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Summary 

Tensegrity domes provide an efficient way of achieving a large open span. A tensegrity 
structure is a system based on only compression and tensile forces and it is loaded with a 
pretensioning force to ensure stability. The compression elements in the structure are 
discontinuous, and the tension members are continuous. Tensegrity domes favorably 
combine low structural mass with long spans. Only a few tensegrity domes are built, and it is 
not a widely adopted roof structure. A possible explanation for this is that the shape is most 
efficient when the compression hoop of the structure is based on a circular shape. A non-
circular dome may be practical, but there is not much experience on how a tensegrity roof 
can be designed for non-circular shapes. This thesis investigates the problems that may exist 
in the design of circular and elliptical tensegrity domes and compression hoops, regarding 
the sizes of the normal forces and the bending moments, in order to find the best possible 
variants, and to explain why these variants perform well. The investigation is done using a 
variant study. A parametric design tool is made to enable the variant study. It is also 
investigated if it is possible to design and calculate tensegrity domes in a parametric model. 

Tensegrity domes are very complex structures, which need to be designed accurately. In the 
variant study, many tensegrity domes must be included. The thesis therefore depends on 
the ability of quickly and accurately designing tensegrity domes. It is chosen to build a 
parametric tensegrity dome model in Grasshopper, which is a generative modeling tool for 
Rhinoceros 3D. The parametric model incorporates a large number of variables which 
determine the layout of the tensegrity dome. To eliminate input error and to speed up the 
analysis process, the parametric model is linked directly to Oasys GSA, which performs the 
structural analyses on the chosen lay-outs. The coupling of Grasshopper and Oasys GSA is 
performed by Smart Structural Interpreter. This plug-in for Grasshopper sends structural 
data to Oasys GSA and returns the results to Grasshopper. The Grasshopper model is 
programmed to check the normative elements in a unity check using the analysis results. The 
results are immediately displayed to be able to judge the quality of the tensegrity dome.  

To find out what constitutes a well performing tensegrity dome, a methodology is set up, 
based on case-studies and trials in the parametric model. A number of possible geometrical 
and topological variations were outlined and incorporated. Two different structural 
concepts, the Geiger tensegrity dome principle (see Figure 1) and the Fuller tensegrity dome 
principle (see Figure 2) are included. 

 
Figure 1: Geiger tensegrity dome principle. 

 
Figure 2: Fuller tensegrity dome principle. 

The mass of the tensegrity dome, as well as the needed amount of pretension decide the 
viability of the design. Different symmetrical and non-symmetrical load combinations were 
set up to determine the normative axial forces in the elements and nodal displacements. The 
tensegrity dome design has to satisfy several structural requirements. 
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Tensegrity domes are first considered without the compression hoop. It is found the stiffness 
of a tensegrity dome is largely influenced by the geometry of the dome. Regarding the 
geometric variations, it is found that the angles of the top cable influence the mass the most. 
Choosing good top cable span lengths is especially important for Fuller domes. Strut lengths 
should be long enough to provide good angles for the top cable and diagonal, but not so 
long that they are sensitive to buckling problems. A topological variation such as the total 
number of top cables barely influences the mass of the dome. The two structural principles 
which are investigated behave in a distinct manner. Fuller tensegrity domes are generally 
stiffer structures than Geiger tensegrity domes. Tensegrity dome performance is highly 
dependent on the chosen geometry. An elliptical tensegrity dome is found to be viable, but a 
circular tensegrity dome with an identical surface area performs better. The distribution of 
axial forces in the tensegrity is non-uniform in an elliptical tensegrity dome (Figure 3), and 
since the sections are based on the normative axial force, some over dimensioning is 
present.  

 
Figure 3: Axial forces in an elliptical tensegrity dome with 
compression hoop. A symmetrical load is applied. 

 
Figure 4: Cross section of the triangular truss with 
maximum dimensions 

A methodology is also made for designing and calculating the tensegrity dome including the 
compression hoop. The needed sectional properties for the compression hoop are found by 
simplifying the triangular truss section (see Figure 4) to a rectangular section based on the 
principle of equivalent stiffness, and by doing iterative unity checks using different section 
sizes. Buckling is included by choosing a safe, but realistic buckling length for the 
compression hoop. It is found that buckling in the compression hoop is never an issue in the 
design process. The compression hoop adds a high amount of mass to the total structure. 
The mass of the compression hoop is about twice the mass of the tensegrity. The mass of 
the compression hoop is determined by the pretension force needed for the tensegrity. 
Elliptical compression hoops are possible, but the distribution of normal force is non-
uniform. The section size of the compression hoop is chosen using the normative normal 
force. Taking the bending moment in the compression hoop into account was particularly 
important for the wind load combination, and this combination always determined the 
needed section for the truss.  

An improvement to the methodology can be made by enabling sectional choices for the 
different compression hoop segments, as well as including sectional choices for the different 
tensegrity dome sections. The project goals are achieved. Using parametric modeling proved 
to be essential for the investigation.  
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Preface 

Presented here is the final graduation project report which was composed on the subject 
‘Parametric design and calculation of circular and elliptical tensegrity domes’. It was made in 
order to complete the master Architecture Building and Planning in the specialization 
Structural Design. 

The journey towards the completion of the project has been to me, in one word, incredible. I 
was fortunate to be able to choose a subject which lay close to my personal interests. For 
quite some time before the project was started I knew that I wanted to combine the design 
of a light-weight structure with a parametric design. It was the elegant, but resolute 
appearance of light-weight structures that appealed to my desire to create powerful and 
ordered structural designs. When the non-circular, almost 8-shaped tensegrity dome made 
by Peter van den Heuvel was brought to my attention during his final presentation, I knew 
that I would gladly contribute to the knowledge on this structure.  

Before that, my attention was drawn to computation and parametric designing during a 
guest lecture given by Jeroen Coenders. I had never realized that we could use algorithms to 
enhance our comprehension of structural designs. In the subsequent months that followed, I 
learned that parametric designing still has a long way to go before it could be considered a 
fully-fledged tool for structural engineers. Exploring the possibilities in this field has become 
a passion for me. If anything, I want to keep contributing to the possibilities which this 
design method has to offer in the future. 

When I confronted Arjan Habraken with the idea of creating a light-weight structure within 
parametric environment, the idea was met with a lot of enthusiasm. Together, we found a 
way to make the project possible. I am very thankful to have been given the opportunity of 
doing this project. 

Another thing I found amazing was the enormous amount of response that I received on the 
subject. Sometimes, it seemed like everyone was interested, and I am very grateful for this. 
It kept me motivated at times when the project didn’t seem to advance a lot.  

In conclusion, I would like to thank my project supervisors Arjan Habraken, Bert Snijder and 
Jakob Beetz for the supervision of the project. I would also like to thank my friends, 
especially Erik den Haan, and my family for their continuing support. I am also grateful to my 
fellow students, Joost de Meijer and Johan Rensen for their ideas. I’d like to thank Frank 
Huijben for the discussions and the presentations and Roel Spoorenberg for the ideas on the 
buckling analysis of the compression hoop. 

 
Michael van Telgen 
Eindhoven, june 11th, 2012  
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Nomenclature 

 

Abbreviation  Unit 

 

Latin capitals 

A   The section area of a section  [mm2] 

E  Young’s modulus  [N/mm2] 

F  Point load  [kN] 

pF  Pretension load  [kN] 

I  The moment of inertia for a section  [mm4] 

crL  The critical buckling length  [mm] 

;z EdM
 

The design value of the bending moment along the z-axis  [kNm] 

;z RkM   The characteristic value of the bending moment resistance  

 along the z-axis  [kNm] 

;c RdN   The capacity for normal tension force on the element  [kN] 

crN   The critical buckling load for an element  [kN] 

EdN   The occurring normal tension force on the element  [kN] 

RkN  The characteristic value of the normal force resistance [kN] 

;x minN  The minimally needed normal force in an element  [kN] 

VR   Reaction force (vertical)  [kN] 

V  The volume of a section  [mm3] 

W   The section modulus for a section  [mm3] 

RdZ  The limit tension of the cable  [kN] 

 

Latin lower case 

1e  The reciprocal of the eccentricity for the ellipse [-] 

Rkf  Characteristic strength  [N/mm2]  

yf  Yield strength  [N/mm2] 

l  The length of a section  [mm] 

m  The mass of an element  [kg] 
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Greek lower case 

  The angle between two sections  [°] 

cr  Load factor between the occurring force and the buckling force  [-] 

1M  A partial safety factor  [-] 

max   The displacement difference (maximum) [mm] 

pretension   The applied displacement load to simulate pretension  [mm] 

  The relative slenderness of an element  [-] 

  The reduction factor for the applicable buckling condition  [-] 

 The reduction factor for the applicable lateral torsional 

 buckling condition  [-] 

 

 
 
 
 
  

LT
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1. Introduction 

1.1. On the subject 

Since the introduction of the first tensegrity sculptures in the 1940’s, tensegrity has inspired 
architectural engineers to use its principles for building purposes. A tensegrity is comprised 
of only compressed and tensioned members, loaded with a pretensioning force to ensure 
stability. Combining low structural mass and long spanning distances, it is very suitable for 
accommodating large open spaces. For instance, the Georgia Dome and the Florida Suncoast 
Dome, which are both sports stadiums in the United States, have been fitted with tensegrity 
based roof systems. The Florida Suncoast Dome is based on a circular shaped compression 
hoop, since this yields only compression forces in the hoop (see Figure 5) [1]. The Georgia 
Dome is based on an elliptical shape. 

  

Figure 5: Circular shaped tensegrity domes. Left: Geiger tensegrity dome principle. Right: Fuller tensegrity dome principle 

Some of the most important topics in architecture are material use, construction time and 
cost effectiveness. Since material and personnel prices tend to go up, it is important to build 
innovative and cost effective roof systems for buildings which need large open spaces. 
Tensegrity domes may offer a solution to these requirements. 

 

1.2. Problem statement and research goals 

Not many architectural designs require circular shaped roofs, and therefore a study should 
be made to collect knowledge on the structural viability of non-circular tensegrity domes. 
Building a non-circular tensegrity dome has profound influences on the structural design of 
the dome. It is known that the applied forces on the compression hoop by the cable 
structure highly determine the realization possibility of the dome. The section size of the 
compression hoop can be quite large when compression forces are high. Also, bending 
moments are known to exist in the compression hoop of the Georgia dome, and these may 
become very large. 

Summarized, both a problem and an opportunity exist. The problem is that non-circular 
tensegrity domes cause bending moments of unknown proportion in the outer hoop, but 
advantageously, we can make large spans using the principle of the tensegrity dome. 
Therefore, two goals were set at the start of the project:  



Parametric design and calculation of circular and elliptical tensegrity domes 

 

2 
 

The first goal is to investigate the problems that may exist in the designs of circular 
tensegrity domes and compression hoops, regarding the sizes of the normal forces and the 
bending moments, in order to find the best possible variants, and to explain why these 
variants perform well. The investigation is done using a variant study. A parametric design 
tool will be made to enable the variant study. 

The second goal is to investigate and design a non-circular tensegrity dome with the 
compression hoop, so the viability of such a tensegrity dome can be shown. 

Tensegrity domes are rather complex structures. When investigating a variant of a tensegrity 
dome, many conditions have to be taken into account. Since many designs will be made for 
the comparisons to investigate the structural viability of different tensegrity domes, the 
investigation is supported by the use of parametric designing software. This kind of software 
is state of the art, and it is not yet widely used among structural engineers. Without 
parametric designing, this graduation project would not be possible. 

The chosen software for building the parametric design tool is Grasshopper, which is a plugin 
for the Rhinoceros 3D modeling software. The structural analysis is performed in Oasys GSA. 
Throughout this graduation project, it became increasingly more apparent that building a 
parametric model which is able to model and analyze the tensegrity would be a goal in itself. 
Therefore, a third goal can be defined: 

The third goal is to investigate whether it is possible to design and calculate parametric 
tensegrity dome models in Grasshopper which are able to perform the tasks as demanded 
under goals one and two. 

Thus, a study into the effect of variations in cable structure lay-out for circular and non-
circular tensegrity domes will be made (see Figure 6). Additionally, it is chosen to separate 
tensegrity dome studies into studies with and without the compression hoop. By 
investigating only the tensegrity structure, data will be available on what constitutes a good 
design for the tensegrity. It is expected that well designed tensegrity domes also affect the 
compression hoop favorably.  

 
Figure 6: Outline of the different studies in the graduation project 
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To limit the scope of the research, the project was limited to investigating different 
variations in the cable structure lay-out of the tensegrity domes. These are defined by a 
number of parameters.  

 

1.3. Structure of the thesis report 

This report is organized into four main topics (see Table 1).  

Firstly, an introduction is given into tensegrity and tensegrity domes, as well as an 
introduction into parametric designing. This spans chapters 2 and 0. These chapters will 
explain the background of tensegrity, tensegrity domes and parametric designing. 

Secondly, the methodology of the variant study is discussed in chapters 4 and 5. The 
methodology is divided into two chapters which deal with the important aspects for the 
tensegrity dome and the tensegrity with the compression hoop. 

Thirdly, the analysis results of the parametric study will be given in chapters 6 and 7. The 
results are also discussed here. 

Finally, in chapter 8, the conclusions are given. Recommendations are provided and the 
project is evaluated.  

 

Structure of the thesis report 

Introduction Methodology Results Conclusion 

Chapter 2: 

Tensegrity 

 

Chapter 3: 

Parametric designing 

 

Chapter 4: 

Tensegrity only 

 

Chapter 5: 

Tensegrity and 
compression hoop 

Chapter 6: 

Tensegrity only 

 

Chapter 7: 

Tensegrity and 
compression hoop 

Chapter 8: 

Conclusions , 
recommendations, 

and evaluation 

 

Table 1: Structure of the thesis report 
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2. Tensegrity 

2.1. What is tensegrity? 

2.1.1. Definition of tensegrity 

Much has been written about the subject tensegrity. And so, there are many explanations as 
to what a tensegrity exactly is, as its exact definition seems to be subject to debate. It looks 
like it is not so easy to capture the exact meaning of what tensegrity is in a few words or 
even a full sentence, let alone what characteristics such a tensegrity would have.  

Many engineers and artists have tried to explain what a tensegrity exactly is. Richard 
Buckminster Fuller, the world famous engineer, coined the name tensegrity, a contraction of 
tension and (structural) integrity, because there was no name for the type of structure at the 
time. He defined it in his book ‘Synergetics’ as: "Tensegrity describes a structural relationship 
principle in which structural shape is guaranteed by the finitely closed, comprehensively 
continuous, tensional behaviours of the system and not by the discontinuous and exclusively 
local compressional behaviors" [2]. For someone who has never seen a tensegrity though, 
this is completely incomprehensible.  

