 47. Part of Curvilinear Scissor Structure. [8] 

 
By combining the rhombus rows with the scissor arch, a structure which deploys in one direction is 

created. The scissor arches can be combined with the rhombus rows by placing an arch at each end of 

the row and hereby connecting the top nodes of the scissor arch with the bottom nodes of the rhombus 

rows (see Figure 48). Now, a structure is created with an origami inspired pattern and a scissor 

structure. If this final conceptual model is placed in the Lichtenberg theatre the view in the theatre will 

look like the picture below. 

   
 
Figure 48. Final conceptual model, when the origami pattern is combined with a scissor structure.  
  

 
Figure 49. View of the concept model in the Lichtenberg theatre.  

 

+ 

 

= 
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4 Degrees of freedom 

In this chapter, we will analyze the degrees of freedom the structure. In the first subsection, an outline 

of the overall stability is presented together with potential issues that have to be taken into account. 

The second subsection described the critical factors of the structure.   

  
Figure 50. Bars of origami structure are marked with red lines the 
supporting scissor structure below the origami structure in green.  

Figure 51. Bars of origami structure are marked with 
red lines. The blue lines connect the scissor arches.  

 

The deployable theatre cover consists of five scissors arches made from steel rectangular tubes 

connected via hinges in the middle and at both ends. The arches form a span of 40 meters in total in x 

direction, with a distance of 3 meters as in between them as illustrated in Figure 52. The top edges of 

the scissor arch support the bars with the membrane which constitutes the origami pattern. Figure 50 

and Figure 51 illustrate the scissor structure and the bars used for the origami structure, marked in 

green and red, respectively. At the bottom of each arch, the inner bottom node of the scissor is fixed to 

the world with a hinged connection while the outer bottom node can move along a rail. This movement 

over a vector in xz direction is actuated by a hydraulic cylinder which will be discussed in more detail in 

paragraph 9.3  

 
Figure 52. Top view of structure, however the bars of the origami structure are removed to get a clearer view of the diagonals 
 
The stability in x-direction is assured by scissor arches, indicated in red in Figure 52, and Figure 53. 

Observe that, for the sake of clarity, the origami structure is not displayed in Figure 52 and Figure 53. 

The scissor arches are coupled with beams perpendicular to the scissor arches (y-direction), in Figure 51. 

In order to assure stability in y-direction, steel cables are added in the y-direction between the scissor 

arches in Figure 52, and Figure 53. The diagonal cables are attached to some of the bottom hinges of the 

Y 

X 
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arches. Hereby, it is important to construct scissors and the diagonal cable such that they do not 

interfere with the deployment process. Hence, the diagonals cannot be connected to every edge of the 

structure. Furthermore, one has to take the orientation of each scissor into account.  

 
Figure 53. 3D view of the structure without the origami pattern on top to get a clear 
view of the position of the diagonals.  

 
The diagonals are attached at certain top and bottom hinges of the scissor arches. However certain 

problems occurred during the attachment of these diagonals. When adding the diagonals we should 

keep in mind that the structure needs to be able to deploy. The diagonals can’t be connected to every 

point of the scissor structure. To be more concrete, the diagonal bars always need to be connected to 

the inner bars of the scissor arch and these inner bars need to be parallel as illustrated with red lines in 

Figure 54 and Figure 55. If the diagonal bars are attached accordingly, the structure is able to deploy.  

  
Figure 54. Diagonals between the scissor arches Figure 55. Diagonals between the scissor arches in deployed 

state 

 
In case we would connect the outer bars of the scissor structure as illustrated in Figure 56 and Figure 57, 

the diagonals will block the bars during deployment. In Figure 56 and Figure 57 blue diagonals where 

drawn to illustrate how the diagonals should not be connected to the scissor structure. The red circles 

mark the problem areas.  
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Figure 56. How not to ad diagonals between 
the scissor arches, with the problem points 
marked with a red circle 

Figure 57. How not to ad diagonals between the scissor arches, with the 
problem points marked with a red circle.  
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5 Mathematical description of the geometry of structure 

In this chapter, the geometry of the scissor structure is determined. To do so, mathematical formulas 

which describe a circular scissor mechanism are derived. These formulas will help us to create a 

parametric computer aided design (CAD) model by means of Grasshopper. We start by analyzing a single 

SLE relatively to the whole arch. The obtained results are then used to derive equations describing the 

entire circular scissor structure. . In the last paragraph the deployment of the scissor mechanism, in 

terms of formulas and geometry of the structure, will be elaborated.   

5.1 Determining geometry of one SLE  

To regain more insight in the geometrical aspect of a deployable scissor arch structure, we will first 

define the points of one SLE. First, the angles and dimensions of one element are described and some 

boundary conditions are formulated. Next, an equation for the minimum number of SLEs as function of 

the element size and the desired span and height is provided. Finally, formulas for the coordinates of the 

points of one scissor element are derived. The given derivations are inspired by the Phd thesis of Y. 

Akgün, A novel transformation model for deployable scissor-hinge structures [8], however some 

alterations were needed in  formulating the equations for the locations of the points of one scissor 

element.  

 

 
 
Figure 58. Variables of circular scissor-hinge structure with lines |L1,2|,|L5| and|L4,3|. With the variables h, S, φ, r and 𝜷.  
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A SLE is characterized by two parameters, namely the lengths a and length b denotes the distance 

between the middle pivot and the bottom and length a denotes the distance between the top of the 

beam and the middle pivot as illustrated in Figure 59.  These lengths are important parameters as they 

determine the location of the pivotal hinge and as a consequence determine the total geometry of the 

structure.  

 
Figure 59. Geometric properties of an SLE for circular scissor-hinge structures. [8, p. 43]  
 
To be able to define the points of one scissor elements, we have to consider the basic parameters of the 

complete scissor mechanism such as height H and span S. To be more concrete, we are aiming to find a 

set of functions which will give the coordinates of a scissor element on the basis of following parameters 

(see Figure 60): 

 S(span) 

 h(height) 

 b(bottom length: starting point till rotation point) 

 N(number of elements, with a minimum amount of elements which depend on the height and 
the span) 

Observe that these length a can be computed via these coordinates. 

 
Figure 60. Principle of the a static scissor structure, with a description of the geometry by formulas 
(XA9,YA9,XC8,YC8,YB9,XB9 ) which were inserted into Grasshopper model to determine length a.  
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First the radius of the scissor arch is formulated, 

𝑟 =
4ℎ2 + 𝑆2

8ℎ
 

With the radius and the span of the arch, angle α and t1 as in Figure 59 can be determined: 

sin (
𝛼

2
) =

1

2
𝑆

𝑟
  

→ 𝛼 = 2 sin−1 (
𝑆

2𝑟
) 

𝑡1 = 2𝑟 sin 𝜑 

where  

𝜑 =
𝛼

2(𝑁 − 1)
 

with 𝑁 the number of elements. Parameter 𝑡1 can be used to determine the least amount of elements 

needed to construct an arch with span 𝑆. Observe in Figure 59 that the following statement must hold: 

2𝑏 ≥ 𝑡1 

Using the equations above, we can obtain the following: 

𝑏 ≥ 𝑟 sin (
𝛼

2(𝑁 − 1)
) 

𝑏 ≥

1
2

𝑆

sin (
𝛼
2

)
sin (

𝛼

2(𝑁 − 1)
) 

2𝑏 sin(𝛼 2)⁄

𝑆
≥ sin (

𝛼

2(𝑁 − 1)
) 

This inequality yields the following equation for the minimum amount of elements needed. 

𝑁𝑚𝑖𝑛 =
𝛼

2 sin−1 (
2𝑏 sin(𝛼 2)⁄

𝑆
)

+ 2 

In Grasshopper, this formula is essential to take into account for choosing a proper number of elements. 

If the condition is violated, alternations in the dimensions occur in the Grasshopper model which is not 

desired. 
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In order to find length a, we first have to determine some coordinates corresponding to the SLE.  

 
Determining point 5 (X5,Y5): 
 

𝜑 =
𝛼

2(𝑁 − 1)
 

 

𝛽 = cos−1 (
0,5 ∗ 𝑆

𝑟
) 

 
𝑋5 = 𝑟 cos(𝛽) 
 
𝑌5 = 𝑟 sin(𝛽) 
 

 
Figure 61. Determining middle point (5) of first Scissor 
element. 

 
In order to find the coordinates of point 3, we have to describe the line intersecting points 1 (X1,Y1) and 

5 (X5,Y5). Line 𝐿1,5,3 can be described by the following linear equation: 

𝑦 = 𝑎𝑥 + 𝑏 → |𝐿1,5,3|;   

The slope is given by 

𝑎1,5 =
𝑌5 − 𝑌1

𝑋5 − 𝑋1
 

The offset 𝑏1,5 can be found by solving 𝑌5 = 𝑎1,5 ∗ 𝑋5 + 𝑏1,5 (since (X5,Y5) needs to be on the line per 

definition). This yields 

𝑏1,5 =
𝑋5𝑌1 − 𝑋1𝑌5

𝑋5 − 𝑋1
 

Hence, this leads to the following description for 𝐿1,5,3: 

|𝐿1,5,3|;  𝑦 =
𝑌5 − 𝑌1

𝑋5 − 𝑋1
∗ 𝑥 +

𝑋5𝑌1 − 𝑋1𝑌5

𝑋5 − 𝑋1
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Determining point 3 (X3,Y3): 
 
The line intersecting point 3 (X3,Y3) is: 
 

|𝐿4,3|; 𝑦 = tan(𝛽 + 𝜑) 𝑥 

 
Point 3 can be determined by solving the following set of 
linear equations: 
 

𝑌3 = tan(𝛽 + 𝜑) 𝑋3 
 

|𝐿1,5,3|; 𝑌3 = 𝑎1,5 ∗ 𝑋3 + 𝑏1,5 

where 𝑎1,5 and 𝑏1,5 were provided above 

 

 
Figure 62. Determining point3 of one SLE.  

 
Determining X3: 

𝑎1,5 ∗ 𝑋3 + 𝑏1,5 = tan(𝛽 + 𝜑) 𝑋3 

𝑎1,5 ∗ 𝑋3 − tan(𝛽 + 𝜑) 𝑋3 = −𝑏1,5 

𝑋3(𝑎1,5 − tan(𝛽 + 𝜑)) = −𝑏1,5 

This leads to the following formula for the x-coordinate:  

𝑋3 = −
𝑏1,5

𝑎1,5 ∗ − tan(𝛽 + 𝜑)
=

(
𝑋5𝑌1 − 𝑋1𝑌5

𝑋5 − 𝑋1
)

(
𝑌5 − 𝑌1
𝑋5 − 𝑋1

) − tan(𝛽 + 𝜑)
 

Length a can now be determined by Pythagoras formula: 

𝑎 = √(𝑋3 − 𝑋5)2 + (𝑌3 − 𝑋5)2  

 
To determine point 1 (X1,Y1) a circle with radius b is 
considered: 
 
(𝑋1 − 𝑋5)2 + (𝑌1 − 𝑌5)2 = 𝑏2 
 
The following equation is solved: 
 
(𝑋1 − (𝑟 cos(𝛽)) 2 + (𝑌1 − (𝑟 sin(𝛽)) 2 = 𝑏2 
 
Point 1 intersects with line |L1,2|: 
 

|𝐿1,2|; 𝑦 = tan(𝛽 − 𝜑)𝑥 → 𝑌1 = tan(𝛽 − 𝜑)𝑋1 

 

 

Figure 63. Determining starting point 1 of one SLE.  
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Inserting Y1 leads to: 

(𝑋1 − 𝑟 cos(𝛽))2 + (tan(𝛽 − 𝜑)𝑋1 − 𝑟 sin 𝛽)2 = 𝑏2 

This equation is solved by the program Maple for X1, leading to the following two equations for X1 with 

the following equations for 𝑋5, 𝑌5 and 𝑌1: 

𝑋5 = 𝑟𝑐𝑜𝑠(𝛽) 

𝑌5 = 𝑟 𝑠𝑖𝑛(𝛽) 

𝑌1 = 𝑡𝑎𝑛(𝛽 − 𝜑)𝑋1 

By filling in these formulas for 𝑋5, 𝑌5, 𝑌1 to the following equation for 𝑋11,12  is stated. The smallest value of 𝑋11,12 is 

chosen for determining the geometry of one scissor element.   