In his book ‘Tensegrity Systems of the Future’ René Motro, an engineer and tensegrity 
researcher, acknowledges it is not easy to define tensegrity [3]. He states: “The difficulties in 
establishing a clear definition of tensegrity systems are well known. It seemed some years 
ago to be useful to give a "patent based" definition that could serve as a reference for 
comparison with the other known definitions”. He continues: “the following definition is 
established on the basis of patents, which have been registered by Fuller, Snelson and 
Emmerich”. The definition is: 

“Tensegrity Systems are spatial reticulate systems in a state of self-stress. All their elements 
have a straight middle fibre and are of equivalent size. Tensioned elements have no rigidity in 
compression and constitute a continuous set. Compressed elements constitute a 
discontinuous set. Each node receives one and only one compressed element.” 

Since René Motro believes this is incomplete, and prone to controversy, he provides his own 
definition: "a tensegrity system is a system in a stable self-equilibrated state comprising a 
discontinuous set of compressed components inside a continuum of tensioned components".  

This is also not very informative for someone who has never seen a tensegrity. Perhaps a 
better description for tensegrity may be given when a more poetic approach is used. 
Buckminster Fuller said tensegrity might be considered as “compression elements in a sea of 
tension”. Although this does not describe what a tensegrity is in any practical sense. Sculptor 
Kenneth Snelson calls tensegrity “floating compression” [4], which could lead someone to 
believe some kind of liquid is involved, which of course is not the case.  

Arguably, a tensegrity is well described as ‘a stable prestressed structural system comprised 
of only compression and tension elements in which the compression elements are 
discontinuous, and the tension members are continuous. Bending moments are not allowed 
and the system partially or completely collapses when just a single element is removed’. It is 
recognized that this statement may not be adequate as a scientific description, but it 
captures what is believed to be important about tensegrity. It is urged to everyone to form 
his or her own opinion about what the definition of tensegrity is. Thinking about this helps to 
understand tensegrity. 
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2.1.2. What does tensegrity look like? 

Tensegrities contain two types of components. There are struts, which are components that 
only bear compression forces, and ties, which only allow tensile forces to take place. These 
two types of components are connected to each other in such a configuration that no two 
separate struts ever touch each other. Not at the struts ends, where the ties are connected, 
or along its length. This makes the compression system discontinuous. The ties are allowed 
to converge at the strut ends, but not along its length. Because of this, the tension system 
becomes continuous.  

Struts may be made out of metals like steel or aluminum, or of wood. Pneumatic struts are 
also possible, advantageously combining low mass and compression strength. Ties are 
usually made from steel cables, but ropes and elastic bands may also be possible depending 
on the magnitude of the forces involved, the desired flexibility and its use. 

Simply connecting struts and ties is not enough to obtain tensegrity. A certain amount of 
pretensioning is necessary for that. This makes the tensegrity rigid. How much pretension is 
applied depends on requirements for stiffness. For tensegrities which are loaded by external 
forces, adding pretension ensures the structural stability of the system. 

It is common for tensegrities to (at least partially) collapse when just a single component is 
removed. The participating forces are highly dependent on the structure as a whole to be 
able to stay rigid. Depending on the total number of components, the effect of a single 
component failure is large or small.  

When designing tensegrities, the designer is limited by configuration conditions. Not all 
configurations of struts and ties result in a tensegrity. The directions of the components are 
important, as are the number of components used. Force equilibrium is needed in every 
node, otherwise the tensegrity will not be stable. 

When a tensegrity has been built, it cannot simply be reconfigured. Shortening or elongating 
ties is not an easy task, since all ties are interdependent. Prior to building a tensegrity, the 
designer should already have all the information available on component lengths and 
amount of pretension. That is not an easy task. The mathematics behind tensegrity are very 
complex. 

The simplest possible tensegrity configuration is seen in Figure 7. It is a 1-dimensional 
tensegrity, consisting of only one strut and one cable. The system is similar to a pretensioned 
column. In practice, a small bending moment occurs due to the eccentricity of the 
connection between tension and compression element in the configuration which is drawn 
in the figure. It is noteworthy that if a bending moment occurs, the system will not be a true 
tensegrity. 

A simple 2-dimensional ‘tensegrity’ is also possible (see Figure 8). It is not a tensegrity in the 
strictest sense, due to the crossing compression elements; a true tensegrity consists of 
discontinuous compression elements. Still, this is a very useful configuration for kites, when 
it is constructed in lightweight materials. 
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Figure 7: Simplest possible  1-dimensional tensegrity 

 
Figure 8: Simplest possible 2-dimensional ‘tensegrity’ 

The simplest possible configuration for a three dimensional tensegrity is shown in Figure 9. It 
consists of three struts in compression, and nine ties in tensile tension. It has many names, 
but is commonly called the 3-strut T-prism, due to the number of struts and the type of 
polyhedron it resembles, the prism. 

 
Figure 9: A '3-strut T-prism' tensegrity. This 3-dimensional tensegrity is slightly rotated counterclockwise around the Z-
axis from left to right 

The tensegrity in Figure 10 achieves stability in point A by combining the three tensile (+) 
forces of the cables (in blue) so that the vector of the resulting compression (-) force (in red) 
is in the exact same direction of the strut. On the other side of the strut, this must also be 
the case for equilibrium. This seems very easy, but in reality, it is much more complicated. 
This is explained in detail in chapter 2.7. A fun and interesting tool for varying and playing 
with tensegrities can be found at [5]. 
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Figure 10: Forces on the 3-strut T-prism Figure 11: Kenneth Snelson's Needle tower at 
the Kröller-Müller museum 

2.1.3. Origins of tensegrity 

Tensegrity has a short history, even as a concept. Sculptor Kenneth Snelson made his first 
tensegrity in 1948 when he was a student attending a summer session at Black Mountain 
College in North Carolina [6]. There he met Buckminster Fuller, who in the years to come 
became the inspirer for Snelson’s early work, but also an adversary by claiming the term for 
how such a system should be called. The definition ‘tensegrity’ was devised by Buckminster 
Fuller and is a contraction of the words ‘tensional’ and ‘integrity’. The term proposed by 
Kenneth Snelson was ‘floating compression’. This never caught on with the larger public, 
much to his dismay. During the summer session next year, Fuller claimed authorship over a 
number of ideas Snelson says he invented. This means it is not clear who actually invented 
the first tensegrity, but it is safe to say it was invented around that time. Snelson later 
created many tensegrity sculptures throughout his career as an artist. One of his tensegrities 
which is in the Netherlands is the ‘Needle Tower II’ (see Figure 11), and is found at the 
Kröller-Müller Museum. It consists of 20 layers, each containing 3 struts. Kenneth Snelson 
views the ideas of tensegrity as a form of art. His desire is to show the ‘essence of 
elementary structure’. 

Buckminster Fuller realized its potential as a building principle as well. He played with the 
idea of spanning incredible distances using tensegrity principles. He experimented with lots 
of geometries for tensegrities and later created a tensegrity dome which was eventually 
named after him (more on this later). Buckminster Fuller called these types of tensegrities 
‘aspension domes’, a derivation of ascending and suspension.  
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Before Kenneth Snelson and Buckminster Fuller, Karl Ioganson, who was an artist, had 
experimented with the idea of a ‘tensegrity prism’ (see Figure 12) in 1921, though it was not 
a true tensegrity because the cables are not pretensioned [7].  

Figure 12: A Proto Tensegrity made by Karl Ioganson, consisting of 3 struts, 7 cables and a separate chord to change the 
shape of the structure 

The bicycle wheel principle, an invention by Sir George Cayley, is also a tensegrity system. 
This idea already existed in the 1800’s, so arguably this is the first tensegrity. When the axle 
is loaded, the forces are redistributed through the spokes to the rim, and from the rim to the 
ground. Under compression loads, the spokes will buckle, and therefore the spokes are 
pretensioned, so no compression forces can occur. 

 

2.2. Tensegrity domes 

2.2.1. Principle by Richard Buckminster Fuller 

The original design for an aspension dome with a closed hoop system was patented by 
Buckminster Fuller in 1964 (see Figure 13). [8]. Aspension is derived from ascending and 
suspension, referring to the tension hoops which are consecutively placed higher in the 
structure as seen from outward to inward.   
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Figure 13: Buckminster Fuller tensegrity dome viewed in 3D and from the top 

The Georgia Dome in Atlanta, United States is built with this type of structure. It was built in 
1992 for sporting events and concerts. It has a non-circular oval shaped plan, almost 
resembling a rectangle (see Figure 14). It was designed by Matthys Levy and is based on the 
Fuller tensegrity dome topology, having curved top cables in two directions.  

 
Figure 14: Isometric plan for the Georgia Dome 

 
Figure 15: Sections along the major and minor axis 

In the top layer, 52 top cables span from the 26 supports to the center truss. In the bottom 
layer three tension hoops are present. Top and bottom are connected by diagonals and 
struts. The dome covers an area of 234m by 186m.  

 

2.2.2. Principle by David Geiger 

Engineer and architect David H. Geiger designed multiple tensegrity domes for arenas 
hosting major sporting events, including the Florida Suncoast Dome in St. Petersburg, 
Florida, in 1990 (see Figure 17), as well as the Gymnastics (see Figure 18) and Fencing Arenas 
for the Olympics in Seoul, Korea, in 1988. 

All these designs include ridge cables spanning from the outer compression hoop to the 
inner tension hoop, but only in the top layer. The ridge cables are connected to the hoop 
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cables at the bottom layer by compression posts and diagonal cables. Geiger used 
membrane roof claddings to keep roof mass as low as possible. 

In Figure 16, a more detailed sketch of the Geiger tensegrity dome is displayed. Geiger 
designed the much simpler looking Cabledome tensegrity based on the example of Fuller’s 
tensegrity dome [9]. 

 

Figure 16: David Geiger tensegrity dome viewed in 3D and from the top 

 
Figure 17: Florida Suncoast Dome 
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Figure 18: The Gymnastics dome roof for the Korean Olympics 

 

2.3. Elements in the tensegrity dome 

Throughout the project, reference will be made to the different elements in the tensegrity. 
Although their names are not strictly set in the literature, there are four kinds of cable or 
compression element types in the tensegrity system and a compression hoop (see Figure 19 
and Table 2): 

Element name: Color in Figure 19: Abbreviation: Alternative element name in 
literature: 

Top cable Blue TC Ridge cable; upper net 

Diagonals Magenta DI  

Struts Yellow ST Rod; bar; compression post 

Tension hoops Green TH Tension ring; hoop cable 

Compression hoop Red CH Compression ring 

Table 2: Elements in the tensegrity dome 

Of these elements, only the cables are in tension (top cable, diagonal cable, tension hoop 
cable). The struts are in compression and the compression hoop (despite its name) is loaded 
in compression and with a bending moment (when non-uniform loads are applied). 
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Figure 19: Elements in the tensegrity 

 

2.4. Derivation of the tensegrity dome shape 

Tensegrities seem unusual structures because of their odd shapes. Cables and struts look like 
they are placed in somewhat random locations. By looking at a tensegrity, it is not 
immediately clear how structural integrity is accomplished.  

By definition, a tensegrity is a self-stable structure which is always pretensioned. 
Compression and tensions forces are allowed, but no bending moments are possible. Also, 
the tension in the system is continuous, and the compression in the system is discontinuous. 
These conditions define the shape of the structure. Bearing these conditions in mind, it is 
possible to derive the shape of a tensegrity dome. In this chapter, a description is given of 
how a span can be realized using only compression and tensioned elements. 
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Figure 20: Structural problem to be solved 

Figure 20:  

Consider this common engineering 
problem: a span with a central point load. 
Normally, the shape is considered 
satisfactory when bending moments are 
possible in a beam. However, bending 
moments are not allowed in tensegrities, 
and thus the span will not be a beam but a 
bar. Also, no normal force is possible in 
this situation; all forces are perpendicular 
to the beam. No solution can be found to 
this problem. 

 

 

 
Figure 21: Step 1 

Figure 21: 

To enable the possibility of a normal force, 
the structure must change shape. When 
this is done, load F is decomposed into 
component forces. This will lead to a 
rather large reaction force RH (depending 
on the angle of the bar), a reaction force 
RV and tension in the bar (cable). Sufficient 
deformation has to be possible for the 
reaction forces to become acceptable. 

 
Figure 22: Step 2 

 

Figure 22: 

In this configuration, only vertical reaction 
forces are needed to carry load F. 
However, lengthy compression bars are 
subject to considerable buckling problems. 

 

 

 
Figure 23: Step 3 

Figure 23: 

Increasing the angles between bars and 
cables improves the level of forces in the 
system. Adding a vertical compression bar 
(strut) stiffens the structure, causing 
smaller deformations. However, this is not 
a tensegrity, since the compression bars 
are continuous and the ‘horizontal’ 
compression bars still have major buckling 
problems 
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Figure 24: Step 4 

 

Figure 24: 

The obvious solution to steps 2 and 3 is to 
remove the ‘horizontal’ compression bar. 
This results in an unstable system, since 
the compression bar may freely rotate 
around node ‘S’.   

 
Figure 25: Step 5 

 

Figure 25: 

Adding a pretension force to the system in 
step 3 easily solves the problem in step 4. 
For a planar structure, this complies with 
all requirements for being a tensegrity.  

 
Figure 26: Step 6 

Figure 26: 

Dividing the system into more sections 
would be clever, since it shortens the 
buckling length of the struts. 
Unfortunately, this raises another 
problem, namely the unhindered rotations 
around nodes ‘S’. Thus, the structure as 
proposed in step 6 will collapse due to 
rigidity problems. 

 

 
Figure 27: Step 7 

Figure 27: 

The problem in step 6 is easily solved. 
Since the displacements at nodes ‘S’ are 
equal and opposite of each other, adding a 
cable between these two nodes results in a 
stable system. This proposed solution 
works for any number of divisions along 
the top.  

Two problems still exist though, and one is that this structure is planar. This implies nodal 
restraining in the direction perpendicular to the plane of the structure. Since in real life 
structures are always spatial, a solution is required for the stability of a tensegrity. Also, the 
desired shape of the tensegrity is a dome, and not a narrow beam. The solution to this 
problem is presented in step 8. The second problem is that the system is not self-stable. This 
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means the system is only coherent due to the supports, which disallow any displacements. 
The tensegrity should do this itself. 

 
Figure 28: Step 8. Tension forces in blue, compression forces in red. 

Figure 28: 

Simply adding the same section as in Figure 27, but in the perpendicular direction, results in 
a stable tensegrity dome. Of course, the designer is free to add as much of these in other 
directions (not drawn). This significantly improves the spread of the loading on the supports, 
and thus decreases axial forces in the struts. But it also worsens the detailing problem in the 
top and bottom node of the central struts, where many cables come together.  

Figure 29: 

By creating tension hoops at the center of the structure and at the underside of the outer 
struts (also drawn in Figure 28), the tensile forces can still be distributed through the system 
and allows the design to have simpler node designs. This is very useful, especially when 
many top cables and struts are present. Albeit that in this figure the tension hoop is actually 
a square. Point load F cannot be placed at the center anymore, since there are no struts at 
that position. Hence they are redistributed to the center struts. 

 
Figure 29: Step 9. Tension forces in blue, compression forces in red. 
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Figure 30: 

By finally adding a compression hoop, the structural system becomes a closed tensegrity.  It 
is then fully self-stable. 

 
Figure 30: Step 10. Tension forces in blue, compression forces in red. 

Of course many other geometries and topologies are possible. This derivation is arbitrary, 
and only serves to illustrate why and how the elements are placed. It would be very 
interesting to know if other topologies and/or geometries would provide us with better 
results. 

 

2.5. Hand calculation of a planar tensegrity 

Using a Cremona diagram, it is possible to show the distribution of forces in a planar 
tensegrity dome by hand. The Cremona diagram is a useful graphical method for 
determining forces in structures (but not displacements). However, tensegrities are actually 
better analyzed using a non-linear analysis, because tensegrities must deform somewhat in 
order to compensate for newly introduced forces. This is always done using FEM software, 
since it would be too much work when done by hand. Due to the initial shape of the 
tensegrity dome, these deformations should be small, compared to the system as a whole, 
and therefore a linear analysis may provide accurate results as well.  

Tensegrity domes must always have its struts under compression, and all cables under 
tension. This guarantees the system is discontinues in compression and continuous in 
tension.  

Failure of the system may occur due to several reasons. High deformations can take place 
when the stiffness of the structure (depending on the elasticity and cross-section area) is to 
low, or when the applied pretension is not high enough. Instability is possible when struts 
buckle or when cables are slack due to a lack of pretension. Collapse of the structure is 
possible when material strengths for cables and struts are too low and one or more of these 
elements break. 

Consider the planar tensegrity in Figure 31. Suppose we would have already built this 
tensegrity and we cannot change its geometry, but are able to freely apply pretension force 



Parametric design and calculation of circular and elliptical tensegrity domes 

 

18 
 

and external forces. At first, only an arbitrary pretension force Fp of 15 kN is applied, and no 
vertical loads are allowed (F and Fv are both 0 kN). Self-weight is also neglected to better 
illustrate how the Cremona diagram works. The Cremona diagram is then drawn as in Figure 
32. 

DI:    Diagonal cable  
TC:    Top cable with α1> α2> α3 
TH1 to TH3T:   Hoop cable 
ST:    Strut 
 

 
Figure 31: Planar tensegrity 

 
Figure 32: Cremona diagram. Fp = 15 kN, Fv and F are 0 kN (diagram is scaled) 

We can see all cables are in tension and all struts are in compression. Adding pretention 
force scales the diagram.  

When we add some vertical loads F of 1,2kN we can draw the Cremona diagram in Figure 33. 
Notice the direction in which T3 is drawn has reversed. This means that part of the top cable 
is not under tension anymore. Also H4 is now loaded in compression. Since cables can only 
be subjected to tensile forces, the system will deform heavily prior to this Cremona diagram 
ever taking place. This may lead to collapse of the system.  
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Figure 33: Cremona diagram. Fp = 15 kN, F = 1,2 kN, Fv = 3,6 kN (diagram is scaled) 

The solution is presented in Figure 34. By adding enough pretension force Fp until all cables 
are in tension again solves the structural problem. In this case Fp had to be raised to 20 kN in 
order for the model to become a tensegrity again. Note that especially sections D1, H1, S1 
and T1 must be able to cope with the increase of force.  

 
Figure 34: Cremona diagram. Fp = 20 kN, F = 1,2 kN, Fv = 3,6 kN (diagram is scaled) 

 

2.6. FEM calculation of a planar tensegrity 

In the previous chapter it was stated that hand calculations should yield the same results as 
finite element method calculations. In the literature study (see Appendix F), it was proven 
that this is true. However, the stiffness of the modeled tensegrity is very high. This was done 
to be able to draw the Cremona diagram on a readable scale. In reality, tensegrities will be 
much less tall than in Figure 31. 

To find out whether a linear or a non-linear analysis is more suitable for analyzing tensegrity 
domes, a comparison between the two methods is performed. Again, we import the planar 
tensegrity from Figure 31 into GSA. The height is scaled to 30% of its original shape (see 
Figure 35). 
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Figure 35: Scaled planar tensegrity (height only) 

All forces are kept the same as in the hand calculation (we know Fp is now probably too 
small, but it is deliberately kept the same as before to illustrate the point).  

Fp = 20 kN 

F = 1,2 kN 

For the linear analysis, ‘beam’ elements are used. For the non-linear analysis ‘bar’ elements 
are chosen. Using beam elements causes bending moments in the system, but these are 
negligible due to their sizes. The results of the FEM calculations are collected in Table 3. 

Element 
type: 

Number: Linear FEM 
calculation 

Section force (kN) 

Non-linear FEM 
calculation 

Section force (kN) 

Top cable T1 

T2 

T3 

0,61 

-6,91 

-8,57 

7,34 

0,45 

-3,76 

Diagonals D1 

D2 

D3 

19,75 

7,57 

1,71 

13,31 

6,81 

4,09 

Struts S1 

S2 

S3 

-3,71 

-1,42 

-0,32 

-4,11 

-2,41 

-3,32 

Tension 
hoops 

H1 

H2 

H3 

H4 

19,41 

7,44 

1,68 

-8,53 

13,17 

6,78 

4,76 

-4,71 

Table 3: Comparison between hand and 2D FEM calculations 

And the nodal displacements found in z-direction are collected in Table 4.  

 Linear FEM 
calculation 

Non-linear FEM 
calculation 

Maximum nodal 
displacement (z-direction) 
(mm) 

-7 -1043 

Table 4: Comparison between nodal displacements for hand and 2D FEM calculations 
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It is clear that both analysis types result in an unstable structure (due to the small Fp). 
Elements in the model which should be loaded with tension are loaded with compression. If 
this would be the case for a cable, the structure would collapse, since it cannot take 
compressive forces. In the non-linear analysis we can also see that the structure is unstable, 
because of the large nodal displacements. Demanding that the structure must be stable 
whilst being loaded correctly leaves us with only the possibility of non-linear analysis, since 
in this analysis we can use ties (tension only elements) and struts (compression only 
elements). In linear analysis, we cannot use ties and struts. 

Using ties and struts in the schematization as seen Figure 35, will still lead to collapse of the 
structure. This is because the roller support on the right will displace to the left. To solve this 
we modify the planar tensegrity in Figure 35 to the model in Figure 36, which is supported 
on two pins. Adding pretension by introducing a horizontal pretension force will not have 
any effect on the structure, since it is directly placed on the pinned supports. 

 
Figure 36: Schematization with two pins 

It is clear that we then need another way of pretensioning the tensegrity in order to be able 
to use a non-linear analysis with ties and struts. There are three possibilities of introducing 
pretension in this system, and this will be discussed in the next paragraph. 

 

2.7. Pretension on the tensegrities 

To get pretensioning in the structural system, some kind of load is needed. In the case 
studies in the literature study, two options are discussed. One method is a temperature 
change in the struts, and the other method is applied node displacement at the supports. It 
is also possible to apply a pretension force in the struts. All methods simulate a tensegrity 
system in the correct loading state, i.e. cables in tension and struts in compression. It is 
known that choosing the best pretensioning method is important [10]. 

To compare the different methods, the standard Geiger tensegrity dome model (what this is 
will be explained in chapter 4.8) was loaded with a pretension load only (no dead load, self-
weight or live loads), and pretensioned using the different methods: 

1. Applied node displacement at the supports 
2. Pretensioning the struts 
3. Temperature change in the struts 

It was aimed to obtain the same reaction forces at the supports in each method. Between 
the different methods, no changes were made to geometry, topology, section choice, etc. 
Because of this, no description will be given of those choices. The comparison resulted in 
similar forces, since it was possible to attain about the same pretension. Subsequently, 
occurring normal forces and node displacements were compared. 
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2.7.1. Applied node displacement at the supports 

This method requires the support nodes to be displaced outward (see Figure 37). Doing so 
causes strain in the cables, and therefore tensile tension. An arbitrary amount of 100mm 
displacement was chosen, which results in a reasonable amount of pretension in the 
tensegrity dome. For comparison between different methods, the reaction forces at the 
supports are deliberately kept identical.  

 
Figure 37: Applied node displacement at the support 

In Grasshopper (what this is explained in chapter 3), it is easy to determine what the exact 
directions are in which each node must be displaced. Displacing nodes seems to provide 
good results. The way of pretensioning resembles the way a tensegrity dome is often built at 
a construction site. Hydraulic jacks will be used to tension cables, which elongate the cables.  

 

2.7.2. Pretensioning the struts 

By loading the struts with a (compressive) pretension load, about the same normal forces as 
in the applied node displacements calculation were obtained in all elements. The difference 
is at most a few percent compared to applying node displacements. It is not certain why 
some are smaller and some are larger, but it is probably the result of the change in angles 
between the cable sections due to the elongation of the struts.  

The calculated node displacements seem incorrect. According to the calculation, nodes 
connecting the top cable to the upper tension hoop will displace significantly more in the 
upwards direction when the struts are pretensioned. This is caused by the elongation of the 
struts, and it is calculated that the strut at the center of the tensegrity dome elongates the 
strut by 5%. This does not seem to be that much, but taking into account that strut lengths 
can become very large due to the large spans of the tensegrity dome, it can easily become 
unpractical to use this method. If used, the designers of the tensegrity dome would have to 
take much longer struts into account when building the dome. 
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2.7.3. Temperature change in the struts 

Now, a temperature change in the struts is applied to simulate equal normal forces in the 
system as compared to the previous calculations. The effect is the same as with 
pretensioning the struts, since in both methods, the struts are elongated. The same 
disadvantages apply as with pretensioning of the struts. 

2.7.4. Conclusion 

Since the displacements of the nodes are very large and unpractical when applying 
pretension or temperature change, the applied node displacement method yields the best 
results. Node displacements also resemble the construction method in the best way. 

 

 
Figure 38: Distribution of normal forces in the tensegrity due to pretensioning (applied node displacements) 
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3. Parametric designing 

3.1. What is parametric designing? 

In this graduation project, a new type of designing was used, which is called ‘parametric 
designing’ (alt. generative designing). Basically, the desired model is written in the form of 
an algorithm, which performs all the desired actions. Since the data is formed by an 
algorithm, it is easy to create variations by setting some variables differently. Parametric 
designing has become possible due to the large and readily available computing power of 
modern personal computers. It is thus obvious why this is a relatively new designing 
technique.  

The design process is explained in Figure 39 [11]. All designs start with an idea, similar to 
traditional design processes. However, generative designing is based on algorithms which 
are interpreted by software. These algorithms are a mathematical representation of the 
idea. The designer builds his models using the basic principles of his idea, until a working 
model is obtained. He is then free to add variables, so the model may be changed to his 
liking. The mathematical model is interpreted by the computer, and an output is then given. 
This output is judged by the designer, who can decide whether to accept the output as it is, 
or to change the rules or parameters. This process is usually repeated countless times, until 
the designer is satisfied with the end result. Models can be adapted at any stage in the 
design process, and the designer is free to add as much detail and variables as he wants. This 
adds to increasingly complex and precise models. 

 
Figure 39: Parametric design process 
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3.2. Advantages and disadvantages of parametric designing 

The design process is susceptible to designer error due to the large scale of the investigation. 
Preferably, errors should be prevented to improve the quality of the study. By using a 
parametric model, mistakes like this can be avoided, although mistakes in the algorithm can 
still reduce the quality of the solution.  

Another major advantage of making a parametric model of the tensegrity dome is that we 
can immediately see in the graphic output if the tensegrity is properly modeled. This helps 
tremendously in error detection. 

Due to the flexible nature of an algorithm, adaptations can be made at any time. It is 
possible to start with a simple model, and then adding improvements as time progresses, as 
new insights are obtained. This helps to define the boundary conditions, such as structural 
requirements and applicable loads. At the start of the investigation, it was not known how 
the tensegrity interacts with loads, geometric variations, etc. By experimentation we could 
find acceptable values for the boundary conditions.  

When the model is properly defined, a FEM calculation results for a tensegrity dome can be 
performed within seconds. This means that obtaining results for a variant study can be done 
within an extremely short time span. This leaves more time for the analysis. Alternatively, 
many more variants can be investigated.  

The time spent on learning how to make parametric models is one of the downsides. The 
time spent on learning is recovered by the little time that is spent on obtaining results for 
different variants.  

Another disadvantage is that it is necessary to know beforehand how the algorithm will be 
organized. It takes time to add variation possibilities when it affects a large portion of the 
algorithm. Unfortunately, it was only superficially known how the algorithm had to be set up 
at the start of the project. Many details could not be finalized until it was agreed upon in the 
counseling discussions.  

Since it is required to send and retrieve information to and from GSA when analyzing the 
tensegrities, it was thought at the start of the graduation project that some time had to be 
spent on programming this interaction. Fortunately, a plug-in was available to do this. 

 

3.3. Chosen software and technical setup 

In this graduation work Rhino and Grasshopper are used to build parametric models. Rhino 
and Grasshopper are both very popular in the architectural world, and among students [12]. 
These products are user oriented, have active communities, are easy to use, and allow 
external parties to build their own plug-ins. This all adds to the usability of the products. To 
integrate the FEM analysis, the Smart Structural Interpreter plug-in was chosen. Oasys GSA 
was chosen to perform the FEM analysis. This allows non-linear calculations to be made, as 
well as buckling analysis. Excel was used to display the results on paper. The setup of the 
different software which is used is displayed in Figure 40. 
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Figure 40: Relations between software 
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4. Methodology of the variant study; tensegrity dome 
only 

4.1. Introduction 

At the start of the graduation project, it was chosen to divide the project into several parts 
(see chapter 1.2). This chapter explains the chosen methodology for the variant study of the 
tensegrity domes. The schematization is displayed in Figure 41. Here, the tensegrity dome is 
supported on pins, so that we can focus on the behavior of the tensegrity, without the 
compression hoop. 