𝑋11,12

=
𝑌5 tan(𝛽 − 𝜑) + 𝑋5 ± √tan(𝛽 − 𝜑)2 𝑌5

2 + 2 cos(𝛽) tan(𝛽 − 𝜑) sin(𝛽) 𝑟2 + 𝑋5
2 + tan(𝛽 − 𝜑)2 𝑏2 − tan(𝛽 − 𝜑)2 𝑟2 + 𝑏2 − 𝑟2

tan(𝛽 − 𝜑)2 + 1
 

The coordinates of point 2 and point 4 can be obtained in a similar fashion. However, to model the SLE 

in Grasshopper, this is not necessary since one can mirror point 3 and point 1 over line L5 in order to 

obtain point 2 and point 4, respectively.  

5.2 Deployment of a single SLE 

Above, formulas were derived to compute the coordinates of a single SLE relative to the entire scissor 

arch in a fully deployed state as function of basic design parameters such as the height H and span S. In 

this section, we will examine how to compute the coordinates of one SLE during the deploy process 

whereby design parameters a and b have already been determined on the basis of the equations given 

in the previous section.  

First, note that the scissor mechanism introduced in Section 4.3 allows multiple deploy movements. For 

example consider Figure 63, to deploy the structure, one can either move point 2 outwards or point 1 

inwards with respect to the middle of the arch. From a practical point of view, in this work we consider 

the case whereby point 1 fixed and point 2 moves outwards over a straight line during deployment as 

illustrated in Figure 63. In this way, the risk that the structure collides with the walls of the outdoor 

theatre can be prevented. To do so, one have to ensure that the wall does not intersect the line from 

point 1 to point 4 as in Figure 63. In the next subsection, the choice for deploy mechanism will be 

discussed in more detail.  
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Figure 64. First scissor element is not fully deployed. 
Translation of point 5 is created by rotating around 
point 1 with the total angle α. Distance D12 is larger 
than in the figure on the right. 

Figure 65. First scissor element is unfolded. Translation of 
point 5 is created by rotating around point 1 with the 
total angle α. Distance D12 is smaller.  

 

Let us denote the variable distance between point 1 and point 2, by D12. In Figure 64 and Figure 65 the 

process of unfolding of one scissor element is illustrated. Whereby, in Figure 64 the partially deployed 

state is presented and Figure 65 the fully unfolded state. If the distance D12 becomes smaller there is 

movement in the complete scissor element and the angles γ and φdep become larger as illustrated in 

Figure 65. Hence, when the distance D1,2 varies, the angle γ and φdep vary as well. Hence, we can express 

the variable angle γ as function of distance D1,2 and the lengths a and b.  

Figure 66 and Figure 67 illustrate the applied method for determining angle γ. Angle 𝛾 can be expressed 

in terms of D1,2 and length a and b by means of the cosine rule which yields: 

𝛾 = cos (
𝑏2 + 𝐷1,2

2 − 𝑎2

2𝑏𝐷1,2
) 

As mentioned, in this work we consider point 2 to move over a straight line. Hence, the angle formed by 

the line through point 1 and 2 and the x-axis remains constant during deployment. This angle is given by 

𝛽∗ − 𝜙∗ where the angles 𝛽∗ and 𝜙∗ represent angles 𝛽  and 𝜙  in fully deployed state as illustrated 

in Figure 58. Since point 1 is fixed, 𝑋1 and 𝑌1 can be computed according to the formulas provided in the 

previous sections and are therefore known. Given this fact and the fact the point 2 moves in a straight 

line, we now obtain 

𝑋2,𝑑𝑒𝑝 = 𝑋1 + 𝐷1,2 cos(𝛽∗ − 𝜑∗)  

𝑌2,𝑑𝑒𝑝 = 𝑌1 + 𝐷1,2 sin(𝛽∗ − 𝜑∗)  

In a similar fashion, the following expressions can be found 

𝑋5,𝑑𝑒𝑝 = 𝑋1 + 𝑏 cos(𝛽∗ − 𝜑∗ + 𝛾)  

𝑌5,𝑑𝑒𝑝 = 𝑌1 + 𝑏 sin(𝛽∗ − 𝜑∗ + 𝛾)  

𝑋3,𝑑𝑒𝑝 = 𝑋1 + (𝑎 + 𝑏) cos(𝛽∗ − 𝜑∗ + 𝛾)  
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𝑌3,𝑑𝑒𝑝 = 𝑌1 + (𝑎 + 𝑏) sin(𝛽∗ − 𝜑∗ + 𝛾)  

 

 

 

Figure 66. Zooming in of Figure 65, with a variable distance D1,2 between 
point a and point 2 and variable γ and φdeployable. 

Figure 67. Determining angle γ with the cosine rule 
and with lengths a,b and D1,2. 

 
Now the dynamic behavior and the positions of points 1,2,3  and 5 are known. Since the direction 

(vector) of the line L2,5 is known, end point 4 can be found as follows: 

𝑋4,𝑑𝑒𝑝 = 𝑋2,𝑑𝑒𝑝 + (𝑎 + 𝑏) cos (
𝜋

2
+ tan−1 (

𝑋2 − 𝑋5

𝑌5 − 𝑌2
)) 

𝑌4,𝑑𝑒𝑝 = 𝑌2,𝑑𝑒𝑝 + (𝑎 + 𝑏) sin(
𝜋

2
+ tan−1 (

𝑋2 − 𝑋5

𝑌5 − 𝑌2
)) 

5.3 Geometrical aspects of structure 

Not only the length of the bars and the position of the pivot are important factors for the structural 

properties of the stage cover design, also the supports are crucial. The way a curvilinear structure is be 

supported influences the manner in which the structure deploys and contracts. In the figures below, two 

methods for supporting the curvilinear scissor structure are shown. In Figure 6969 the scissor arch is 

supported in the pivotal hinge of the bottom scissor. This method for supporting the structure makes 

the deployment process more difficult because the bottom points have to be moved simultaneously. 

Figure 69 illustrates a curvilinear scissor structure where the support is mounted at the bottom point. 

This enables the other bottom point to move inward during unfolding which is easier to realize in 

practice.  
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Figure 68. Curvilinear Scissor Structure supported in the bottom pivot  Figure 69. Curvilinear Scissor Structure supported in the bottom 

point.  
 

Also the overall behavior of the structure is influenced by the position of the support. If the support is 

located in the bottom pivot, the radius and the origin of the curvilinear scissor structure remain 

unchanged during deployment and unfolding as illustrated in Figure 70 and Figure 71. However, if the 

support is moved to the bottom point of the structure, the radius and the point of origin change during 

deployment and unfolding. When the structure is unfolding, the radius of the complete structure 

changes from a smaller radius to a larger radius. Only in the total unfolded state the point of origin is in 

the same point, this is illustrated in Figure 72, Figure 73 and in Figure 74. This fact is important to take 

into account when making a Grasshopper model. The coordinates of one SLE, as derived in the previous 

section, namely have to be rotated around this moved origin in order to construct the other SLEs.  

  
Figure 70. Unfolding of Curvilinear Scissor Structure, with one point 
of origin and a support in the bottom pivot.  

Figure 71.  Unfolded state of Curvilinear Scissor Structure, with one 
point of origin and a support in the bottom pivot. 

 

To create a deployable scissor element in Grasshopper, the distance between point 1 (X1,Y1) and point 2 

(X2,Y2) needs to be a variable. When this distance becomes smaller the structure will unfold and when 

this distance becomes bigger the structure will fold up as shown in Figure 66 and Figure 67. In these 

figures, point 1 is a hinged connection and point 2 can translate over the line L1,2, this will create the 

movement of the total structure.  
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Figure 72. Unfolding of Curvilinear Scissor Structure, with two points 
of origin and a support in the bottom point of the structure. 

Figure 73. Unfolded state of Curvilinear Scissor Structure, with one 
point of origin and a support in the bottom point of the structure.  

 

 

 
Figure 74. Origin during deployment of one scissor element fully deployed (blue) and during 
deployment (red) 
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 6 Materials 

In the previous Chapter the geometrical aspects were presented in particular, this lead to several 

material options.  Scissor mechanisms are large arched cantilevers therefore the aim is to design a light 

deployable structure, possible suitable material options are therefore aluminum and steel.  

The first option was aluminum because it’s low self-weight in comparison to steel. However, because of 

the lower stiffness in comparison to steel, lager sections would be required to minimize the total 

deflection on the top of the structure. Therefore steel rectangular beams of 200x50x10x10mm are 

applied in this structure as a first estimation. In The next Chapter these rectangular sections are further 

optimized and cables are added to the structure to minimize the total deflection. Furthermore the 

movement of the deployable structure is initiated by a hydraulic cylinder indicated in the table below.  

The primary goal of the deployable scissor arch is to cover the stage of the theatre; therefore cladding is 

added over the deployable structure. This cladding needs to be suitable for folding and must be flexible; 

therefore a PVC coated polyester membrane is applied.  

material H(mm) E (N/mm2) A (mm2)  

Steel cables 30 2*105 4894 Steel quality S450 fy=440N/mm2 

Rectangular steel section 200 2*105 4600 Steel quality S355 fy=355N/mm2 

Membrane PVC coated 6 1.3*103 x Strength 6000N/5cm 

Hydraulic cylinder, MTS 
cylinders 110 

x x x Tension 318kN, Compression 603kN 
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7 2D FEM 

In this Chapter, two dimensional analyses are made of scissor structures, for a range of parameter 

values in order to determine the critical factors in the structure, and to determine the most optimal 

parameter setting. For the FEM calculations, identical cross sections will be used, which enables us to 

make a fair comparison among various scenarios. First, a two dimensional analyses of one scissor 

structure in fully unfolded state will be observed to acquire a better comprehension of the occurring 

structural behaviour. This two dimensional model will be representative for the structural behaviour of 

all the studied models.  

Secondly, we will emphasize on the influence of the dead weight on the structural performance. 

Hereafter, the wind loads will be added to de FEM model, to get a complete overview of the structural 

behaviour. Finally, several models will be compared and elaborated in paragraph 7.6, based on these 

elaborations the most optimal FEM model is chosen for further optimization.  

After the cross sections are optimized, we will consider the structural behaviour during several phases of 

deployment in paragraph 7.7. Furthermore, this paragraph will emphasize on the last critical phase of 

unfolding when the scissor arch is closing, the prestress in the cables and actuator that drives the 

deployment.  

7.1 OASYS GSA model 

The FEM calculations for this thesis are conducted with the FEM programme OASYS GSA. The required 

geometries for these FEM calculations are graphically displayed and described by the programme 

Grasshopper. Hereafter, these geometries were exported in an AutoCAD file, which made it possible to 

import the structure into OASYS GSA.  In this paragraph we will first obtain a better understanding of the 

occurring structural behaviour of a fully unfolded arch. This structure will give a representation of acting 

moments, acting forces and displacements that occur. However, note that the sections of the SLE beams 

are not optimized. The beam sections have steel rectangular sections of 200x50x10x10. The 

optimization will be elaborated in paragraph 7.6. In Figure 75 we can observe this representative scissor 

arch model with 20 elements and a length b of 1.375 meters. This structure has steel rectangular 

sections of 200x50x10x10, is pinned to the ground and is connected in the middle by four SLE beams.  

 
Figure 75. Scissor arch with length b= 1.375 and 20 elements. The bottom part of the beam is not removed beams and therefore a rigid 
connection is created in the top.  
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In Figure 75, we can observe that two bottom SLE beams are selected. These bottom SLE beams are 

removed in the structure, as illustrated in Figure 76. Connecting the four beams in the top would have 

resulted in a rigid connection. A rigid connection is difficult to accomplish in this case because this is a 

deployable structure, consisting of two half arches that connect in the middle. A rigid connection would 

need a perfect connection which is difficult to accomplish in practice. 

 
Figure 76. Scissor arch with length b= 1.375 and 20 elements. The bottom part of the beam is removed beams, because this would have 
resulted in a rigid connection in the top.  
 
By removing the bottom of these SLE beams, the acting bending moments are altered in the top. In 

Figure 77 and Figure 78 this difference is clarified. The result of removing the bottom SLE beams in the 

middle of the arch is a hinged connection (see Figure 77). In Figure 78 however, the four beams are 

connected, we can observe that bending moments occur in the middle nodes this results in a rigid 

connection. Hence, the bottom two SLE beams will be removed in the following FEM calculations.  

 

 

Figure 77. Zoomed in image of the top part of the arch when the 
bottom parts are removed. The scissor arch has a length b= 1.375 
and 20 elements. The bending moments are a result of the dead 
load and wind load.  

Figure 78. Zoomed in image of the top part of the arch when the two 
bottom parts are added. The scissor arch has a length b= 1.375 and 20 
elements. The bending moments are a result of the dead load and 
wind load. 

 
Scissor arch structure consists of SLEs that allow a relative rotation. In GSA however, SLE elements are 

not featured as a standardized element. Therefore assumptions concerning the pivotal and rotational 

joints are made to create a scissor model. Nonetheless, this rotational joint can be mimicked by adding 

“dummies”. Dummies are small beams offsetting the bars of the scissor element in different planes. By 

offsetting the bars in different planes correct releases between the beams can be defined. These 

dummies are illustrated in Figure 79 and Figure 80 . [10, p. 60].  
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Figure 79. GSA model with beam sections 
illustrated. The dummies are rigidly connected 
to the scissor bars. Between the two dummy 
beams a rotational free point is created by 
releasing one dummy beam.  

Figure 80. Schematization of a dummy element in GSA which is released in the middle 
(illustrated with the red point).  This dummy creates a rotational free point. Between 
the two dummy beams a rotational free point is created by releasing one dummy beam. 
The red arrow denotes the freedom in rotation due to the hinge. 

 
The dummies are modelled as two steel circular beams with a diameter of 150mm, and are rigidly 

connected to the beams of the SLE. In Figure 80 the rotational point is released around the xx axis, this 

rotational free point allows rotation between the two blue lines that indicate the SLE beams.  The red 

arrow indicates the ability to rotate. The dimensions of the cross sections of the dummies are chosen 

sufficiently large in order to prevent numerical issues caused by ill-conditioned stiffness matrices.  

This method is a representative for a SLE in practice. However, by adding dummies a small eccentricity is 

introduced, this eccentricity will cause small additional bending moments, shear forces and axial forces. 

Fortunately, these additional forces and moments are in general very small and can therefore be 

disregarded. Now that the critical factors of the GSA implementation are elaborated, we can focus in the 

following paragraph on the structural behaviour of the complete scissor arch.   
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7.2 The fully unfolded state 

In Figure 81 the acting wind loads and dead loads in a GSA model on a fully unfolded scissor arch are 

illustrated. These loads are calculated according NEN-EN 1991-1-4, the national annex and the European 

standard for temporary structures EN13782. When we observe Figure 81, we can conclude that the 

dead load has a crucial impact on the structure. Note that the sections are not optimised in this 

scenario. The wind load however, has a reducing effect on the sum of all loads acting on the structure.  

 
Figure 81. Scissor arch with length b= 1.375 and 20 elements with the acting wind load and dead load. 
 
This is the result of the uplift which occurs by the wind load, consequently the wind load has a reducing 

effect on the structure in terms of bending moments, shear forces, compression forces and 

displacements. Therefore, the dead load will be regarded first followed by the uplifting effect of the 

wind. The bending moments of the whole scissor arch are illustrated in Figure 82, the bottom SLE is 

enlarged visible in Figure 85. Observe that in the bottom SLEs the bending moments are larger than at 

the top SLEs. The largest bending moments occurs in the bottom SLE, in Figure 82 the largest bending 

moment has a value of 128,5kNm, when the wind load is added the highest bending moment has value 

of 45,2kN.  

 
Figure 82. Bending moments due to the dead load in a scissor structure with 20 elements and length b=1.375 meter. The largest bending 
moment occurs in the bottom scissor with a value of My=128,5 kNm.  
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In Figure 83 the highest shear forces due to the dead load occur likewise in the bottom part of the 

structure. In the zoomed-in illustration we can view that the value is 91kN (see Figure 86), when the 

wind load is added this value decreases to 32,3kN.  

 
Figure 83. Shear forces due to the dead load in a scissor structure with 20 elements and length b=1.375 meter. The largest shear force occurs 
in the bottom scissor with a value of V=91kN. 

 
Due to the arch shape of the scissor structure there is a gradual increase of compressive forces in the 

sections of the structure, with highest compressive force in the bottom beams and the lowest 

compressive force in the top (see Figure 84). In the enlarged view of the bottom SLE the compressive 

force is 167,6kN (illustrated in Figure 87). If the wind load is added the compression force is reduced to 

25,9kN. 

 
Figure 84. Compression forces due to the dead load in a scissor structure with 20 elements and length b=1.375 meter. The largest 
compression force occurs in the bottom scissor with a value of N=167,6 kN. 
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Figure 85. Bottom SLE enlarged with the 
largest bending moment of 128,5kNm due 
to the dead load.  

Figure 86. Bottom SLE enlarged with the 
largest shear force of 91kN due to the dead 
load. 

Figure 87. Bottom SLE enlarged with the 
largest axial force of 167,6kN due to the 
dead load. 

 
The large bending moments, shear forces and axial forces in the bottom section as illustrated in Figure 

88 result in large displacements in the top. These large displacements are foremost a result of a rapidly 

increase of the amplitude of a small nodal displacement in the bottom scissor. In Figure 88 this effect 

can be observed; the first SLE has a displacement of 3mm, the second of 51mm and the third of 139mm. 

This effect increases further towards the top, and results in a total displacement of 806mm in the middle 

of the arch (see Figure 89).  

  
Figure 88. Nodal displacement of 
the 3 bottom SLEs, which results 
in a large displacement in the top.  

Figure 89. Nodal displacement of the scissor arch due to dead load with the largest displacement u=-
805mm in the top of the structure.   

 
However, when the wind load is added to the structure the displacement in the top part of the structure 

will lead to an upward movement of 161mm (see Figure 90). Now we can see that the structure moves 

from a situation of no wind with a displacement of -805mm, too a situation with wind and a 

displacement of 161mm. This leads to a critical total upward movement of: 

 𝑢𝑢𝑝𝑤𝑎𝑟𝑑 = 161 + 806 = 967𝑚𝑚 

  

-3 

-51 

-139 
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Figure 90. Nodal displacement of the scissor arch due to dead and wind loading with the largest displacement due to an uplift of u=295mm 
in the top of the structure.   
 
This scissor arch structure is a deployable and temporary structure. Therefore the standard maximum 

allowable displacement according to the eurocode cannot be applied for this situation. The maximum 

allowable displacement is therefore altered to: 

𝑢𝑚𝑎𝑥 =
𝑠𝑝𝑎𝑛

150
=

40.000

150
= 267𝑚𝑚 

The maximum allowable displacement for a span of 40 meters is now 267mm. The scissor arch exceeds 

the maximum allowable displacement. To reduce the total displacement, cables are added between the 

bottom nodes and the top nodes, this is illustrated in the Figure below. The cables will prevent 

movement of the nodes relative towards each other. In the figure below the top displacement due to 

the dead load is slightly decreased from -805mm to 795mm. This however, still does not meet the 

maximum allowable displacement.  

 
Figure 91. Nodal displacement of the scissor arch due to dead load with the largest displacement u=-795mm in the top of the structure.   
  
  

161 
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In Figure 92 the top nodal displacements due to the wind and dead load are displayed. The top 

deflection is decreased from 161mm to 32mm. This leads to a upward movement when a wind gust is 

projected onto the arch. The total upward movement caused by the wind is now decreased to: 

𝑢𝑢𝑝𝑤𝑎𝑟𝑑 = 32 + 763 = 795𝑚𝑚 

Since the dead load has a large impact on the total deflection in the middle optimisation of the SLE 

sections is required. The dead load can be decreased by applying lighter sections in the top, medium 

sections in the middle, and heavier higher sections in the bottom SLEs. In the next two paragraphs we 

will further investigate the influence of the dead load on the scissor arch in various scenarios with 

different parameters. In these calculations cables were added between the nodes to give a more 

representative deflection.  

 
Figure 92. Nodal displacement of the scissor arch due to dead and wind loading with the largest displacement due to downward movement 
of u=32mm in the top of the structure.   
 

7.3 Defining parameters 

For a circular scissor structure, several parameters can be varied: the length b (bottom part of one SLE 

beam), number of elements N, the height of the structure h, and the span of the structure S. Since the 

aim of this thesis is to design a deployable structure for the location “Openlucht theatre de 

Lichtenberg”, several parameters are fixed according to the restriction discussed in Chapter 3, namely, 

the span of 40 meters and the height of 11 meters. The parameters that can be varied are therefore: the 

number of elements of one scissor arch N and the length b. Figure 93 and Figure 94 displays two 

structures with the same lengths b of 1.375 meter, however the structures differ in number of elements  

  
Figure 93. Scissor arch with length b= 1.375 and 20 elements Figure 94. Scissor arch with length b= 1.375 and 32 elements 
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In order to get an indication of what the influence is of the number of elements and the height b on the 

acting bending moments, shear forces, axial forces and displacements in the top, we will choose 

identical cross sections for all the beams of the scissor arch for now. A rectangle steel profile s235 with 

dimensions of 200x50x10x10 is chosen for the sections of the scissor elements. In the previous chapter, 

an expression for the minimal number of elements as function of length b was provided. In general, 

when length b becomes smaller, more elements are necessary to cover the span of 40 meters. In the 

table below the set of lengths b and the set of number of elements (N) that will be examined are listed. 

In the following paragraph the results will be elaborated of the structures presented in the table below.  

b=1.5 meter b=1.375 meter b=1.25 meter b=1.125 meter B=1.0 meter 

18 elements (min 
N) 

X X X X 

20 elements 20 elements(min 
N) 

X X X 

22 elements 22 elements 22 elements(min 
N) 

X X 

24 elements 24 elements 24 elements 24 elements 
(min N) 

X 

26 elements 26 elements 26 elements 26 elements 26 elements(min N) 

28 elements 28 elements 28 elements 28 elements 28 elements 

30 elements 30 elements 30 elements 30 elements 30 elements 

32 elements 32 elements 32 elements 32 elements 32 elements 
Table 1. The above enlisted elements with various lengths b.  
 

7.4 Analysis of FEM results 

 
Figure 95. Results FEM analysis of acting moments with various lengths b and number of elements.  
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The bottom scissor is the most decisive SLE of the entire arch. In this SLE the largest acting forces and 

bending moments occur. Therefore the following graphs will display only these acting forces and 

bending moments. The first graph that we will observe displays the acting bending moments of various 

lengths b and various numbers of elements N (Figure 95). Each line in the graph illustrates a certain 

amount of elements. We can observe from the graphs that an increase of scissor elements results in a 

higher acting bending moment in the bottom.   

From every line we can observe that a larger length b leads to a higher acting moment. Therefore a 

smaller length b and a low amount of number of elements N leads to a lower acting bending moment in 

the bottom. In Figure 96 the acting shear forces of the bottom scissor element are illustrated. Because 

the bending moments are dependent of the shear forces the same trend of Figure 95 occurs in Figure 

96.  

 
Figure 96. Results FEM analysis of acting shear forces with various lengths b and number of elements. 

 
When we observe the compressive forces of the scissor arch structures in Figure 97 the same trend is 

observed; that an increase of scissor elements leads to higher compressive forces in the bottom scissor 

due to the higher dead weight of the structure when adding elements. The lowest compressive force in 

this graph is the point with 18 elements, a compressive force of 163,8kN and a length b of 1,5 meter. 