 
Figure 41: Used schematization (schematization 1) for the tensegrity dome in chapter 4 

In this chapter, the provisions for both circular and non-circular tensegrity domes are 
treated. Almost all of the provisions are equal for both dome types. The differences for the 
non-circular tensegrity dome are discussed in chapter 4.9. 

 
 

 
Figure 42: Applicability of chapter 4. Left: circular tensegrity (Geiger) dome. Right: non-circular tensegrity (Geiger) dome 

Before we can start doing the variant study and the optimization study of tensegrity domes, 
we must first agree on a number of things. These things are: 
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1. The possible variations in the tensegrity dome 
2. The sectional properties and possible sections which can be in the tensegrity dome 
3. The load cases which will be investigated and the load combinations for the relevant 

situations 
4. The possible ways in which the tensegrity dome can fail 
5. How to compare the results 

Although it is recognized that setting limitations on these things will limit the applicability of 
the investigation, we cannot do the study without setting some boundaries. The 
investigation must be kept manageable. The limitations will however be mimicked to cases 
which can occur in reality. Deliberate choices are made, so the results are applicable for 
engineering practice. The choices which are made will be explained in this chapter. 

 

4.2. Variables in the tensegrity dome 

Each tensegrity dome is built out of tension and compression elements. Different element 
types can be loaded differently, due to specifics like orientation, geometry and location. 
Numbers of elements are also important for its relative loads (see chapter 4.4 and chapter 
4.5). Because of the high degree of symmetry found in tensegrity domes, it is also possible to 
find many elements loaded by equal amount. Before we can examine the effect of varying in 
geometries and topologies, we should decide which variations may be applied in the 
tensegrity dome elements.  

It was found upon completing the case-studies in the literature study that variations usually 
apply to different parts of the tensegrity, and that their impacts can be classified into 
different kinds. The choice was made to define a number of different orders in which these 
variations take place. The possible variations may become numerous and confusing, so it is 
advisable to divide certain types of changes into different orders. These orders are 
completely arbitrary. One may choose which variables should be considered first, but it 
remains important to separate types of variations. By doing this, it will be significantly easier 
to compare different tensegrities. It is stressed that it is not compulsory to use such orders, 
and that they are created to make mutual comparisons easier. 

There are first, second, third, fourth and fifth order variations. In general, the higher the 
order, the more radically a tensegrity dome changes.  

 Fifth order variations are small geometric variations in plane, which are only 
applicable to element lengths and angles.  

 Fourth order variations are global changes to geometry.  

 Third order variations are topology changes in the tensegrity dome.  

 Second order variations allow changes to the boundary conditions of the pinned 
supports (or the compression hoop, see chapter 5).  

 First order variations are provided to be able to choose between the structural 
concepts of David Geiger and Buckminster Fuller.  

For the sake of clarity: geometry refers to lengths, angles and shape in general of elements, 
while topology refers to the interrelationship between elements. 

Also a number of available intervals should be determined for the allowed variations. The 
intervals should reflect both good engineering practice, as well as providing a lot of freedom 
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to the structural designer. Therefore, variables which lead to impossible or undesirable 
tensegrities will be omitted.  

The parametric model has a few different changeable variables. It is not necessary to add 
parameters for every possible change to the tensegrity dome. Changes to height (fourth 
order changes) can very well be made in the fifth order by adjusting strut lengths, for 
example.  

For clarity, all the kinds of variables which were chosen for the tensegrity domes are 
summarized in Table 5. Detailed explanation is provided in the subsequent paragraphs. The 
table depicts the different orders and variables. The coding which will be used on the 
analysis sheets is also included. Choice and domain indicate the possible settings for the 
variables. Note that only integers are used. This is done to limit the number of possible 
combinations. 

Order Variable Co-
ding 

Choice/domain Change-
able 

1th  System type G/F Geiger or Fuller Yes 

2nd  Compression hoop shape C/e-1 Circular or Ellipse Yes 

3rd  

 

Number of top cables  

Number of tension hoops 

T 

H 

{ | 8 16}even T   

Dropped from the study 

Yes 

Yes 

4th Diameter of the tensegrity dome 

Total height  

Height above support 

Height below support 

S { |80 120}S   

 

Yes 

Auto 

Auto 

Auto 

5th 

 

Top cable angles 

Top cable span lengths 

Strut lengths 

Diameter of inner tension hoop 

Diagonal angles 

Diagonal span lengths 

αn 

 Ln  

Hn 

{ | 0 24 }n     

{ |10 22}nL   

{ | 6 15}nH   

Yes 

Yes 

Yes 

Auto 

Auto 

Auto 

Table 5: Summery of variables 

The index ‘n’ denotes the position for the top cables and the struts. For example H1 denotes 
all struts at the first tension hoop (i.e. the tension hoop nearest to the compression hoop) 
and α1 refers to the angle made by the top cable section spanning from the compression 
hoop to the top of strut 1 (H1). 

For each variable comparison, a few different variable types can be defined: 

1. The independent variable. This variable is deliberately set to change. 
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2. The affected variable(s). These variable(s) change consequently. 
3. The dependent variable. This variable can be adjusted to reduce the effect on the 

affected variables. 

Per independent variable study, two alternatives can be investigated: 

 Only adjusting the independent variable 

 Adjusting the dependent variable(s) to reduce the effect of change in the affected 
variables. 

It was chosen to do only the first study, due to time issues. However, in the interest of clarity 
and as a stepping stone for future studies, this information is included.  

It is of course possible to build a Grasshopper model which has a different set of changeable 
variables. It is also possible to add more detail by allowing real numbers (with any number of 
digits) instead of integers. This is of course, all up to the designer of the model. 

Due to time issues, the number of tension hoops (H) was dropped from the study.  

A small footnote is needed for clarifying the definition of the top cable span length. What is 
meant here is the distance between hoops, as seen in planar view. The actual length of the 
top cables is up to details like the angles relative to the horizon (see chapter 4.2.1.2).  

 

4.2.1. Variations in plane geometry (fifth order variations) 

Fifth order variations take place in the sectional planes of tensegrity domes (see Figure 43).  

 
Figure 43: Elements in the plane of the tensegrity dome 

Where: 

a) Top cables 
b) Diagonal cables 
c) Struts 
d) Tension hoops 

When varying in angle or length of one element, one or more others will deform or displace 
too. For instance, when changing the height of the struts, both the angles in the top cables, 
the diagonals and the total height can increase or decrease. The altitude of the tension 
hoops will also change. Variations in one element type may thus have a profound impact on 
other elements.  

Note that all changes are in local geometry and location only. The total length of the span is 
not included. The height of the structure is a special case. Although it constitutes a fourth 
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order variation, it can only be changed by variations in the fifth order. Therefore, there is 
some cross-over between the fifth and the fourth order. 

It was chosen to include three fifth order variation types in the graduation project. These are 
variations in the top cable angles, variations in the top cable span span length and the 
variations in the lengths of the struts. 

4.2.1.1. Top cable angles (αn) 

The top cable spans the distance from the compression hoop to the innermost upper tension 
hoop. Its shape may be straight or curved. This may be changed by adjusting the angles 
made by the top cable (Figure 44). The angle α is related to the horizon, so that 0   is 
perfectly horizontal.  

 
Figure 44: Possible angles for the top cable 

It seems obvious that top cables require some conditions to enable this behavior. From top 
to bottom:  

Curved (concave) top cable: 1 2 3   
 

Straight top cables: 1 2 3     

Curved (convex) top cable: 1 2 3   
 

Other configurations are of course also possible. 

Since changes in this order enable changes in height, we could adjust the lengths of the 
struts too. For each variant in which top cable angles are changed, the altitudes of the 
tension hoops can then remain equal. The change in strut length is then directly related to 
the prespecified tension hoop altitudes (see Table 6). 
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Order Variable Independent 
variable 

Affected 
variables 

Dependent 
variable 

1th  System type    

2nd  Compression hoop shape    

3rd  

 

Number of top cables 

Number of tension hoops 

   

4th Diameter of the tensegrity dome 

Total height 

Height above support 

Height below support 

  

x 

x 

x 

 

5th 

 

Top cable angles 

Top cable span lengths 

Strut lengths 

Diameter of inner tension hoop 

Diagonal angles 

Diagonal span lengths 

x  

 

 

 

x 

x 

 

 

x 

Table 6: Angles ‘α’ top cable 

 

4.2.1.2. Top cable span lengths (Ln) 

The span length of the individual sections of the top cable can be varied as well. Note again 
that this length is not actually the length of the individual cable sections (see Figure 45). The 
distance between the compression hoop and the first tension hoop is named L1, the distance 
between tension hoops one and two is named L2, etc.  

In Figure 44, the relations between the top cable spans can be described from top to bottom 
as:  

Increasing top cable span lengths: 1 2 3L L L 
 

Equal top cable span lengths: 1 2 3L L L   

Decreasing top cable span lengths: 1 2 3L L L 
 

Other configurations are also possible. 

Changing the span lengths influences the diameter of the innermost tension hoop, although 
it could be kept the same if the span lengths are chosen carefully. The heights and diagonals 
are also affected; this is set straight by changing the strut heights. The relations are 
summarized in Table 7. 
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Figure 45: Possible span lengths of the top cables 

 

Order Variable Independent 
variable 

Affected 
variables 

Dependent 
variable 

1th  System type    

2nd  Compression hoop shape    

3rd  

 

Number of top cables 

Number of tension hoops 

   

4th Diameter of the tensegrity dome 

Total height 

Height above support 

Height below support 

  

x 

x 

x 

 

5th 

 

Top cable angles 

Top cable span lengths 

Strut lengths 

Diameter of inner tension hoop 

Diagonal angles 

Diagonal span lengths 

 

x 

 

 

 

x 

x 

x 

 

 

x 

Table 7: Top cable span lengths (Ln) 
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4.2.1.3. Strut lengths (Hn) 

Until now, the strut lengths were treated as dependent variables. It is possible to treat this 
as an independent variable as well (see Figure 46). Changes in strut length directly influence 
the altitude of the tension hoops, while the top of the struts remain at set altitudes. The 
position of the top of the strut is always determined by the angle and section span lengths of 
the top cable. The angles and lengths of the diagonals are also affected (see Table 8).  

In Figure 46, the relations between the strut lengths can be described from top to bottom 
as:  

Increasing strut lengths: 1 2 3H H H 
 

Equal strut lengths: 1 2 3H H H   

Decreasing strut lengths: 1 2 3H H H 
 

Other configurations are also possible. 

 
Figure 46: Possible strut lengths 
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Order Variable Independent 
variable 

Affected 
variables 

Dependent 
variable 

1th  System type    

2nd  Compression hoop shape    

3rd  

 

Number of top cables 

Number of tension hoops 

   

4th Diameter of the tensegrity dome 

Total height 

Height above support 

Height below support 

  

x 

x 

x 

 

5th 

 

Top cable angles 

Top cable span lengths 

Strut lengths 

Diameter of inner tension hoop 

Diagonal angles 

Diagonal span lengths 

 

 

x 

 

 

 

 

x 

x 

x 

x 

 

 

Table 8: Strut lengths (Hn) 

 

4.2.2. Variations in global geometry (Fourth order variations) 

In this order, changes may be applied freely to span length and heights. This includes the 
heights under and above the supports (see Figure 47). 

 
Figure 47: fourth order variables 

a) Dome diameter 
b) Total height 
c) Height above support 
d) Height below support 

Increasing the span length but not increasing the total height may result in less efficient 
structural behavior due to the relatively lower construction height. Changing all fourth order 
variables by the same amount is called scaling. Tensegrities can always be scaled in size. This 
does not have any effect on the structural working of the tensegrity, but may have a large 
effect on the maximum amount of needed pretension. Since the heights are already defined 
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by the angles and strut lengths, only the span length will be included as a fourth order 
variable. 

 

4.2.2.1. Diameter of the tensegrity dome (S) 

The span length constitutes a fourth order variation. A change in this parameter affects the 
inner tension hoop diameter. It will not be possible to keep the inner tension hoop diameter 
span constant without changing the top cable span lengths, so in this case the top cable span 
lengths must be changed. 

 
Figure 48: Possible span lengths  

In Figure 48, the relations between span lengths can be described from top to bottom as:  

1 2 3S S S   

From the figure, it is clear that the span lenghts remain equal from top to bottom and only 
the diameter of inner tension hoop is affected. 
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Order Variable Independent 
variable 

Affected 
variables 

Dependent 
variable 

1th  System type    

2nd  Compression hoop shape    

3rd  

 

Number of top cables 

Number of tension hoops 

   

4th Diameter of the tensegrity dome 

Total height 

Height above support 

Height below support 

x  

 

 

5th 

 

Top cable angles 

Top cable span lengths 

Strut lengths 

Diameter of inner tension hoop 

Diagonal angles 

Diagonal span lengths 

 

 

 

 

 

 

x 

x 

x 

 

x 

 

 

Table 9: Span length (S) 

 

4.2.3. Variations in the topology (third order variations) 

When variations in the topology are made, it is referred to as third order variations (see 
Figure 49). Changes can be made to the number of top cables and to the number of tension 
hoops. 

 
Figure 49: Third order variables 
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In which: 

a) Number of tension hoops 
b) Number of top cables 

These changes can be made when loads must be distributed more evenly through the 
tensegrity dome. 

 

4.2.3.1. Number of top cables (T) 

The number of top cables can be changed to reduce the number of nodes. Interestingly, no 
other variables are affected. 

 
Figure 50: Possible number of top cables (Geiger dome) 

 
Figure 51: Possible number of top cables (Fuller dome) 

In Figure 50 and Figure 51, the relations between numbers of top cables can be described 
from left to right as:  

1 2 3T T T 
 

Note that for Fuller domes, actually the number of top cables and diagonals are doubled. 
This emerges from the Fuller dome topology which is different from the Geiger dome. The 
number of supports remains the same between Geiger and Fuller domes. The reason for the 
difference  is that the top cables and diagonals span in two distinct directions in the Fuller 
dome. Therefore, it could be said that the number of top cables should be halved for the 
Fuller dome. It was chosen not to do so, since this affects the number of supports and the 
number of compression hoop segments. 