The highest value has 32 elements with a length b of 1,5 meter. 
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Figure 97. Results FEM analysis of acting compressing forces with various lengths b and number of elements in the 
bottom scissor element.  

 
For each length that is investigated the trend continues; more elements result in a higher compression 

force in the bottom scissor element.  To reduce the displacement in the top of the arch a cables were 

added. However, in Figure 98 we can observe that if the numbers of elements are increased the axial 

force in the cable also increases.  However, in terms of in length b a certain trend is visible, when the 

length b increases the axial force also increases. However, at a certain value this increase in force will 

stagnate and change into a slight decrease of axial force.  This trend is for example observed in the 

black, blue and grey line.  

 
Figure 98. Results FEM analysis of acting axial force in cables with various lengths b and number of elements in the 
bottom scissor element. 
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In Figure 99 and Figure 100 the displacements in the middle of the arch are observed. From Figure 99 we 

can observe an increase in displacements due to the dead load when the lengths of the SLEs are 

increased. This effect is presumably caused by the fact that larger beams are more prone to buckling. 

Moreover, when a long SLE beam is combined with a larger number of elements, buckling of the bottom 

SLEs will increase due to a high dead load. Hence that in addition to buckling a higher number of 

elements will lead to large acting bending moments, shear forces and axial forces in the bottom 

elements.  When we observe Figure 99 the lines are practically linear.  

 
Figure 99. Results FEM analysis of displacements in the middle of the scissor arch  with various lengths b and number of 
elements in the bottom scissor element. 

 
However, when we observe Figure 100 the displacement due to dead and wind load, demonstrates the 

positive effect of the wind load on the dead load of the structure. If we observe the lines illustrated in 

the graph there is a more gradual increase in displacement when the length b is becomes larger. In this 

paragraph the focus is on the resulting forces due to the dead load because the bending moments, 

shear forces and axial forces in the ultimate limit state are relatively small in comparison to those 

caused by the dead load. However, for a more complete overview of the results due to the wind and 

dead load view appendix Chapter  4.  
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Figure 100. Results FEM analysis of displacements in the middle of the scissor arch with various lengths b and number of 
elements in the bottom scissor element. 

 

7.5 Influence of the bottom angles on the structural behaviour.  

During deployment the length Dbc and the angles of the scissor change, the structural capacity is 

dependent of this changing angle and most critical when the scissor is almost deployed. In this 

paragraph we will investigate the influence of the bottom angle in relation to the acting forces.  In Figure 

101 we can observe a simplified bottom scissor element with horizontal and vertical forces, angle Ѳ is 

varied during deployment.  

 
Figure 101.  Simplified bottom element of scissor.  
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The dependency of the structural behaviour in relation to the vertical and horizontal forces is defined by 

free body diagrams, which can be observed in Chapter 2 in of the Appendix. Through these free body 

diagrams the equations for the reaction forces could be formulated. When we observe the formulas, we 

can conclude that angle Ѳ has a large impact on the reaction forces; small angles Ѳ lead to large vertical 

reaction forces and large angles Ѳ lead to large horizontal forces. When the structure is unfolded the 

angle is the largest, in this phase the horizontal reaction forces will be the largest and the vertical 

reaction forces will be the smallest. However, when the structure is almost fully deployed the opposite 

effect occurs, during this phase the horizontal forces will be the smallest and the vertical forces will be 

the largest. 

Reaction forces: 
𝑅𝑏𝑦 = 2 𝑉 tan 𝜃 + 𝑊 

𝑅𝑐𝑦 = −2 𝑉 tan 𝜃 + 𝑊 

𝑅𝑏𝑥 =
2𝑊

tan 𝜃
+ 𝑉    

𝑅𝑐𝑥 =
2𝑊

tan 𝜃
− 𝑉     

Besides the different phases during deployment, the numbers of elements have a certain influence on 

the angle, more elements leads to smaller angles in the almost unfolded phase, which will result in high 

vertical forces. Therefore it is advised to reduce the number of elements. In the illustration below two 

bottom elements are illustrated with different number of elements. Both elements are in the fully 

unfolded phase; in the illustration below we can observe that the number of element in effects the 

bottom angles.  

In the SLE with 32 elements one beam is almost horizontal, resulting in high shear forces and bending 

moments. The axial compression however, is minimal in this case. When we observe the case with 20 

elements, the forces have changed due to the larger angle. In this case the vertical reaction forces and 

the bending moment become smaller, the horizontal reaction force is higher. Therefore we can 

conclude that small angles will result in high vertical forces and large deformations of the bottom 

element which will result in large displacements in the top of the structure. Due to these large vertical 

forces the bending moment will become higher.  

 
Figure 102. Schematization of bottom SLE element of and arch with 22 elements and 32 
elements.  



 

 
 

Design and analysis of a deployable theatre cover Page 61 J.L. Martens      2014-2015 

 

7.6 Optimization of the fully unfolded arch 

The analysis of the general structural system shows a dependency of the number of elements and bar 

lengths. In order to demonstrate this dependency we will compare 4 cases. In the first two cases we will 

investigate the effect of the number of elements on the structural performance. In case 3 and 4 the 

influence of b will be investigated. The first to cases are: 

 Case 1; number of elements is 22 with length b=1,25 meter. This case has a low number of 

elements and a medium length of b. 

 Case 2; number of elements is 32 with length b=1,25. This case has a high number of elements 

and a medium length of b.  

 Case 3; number of elements is 26 length with length b=1,0 meter. This case has a medium 

number of elements and a short length b. 

 Case 4; number of elements is 26 and length with length b= 1,5 meter. This case has a medium 

number of elements and a high beam length. 

From Table 2 we can conclude that the number of elements has a direct influence on the acting forces, 

bending moments and displacements of the structure. Table 2 illustrates that more elements lead to 

higher acting forces in the structure and larger displacements.  From Table 3 we can conclude that the 

wind load has a positive effect on the structural performance. Further it is visible that a larger length b 

has a increasing influence on the acting moments, forces and displacements. The only irregularity is 

observed in the situation where the wind load is added to the structure. In this situation the 

compression in the bottom bars decreases when the length b is elongated to 1,5 meter.  This trend is 

also observed in other cases and is caused by the uplifting force of the wind and downward movement 

of the dead load, between length b=1.5m and b=1,0m an optimum in compression can be found at 

length 1.25 meter. 

  Case 1 Case 2 Case 1 Case 2 

  Dead load Dead + wind load 

Moment (kNm) 121.7 274.1 29 70.2 

Shear (kN) 97.6 219.8 23.5 56.4 

Compression (kN) 180.2 341.7 84.6 93.2 

Axial cable (kN) 35 105.8 27.9 26.7 

Displacement (mm)  -876 -4293 59 -305 

Table 2. Comparission case 3 and case 4 
 
For the further optimization a structure with 22 elements with a length b of 1.25 meter and a total 

length of 2.56 meter is chosen. This case does not have a large beam length b, and therefore the total 

length of the bar will not be too large when the structure is deployed, which will result in a large 

package of the deployed structure.  A length b of 1 meter would be better in these terms. However, 

more elements would be needed to span the 40 meter which will also result in a larger package ones the 

structure is deployed.  
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  Case 3  Case 4 Case 3 Case 4 

  Dead load Dead + wind load 

Moment (kNm) 93.6kNm 254kNm 31.7kNm 51.8kNm 

Shear (kN) 93.7kN 169.8kN 31.8kN 34.9kN 

Compression (kN) 234.1kN 276.5kN 141.9kN 77.4kN 

Axial cable (kN) 26.6kN 90.7kN 22.8kN 22.7kN 

Displacement (mm) -475mm -3826mm 48mm -147.3mm 

Table 3. Comparission case 3 and case 4 

 
In paragraph 7.3 a passive cable is applied, which will hang limply during deployment. Only in the fully 

unfolded state the passive cable is active and prevents; large displacements, bending moments, shear 

forces, and axial forces in the structure. Therefore an active sliding cable is applied this will prevent large 

displacements during deployment, besides preventing displacements changing the length of the active 

cable results in the deployment of the structure.  

In the previous paragraph rectangular sections of 200x50x10x10mm were applied. However, these 

sections resulted in large displacements during different phases of deployment and therefore needed to 

be optimised. The optimization process is an interactive process, due to several structural aspects that 

occur during the deployment of the structure.  

 
Figure 103. GSA model of the fully unfolded state with optimized sections.  

 
One of these aspects is the cantilever effect; a small displacement in the bottom elements leads to a 

large displacement in the top. This effect can be reduced by enhancing the moment of inertia of the 

sections. However, enhancing the moment of inertia often results in a higher dead load, which can 

cause a larger displacement. To minimize the displacement in the top, the bottom two elements have a 

height of 450mm, this high section was unavoidable due to the cantilever effect. The basis of the 

optimization is; minimal deformation and displacement in the bottom elements, and sections as large as 

possible to enhance the moment of inertia in the middle and top. The transition from the heavier 

sections in the bottom to lighter sections in the top occurs; start in the fifth and sixth element, if these 

two elements are reduced in height the displacement in the top will increase extensively. Therefore the 

further interactive optimization starts at element 7, resulting in a more gradual decrease in height and 

weight of the sections. This gradual decrease in size of the section can be observed in Figure 103 and are 

illustrated in Table 4.  
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Element 
number 

Section (mm) 

h w tside tbottom 

1 450 100 20 30 

2 450 100 20 30 

3 400 80 10 10 

4 400 80 10 10 

5 350 80 10 10 

6 320 80 10 10 

7 280 80 10 10 

8 240 50 5 5 

9 200 50 5 5 

10 170 40 3 3 

11 120 40 3 3 
Table 4. Optimized sections of scissor arch.  

7.7 Deployment of the 2D arch 

In this section, we discuss the structural behaviour of the deployable structure during deployment. 

Hereby, it is assumed that the unfolding process is sufficiently slow such that dynamical effects can be 

neglected. For static analysis, we divide this unfolding process of the deployable structure in 8 phases. 

These phases are illustrated in the figures below which represent the bottom SLEs. Observe that during 

these phases, the distance D1,2, the distance between the two pins, changes as explained in Chapter 6. 

Moreover, observe that the position of the right pin remains fixed and thereby is constrained in three 

directions while the left pin moves along a straight line and thereby is free in that direction. For the sake 

of simplicity we also denote different settings of D1,2  by a percentage computed as follows 

𝑈𝑛𝑓𝑜𝑙𝑑𝑖𝑛𝑔 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =
𝐷1,2

𝑓𝑜𝑙𝑑𝑒𝑑
− 𝐷1,2

𝐷1,2
𝑓𝑜𝑙𝑑𝑒𝑑

− 𝐷1,2
𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑  ⋅ 100% 

where 𝐷1,2
𝑓𝑜𝑙𝑑𝑒𝑑

= 2564𝑚𝑚 denotes distance 𝐷1,2 in case the structure is fully folded into a compact 

package (neglecting physical limitations due to the width of the beams) and where 𝐷1,2
𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑

=

1191𝑚𝑚 denotes distance 𝐷1,2 in case the structure is fully unfolded into a complete arch. Hence, a 

percentage of 0% corresponds to the fully folded situation and a percentage of 100% to the fully 

unfolded situation. Observe 𝐷1,2
𝑓𝑜𝑙𝑑𝑒𝑑

 corresponds to the length of a beam in the bottom SLE.  

 

Phase 1 (5%) Phase 2 (10%) Phase 3 (25%) 
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Figure 104. Deployment of the bottom SLE in three phases: D12=2500mm, D12=2427mm, D12=1878mm, D12=1534mm, 
D12=1260mm and D12=1191 D12=2221mm. During the deployment the bottom angles vary, this has a large impact on the 
structural capacity.  

 
The figures below illustrate the deployment process for the entire scissor structure. Note that a third 

support is present representing the hydraulic cylinder that drives the deployment process. 