 
 

 

 
 

 



Parametric design and calculation of circular and elliptical tensegrity domes 

 

41 
 

Order Variable Independent 
variable 

Affected 
variables 

Dependent 
variable 

1th  System type    

2nd  Compression hoop shape    

3rd  

 

Number of top cables 

Number of tension hoops 

x   

4th Diameter of the tensegrity dome 

Total height 

Height above support 

Height below support 

  

 

 

5th 

 

Top cable angles 

Top cable span lengths 

Strut lengths 

Diameter of inner tension hoop 

Diagonal angles 

Diagonal span lengths 

 

 

 

 

 

 

 

 

 

 

 

 

Table 10: Number of top cables (T) 

 

4.2.3.2. Number of tension hoops (H) 

Adding or removing a tension hoop results in a smaller or larger diameter for the inner 
tension hoop. The top cable span lengths can be altered to counter this effect if it is deemed 
undesirable. Adding a tension hoop also adds another piece of top cable, a diagonal and a 
strut per top cable. This does not affect the variables however, since they already exist, and 
elements are only added. Note that only the tension hoops at the bottoms of the struts are 
counted, so when a tensegrity dome is said to have three tension hoops, it actually has a 
fourth tension hoop which is directly above the third hoop. For clarity in numbering, the 
third and fourth tension hoops are denoted as tension hoop 3 ‘bottom’ and ‘top’ 
respectively.  

Important note: due to time restrictions, it was ultimately chosen not to investigate 
variations in the number of tension hoops. 

 

4.2.4. Variations in to the boundary geometry (second order variations) 

One of the most profound changes a tensegrity may encounter is a shape change in the 
ground plan, which is defined by the geometry of the compression hoop. For normal 
tensegrities, the compression hoop design is always based on a circular shape. This is a 
logical choice due to the direction and size of the component forces which arise from the 
neighboring top cables. A building may however, not be circular in shape. It can therefore be 
desirable to change the shape of the compression hoop into something different altogether. 
Then the hoop will not be a circular hoop anymore, and this could have serious 
consequences for the structural working of the tensegrity.  
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This type of change is needed to investigate non-circular tensegrity domes. The change in 
shape may be gradual or rigorous depending on how many elements of the compression 
hoop are displaced and rotated (see Figure 52).  

 
 

 
Figure 52: Possible shapes for the compression hoop. Left: circle. Middle and right: ellipse 

It was chosen to make non-circular compression hoops based on the ellipse. This is explained 
in chapter 4.9.1. 

4.2.4.1. Compression hoop shape (C/e-1) 

The second order variations consist of changes to the locations of the supports for the 
tensegrity, and thus determine the shape of the compression hoop. 

Order Variable Independent 
variable 

Affected 
variables 

Dependent 
variable 

1th  System type    

2nd  Compression hoop shape x   

3rd  

 

Number of top cables 

Number of tension hoops 

 

 

  

4th Diameter of the tensegrity dome 

Total height 

Height above support 

Height below support 

 x 

 

 

5th 

 

Top cable angles 

Top cable span lengths 

Strut lengths 

Diameter of inner tension hoop 

Diagonal angles 

Diagonal span lengths 

 

 

 

x 

x 

 

x 

x 

x 

 

 

 

 

Table 11: Compression hoop shape (C/e
-1

) 
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4.2.5. Variations in structural concept (first order variations) 

Changing the structural concept will result in a completely different distribution of forces. 
Two structural concepts are considered here, the Geiger tensegrity dome (see Figure 53) and 
the Fuller tensegrity dome (see Figure 54). The Geiger tensegrity dome has straight top 
cables from the compression hoop to the center tension hoop. In contrast, the Fuller dome 
has double the amount of top cables in comparison with the Geiger dome. This is possible 
since the Fuller dome has more connections per node. The locations of the struts are 
different in the Fuller dome. Because of the change in strut location, the length of a single 
top cable and diagonal cable is different between the Geiger and Fuller domes. The Fuller 
tensegrity is relatively stiffer than the Geiger dome, but more labor intensive due to the 
larger number of nodes. 

 
Figure 53: Geiger tensegrity dome 

 
Figure 54: Fuller tensegrity dome 
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4.2.5.1. System type (G/F) 

A change in the type of structural system is a very dramatic variation. This is due to the 
number of top cables and diagonals, which double in number. The orientation and topology 
of these elements also change completely. There is no change in number of tension hoops, 
struts or supports. 

Order Variable Independent 
variable 

Affected 
variables 

Dependent 
variable 

1th  System type x   

2nd  Compression hoop shape    

3rd  

 

Number of top cables 

Number of tension hoops 

 

 

x  

4th Diameter of the tensegrity dome 

Total height 

Height above support 

Height below support 

  

 

 

5th 

 

Top cable angles 

Top cable span lengths 

Strut lengths 

Diameter of inner tension hoop 

Diagonal angles 

Diagonal span lengths 

 

 

 

 

x 

 

 

 

x 

 

 

 

 

Table 12: Structural system type (G/F) 

 

4.3. Sectional choices 

For the cables and struts, a choice must be made for the diameter of the cable and the 
section of the struts. It was chosen to use cable and column sections which are available on 
the market, to keep the comparisons realistic.  

 

4.3.1. Cables 

For the cables, a document provided by Pfeifer Cable Structures [13] was used. It was chosen 
to use the full locked cable, since these cables allow very large tensions to be applied. 

Since only limit tensions and section diameters were provided, the steel grade for the cable 
sections was determined by: 

;
Rd

Rk cable

cable

Z
f

A
   

In which: 
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RdZ : The limit tension of the cable in kN 

cableA : The sectional area of the cable in mm2 

Using, for example: 

6121RdZ kN  

26990cableA mm  

We find a cable steel grade Rkf  of: 

3
2

;

6121*10
870 /

6990
Rk cablef N mm   

The Young’s modulus is provided by the manufacturer and is: 

2 2160000 / ( 10000 / )cableE N mm N mm   

 

4.3.2. Struts 

For the struts, it was chosen to use rectangular hollow sections (RHS), since these are good 
at resisting buckling. RHS sections have a better moment of inertia than CHS, when the 
cross-section size and maximum section dimension is taken about equal (see Table 13). 
Additionally, the maximum section length is higher for RHS sections. It is convenient to have 
the same moments of inertia for both axes, so only one buckling check will have to be 
performed on the sections. For these sections, a product list was used [14]. 

Section 
type 

Outer dimensions 

(d*t) or (h*w*t) 
[mm] 

Section area  

(A)  

[mm2] 

Moment of 
inertia (Iy=Iz) 

[mm4] 

Maximum 
section length 

[m] 

RHS 120*120*65 2270 485*104 15 

CHS 121*6,3 2236 374*104 12 

Table 13: Comparison between maximum outer dimensions, sectional area and moment of inertia and maximum length 
between RHS and CHS sections 

It was chosen to include all sections on this list from RHS 200x6.3 to RHS 400x20, so it is very 
likely there will always be a suitable section for the model. 

The steel grade for these sections was chosen to be: 

2

; 355 /y strutsf N mm  

The Young’s modulus is: 

2205000 /RHSE N mm  
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4.4. Load cases 

There are five major load cases we should consider. These are the pretension force, self-
weight, dead loads, snow load, and wind load. For each load, a description is given as well as 
an estimation of the size of the load. Dead loads and live loads are always applied on the 
struts as point loads. This means that when a surface load is given, the relevant area for the 
strut must be calculated. This is done automatically by Grasshopper. The pretension is a 
displacement load, and the self-weight is a line load. 

 

4.4.1. Load case 1: Pretensioning of the dome 

The pretensioning of the dome is achieved by an applied displacement load (see Figure 55). 
The needed amount of pretension differs per tensegrity dome. Therefore, the displacement 
load is not specifically set, but varies usually between: 

100 300pretensionmm mm   

If the displacement load on the edge nodes is too small, not enough pretensioning could 
present in the model, and the top strut ends may displace sideways due to dead or variable 
loads. If too much pretension is needed, the system can be considered inefficient, and it 
should be rejected as a viable dome variant.  

 
Figure 55: Application of the displacement load 

 

4.4.2. Load case 2: Self-weight  

Self-weight represents a small additional load which could be rejected due to its size. 
However, it is very easy for the analysis to take this load into account and because the 
quality of the calculation is improved when including this, it is included. Oasys GSA can 
calculate the self-weight of the model by itself. Self-weight depends on the section sizes 
which are chosen.  
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4.4.3. Load case 3: Dead load 

Dead loads are loads consisting of the roof cladding, technical installations and possible 
service walkways which are suspended from the roof. It is not possible to know these loads 
beforehand, yet these should be included depending on the function of the building on 
which the tensegrity dome is fitted. In the Netherlands, the amount of installations 
suspended from the roof is very limited in, for example, football and ice-skating stadiums. 
Walkways and technical installations are thus neglected. A small amount of dead loading can 
be determined: 

Cladding:  

ETFE foil: 2 to 3,5 kg/m2 [15]. 

Suppose 2 sheets (for instance when pneumatic cushions are used) 

2

100 1

3,5*2
0,07 /

100

kg kN

kN m




 

Possible support system for the cladding: 

Ø35mm steel cable, with a weight of 6,8kg/m1 [13] 

Suppose a 3x3m grid, then 6 meters of cable per 9m2 of roof surface 

2

2

6,8*6
4,53 /

9

100 1

0,05 /

kg m

kg kN

kN m



  

Total dead load: 

20,07 0,05 0,12 /deadq kN m    

The surface loads are applied on the struts (see Figure 56). The red crosses indicate the top 
node of each strut. 
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Figure 56: Application of the dead loads (and snow loads). Top left: load on compression hoop. Top right: load on struts 
ST1. Bottom left: load on struts ST2. Bottom right: load on struts ST3. 

 

4.4.4. Load case 4: Snow load 

Snow loading is a variable load. It was chosen to use a uniform snow load, on a surface with 
an angle not steeper than 30°. It is convenient to define a uniform load per m2. The load is 
determined using the (Dutch) EuroCode.  

2

2

( 0 ) 0,8

1,0

1,0

0,7 /

0,8*1,0*1,0*0,7 0,56 /

snow i e t k

i

e

t

k

snow

q S C C S

at inclination

C

C

S kN m

q S kN m





 

 







    

It was chosen to only investigate a uniform snow load. It is possible that a non-uniform snow 
load will be normative in some cases, but due to time restrictions, it is not included.  

 

4.4.5. Load case 5: Wind load 

In the case of a tensegrity dome which rises only slightly towards the center of the dome, 
the wind load is a non-uniform live load. To be able to calculate the wind loads on the roof, 
assumptions must be made for instance for the location of the dome and the altitude of the 
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dome. It was chosen to use the geographical features for a tensegrity dome in Eindhoven, 
since this is the location of the Eindhoven University of Technology. EuroCode 1, section 
7.2.8. was used to determine form factors A, B and C. Suction pressures are assumed to 
operate perpendicular to the surface of the dome. 

Wind area III (Eindhoven, the Netherlands), built environment (in the City) and the 
presumed height above ground level of the tensegrity dome is 70m. This indicates: 

2

( ) 1,10 /wind p Zeq q kN m  . 

* 1s dC C   

Furthermore, 16 , 60 , 100f m h m d m   (see Figure 57) 

16
0,16

100

60
0,6

100

f

d

h

d

 

 

 

 
Figure 57: values for f, h and d 
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Figure 58: Form factors A, B and C. Figure taken from [16] 

1,6

0,9

0,5

A

B

C

 

 

 

 

Since all form factors are negative, only suction applies to the tensegrity. The wind load 
becomes: 

( )

2

2

2

*

:1,10* 1,6 1,76 /

:1,10* 0,9 0,99 /

:1,10* 0,5 0,55 /

e p Ze peW q C

A kN m

B kN m

C kN m



  

  

  

 

For ease of calculation a linear decline in suction is assumed. This means that form factor B is 

modified to 21,16 /B kN m  . The distribution of the loads is displayed in Figure 59. 



Parametric design and calculation of circular and elliptical tensegrity domes 

 

51 
 

 
Figure 59: Distribution of the wind loads 

It is also noted that the wind loads are largely simplified and do not always represent the 
actual wind loading on a real structure. The schematization may not reflect the load 
conditions on a concave shaped top cable that well.  

 

4.5. Load combinations 

For the ultimate limit state load combinations, safety factors are used. The factors are chose 
so that they represent the most unfavorable case. For the Serviceability Limit State no safety 
factors are used. Note that no safety factor is included for the pretension load case. This is 
due to the measurability of this load case during construction. The load combinations are: 

 

Load combination 1: Pretension, self-weight and dead loads (LC1+LC2+LC3) 

Ultimate Limit State (axial forces, weights and support reactions): 

1 (1,35* 2) (1,35* 3)LC LC LC   

Serviceability Limit State (node displacement): 

1 2 3LC LC LC   

 

Load combination 2: Pretension, self-weight, dead loads and snow load (LC1+LC2+LC3+LC4) 

Ultimate Limit State (axial forces and support reactions): 

1 (1,2* 2) (1,2* 3) (1,5* 4)LC LC LC LC    

Serviceability Limit State (node displacement): 

1 2 3 4LC LC LC LC    

 

Load combination 3: Pretension, self-weight, dead loads and wind load (LC1+LC2+LC3+LC5) 

Ultimate Limit State (axial forces and support reactions): 

1 (0,9* 2) (0,9* 3) (1,5* 5)LC LC LC LC    

Serviceability Limit State (node displacement): 

1 2 3 5LC LC LC LC    
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Note: in this case, multiplying self-weight and the dead loads with a safety factor 0,9, which 
is usually considered a favorable safety factor, results in the normative analysis case. 

A very special combination is also considered: 

 

Load combination 4: Pretension (LC1) 

Ultimate Limit State (axial forces and support reactions): 

1LC  

This load ‘combination’ is needed to simulate pretension in the tensegrity when the 
compression hoop is considered (this is treated in chapter 5.2). In that case, displacing the 
pinned supports to apply pretension on the tensegrity will not work. This combination is 
used to find the distribution of the pretension forces in the tensegrity system, so that these 
pretension forces can be applied directly in the cables and struts when the compression 
hoop is included. In this way, the actual distribution of pretension forces in the system is 
preserved, which results in a far better solution than when we would switch to an 
alternative method of pretensioning the dome, such as temperature changes in the strut. 

This load combination is never normative for the finding the needed sections in the 
tensegrity. It is only used to find the correct distribution of pretension forces for the analysis 
described in chapter 5.2. 

 

4.6. Structural requirements 

The primary requirements for a building are strength, stiffness and stability. This is a very 
important distinction for the requirements of the structural design of a building. Suppose a 
tensegrity dome is strong enough to withstand any occurring force, then the dome may still 
be considered unsafe due to stiffness requirements. Stiffness is required for building 
materials, because large deformations can break or tear materials apart. But it is also 
required for providing a safe feeling to the users of a building. A well performing tensegrity 
dome must therefore adhere to some safety margins. Normally, safety is divided between 
the Ultimate Limit State (ULS) and the Serviceability Limit State (SLS). Each of those states 
has safety factors which are multiplied by the occurring loads to simulate the most extreme 
circumstances to which a tensegrity dome may be exposed.  