 

 
Figure 105. Phase 1 (5%) during unfolding of the deployable structure (D1,2=2500mm).  

 
Figure 106. Phase 2 (10%) during unfolding of the deployable structure (D1,2= 2427mm).  

 
Figure 107. Phase 3 (25%) during unfolding of the deployable structure (D1,2= 2221mm).  

Phase 4 (50%) Phase 5 (75%) Phase 6 (95%) Phase 7/8 (100%) 
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Figure 108. Phase 4 (50%) during unfolding of the deployable structure (D1,2= 1878mm).  

 
Figure 109. Phase 5 (75%) during unfolding of the deployable structure (D1,2= 1534mm) .  

 
Figure 110. Phase 6 (95%) during unfolding of the deployable structure (D1,2= 1260mm).  

 
Figure 111. Phase 7 (100%) during unfolding of the deployable structure (D1,2= 1191mm). 
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During the deployment of the scissor arch, the structural behaviour and the forces acting on the 

structure change. This is primarily caused by the following four phenomena which occur during 

deployment: 

 The changing angles between beam elements. 

 The shifting of the centre of gravity. 

 The changing prestress 

 The discrete transition of modelling the wind load using form factors corresponding to a free 

standing wall in the first five phases of the deployment towards modelling wind load using form 

factors corresponding to a cylindrical roof. 

All these transitions occur simultaneously. Hence, the forces and moments in the structure evolve in a 

complex manner. For this reason, we will first evaluate the load situation in detail per phase before we 

present an overview of all deployment phases. For this evaluation the decisive bottom beams and 

sliding cables of the structure will be analysed, these bottom beams and the sliding cables are numbered 

in Figure 112 and Figure 113, Beam 2 represents the hydraulic cylinder.  

  
Figure 112.The bottom SLE are most decisive beams 
of the entire structure and are numbered in this 
figure.  

Figure 113. The cables are numbered in this figure of the fully unfolded state.  
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7.8.1 Phase 1 

  
 

Figure 114. Phase 1 (5%) during unfolding of 
the deployable structure (D1,2=2500mm).  

Figure 115. Direction of displacements 
is in the direction of the expansion of 
the unfolding structure.  

Figure 116. Phase 1 (5%) with the cross 
sections illustrated in gray  

 
In phase 1, the unfolding process of the structure is initiated. The structure transforms from a compactly 

bundled package into an expanding structure. In this first stage, the structure has acute angles and a 

distance 𝐷1,2 of 2500mm. Observe that in this stage (see Figure 114, Figure 115 and Figure 116), the SLE 

beams are in principle large cantilevers that have high shear forces and bending moments with small 

axial forces as presented in Table 5.. The centre of gravity lies left to the support on the right side. 

Consequently, as shown in Figure 115, the directions of the displacements are approximately in the 

same the direction as the upward movement of the unfolding structure. Hence, in this phase, the 

structure has the tendency to deform into its original fully folded state. For this reason, there is no 

tension in the sliding cables. 

Moment- ULS(kNm) 170.7 

Moment- dead (kNm) 149.6 

Shear-ULS (kN) 137.7 

Shear-dead (kN) 120.8 

Axial force-ULS  beam 3(kN) -46.1 

Axial force-dead  beam 3 (kN) 0.64 

Axial cable 1 ULS (kN) 0 

Axial cable 1 dead (kN) 0 

Axial cable 2 ULS (kN) 0 
 

Axial cable 2 ULS (kN) 0 

Axial cable 2 dead (kN) 0 

Axial cable 3 ULS (kN) 0 

Axial cable 3 dead (kN) 0 

Hydraulic cylinder-ULS (kN) -308.3 

Hydraulic cylinder-dead (kN) -238.6 

Displacement-dead (mm) -296 

Displacement-SLS(mm) -285 
 

Table 5. 
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7.8.2 Phase 2 

 

  

Figure 117. Phase 2 (10%) during unfolding of 
the deployable structure (D1,2=2427 mm). 

Figure 118. Direction of displacements is in 
the direction of the expansion of the 
unfolding structure (dead load case). 

Figure 119. Phase 2 (10%) with the cross 
sections illustrated in gray 

 
By comparing Table 5 and Table 6, we can observe that the bending moments and shear forces decrease 

after the first stage. This can be explained due to the fact that in Phase 2 the structure has less acute 

angles and therefore a more favourable force distribution among the beams. These less acute angles 

also result in a smaller axial compressive force in the hydraulic cylinder. The centre of gravity is still 

positioned left to the support on the right side causing the structure to tilt to the left if the wind is 

absent. For this reason, a small tensile force is present in beam 1. However, the tendency to fold back is 

smaller than in phase 1. In presence of the wind load however, the top part of the structure tilts to the 

right whereas the bottom part tends to fold back. The latter phenomenon can be explained due to the 

fact that in the lower part of the structure, the forces caused by self-weight are dominant with respect 

to the wind load.   

Moment- ULS(kNm) 82.6 

Moment- dead (kNm) 48 

Shear-ULS (kN) 67.6 

Shear-dead (kN) 39.9 

Axial force-ULS  beam 3 (kN) -16.1 

Axial force-dead  beam 3 (kN) 11.6 

Axial cable 1 ULS (kN) 0 

Axial cable 1 dead (kN) 0 

Axial cable 2 ULS (kN) 7.6 
 

Axial cable 2 dead (kN) 0 

Axial cable 3 ULS (kN) 0.5 

Axial cable 3 dead (kN) 0 

Hydraulic cylinder-ULS (kN) -106.9 

Hydraulic cylinder-dead (kN) -108 

Displacement-dead (mm) -16 

Displacement-SLS(mm) -7 
 

Table 6.  
  



 

 
 

Design and analysis of a deployable theatre cover Page 69 J.L. Martens      2014-2015 

 

7.8.3 Phase 3 

 
  

Figure 120. Phase 3 (25%) during unfolding of 
the deployable structure (D1,2=2221 mm). 

Figure 121. Direction of displacements is in 
the direction of the expansion of the 
unfolding structure. (dead load case) 

Figure 122. Phase 3 (25%) with the cross 
sections illustrated in gray 

 
In phase 3, the horizontal position of the centre of mass is right to the pin on the right side. As 

consequence, the axial force in beam 1 becomes negative and the bending moments increase with 

respect to phase 2 (see Table 6 and Table 7 corresponding to phase 2 and phase 3, respectively). 

Observe that due to the height of the structure, the total wind load acting on the entire structure 

becomes larger. This is reflected in an even larger increase in bending moments, compression forces and 

shear forces for the ULS-case. 

Moment- ULS(kNm) 279.4 

Moment- dead (kNm) 197.4 

Shear-ULS (kN) 225.1 

Shear-dead (kN) 159.5 

Axial force-ULS beam 3 (kN) -186.9 

Axial force-dead  beam 3 (kN) -52.9 

Axial cable 1 ULS (kN) 0 

Axial cable 1 dead (kN) 0 

Axial cable 2 ULS (kN) 0 
 

Axial cable 2 dead (kN) 0 

Axial cable 3 ULS (kN) 0.8 

Axial cable 3 dead (kN) 0 

Hydraulic cylinder-ULS (kN) -122.8 

Hydraulic cylinder-dead (kN) -211.8 

Displacement-dead (mm) -150 

Displacement-SLS(mm) -131 
 

Table 7.  
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7.8.4 Phase 4 

   
Figure 123. Phase 4 (50%) during unfolding of 
the deployable structure (D1,2=1878 mm). 

Figure 124. Direction of displacements is in 
the direction of the expansion of the 
unfolding structure. (dead load case) 

Figure 125. Phase 4 (50%) with the cross 
sections illustrated in gray 

 
Between phase 3 and phase 4 the angles transform from a more acute angle to a more obtuse angle. 

During the dead load case this transformation results into a decrease in bending moments and shear 

forces. In phase 3 beam 1 and 4 form a cantilever, however, due to the larger angle in phase 4 this 

horizontal cantilever now has an angle of 12o,therefore, the bending moments are reduced in beam 1 

and 4, this is illustrated in Figure 132,Figure 126 and Figure 127.  

 
 

Figure 126. Bending moments in the dead load case during 
phase 3 (25%). In this phase beam 1 and 4 form a cantilever.  

Figure 127. Bending moments in the dead load case during 
phase 4 (50%). In this phase beam 1 and 4 are under an 
angle of 12o. 
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Besides the influence of the angles the shifting centre of gravity also affects the structure. In phase 3 the 

structure had a cantilever of 7.7 meters in the x direction, this length was increased in phase 4 to 12 

meters. Due to the larger cantilever the structure tends to tilt, however, this is prevented by the bottom 

beam 1 that now has a tensile force of 125,6kN, in phase 3 the axial force in beam 1 was 0kN (see Figure 

125, Figure 128 and Figure 129).  

  
Figure 128. Axial forces in the dead load case during phase 3 
(25%).  

Figure 129. Axial forces in the dead load case during 
phase 4 (50%).  

 
The additional bending moments induced by the shifted centre of gravity to the right, are reduced by 

these increased angles. Besides the bending moments the displacement in the top becomes smaller. In 

the ULS stage the decrease in bending moments and shear forces is absent because of the horizontal 

component of the wind load, therefore, during the ULS stage the shear forces, bending moments, 

compressive forces are increased.  

Moment- ULS(kNm) 325.2 

Moment- dead (kNm) 187 

Shear-ULS (kN) 261.6 

Shear-dead (kN) 151.1 

Axial force-ULS  beam 3 (kN) -229.3 

Axial force-dead  beam 3 (kN) -31.4 

Axial cable 1 ULS (kN) 0 

Axial cable 1 dead (kN) 0 

Axial cable 2 ULS (kN) 0 
 

Axial cable 2 dead (kN) 0 

Axial cable 3 ULS (kN) 0 

Axial cable 3 dead (kN) 0 

Hydraulic cylinder-ULS (kN) -126.3 

Hydraulic cylinder-dead (kN) -224.4 

Displacement-dead (mm) -112 

Displacement-SLS(mm) -201 
 

Table 8. 
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7.8.5 Phase 5 

   
Figure 130. Phase 5 (75%) during unfolding 
of the deployable structure (D1,2=1534 
mm). 

Figure 131. The wind load project onto the 
structure during phase 5. The wind form 
factors of a free standing wall are applied in 
this case. 

Figure 132. Phase 5 (75%) with the cross 
sections illustrated in gray 

 
In phase 5 the cantilever reaches a distance of 16.2 meters, due to the lager span the structure tends to 

tilt over. The ULS stage is the governing stage because of the wind pressure acting on a large surface 

(see Figure 131).  In this phase the structure has a vertical displacement of 400 mm, which is larger than 

the eurocode requirement of 267mm. Therefore the cables are prestressed during phase 5 which results 

in a tensile force of 32kN in cable 2 and a tensile force of 2kN in cable 3. Prestressing these cables 

reduces the displacement in the top to 252mm in the ULS stage. However, prestress in the cables 

induces additional forces in the structure, therefore the bending moments, shear forces, compressive 

forces increase significantly compared to phase 4, as can be observed in Figure 133, Figure 134 and 

Figure 135.  

   
Figure 133. Axial forces in the ULS stage of 
the bottom decisive SLE.  

Figure 134. Bending moments in the ULS 
stage of the bottom decisive SLE. 

Figure 135. Shear forces in the ULS stage of 
the bottom decisive SLE. 
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FEM results phase 5 
Moment- ULS: beam 1& 4 377.3kNm Axial force: cable 2 ULS  32kN 

Moment- dead: beam 1& 4 215kNm Axial force: cable 2 dead 14.4kN 

Shear-ULS: beam 1& 4 303.6kN Axial force: cable 3 ULS 2kN 

Shear-dead: beam 1& 4 173.6kN Axial force: cable 3 dead  0 

Axial force-ULS: beam 3 -269.6 Hydraulic cylinder-ULS: beam 2 -276.6kN 

Axial force-dead : beam 3 -94.6kN Hydraulic cylinder-dead: beam 2 -245.5kN 

Axial force: cable 1 ULS (kN) 0 Vertical displacement-dead: top -123mm 

Axial force: cable 1 dead (kN) 0 Vertical displacement-SLS: top -252mm 
Table 9. 
 