From testing it was observed that three main modes of failure can occur for a dome: 

1. Nodes can displace too much (see chapter 4.6.1) 
2. The distribution of forces can be wrong (see chapter 4.6.2) 
3. Element strengths can be too small (see chapter 4.6.3) 

When an investigation is made to find the lowest amount of needed pretension in a 
tensegrity dome, at least one of the first two cases will be the normative case. The element 
strengths are always applicable.  

Other structural requirements like vibrations are also possible. To limit the scope of the 
investigation, this is not considered. 

 



Parametric design and calculation of circular and elliptical tensegrity domes 

 

53 
 

4.6.1. Deformations 

The nodes in a tensegrity dome will displace because of the loads on the dome. It may be 
due to external loads, pretension loads and there is also a difference in node location 
between the original design and the dome under dead loads only (load combination 1), since 
a tensegrity must always deform to find equilibrium. 

The deformation requirements are chosen to be relative to the tensegrity under dead loads. 
This means the two extreme cases (snow and wind) and their added nodal displacements 
must be within a certain margin (see Figure 60). 

 
Figure 60: possible locations for a node in a tensegrity dome 

The possible locations of a single node are drawn at different conditions: 

1. The original design location of the node  
2. The location of that node when the tensegrity is loaded with pretension, self-weight 

and dead load  
3. The location under snow load 
4. The location of the node under wind loading 

Displacements for nodes under snow and wind conditions (3 and 4) are limited by the 
dashed boundary, and are relative to the dead load case. The distance between the dashed 
line and node location two is given by the maximum displacement condition. 

Usually, the ratio between vertical node displacement and span length for roofs in the 
Netherlands is: 

( )
250

span

max

l
mm   

So that for a span of 100m, the maximum allowed displacement would be 400mm. The ratio 
may however be less applicable for tensegrity domes since the node displacements are in 
any direction x, y or z and the ratio is usually used for shorter spans. Since the length of the 
span is equal to the diameter of the dome, ‘S’ can be substituted for lspan. 

Finally it was chosen to limit the direction of node displacement using: 
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( )
200

max

S
mm   

The maximum displacement for a 100m span is then 500mm in any direction.  

Only the nodes at the tops of the struts are considered in the investigation. This choice is 
based on the idea that the bottom node is not connected to the cladding system. Therefore, 
it cannot tear or break the cladding. It will also be very difficult to notice node translation at 
the bottom parts of the struts for the general public, since it cannot be referenced to 
another point very well, unlike the top nodes, which relate directly to the cladding. 

There are a few factors which influence the stiffness of the tensegrity dome. These are: 

1. Geometry and topology of the dome 
2. Young’s modulus (E) 
3. Section size (A) 
4. Pretension force (Fp) 
5. Steel grades (fRk or fy) 

The Young’s modulus and the steel grades are kept constant. The choices are very 
important, but they are dependent on the available products on the market.  

It is evident that if a comparison between different geometries and topologies is to be made, 
the other factors must be allowed to change between different tensegrity domes. Of course 
when the geometry and topology is deliberately set at the given specifications beforehand in 
the variant study, we should optimize the dome using height of the pretension force and the 
choice for section size. 

If we were to build a tensegrity dome, we would choose different section sizes for each 
element type. Changing the section sizes changes the stiffness and therefore the structural 
behavior of the tensegrity dome. Doing so will result in an iterative design process. This is of 
course a lot of work, and limits the time available to investigate other variations of geometry 
and topology. Sections can be chosen for each element group (see chapter 4.6.3). It is noted 
that this will lead to an unknown error margin. Ideally, all the section sizes should be 
optimized for each comparison. 

There is a large difference in the way the tensegrity deforms under each type of load. The 
difference is caused of course by the height of the load, the direction and the location of the 
load. Since the dead load combination and snow load combination consist of a uniformly 
distributed load, we expect all similar type nodes to behave identically (see Figure 61 and 
Figure 62). 

Wind on the other hand, is a non-uniformly distributed load due to the form factors 
(discussed in chapter 4.4.5). As a result, some nodes will displace more than others (see 
Figure 63 and Figure 64).  

In these figures the dashed lines indicate the design position of the elements. The normal 
lines indicate the deformation that the tensegrity experiences. In order to give a good 
impression, the deformations are scaled.  
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Figure 61: Node displacements for pretension load/snow load (perspective) 

 

 
Figure 62: Node displacements for pretension load/snow load (top view) 
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Figure 63: Node displacements for wind load (perspective) 

 

 
Figure 64: Node displacements for wind load (top view)  
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4.6.2. Distribution of forces 

If the distribution of forces is incorrect throughout the tensegrity dome, collapse can occur 
(see Figure 65). Often, the load on the outermost struts (the struts belonging to tension 
hoop number one) is the highest, due to the surface area which must be carried by that 
strut. The result is a failure mode which visually resembles lateral torsional buckling in steel 
beams. The top cable is not stiff enough for the occurring forces and also lacks any lateral 
support. The struts consequently overturn. Of course, deformations will also increase largely 
when collapse occurs. 

 
Figure 65: Collapse of a tensegrity dome by excessive snow loading 

The failure mode can only occur when loads are in the -z direction. When decreasing the 
pretension load, or when applying too much snow load, an element in the system can reach 
0 kN axial force, after which the system can fail. This is not always the case; for instance 
when a single element is unloaded, the system can still be stable 

It would be good engineering practice to set a minimally needed axial tension, or 
compression force for all elements, so that a prespecified amount of pretension is always 
available. This ensures the desired structural behavior always occurs. This is done by setting 
a margin for the minimal normal force in an element in the tensegrity dome. 

To determine the margin, we should look at two graphs (Figure 66 and Figure 67). They are 
based on the standard Geiger dome model (see chapter 4.8). In both figures, the increase in 
axial force per element type is displayed at 20% intervals. 0,00 refers to an unloaded system, 
identical to the normal operating conditions when only pretension and dead loads are 
applicable. 1,00 refers to the extreme snow load case. 

Figure 66 shows the total increase in axial load quite well, so we can see tension hoop 3t has 
the largest decrease in axial load. However, we cannot see if this element will determine the 
point of collapse, since we need to know if the axial load tends to 0 kN.  

From the graph, it is easy to see that the change in axial load and the increase in snow load 
are linearly related for all the elements. This property is useful, since this makes it easy to 
predict behavior under any snow load.  
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Figure 66: Change in axial force due to snow loading at 20% increments 

In Figure 67, the change in load is related to their starting axial force. Some tensioned 
elements become increasingly more tensioned with increasing loads, such as diagonal 1 and 
tension hoop 1. These elements will not determine collapse in the previously described 
fashion, but instead they will break if the load is too high.  

 
Figure 67: Change in axial force due to snow loading at 20% increments, related to the starting position 

Other elements tend to decrease in axial force. Most noticeably top cable part 3, strut 3 and 
tension hoop 3t tend increasingly to ‘zero’ axial force. The largest decrease is seen in tension 
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hoop 3t, although this element does not necessarily have to be the first element to reach 0 
kN axial force. 

We can also generate these graphs for wind loading (see Figure 68 and Figure 69). Again, 
there is a linear relationship between increase in load and axial force. We can also see that 
the figure resembles the change in snow load, but the direction of change is reversed. The 
largest change in normal force occurs in tension hoop 1, suggesting this element may 
determine the point of collapse. 

 
Figure 68: Change in axial force due to wind loading at 20% increments 

This is refuted by the data in Figure 69. Here, the system will not collapse at all, since the 
node displacements (discussed in chapter 4.6.1) determine the minimum needed pretension 
in the system. Consequently, the smallest axial force is still more than 1000 kN. The 
maximum axial force is considerably higher than with the snow loading though. This means 
the design values for the axial forces in the system will be determined by the wind load case.  

To ensure the correct loading of the tensegrity, the aforementioned margin for the minimum 
normal force in an element is set at 20 kN. From experimenting it was observed that this 
provides a good safety margin. The occurrence of the failure mode is easily seen in the 
results for the different load cases, when looking at the normal forces in the elements.  

It is noted that structural collapse will not always occur when an element in the tensegrity 
becomes tensionless or compressionless. Still, the minimum axial force is maintained to 
ensure proper loading in the tensegrity. This means that at any time, all cables must be 
tensioned and all struts must be compressed. 
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Figure 69: Change in axial force due to wind loading at 20% increments, related to the starting position 

 

4.6.3. Element strengths 

In structural engineering, it is normal practice to choose the smallest section possible for an 
element in the structural system. This saves mass in the structure, as well as costs. For each 
tensegrity dome variant, the sections should be optimized. It was chosen to use five 
different sections per tensegrity depending on the type of the element: 

 Top cables 

 Diagonals 

 Tension hoops 

 Struts 

 Compression hoop (treated in chapter 5.3) 

The top cable, for instance, consists of three cable segments, each with a different tension 
force depending on the load case and position. For the determination of the appropriate 
section, the normative tension is used. This means some cables will be oversized quite a bit. 
Individual sections could be chosen for all types and section locations separately (in that 
case, there would be 13 different section types for a circular tensegrity dome with 3 tension 
hoops), but this will result in a difficult and lengthy search for equilibrium.  

According to the Eurocode [17], all sections must satisfy unity check: 

; ;

; ;

1
y Ed z EdEd

Rd y Rd z Rd

M MN

N M M
    

For sections in tension (the cables), the unity check can be reduced to: 
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;

1,0Ed

c Rd

N

N
  

In which 

EdN : The occurring tension force on the element 

;c RdN : The capacity for tension force on the element 

It was chosen to use cables according to the product specifications of Pfeifer Cable 
Structures [13].  The assumed cables are full locked cables (see chapter 4.3.1), which allow 
limit tensions from 250 kN up to 12.000 kN. This is at the same time the maximum allowable 
tension in the tensegrity system, when higher strengths are needed, the tensegrity will be 
assumed not to be efficiently designed, and omitted from the analysis. 

Choosing the best cable section is very important for the mass of the tensegrity domes. If a 
section is chosen which results in a unity check value of 0,4, the section is strong enough for 
the load which is applied, but 60% of the section is not used. This is called over-
dimensioning. In order to prevent this, a minimum unity check value was chosen at 0,8 (see 
Figure 70). Here we can see the unity check value is rejected when it is in the red area. This 
can occur when the load is too much to bear (unity check>1) or when the section is over-
dimensioned (unity check<0,8). 

 
Figure 70: Cable cross-section and the margin for the unity check values 

Therefore, the unity check becomes: 

;

0,8 1,0Ed

c Rd

N

N
   

For sections in compression, a distinction can be made between members subjected to 
buckling (compression only) and lateral torsional buckling (compression and bending).  

Buckling occurs in compression members in the tensegrity structure. The unity check is: 
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1

1,0Ed

y

M

N

Af




 
 
 

 

In which 

 : The reduction factor for the applicable buckling condition 

A : The sectional area of the member 

yf : The yield tension of the member 

1M : A partial safety factor (here assumed to be equal to 1) 

Over-dimensioning can also be a problem for the struts, so (analogous to cables) the unity 
check is modified to: 

1

0,8 1,0Ed

y

M

N

Af



 
 
 
 

 

Because of their favorable properties, hot rolled rectangular hollow sections (RHS) are 
assumed in the tensegrity (see chapter 4.3.2). It is also convenient to have the same 
moments of inertia for both axes; the buckling checks can then be reduced to a single check. 
Sections ranging from RHS 200x200x6,3 up to RHS 400x400x20 are included in the 
parametric model [14]. 

 

4.6.4. Conclusion 

Each tensegrity dome variant is optimized to have the most fortunate conditions in the 
system (see chapter 4.7). The optimization is limited by three structural requirements, 
constituting three conditions: 

1. Node displacements must adhere to: 

( )
200

max

S
mm 

 

2. Axial forces must adhere to: 

; 20x minN kN
 

3. Unity checks must be: 

;

0,8 1 ( )Ed

c Rd

N
cables

N
 

 

1

0,8 1 ( )Ed

y

M

N
struts

Af



 
 
 
 

 

In which ‘unity’ must be as close to 1 as possible, but not (much) less than 0,8. 
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It is known from tests in the parametric model that the first condition is somewhat stricter 
than the second, but it is deemed a necessary boundary condition. Choosing different 
sectional properties (under condition 3) influences the stiffness and the distribution of force 
in the tensegrity. This is therefore an iterative condition.  

 

4.7. Result comparison 

For the comparison of different possible lay-outs of tensegrity domes, some comparison 
points must be described. This chapter will give a detailed description of the options and 
how they may be calculated. Summarized, the options are: 

1. The needed pretension force 
2. The mass of the structure 
3. The modified total mass (MGM) 
4. Deformations 
5. Numbers of elements and nodes 
6. Costs  
7. Cladding requirements 

It will be very hard to compare all of the above points in an objective way. Therefore, it will 
be decided which options are included in the graduation project in chapter 4.7.6. 

 

4.7.1. Pretension force 

A very obvious key property for a tensegrity dome, is the amount of needed pretension force 
to keep the tensegrity operating within the boundaries of the structural requirements. The 
pretension is the amount of force which should be applied on the tensegrity dome by using 
jacks at the intersection of the tensegrity with the compression hoop, under normal 
operating conditions, i.e. analysis case 1 – dead loads only.  

The needed pretensioning is determined per variant by several factors. For instance, it is 
determined by the mass of the tensegrity and the geometry of the dome. The pretension 
force is calculated by finding the normative load case for the tensegrity. When the amount 
of pretension is sufficient for all load cases, the tensegrity will comply with the demands in 
chapter 4.6.3. The reaction force found at the pinned supports under normal operating 
conditions (the dead loads only combination) indicates the needed amount of pretension. 
Logically, low pretension forces need smaller sections, which decrease the mass of the 
dome. It is therefore better to have a low pretension force in the tensegrity dome. 

It is important to note that the applied node displacement ( pretension ), which actually causes 

the pretension, is not the same thing as the pretension force ( pF ). The applied node 

displacement is a displacement load in mm which is applied for the calculation in GSA. 