7.8.6 Phase 6 

  
Figure 136. Phase 6 (95%) during unfolding of the deployable 
structure (D1,2=1260 mm). 

Figure 137. Phase 6 (95%) with the cross sections illustrated in gray 

 
In phase 6 the structure has a more curved shape and the arches are almost connected, between the 

top points remains a distance of 1.2 meters. During this phase wind form factors for an arch are applied 

for the calculations in the ULS and SLS stage. From phase 1 till 5 the wind load was calculated with form 

factors for a free standing wall, however, from this point on form factors of an arch are applied. This 

influences the bending moments, acting forces and displacements in the SLS and ULS stage, due to the 

uplifting wind pressure acting on the structure.  Therefore phase 6 has lower values in compared to 

phase 5, these values can observed in Table 10.  Until phase 5 the axial force in the hydraulic cylinder 

(beam 2) was compressive, however, in phase 6 in the ULS stage a tensile force is induced due to the 

uplifting wind force.  
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Figure 138. Phase 6 (95%) with acting wind forces in the ULS 
stage which are inserted into GSA. 

Figure 139. Bending moments in the 
ULS stage of the bottom decisive SLE. 

Figure 140. Axial forces in the ULS 
stage of the bottom decisive SLE 

 
Because the ULS stage differs from phase 5, foremost the dead weight is observed. In phase 6 the 

deployable structure is unfolded for 95% and each arch has a span of 19.4 meters. Due to this large 

span, the displacements in the top are increased; therefore the force in cable 2 is increased to 26.2kN if 

only the dead load is taken into account. When only the dead load is observed note that the shear 

forces, bending moments are decreased and the compressive force increases significantly, due to the 

more obtuse angles. Beam 3 is now directed in a vertical position, which is a more beneficial position for 

a compressive force.  

FEM results phase 6 

Moment- ULS(kNm): beam 1& 4 139.6 Axial force: cable 2 ULS (kN) 12 

Moment- dead (kNm) : beam 1& 4 197.9 Axial force: cable 2 dead (kN) 26.2 

Shear-ULS (kN) : beam 1& 4 113.1 Axial force: cable 3 ULS (kN) 0 

Shear-dead (kN) : beam 1& 4 159.9 Axial force:  cable 3 dead (kN) 1.2 

Axial force-ULS  (kN) : beam 3 -198.1 Hydraulic cylinder-ULS (kN) : beam 2 21.8 

Axial force-dead  (kN) : beam 3 -317.8 Hydraulic cylinder-dead (kN) : beam 2 89.7 

Axial force: cable 1 ULS (kN) 0 Vertical displacement-dead (mm): top -143 

Axial force: cable 1 dead (kN) 0 Vertical displacement-SLS(mm): top 13 
Table 10. 
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7.8.7 Phase 7 

  
Figure 141. Closing the arch. 
 
In phase 7 the two arches are fully deployed, but not yet connected as can be observed in Figure 

141Figure 142. This is the most critical phase during the deployment of the structure because closing the 

arch depends on the wind conditions. The previous phases have been calculated statically; however, in 

reality varying the forces in the cables and hydraulic cylinder is a more gradual process, and therefore a 

dynamic process. In phase 7, the closing stage, the dynamic behaviour of the structure depends on the 

wind conditions and therefore determines if the arch is closed. This makes the control of the forces in 

the hydraulic cylinder and the cables essential.  

Several factors are essential during this phase: the deformation due to the dead load, the bending 

stresses and the displacement in the middle due to the uplifting wind force. Because the surface of 

structure is fully expanded in phase 7, there is a larger wind force acting on the surface, which causes an 

upward movement and a distance between the top points of the arches as illustrated in Figure 142. A 

similar effect occurs when there is no wind load present and the two arches are connected in a 

deformed situation (see Figure 143).   

 
Figure 142. Undesired situation when connecting both scissors when an uplift occurs due to the wind and the prestress in the cables.    

 
Figure 143. Undesired situation when two scissor arches are connected which are deformed by the dead load.  

 
Phase 8 Phase 7 
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7.8.7.1 Method 1 

  
Figure 144. Phase 7 (100%) during unfolding of the deployable 
structure (D1,2=1191 mm). 

Figure 145. Phase 7 (100%) applied loads in phase 7, only dead 
load.  

 
Method 1 focuses on a situation where there is no wind load present and the two arches are connected 

in a deformed situation. In this situation the forces in the cables could be increased to reduce the 

displacement in the middle to a minimum. Connecting the two arches in a deformed state influences the 

force transmission in the structure, the structural behaviour and the FEM analysis. For this reason, we 

aim to minimize the displacement in the top by prestressing cable 2 with 130,9kN, cable 3 with 4,7kN 

and by applying a compressive force in the hydraulic cylinder of 1025kN. This will then result in an uplift 

of  262mm, which was the original displacement in the top due to the dead load. Ultimately this uplift 

will lead to situation with no vertical and horizontal deflection of the top points (see Figure 146).  

 

 
Figure 146. Desired situation when connecting both scissors if only the dead load has been taken into account. A compressive force of 
1025kN with a tensile force in cable 2 of 130.9kN and in cable 3 of 4.7kN is present. Connecting both scissors under a deformation of 262mm 
downward and reducing this displacement in the middle by enhancing the force F in the hydraulic cylinder 
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In method 1 the structure only closes when there is no wind load present. However, due to the uplifting 

force of the wind the structure will have an upwards displacement of 510mm (see Figure 142). Due to 

this uplift the two arches are not connected, between the two ends remains a horizontal distance of 

642mm. Because of these large displacements it is advised not to deploy the cover on a day with high 

wind forces. The uplifting effect is enhanced by prestressing in the cables.  

FEM results phase 7:method 1 

Moment- dead (kNm) : beam 1 & 4 440.6 Axial force: cable 2 dead (kN) 130.9 

Moment- ULS (kNm) : beam 1 & 4 255.8 Axial force: cable 2 ULS (kN) 67.53 

Shear-dead (kN) : beam 1 & 4 353.3 Axial force: cable 3 dead (kN) 4.7 

Shear-ULS (kN) : beam 1 & 4 194.6 Axial force: cable 3 ULS (kN) 0 

Compression-dead  (kN) : beam 3 -84.3 Hydraulic cylinder-dead (kN) : beam 2 -1025 

Compression-ULS  (kN) : beam 3 -417.2 Hydraulic cylinder-dead (kN) : beam 2 -1035 

Axial force: cable 1 dead (kN) 0 Displacement-dead (mm): top -4 

Axial force: cable 1 ULS (kN) 0 Displacement-SLS (mm): top 513 

Table 11. 

 
Besides the large displacements horizontally and vertically, there are also high bending stresses in the 

structure namely in SLE 3, SLE 4, SLE 5 and SLE 8 as can be observed in Figure 147 and Figure 148. The 

highest bending stress occurs in SLE 10 due to the lighter cross sections in the top. Furthermore the 

connection point of cable 2 between SLE 7 and SLE 8 further increases the bending stress. Because of 

these high bending stresses the steel quality needs to be upgraded from S355 to S460. 

 
Figure 147. Undesired situation when connecting both scissors when an uplift occurs due to the wind and the prestress in the cables. In 
this situation there are high bending stresses (positive).   
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Figure 148. Undesired situation when connecting both scissors when an uplift occurs due to the wind and the prestress in the cables. In 
this situation there are high bending stresses (negative).  

7.8.7.2 Method 2  

In method 2 the forces in cable 2 and 3 are reduced in order to lower the bending stresses and high 

forces in the cables prevent the structure from closing. The principle of this method is based on further 

deploying the structure when the end points are not connected at 100% (D1,2=1191mm) due to a wind 

gust. Normally if there is wind load acting on the surface, no connection will be possible between the 

arches. This can be viewed in Figure 149 where there is an uplift of 491mm and both end points have a 

displacement of 310mm resulting in a total distance between the arches of 620mm. 

 
Figure 149. Deformed state when the structure is fully deployed but not yet connected and a wind load is acting on the surface.  
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In this method the distance between the end points is measured by two sensors at the top. By 

measuring de distance between the arches, the structure can be further deployed by reducing the 

bottom distance D1,2, and eventually closing the system. Normally the structure is fully deployed (100%) 

when D1,2 has a distance of 1191mm, however, in this method D1,2 will become smaller than 1191mm. 

This further deployed structure is schematically illustrated in Figure 150.  

 
Figure 150. Connecting both scissors when there is an uplifting wind load present, that initially prevents the arches 
from connecting. However, by further deploying the structure the arches are connected.   

 
To obtain an indication of the bending stresses FEM calculations were made from the fully deployed 

state with D1,2 of 1191mm. However, in reality further deployment may be required, depending on the 

wind force and if the arches are already connected in the deformed state. The highest bending stress 

(374,9N/mm2) and combined stress (398,8N/mm2) are present in SLE 10, and the highest von mises 

beam stress (401,2N/mm2) in SLE 8. These bending stresses are lower than in method 1 due to the 

reduced forces in the cables. However, it would be wise to upgrade the steel quality to S460 and 

increase the top four SLE sections slightly to reduce the stresses. 

 
Figure 151. Bending stresses( positive)  from the GSA results in the Ultimate limit state.  
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Figure 152. Bending stresses( negative)  from the GSA results in the ultimate limit state. 

 
If only the dead load is observed the highest stresses are present in SLE 3 with the bending stress of 

93,47N/mm2, combined stress of 104,8N/mm2 and von mises beam stress of 11,4N/mm2. In this state 

the two arches are connected in the deformed state under a displacement of 262mm. If the wind 

suddenly emerges at the moment the arches are connected, this would result in a deformed situation 

with a wind load acting on the surface as illustrated in Figure 153. In this situation a dynamic analysis 

would be required to investigate the effect of wind flutter. In paragraph 7.8.7 and Chapter 9 a solution 

for the gap between the arches will be presented and further discussed.  

 
Figure 153. Connecting both scissors under a deformation of 262mm downward. At the moment the arches are connected a wind force 
suddenly appears which results in a deformed situation with a wind load. 
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FEM results phase 7: method 2 

Moment- dead (kNm) : beam 1 & 4 143.4kNm Axial force: cable 2 dead (kN) 5.5kN 

Moment- ULS (kNm) : beam 1 & 4 110.2kNm Axial force: cable 2 ULS (kN) 0 

Shear-dead (kN) : beam 1 & 4 110kN Axial force: cable 3 dead (kN) 0 

Shear-ULS (kN) : beam 1 & 4 84.9kN Axial force: cable 3 ULS (kN) 0 

Compression-dead  (kN) : beam 3 -228.6kN Hydraulic cylinder-dead (kN) : beam 2 -36.8kN 

Compression-ULS  (kN) : beam 3 -244.6kN Hydraulic cylinder-dead (kN) : beam 2 43.6kN 

Axial force: cable 1 dead (kN) 0 Displacement-dead (mm): top 262mm 

Axial force: cable 1 ULS (kN) 0 Displacement-SLS (mm): top 33mm 
Table 12. 

7.8.8 Phase 8 

 
Figure 154. Phase 8 (100%) during unfolding of the deployable structure (D1,2=1191 mm). 
 
In Figure 154 the fully unfolded and connected arch is illustrated in an undeformed state. Note that in 

reality these connected arches are already deformed (see Figure 153), therefore also a dynamic analysis 

is required and actively controlling the forces in the cables and hydraulic cylinder is a requisite, as 

mentioned in the previous paragraph. However, in this paragraph a static FEM analysis will be presented 

of phase 8 to obtain an indication of the forces and displacements that occur during an extreme ULS 

situation.  