Lower pretension forces result in lighter compression hoops. This is due to the 
decomposition of the pretension force into the compression hoop normal force (see Figure 
71). Here, a section of the tensegrity dome and compression hoop is taken (left) and 
enlarged (right) 
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Figure 71: Static force equilibrium for a section of the compression hoop. Left: tensegrity dome with compression hoop. 
Right: enlargement of the section marked by the red box (in the left picture) 

If we decompose the forces we get Figure 72. Here we can see that half of the pretension 

force pF  (marked in red) is decomposed in the left compression hoop section ( ; 1x CHN ) and 

half in the right compression hoop section ( ; 2x CHN ) due to mirror symmetry (marked in 

blue). The angle 
CH  denotes the angle made by ; 1x CHN  and ; 2x CHN  relative to a line 

perpendicular to pF  and through the halfway point of pF . The compression hoop normal 

forces can be decomposed (marked in green) to obtain ; ; 1x V CHN
 and ; ; 2x V CHN  (vertical), 

; ; 1x H CHN  and  ; ; 2x H CHN
 (horizontal). 

 

 
Figure 72: Static force equilibrium for a section of the compression hoop 

For static equilibrium: 

; ; 1 ; ; 2

; ; 1 ; ; 2

0 0

0 0

x V CH x V CH P

x H CH x H CH

V N N F

H N N

    

   




 

Due to mirror symmetry: 

; ; 1 ; ; 2

1

2
x V CH x V CH PN N F    

Then the left side is: 

; 1

; 1

1

2( )
2* ( )

P
P

x CH

x CH

F
F

sin N
N sin




    

The right side then becomes: 
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; 2

; 2

1

2( )
2* ( )

P
P

x CH

x CH

F
F

sin N
N sin




    

Horizontal equilibrium is also guaranteed: 

; ; 1 ; ; 2

; ; 1 ; ; 2( ) 0

x H CH x H CH

x H CH x H CH

N N

N N

 

  
 

Due to this relation, a lower pretension force results in a lower normal force in the 
compression hoop. 

 

4.7.2. Mass of the tensegrity 

A very interesting property, which is quite easily determined, is the mass (in kg) of the 
tensegrity structure. The total mass of the tensegrity is calculated as follows: 

Tensegrity mass = sections mass + nodes mass 

Total structure mass = Tensegrity mass + compression hoop mass (discussed in chapter 
5.4.1) 

For now, the tensegrity mass and the total structure mass are separated because of the (as 
of yet) unknown actual section shape and size of the compression hoop. A separation 
between tensegrity mass and compression hoop mass will also be indicative to whether 
these properties are directly related or not. 

To calculate the mass of the sections, the mass per meter of section must be multiplied by 
the length of the section. For the cables and the struts, the mass is known, since it is 
documented by the manufacturer. For the compression hoop, the surface area of the section 
is calculated and multiplied by the length of the hoop and the volumetric mass of steel. The 
exact section sizes will be determined using the unity check (see chapter 4.6.3). The mass of 
the elements in the tensegrity is thus determined: 

1

1 1

1

2 2

1

( / )

( / )

...

( / )n n

element m kg m

element m kg m

element m kg m







 

Then we can determine the total element mass: 

1 1 2 2( * * ... * )elements n nm m l m l m l     

The mass of the nodes in the tensegrity system is included by looking at the needed section 
size for the cables which it connects. The size of the cable determines the mass of the 
connection, and these masses are also specified by the manufacturer. Because of the large 
forces which are transferred by the cables, the mass of the nodes must not be ignored (see 
Figure 73). 
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Figure 73: Cable connection in the National Stadium in Warsaw, Poland 

A good node design for a tensegrity dome can be made from the example in Figure 74. Here, 
the sections are optimized per top cable segment. By reducing the number of top cables and 
allowing the needed top cables to continue, fewer connections are needed, and thus, less 
steel.  

 
Figure 74: Node connection for the top cables, strut and diagonals in the Georgia dome 

For the parametric study, there will be only three cable segment optimizations (for the top 
cable, the diagonal and the tension hoop), so instead of reducing the number of cables, the 
whole cable section is thought to continue as long as possible. Doing so results in Figure 75.  
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Figure 75: Allocation of different cable connections 

Here, the top cable runs from the compression hoop to the inner upper tension hoop (TH3t), 
while being locked into place at the struts as in Figure 74. The top cable segments therefore 
need two cable connections ‘a’ to the nodes. For a Fuller tensegrity dome this is doubled to 
four cable connections. The diagonals need six cable connections ‘b’, or twelve, when a 
Fuller tensegrity is chosen. The tension hoops are considered to be continuous (see Figure 
76), although there should actually be a connection somewhere. They are assumed to have 
no cable connections for both Geiger and Fuller tensegrities.  

 
Figure 76: Node connection for the tension hoops and the strut (at the bottom) in the Georgia dome 

The mass of the connections: 
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' '

' '

( ' ')

Topcable section connectiontype a

Diagonal section connectiontype b

Tensionhoop section connectiontype c







 

 

 

;

;

2* 6* *

4* 12* *

connections Geiger a b

connections Fuller a b

m m m T

or

m m m T

 

 




 

Where: 

T :  The number of top cables in the tensegrity dome. 

To account for the plates on the struts of the tensegrity, the mass of the connections is 
modified by an arbitrary factor 1,5: 

;

;

*1,5

*1,5

nodes connections Geiger

nodes connections Fuller

m m

or

m m





 

The mass of the tensegrity is: 

tensegrity elements nodesm m m   

In conclusion, the masses are thought to be overestimations of the actual amount of steel 
needed. For instance, the section size of the cables would be optimized for all the different 
elements in the tensegrity in reality. Also, when a load is spread out on several cables, 
instead of just one, relatively smaller node connections are needed. Furthermore, cable 
lengths are calculated as if they continue to the intersection point with another element. 
This is incorrect, as they are actually shorter due to the connections. It is assumed that the 
calculated masses are conservative, but good estimates.  

 

4.7.3. Modified total mass (MGM) 

To include the effect of adding nodes and increasing the size of the nodes, a modified total 
mass can be calculated (MGM, from Modifizierte GesamtMasse) [18]. It was agreed to 
multiply specific parts of the tensegrity dome (and compression hoop) with a factor to 
emphasize the effort put into the different element types and the nodes.  

The following parts are considered: 

 Cables 

 Struts 

 Nodes 

 Compression hoop (treated in chapter 5.4.2) 

To calculate the MGM for the tensegrity, first all the masses of the parts are needed: 

cables

struts

nodes

m

m

m
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Since the struts are standard sections, the mass remains unmodified. The cables however, 
are thought to be relatively expensive, due to the effort put into building the section. The 
mass of the cables is subsequently multiplied by a factor 1,5 to state a 50% higher amount of 
effort. The nodes are modified by a factor 2, since a part of the nodes will need to be welded 
onto the struts in the factory, and another part has to be assembled on site. Summarized:

 1,5* 2*tensegrity cables struts nodesMGM m m m  

 Suppose, for example: 

58292

17244

17640

1,5*55290 17244 2*17640 139960

cables

struts

nodes

tensegrity

m kg

m kg

m kg

MGM kg







   
 

 

4.7.4. Deformations 

Deformations in each tensegrity can also be compared at given sections. Deformations are 
not dependent on pretension alone, but also factors like construction height, steel grade and 
section size. It thus embodies other qualities not included when only comparing pretensions. 
For comparing different spans, a span/deformation ratio may be calculated for comparison. 
Deformations must be smaller than the maximum allowed deformation condition. Among 
other things, these may be set by requirements for the cladding of the tensegrity. 

Since deformations constitute a structural requirement for the tensegrity dome, it will not 
be used as a comparison point in this graduation work. 

 

4.7.5. Numbers of elements and nodes, costs and cladding requirements 

A number of non-structural properties can also be considered in the comparison. This 
includes the number of elements and nodes in the tensegrity, as an indication of the amount 
of work to build the tensegrity. A large number of nodes could also negatively influence the 
costs of building the tensegrity by increasing the construction period, or because of material 
use. Cladding requirements include a maximum spanning distance of the cladding structure, 
or perhaps a maximum permissible node displacement requirement. 

In any case, all these conditions account for the total cost of the tensegrity dome. While it is 
recognized this is a very important condition for an engineer, it will not be considered in this 
analysis due to all the unknown and intangible factors concerning what actually brings about 
the highest costs. Instead, the influence is included in the modified total mass factor 
discussed earlier. 

 

4.7.6. Conclusion 

After discussing the different comparison possibilities, it was chosen to use the following 
results: 
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1. The pretension force (only for dead loads; load combination 1) 
2. The mass of the tensegrity structure 
3. The modified total mass (MGM) 

The pretension force indicates how much force is needed to actually tension the structure. 
This may have an effect on the necessary equipment and thereby on costs. It is expected 
that low pretension forces result in lower structural masses. 

The mass of the dome indicates which tensegrity is the lightest in mass. Lighter masses are 
expected to be less expensive, and easier to build. 

The MGM is a measure of costs and effort for building the dome. A lower MGM constitutes a 
decrease in cost and effort. 

  

4.8. Standard tensegrity dome models 

It will be useful to include a standard model in each comparison of a chosen variable. This 
will provide an anchor for comparing models. It was tried to mediate between the properties 
for the standard tensegrity dome model. This is not always possible, as there are only two 
choices for the type of structural system.  

It was chosen to give the standard models the following setup. There are two standard 
(circular) tensegrity dome models, constituting each to a different structural system (Geiger 
or Fuller). The properties of the standard models are summarized in Table 14. 

Geiger Fuller 

3 tension hoops 3 tension hoops 

12T   
12( )T double  

100S m  100S m  

1 2 3 12     
 1 2 3 12     

 

1 2 3 16L L L m  
 1 2 3 16L L L m  

 

1 2 3 10H H H m  
 1 2 3 10H H H m  

 
Table 14: Standard models for tensegrity domes

 

 

4.9. Elliptical tensegrity domes; additional information 

To be able to compare elliptical tensegrity domes in an equal fashion to circular tensegrity 
domes, some additional information is required. This chapter attributes to things that must 
be interpreted differently, or modeled differently. 

 

4.9.1. Shape 

The shape of the non-circular tensegrity dome was chosen to be an ellipse (see Figure 77). 
The transformation is applicable for both the compression hoop, as well as the tension 
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hoops. All nodes in the circular tensegrity dome are placed on the red circle, so that a 
segmented, but still circular tensegrity dome emerges. By displacing the nodes on the circle 
by a certain amount in one direction (the x-direction), the ellipse emerges. Then, a 
segmented, but now ellipse-based design emerges when the nodes on the ellipse are 
connected by straight sections (see Figure 78). The dashed lines in Figure 78 indicate the 
original and new orientation of the top cables.  

 
Figure 77: Initial circular shape (red) and the non-circular ellipse shape (blue) 

It was chosen to model an ellipse, since this shape is a logical first step starting from a circle. 
Conveniently, an ellipse is also easy to generate in Grasshopper when a circular design is 
already available. The shape of the ellipse emerges from the circle by using an eccentricity e  
[19] (a full derivation will not be given).  

;

;

C F

A C

l
e

l


 

In which: 

;n ml : The line length between points n and m.  

So: 

; 1

; ; ;*
C F

A C A C C F

l
l l e l

e

    

We can then calculate the x-position of point E on the ellipse by: 

1

' '*CE CDl e l  

It is convenient to use 1e , since this is the factor by which the span of the circular tensegrity 
dome is multiplied in x-direction. The maximum dimensions of the ellipse-shaped tensegrity 
dome are quickly obtained from the circular shaped tensegrity dome. For example: 

1 1,2

100

e

S m

 


 

A C 

B 

D 

E 

F E’ D’ G x 

y 
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Then the dimensions of the ellipse in directions x and y ( xS  and 
yS ) will be: 

1 * 1,2*100 120

100

x

y

S e S m

S S m

  

 
 

 
Figure 78: Segmented circle (red) and ellipse (blue) 

 

 
Figure 79: Render of an ellipse shaped tensegrity dome in a perfect (not-segmented) ellipse 

Using the eccentricity 1e  is very convenient, since all x and y values for nodes in the circular 
tensegrity dome are known. It is also convenient since the areas of the applied loads on 
struts on the same tension hoop are equal to each other in an ellipse shaped tensegrity 
dome. Of course, due to the increase in surface area when increasing the eccentricity, the 
total load per strut increases. This can be shown using simple calculus and will not be 
derived. 

 

x 

y 
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4.9.2. Sectional choices, distribution of pretension and support reactions 

When the tensegrity is elliptical, some elements will increase in length, while others do not 
(relative to the circular shape). In chapter 4.6.3, it was stated that all element groups will be 
given the same section size. From the non-circular tensegrity dome analysis sheets (see 
appendix E) and Figure 80, we can see that the normal forces will be higher in the elements 
which are longer.  

 
Figure 80: Ellipse shaped tensegrity dome (example). Longer elements (in direction x) are loaded relatively more 

Here, 
;1xN  is the normal force due to pretension in a top cable segment in the long side (x-

direction) of the ellipse, and 
;2xN  is the normal force due to pretension in a top cable 

segment in the short side (see also Figure 81). 

Thus: 

;1 ;2x xN N  

It would be good engineering practice to consider different sections for each element, but it 
would not be feasible to do in this project. It is recognized that choosing sections based on 
the normative normal force for each element group will lead to potentially large 
overcapacity is some elements. It might be possible to get a uniform distribution by setting 
individual angles, top cable span lengths, strut lengths or by using a non-uniform distribution 
of applied displacement (pretension) on the tensegrity. 

 

Nx;1 

Nx;2 

R1 

R2 
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Figure 81: Top view of the ellipse. The dome spans 120m in direction and 100m in direction y 

The reason that this distribution of pretension forces occurs is due to the way in which the 
tensegrity dome is pretensioned (see Figure 82). It was explained in chapter 4.4.1 that 
pretensioning is applied by displacing nodes outwards. All nodes are displaced by an equal 
amount. This is also done for the ellipse shaped tensegrity domes. 

 
Figure 82: Applied node displacement for the ellipse shaped tensegrity dome. 

Since the applied displacements are equal for all top cables, the deformation in the system 
must be equal in all directions as seen from the center. This means the tensegrity dome is 
scaled by a (very) small amount. Using this knowledge, we can explain why there are 

Nx;1 

Nx;2 

 

 

 

 

 

  

 

 

  

 



Parametric design and calculation of circular and elliptical tensegrity domes 

 

75 
 

differences in normal forces (
;1 ;2x xN N ), by making a simple analogy (see Figure 83). Here, 

a simple tensegrity system is schematized with height/width ratio 1:1,2, so it has the same 
dimensions as the tensegrity in Figure 81.  