In phase 8 the full wind load is acting on the surface, in the previous phases 25% of the wind load was 

applied on the surface of the structure. The upward displacement of 66mm in SLS is illustrated in Figure 

156. Further upward movement of the top points is prevented by cable 1 (bottom cable) and cable 3 

(top cable) in ULS (see Table 13). This leads to a total displacement of: 

𝑢𝑢𝑝𝑤𝑎𝑟𝑑 = 97 + 66 = 163𝑚𝑚 
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Figure 155. Phase 8 (100%) displacements due to the dead load.  
 
In this phase the middle point of the arch forms a horizontal support for both half arches. Due to these 

horizontal forces in the middle, the bending moments, shear forces and axial forces differ when 

compared to phase 1 till phase 7. In phase 1 till phase 7 the decisive bending moments and shear forces 

were present in beam 2 and 5. However, in phase 8 beam 1 and 4 have the largest bending moments 

and shear forces as can be observed from Figure 157 and Figure 158. Furthermore a high compressive 

force of 709.6kN can be observed in beam 3 from Figure 159. Now that the that both of the half arches 

are connected, the structure behaves as an arch with a high compressive force in the bottom.  

 
Figure 156. Phase 8 (100%)  displacements in the SLS state.  
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Figure 157. Bending moments in ULS state 
in phase 8 

Figure 158. Shear forces in the ULS state in 
phase 8 

Figure 159.  Axial forces in the ULS state in 
phase 8 

 
The bending stresses are the most critical in the fully unfolded state. In particular in the top of the arch 

high bending stresses occur, due to the light sections in the top. SLE 10 and SLE 11 have the lightest 

rectangular sections of 120mmx40mmx3mm to reduce the dead load. Furthermore, these high bending 

stresses are present SLE 11 because these top SLEs form the connection point between the arches. In 

addition, the top point also forms a connection point for the cables with forces in the cables of: cable 1 

33.3kN, cable 3 142.7kN, cable 4 157.5kN and cable 6 16.05kN. These forces enhance the bending forces 

in these top sections and can be observed in Figure 160. 

 
Figure 160. Bending stresses in ULS state in phase 8 in GSA. The highest bending stresses are present in the top of the arch with a value of 
458.6N/mm2.  
 
These high bending stresses of 458N/mm2, combined stresses C1 of 497N/mm2 and the von misses 

stresses of 497N/mm2 exceed the yield stress of 355N/mm2, therefore a lower force in the cables 

combined with larger sections in SLE 11 and SLE 10 is required. Therefore the sections of SLE 11 and SLE 

10 have been altered to rectangular section of 170mmx40mmx4mm. Furthermore, the force in the 

cables is reduced to: cable 1 is 26.9kN, cable 3 is 147kN, cable 4 is 162.6kN and cable 6 is 8.2kN. 

Ultimately this leads to lower stress (see Figure 161): bending stress is 274.1N/mm2, the combined 

stresses C1 is 283.4N/mm2 and the von misses beam stress is 284.2N/mm2. These values are below the 

yield stress of 355N/mm2.  
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Figure 161. Bending stresses in ULS state in phase 8 in GSA after the forces in the cables are increased. The highest bending stresses are 
present in the top of the arch with a value of 274.1N/mm2. 
 

FEM results phase 8 

Moment- ULS(kNm): beam 1 & 4 106 Axial force: cable 2 ULS (kN) 0 

Moment- dead (kNm): beam 1 & 4 140.3 Axial force: cable 2 dead (kN) 0 

Shear-ULS (kN): beam 1 & 4 86.1 Axial force: cable 3 ULS (kN) 142.7 

Shear-dead (kN): beam 1 & 4 113.6 Axial force: cable 3 dead (kN) 0 

Axial force-ULS  (kN): beam 3 -709.6 Hydraulic cylinder-ULS (kN): beam 2 46.1 

Axial force -dead  (kN): beam 3 -225.8 Hydraulic cylinder-dead (kN): beam 2 -34.2 

Axial force: cable 1 ULS (kN) 0 Vertical displacement-dead (mm): top -97 

Axial force: cable 1 dead (kN) 33.3 Vertical displacement-SLS(mm): top  66 

Table 13.  
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7.8.9 Overview of all the phases 

In this chapter several phases were discussed concerning the structural behaviour during phase 1 to 

phase 8. In this section an overview is given in Figure 162 to Figure 167 of phase 1 to phase 6 and phase 

8 regarding to; the bending moments, shear forces, axial force, force in the hydraulic cylinder, forces in 

the cable and the displacements in the top of the structure. Phase 7 is disregarded because for this 

connecting phase a dynamic analysis is required. The 3D FEM analysis will be discussed in Chapter 8 and 

the design checks of the most critical phases will be presented in Chapter 5 of the appendix.  

 
Figure 162. Bending moments due to the dead load are indicated with the red graph and the bending moments in ULS are indicated with the 
blue graph. 
 

 
Figure 163 shear forces  due to the dead load are indicated with the red graph and the bending moments in ULS are indicated with the blue 
graph 
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Figure 164. Acting axial forces due to the dead load are indicated with the red graph and the compressing forces in ULS are indicated with 
the blue graph. 
 

 
Figure 165. Acting forces of the hydraulic cylinder due to the dead load (indicated with the red line) and the force in the hydraulic cyl inder in 
ULS (indicated with the blue line). 
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Figure 166. Acting tensile forces of three the sliding cables due to the dead load an in the Ultimate limit state.  
 

 
Figure 167. Displacement in the top in downward direction due to the dead load (indicated with the red line) and displacements in SLS 
(indicated with the blue line). 
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8 3D FEM analysis 

This Chapter will give an overview of phase 5 and phase 8 because these are the most critical phases. 

Furthermore a comparison will be made between the 2D FEM results and the 3D FEM results in 

concerning to the displacements and bending moments, since these are the most are the most 

governing for this structure.  

8.1 Phase 5: 75% deployed 

 
 

Figure 168. Wind case 1 for phase 5, modeled as a 
freestanding wall 

Figure 169. Wind case 2 for phase 5 with wind suction.  

 
In Phase 5 two wind cases are used for the FEM calculations as illustrated in Figure 168 and Figure 169. 

First we will focus on the bending stresses. From Figure 171 and Figure 173 we can observe that the 

bending stresses of the 3D FEM results are comparable to bending stress pattern of the 2D FEM results 

(see Figure 170 and Figure 172), with a maximum bending stress at the third SLE. However, a small 

difference of 60.7N/mm2can be observed between the maximum values, due to the heavier sections 

choses for in SLE 10 and SLE 11 in the 3D FEM analysis.  

 

 

 
Figure 170. 2D FEM results of phase 5: the positive bending stresses of 
the dead load combined with wind case 1 

Figure 171. 3D FEM results of the positive bending stresses of the 
dead load combined with wind case 1 
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Figure 172. 2D FEM results of phase 5: the negative bending stresses of 
the dead load combined with wind case 1 

Figure 173. 3D FEM results of the negative bending stresses of the 
dead load combined with wind case 1 

 
Because wind case 2 was not used for the 2D FEM calculations, this wind case cannot be compared to 

the 3D results. Wind case 2 has a larger upward wind force therefore the bending stresses are lower. 

Although the values of wind case 2 are lower than of wind case 1, the stress patterns shows some 

similarity. In both cases the maximum bending stresses occur at the bottom between SLE 2 and SLE 3 

and between SLE 7 and SLE8 due to the connection point of the cable.  

 
 

Figure 174. 3D FEM results of the positive bending stresses of the 
dead load combined with wind case 2 

Figure 175. 3D FEM results of the positive bending stresses of the 
dead load combined with wind case 2 

 
When the displacements in the top points are compared to the 2D results (see Figure 176) there is a 

small difference. Because of the changed sections of SLE 10 and SLE 11 to reduce the bending stress in 

phase 8. The displacements for the wind load case 1 are (see Figure 177): uz= -347mm, uy= 3mm and 

ux= 170mm and are larger when to the 2D results of: uz= -252mm, and ux= 109mm.  
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Figure 176. 2D FEM results of phase 5: the displacements due to 
the dead load and wind load case 1. uz= -252mm and ux= 109mm 

 
The second wind load case shows an uplift with displacements in the top of: uz= +99mm, uy= 2mm and 

ux=-190mm (see Figure 178). For all the 3D calculation cable bracings were applied between the arches 

with a diameter of 10mm. However, from the small displacements in the y-direction we can conclude 

that the diameter these cable bracings can be smaller, and fewer bracings may be applied. The values of 

the forces and bending moments can be observed in Table 14, the remainder of the FEM plots are 

illustrated in Chapter 4 of the Appendix.  

 
 

Figure 177. Displacements of the 3D Fem analysis wind case 1: uz= -
347mm, uy= 3mm and ux= 170mm 

Figure 178. Displacements of the 3D Fem analysis wind case 2: uz= 
+99mm, uy= 1mm and ux=-190mm 
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3D FEM results: phase 7, 100% deployed 

Moment- ULS 1(kNm): beam 1 & 4 512.2 Axial force cable bracing ULS 2(kN) 2.7 

Moment- ULS 2(kNm): beam 1 & 4 217.7 Axial force: cable 3 ULS 1 (kN) 4.4 

Moment- dead (kNm): beam 1 & 4 219.6 Axial force: cable 3 ULS 2 (kN) 0 

Shear-ULS 1(kN): beam 1 & 4 348.6 Axial force: cable 3 dead (kN) 0 

Shear-ULS 2(kN): beam 1 & 4 174.1 Hydraulic cylinder-ULS 1(kN): beam 2 -48.6 

Shear-dead (kN): beam 1 & 4 185 Hydraulic cylinder-ULS 2(kN): beam 2 95.3 

Axial force-ULS 1 kN): beam 3 -539.1 Hydraulic cylinder-dead (kN): beam 2 -36.2 

Axial force-ULS 2 (kN): beam 3 -65.9 Displacement dead (Z) (mm) -118 

Axial force -dead (kN): beam 3 -218.6 Displacement SLS 1 (Z) (mm) -347 

Axial force: cable 1 ULS 1 (kN) 0 Displacement SLS 2 (Z) (mm) +99 

Axial force: cable 1 ULS 2 (kN) 0 Displacement  dead (Y) (mm) 1 

Axial force: cable 1 dead (kN) 0 Displacement SLS 1 (Y) (mm) 3 

Axial force: cable 2 ULS 1 (kN) 51.1 Displacement SLS 2 (Y)(mm) 2 

Axial force: cable 2 ULS 2 (kN) 0 Displacement dead (X)(mm) -11 

Axial force: cable 2 dead (kN) 16.7 Displacement SLS 1 (X)(mm) 170 

Axial force cable bracing ULS 1(kN) 9.2 Displacement SLS 2 (X)(mm) -190 

Axial force cable bracing ULS 2(kN) 6.1   

Table 14. 3D Fem results due to dead load and wind case 1 and 2 of phase 5. 

8.2 Phase 8: 100% deployed 

 
Figure 179. 2D FEM results of phase 8:  the positive bending stresses of the dead load combined with wind case 1 

 
If we compare the 2D FEM results of phase 8 to the 3D FEM results a similar bending stress pattern 

occurs in both structures. The highest stress is located in the top of the arch due to the smaller sections 

in SLE 10 and SLE 11. This can be observed in Figure 179 and Figure 181. However, the amplitude of the 

bending stress is 34.5N/mm2 lower in the 3D results. In both stress patterns the highest value occurs in 

SLE 10.  
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Figure 180. 3D FEM results of phase 8:  the positive bending stresses of the dead load combined with wind case 1 
 
In Figure 181 we can observe positive the bending stresses due to wind case 2, in this figure the largest 

bending stresses also are present in the SLE 10. However due to the uplifting effect of the wind the 

stresses are lower. Compared to wind case 1 wind case 2 has lower bending stresses in the middle SLEs.  

 
Figure 181. 3D FEM results of phase 8: the positve bending stresses of the dead load combined with wind case 2 
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Figure 182. 2D FEM results of phase 7: the displacements due to the dead load and wind load case 1. uz=+77mm and ux= 14mm 

 
Because lighter sections were applied in the top for the 2D analysis, the uplift is larger namely 77mm  

(see Figure 182), compared to  the 3D uplift for wind case 1 (see Figure 183): uz= +46mm, ux=22mm and 

uy=2mm. For wind load case 2 the displacements are: uz= +25mm, ux=22mm and uy=3mm. As 

mentioned in the previous paragraph the nodal displacements in the y direction are obstructed by the 

steel cable bracings between the arches, as is illustrated in Figure 184. An overview of the forces, 

bending moments and displacements is given in Table 15, furthermore, the remaining plots of the 3D 

FEM calculations are illustrated in the appendix in Chapter 4.  

 
Figure 183. 3D FEM results of phase 7: the displacements due to the dead load and wind load case 1. uz=46 mm uy= 2mm and ux= 22mm 
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Figure 184. Overview  of the steel bracings in the fully deployed state.  

 

3D FEM results: phase 8, 100% deployed 

Moment- ULS 1(kNm): beam 1 & 4 261.2 Axial force cable bracing ULS 2(kN) 5.0 

Moment- ULS 2(kNm): beam 1 & 4 90.07 Axial force: cable 3 ULS 1 (kN) 109.1 

Moment- dead (kNm): beam 1 & 4 262.4 Axial force: cable 3 ULS 2 (kN) 215.7 

Shear-ULS 1(kN): beam 1 & 4 197.5 Axial force: cable 3 dead (kN) 0 

Shear-ULS 2(kN): beam 1 & 4 67.0 Hydraulic cylinder-ULS 1(kN): beam 2 -147.1 

Shear-dead (kN): beam 1 & 4 301.5 Hydraulic cylinder-ULS 2(kN): beam 2 -184.4 

Axial force-ULS 1 kN): beam 3 -597.6 Hydraulic cylinder-dead (kN): beam 2 -191.8 

Axial force-ULS 2 (kN): beam 3 -42.2 Displacement dead (Z) (mm) -206.3 

Axial force -dead (kN): beam 3 -367.6 Displacement SLS 1 (Z) (mm) 46 

Axial force: cable 1 ULS 1 (kN) 0 Displacement SLS 2 (Z) (mm) 24.8 

Axial force: cable 1 ULS 2 (kN) 2.7 Displacement  dead (Y) (mm) 2 

Axial force: cable 1 dead (kN) 0 Displacement SLS 1 (Y) (mm) 3 

Axial force: cable 2 ULS 1 (kN) 26.6 Displacement SLS 2 (Y)(mm) 2 

Axial force: cable 2 ULS 2 (kN) 18.6 Displacement dead (X)(mm) 42.3 

Axial force: cable 2 dead (kN) 25.6 Displacement SLS 1 (X)(mm) 21.8 

Axial force cable bracing ULS 1(kN) 14.1 Displacement SLS 2 (X)(mm) 22.0 

Axial force cable bracing ULS 2(kN) 16.3   

Table 15. 3D Fem results due to dead load and wind case 1 and 2 of phase 8. 
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9 Details  

This Chapter will present the most important details concerning to the driving mechanism, sliding cables 

and the bracing between the scissor arches. Furthermore a solution is presented for connecting the 

arches in the form of a principle detail.   

9.1 Detail 1: Top detail 

When the arches are connected there can be a tensile force (ULS) or a compressive force (only dead 

load) in the connection point this is illustrated in Figure 185and Figure 186. 

In this paragraph the closing phase is investigated by finding the solution in the detailing. When the 

arches are connected two type of force transmission situations occur. In the SLS phase there is a tensile 

force if there is no wind load present there is a compressive force in the connection point, this is 

illustrated in Figure 185 and Figure 186.  

  
Figure 185. Compressive forces in connection point due to only the 
dead load. 

Figure 186. Tensile forces in connection point due to only the dead 
load. 

 
To close the structure when the uplifting occurs, a system is created that can close the distance between 

the arches. In case of a wind gust the system pulls the end points towards each other. The idea behind 

this method is to attach the two arches when the arches have distance between the top points of 

369mm. This stage occurs between phase 6 and phase 8.  

The principle of the connecting method is a steel hook attached to a telescope tube that falls over a 

steel tube (see Figure 187 to Figure 190). This creates the ability to pull the two top points towards one 

other. This ultimately results in the two top rubbers to be connected, and a watertight enclosure of the 

cover. Because the top points are pulled towards each other, the closing stage is more controlled and 

there is larger tolerance in case the two connection points are not precisely aligned. However, in this 

closing stage the forces in the cables and the percentage of deployment need to be altered gradually.  
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Figure 187. Principle detail stage 1: closing the arch with a distance between the top points of 107mm.  

 
Figure 188. Principle detail stage 2: closing the arch with a distance between the top points of 107mm. 
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Figure 189. Principle detail stage 3: closing the arch with a distance between the top points of 31mm.  

 
Figure 190. Principle detail stage 2: closing the arch with a distance between the top points of 396mm. 
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9.2 Detail 2: bottom of the scissor arch 

The scissor arch is stored in a basement next to the outer wall of the theatre, which can be observed in 

Figure 191. This detail illustrates the bottom part of the scissor arch in the fully deployed state. The 

bottom point of the scissor arch is located at a depth of 3780mm and has the ability to rotate during 

deployment due to the hinges connection.  The movement of the deployable structure is generated by a 

hydraulic cylinder. The force of the cylinder is indicated with a red arrow and generates the movement 

of the wheel along the rail. The SLE beams on the inside are attached to two rectangular sections of 

120x40x4x4mm, which are connected to the cable bracings. Furthermore, the hinged connection 

between the origami structure and the SLE beams can be observed, which allows the needed rotation 

when structure is folded up. The blue arrow in the detail indicates the sliding cable that runs over the 

complete structure and is attached at the top as mentioned in detail 1. This sliding cable is rolled up by 

the steel cable wheel which creates the force in the sliding cable.  

 

 
Figure 191. Bottom detail in the basement in the fully unfolded stage 
 

 

 

 

 

30mm 
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9.3 Detail 3: Connection between SLE 10 and SLE 11 

 
Figure 192. Detail of SLE 10 and SLE 11 connected.  
 
Figure 192 illustrates a top detail where SLE 10 and SLE 11 are connected. The SLE beams are attached 

to each other with a bolt (M36) which forms a rotational point. Between the SLE beams are rectangular 

sections of 120x40x4x4m that connect the scissor arches. Attached to these rectangular sections are the 

steel cables bracing which insure the stiffness of the complete structure. Further this detail illustrates 

that the origami structure has the ability to fold up folded up due to the rotational hinge. The 

membrane runs over the hinged connection of the origami structure and is attached with cables of 5mm 

thick to the origami beams of 100x50x4x4mm. Furthermore a sliding cable with a diameter of 30mm 

runs over the top of the structure which is indicated with the red arrows. This cable decreases the 

displacement at the top.  

  
Figure 193. 3D detail of origami structure open. Figure 194. 3D detail of origami structure closed. 
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9.4 Detail 4: Connecting the arches 

 
Figure 195. Detail of the origami structure connected to two scissor arches by the origami structure and beams  
 
Figure 195 and Figure 196  illustrate the connection between the arches. Between the arches a 

rectangular beam is attached to a steel plate of 10 mm think with a bolt (M12). Furthermore this detail 

illustrates that the membrane runs over the origami structure, which is attached with steel cables to the 

origami beams. The origami structure is connected between the SLE beams by a rotational hinge, which 

allow the origami structure fold up when the structure is folded up. 

 

 
 

 

Figure 196. Detail of the origami structure connected to the scissor arch  Figure 197. 3D Detail of the origami structure connected 
between two SLE beams 
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10 Conclusion 

In this thesis, a novel deployable folded structure design for covering the stage of “Openluchttheater de 

Lichtenberg” was presented and analyzed. In order to cover this area, the structure needs a span of 40 

meters and a height of 11 meters. This demands a light-weight structure. Moreover, as 

“Openluchttheater de Lichtenberg” is a monument, the cover needs to be appealing from an aesthetic 

point of view as well. Hence, the aim of this thesis was to create a structure which reflects an integration 

of structural design and architectural appearance.  

Folded structures is a suitable class of structures for the integration architecture and structural 

performance. In particular, the study to folded structures leaded to design of a deployable cover which 

is able to adapt to weather circumstances. The latter property is essential for the stage cover but is in 

general challenging to realize due to the complexity of a deployable structure.  

In this thesis, a deployable structure design is presented consists of an origami-like pattern with a 

supporting scissor mechanism. In this way, the structure has an appealing appearance due to the 

variation of light and shadows caused by the folded faces and satisfied the required functionality due to 

the scissor mechanism. A scissor structure is in general light-weight and is suitable for large spans.  The 

scissor mechanism is designed such that it forms a circular arch. This circular geometry was described by 

explicit mathematical formulas which allow to easily alter the geometry by means of algorithmic 

modelling software such as Grasshopper 3D. Hence, the structure design presented in this thesis can 

straightforwardly be scaled and adapted for other applications as well.  

Here, the parametric model is used to optimize a single scissor arch with respect to certain design 

parameters, namely the number of scissor elements and beam length, by means of finite element 

method computations. To be more concrete, thirty two-dimensional geometries were generated and 

evaluated with respect to bending moments, axial forces and shear forces at the most critical points in 

the construction induced by self-weight in the fully unfolded state. In addition, the structure in the 

presence of wind loads was evaluated as well. In general, a smaller number of scissor elements improves 

the structural capacity of the structure. However, in order to realize this, large beams are required 

which might be disadvantageous due to large bending moments and practical reasons (larger beams 

require more space when the structure is folded). Hence, a clear tradeoff between the number of scissor 

elements and the beam lengths is present. After analysis of the results, one geometry was selected for 

further optimization based on the above mentioned tradeoff. 

The optimization of the selected geometry included determining cross-sections and adding pre-stresses 

in the tensile cables. Hereby, we evaluated the structure at eight different phases of the deployment 

process to comprehend how the structure acts during deployment. It was observed that the forces and 

moments in the structure evolve in a complex manner. This is due to the fact the following phenomena 

occur simultaneously; the changing angles between beam elements, the shifting of the centre of gravity, 

the changing pre-stresses and the discrete transition of modelling the wind load using form factors 

corresponding to a free standing wall in the first five phases of the deployment towards modelling wind 

load using form factors corresponding to a cylindrical roof. Hence, it is important to evaluate the 

structure at all phases to ensure that all criteria are met throughout the deployment process.  
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Extra attention is given to the closing procedure of the deployable cover. When closing the structure, it 

is important to take into account that the structure might be deformed before the actual connection. 

The deflection at the moment of connection affects the equilibrium state of the fully unfolded structure 

and therefore the results of the FEM analysis. For this reason, two methods has been investigated in 

order to cope with this phenomenon. If the structure needs to be deployed in presence in wind loads, a 

mechanism is required to connect both scissor arch before it reaches its fully deployed state. In this way, 

the closing procedure is better controlled as the arches will not be perfectly aligned due to the presence 

of wind.  

After the two-dimensional analyses, the entire structure was evaluated at the most crucial phases of the 

deployment process. The scissor arches were connected via steel rectangular beams and cable bracings 

to ensure structural stiffness in all directions. The FEM analysis showed that the bending stress, which is 

the most critical aspect, are very similar to the bending stress computed with the two-dimensional 

models. Hence, the transition towards a three dimensional structure does not result in additional 

complexities. At last, some details were provided such as the bottom part of the arch, the closing 

mechanism and the hinges.  

To summarize, this thesis showed that the proposed deployable folded structure design is suitable to 

cover large spans such as the Lichtenberg theater and, due to its deployability, it is able to adapt to 

weather circumstances despite of the large span. 

This thesis was limited to static analyses, however a dynamical analyses is recommend in order to cope 

with fluctuating wind forces. Further directions of future work are to build a prototype and ultimately 

realize the entire structure. Moreover, the parametric representation of the geometry allows to adapt 

the structure design for other applications as well. At last, the proposed combination of origami patterns 

with scissor structures could be further exploited to for example, other origami patterns and 

geometries.  
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