  
Figure 83: Simplified tensegrity dome with four top cables (TC) and a tension hoop (TH). Dimensions in meters 

If we demand uniform scaling (see Figure 84) and static equilibrium: 

2 2

1 1

0 0

0 0

0

H F F

V F F

M

    

    







  

 
Figure 84: Uniform scaling in the simplified tensegrity dome

 

TC1 

TC4 

TC3 

TC2 

TH 

F1 

F1 

F2 F2 

Deformed cable 

Undeformed cable 

Undeformed cable node 

Deformed cable node 
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If we load the simplified tensegrity with an arbitrary amount 1F , we can find 2F  by (see 

Figure 85): 

 1 3 1TC TCN N F   

; 1 1

1 1

2 2
Vertical TH TCN N F   

; 1 1

1 30 6
*

2 25 10
Horizontal THN F F   

2 2

2 2

; ; 1 1 1

1 6
0,78

2 10
TH Vertical TH Horizontal THN N N F F F

   
       

   
 

 2 4 ; 1 1

6
2* 2* 1,2

10
TC TC Horizontal THN N N F F     

Therefore: 

2 11,2F F  

 

 
Figure 85: Determination of F2 

The same derivation for 2F  can be made for schematizations with more tension hoops and 

top cables (not discussed in this report). In that case, we will also see the distribution of 
different axial forces in the tension hoop cable. We can check if the distribution of normal 
forces in Figure 80 has the same ratio (1 : 1,2):  

;1 4494xN kN  

;2 3861xN kN
 

;1

;2

4494
1,16 1,2

3861

x

x

N

N
  

 

TC2 
TH 

 

 

 

 

TC1 
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Only a minor difference is found. This is probably caused by small deformations in the 
tensegrity dome. 

From the analysis sheets, we can also see that we now obtain an upper and a lower bound 

for the pretension force ( 1R  and 2R ). This is the result of the non-uniform distribution of 

normal forces in the tensegrity dome.  

1 6609R kN  

2 5603R kN
 

;1

;2

6609
1,18 1,2

5603

x

x

N

N
    

 

4.9.3. Maximum displacements 

In chapter 4.6.1, a maximum value for the displacement is given. This was: 

200
max

S
   

Now we have two span lengths xS  and 
yS . Using only max  would be too strict for the 

displacements in the x-direction. Suppose: 

120

100

x

y

S m

S S m



 
 

Then the maximum displacements would be: 

3

; ;

120*10
600

200 200

x
z max x direction

S
mm    

 
3

; ;

100*10
500

200 200

y

z max y direction

S
mm    

 

Since the condition is applicable for all nodes and in any direction, we should choose which 
value we enforce. It was chosen to use 

; ;z max x direction 
, since the maximum displacement was 

empirically found to be normative for wind in the normative direction (see chapter 4.9.4).  

 

4.9.4. Normative load combinations 

In chapter 4.5, the normative load combinations were outlined. For the wind load case, no 
normative direction of the wind load is given, since it does not matter in which direction the 
wind blows for a circular tensegrity dome. From Figure 63 and Figure 64 it is known how 
deformations due to wind loading occur. It is from these figures reasonable to expect that 
wind in the direction of the longest span in the ellipse shaped dome is normative. This was 
also tested in GSA and found to be true (the results for this analysis are not provided in this 
report). It was therefore chosen only to investigate wind in the normative direction. 
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4.10. Summary of the methodology – Tensegrity dome only 

In order to analyze tensegrity domes in a variant study, a number of choices are made in the 
different chapters of chapter 4. In this chapter, a summary is given. 

 

Variations 

Variations for the variant study can be made in the lay-out of the tensegrity dome. The 
variations can be small or large depending on the order of the variation. There are first, 
second, third, fourth and fifth order variations. In general, the higher the order, the more 
radically a tensegrity dome changes.  

 Fifth order variations are small geometric variations in plane, which are only 
applicable to element lengths and angles.  

 Fourth order variations are global changes to geometry.  

 Third order variations are topology changes in the tensegrity dome.  

 Second order variations allow changes to the boundary conditions of the pinned 
supports (or the compression hoop, see chapter 5).  

 First order variations are provided to be able to choose between the structural 
concepts of David Geiger and Buckminster Fuller.  

 

Sectional choices 

The cable sections are taken from Pfeifer Cable Structures [13]. The steel grade of the cable 
is: 

2

; 870 /Rk cablef N mm  

The Young’s modulus is provided by the manufacturer and is: 

2 2160000 / ( 10000 / )cableE N mm N mm   

 

The struts are chosen to be rectangular hollow sections (RHS). For these sections, a product 
list was used [14]. The steel grade for these sections was chosen to be: 

2

; 355 /y strutsf N mm  

The Young’s modulus is: 

2205000 /RHSE N mm  

 

Loads and load combinations 

Five different loads can be applicable to the tensegrity dome. These loads are: 

1. Pretensioning of the dome: 

100 300pretensionmm mm   

2. Self-weight (Determined by GSA) 
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3. Dead load 
20,12 /deadq kN m  

4. Snow load 
20,56 /snowq kN m  

5. Wind load 
21,10 /windq kN m  

Note that the wind load is modified by form factors, depending on the position of the wind 
load on the dome. 

These are combined in three different load combinations, which are then divided into the 
ultimate limit state and serviceability limit state (see Table 15). In the table, the safety 
factors are included. 

Load 
combination 

Pretensioning 
of the dome 

Self-weight Dead load Snow load Wind load 

LC1 (ULS) 1 1,35 1,35 - - 

LC1 (SLS) 1 1 1 - - 

LC2 (ULS) 1 1,2 1,2 1,5  

LC2 (SLS) 1 1 1 1 - 

LC3 (ULS) 1 0,9 0,9 - 1,5 

LC3 (SLS) 1 1 1 - 1 

LC4 (ULS) 1 - - - - 

Table 15: Overview of the load combinations with safety factors 

 

Structural requirements 

There are three structural requirements for the tensegrity domes. Node displacements must 
adhere to: 

( )
200

max

S
mm 

 

Axial forces must adhere to: 

; 20x minN kN
 

Unity checks must be: 

;

0,8 1 ( )Ed

c Rd

N
cables

N
 

 

1

0,8 1 ( )Ed

y

M

N
struts

Af



 
 
 
 

 

In which ‘unity’ must be as close to 1 as possible, but not (much) less than 0,8. 
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Comparison points 

Tensegrities will be compared, based on the following points: 

1. The pretension force (only for dead loads; load combination 1) 
2. The mass of the tensegrity structure 
3. The modified total mass (MGM) 

 

Elliptical tensegrity domes 

To create an elliptical shape, the eccentricity of the ellipse is used. Only the x-coordinates 
are multiplied by the eccentricity. For example: 

1 * 1,2*100 120

100

x

y

S e S m

S S m

  

 
 

The maximum deformations can be: 

; ;
200

x
z max x direction

S
  

 

; ;
200

y

z max y direction

S
  

 

 

4.11. Flow-chart of the variant study; tensegrity dome only 

In order to provide insight into the analysis setup of the tensegrity dome, a flowchart was 
made. This flowchart is included in appendix B. 
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5. Methodology of the variant study; tensegrity dome 
with compression hoop 

5.1. Introduction 

The key to designing a good tensegrity dome lies within designing a compression hoop with 
the least amount of material possible. It is already known from chapter 4.7.1, that the 
pretension force in the tensegrity is an important aspect. We also know that, despite the 
name, bending moments may also occur in the compression hoop. The compression hoop 
amounts to a considerable part of the steel which is used in the total structure. 

This chapter explains the chosen methodology for the variant study of the tensegrity domes 
with compression hoops. The schematization is displayed in Figure 87. Here, the tensegrity 
dome is supported by the compression hoop. 

 
Figure 86: Used schematization for the analysis of the compression hoop in chapter 

In this chapter, the provisions for both circular and non-circular compression hoops are 
treated. 

 

  
Figure 87: Applicability of chapter 5. Left: circular tensegrity (Geiger) dome with compression hoop. Right: non-circular 
tensegrity (Geiger) dome with compression hoop 
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The analysis of the compression hoop always follows after the analysis of the tensegrity 
dome structure (see Figure 88). How this step works is explained in chapter 5.2.  

 
Figure 88: FEM calculations setup 

Unlike the tensegrity dome variant study, the section of the compression hoop is a straight-
forward analysis, in which no new variables are introduced. The same analysis points are 
used as in the tensegrity dome study, so again we are interested in the mass and the MGM 
of the structure. The pretension force of the tensegrity dome should be indicative of the 
height of the forces in the compression hoop, but is not a comparison point in itself 
anymore. The load combinations remain the same as with the tensegrity dome study, and 
the sectional choices for the tensegrity remain unchanged in this chapter. The structural 
requirements of the tensegrity remain applicable.  

It is important to remark that the compression hoop of the structure was pinned in two 
different directions on four different locations, to stabilize the structure without limiting 
horizontal deflection of the compression hoop (see Figure 86). If this is not done, the 
structure is free to move and rotate in its plane. The supports have been placed so that the 
reaction forces are very small and therefore negligible.  

This leaves us with the determination of the sectional dimensions of the compression hoop, 
which must be based on a new structural requirement.  

The determination of the mass and MGM is explained in chapter 5.4. 

 

5.2. Analysis of the tensegrity dome compression hoop 

5.2.1. Outline of the methodology 

In appendix A, a very detailed explanation is given for the analysis possibilities for the 
compression hoop. It also outlines the best option for analyzing the compression hoop and 
states a recommendation regarding the applicable buckling length. The used analysis is 
based on option 1 of that appendix, combined with the recommendation given in the 
conclusion of the appendix. Summarized, the analysis is based on the following steps: 

1. The tensegrity dome (schematization 1) is analyzed using the provisions of chapter 4 

Pretension is applied by displacing the pinned supports outward. In a separate load case 
calculation (only pretension, see chapter 4.5, load combination 4), the distribution of 
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pretension normal forces in the dome is taken and used as the replacement pretension load 
case for schematization 2. 

2. A second model (schematization 2, see Figure 86) is made, and is analyzed using the 
amendments in chapter 5 

The replacement pretension (load combination 4) is applied on the model and the same load 
combinations as described in chapter 4.5 are analyzed. The pins in schematization 1 are 
replaced with roller supports, in order to let the compression hoop function as the stabilizing 
element for the tensegrity structure.  

3. The determination of the needed truss section 

Since the tensegrity dome and the compression hoop are highly dependent on each other, 
the sectional dimensions for the compression hoop need to be determined iteratively. Each 
iteration a section size is chosen and tested. The direction of the next step is based on the 
unity check result for the compression hoop section (discussed in chapter 5.3). When the 
next step of the iteration is determined, steps 1, 2 and 3 are repeated consecutively. This 
continues until a compression hoop section is found which is acceptable as the final result, 
with the demands as stated in chapter 5.2.2. The structural requirements described in 
chapter 4.6 also have to be satisfied. 

 

5.2.2. Structural requirements for the compression hoop 

There is only one structural requirement for the compression hoop. The requirement is that 
the dimensioning of a compression hoop section is based on a unity check which uses an 
estimation of the applicable buckling length. In order to ensure the chosen section is strong 
enough, a modal buckling analysis in GSA is performed afterwards. 

 

5.2.2.1. Determination of the compression hoop section 

A compression hoop section must comply with the following simplified Eurocode unity check 
(for the derivation, see appendix A): 

;

;

1
z EdEd

z Rk z Rk

MN

N M
   

In which ‘unity’ must be as close to 1 as possible (this can be set precisely, since we can 
make small changes to the section size). 

In which: 

;z EdM : The design value of the bending moment in the compression hoop (determined by 

FEM analysis) along the z-axis. Note that bending moments follow from non-uniform loading 
(wind) and possibly from the non-circular shape of the compression hoop 

;z RkM : The characteristic value of the bending moment resistance in the compression hoop 

EdN : The design value of the normal force in the compression hoop (determined by FEM 

analysis) 
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RkN : The characteristic value of the normal force resistance in the compression hoop 

 : The reduction factor for the applicable buckling condition 

It was chosen to only do a unity check regarding the z-axis of the compression hoop. In this 
direction, bending moments are applicable from the wind load combination. This is not the 
case for the y-axis. Instead, bending moments occur in this direction only due to the self-
weight of the compression hoop. It is assumed for simplicity that the same sectional 

properties are used for both axes. Therefore the moments of inertia are equal (
yI = zI ) 

It was determined that factor   will be determined using critical buckling length: 

1

8
cr CHL L  

 

5.2.2.2. Modal buckling analysis 

After each calculation with the estimated buckling length, the compression hoop must be 
tested on buckling by a modal buckling analysis in GSA. Buckling of the compression hoop 

will not occur when the found load factor cr  is higher than 1: 

1cr   

Negative values of cr
 can be ignored, since these are Eigenvalues in tension. The first 

buckling mode in which 1000mm node displacement for a node on the compression hoop is 
found is normative for the buckling condition.  

 

5.3. Sectional dimensions and sectional properties 

5.3.1. Rectangular design section 

The before mentioned normal forces and bending moments in the compression hoop can 
become very high. There are no standard sections on the market which are capable of 
resisting these forces. It is therefore necessary to design a compression hoop section based 
on the forces. It was chosen to design a triangular shaped truss, so that the pretensioning 
forces Fp from the tensegrity are directly introduced into the truss section (see Figure 89). 
This would not be possible with a rectangular shaped truss section without extensive 
detailing; this inherently leads to a complex joint, which is not preferable (see Figure 90). 
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Figure 89: Chosen cross-section for the compression hoop 

 
Figure 90: Possible alternative cross section for the compression hoop 

It is quite labor intensive to model a triangular shaped truss for each iteration in the FEM 
analysis. In order to make the FEM analyses easier, it was chosen to use a parametric 
rectangular hollow section instead (see Figure 91). The sectional dimensions for the truss are 
calculated afterwards, based on the principle of equivalent stiffness [20]. This principle 
states that we are allowed to use a different section in the analysis, as long as it has the 
same sectional properties. Therefore the usage of a simpler section than the triangular truss 
is allowed in the analysis. 

It is particularly important for the determination of the resistance to normal forces and 
bending moments that a section is assumed in each iteration. The relevant sectional 

properties are the section area ( RDSA ), the moments of inertia (
;y RDSI  and 

;z RDSI ) and the 

section modulus ( RDSW ). It was already stated that 
;y RDSI =

;z RDSI . 
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Figure 91: Rectangular design section (RDS) of the compression hoop 

In which: 

w : The variable width 

h : The variable height  

webt : The variable web thickness 

flanget : The variable flange thickness  

A rectangular (doubly symmetric) section is chosen. Therefore: 

w h  and web flanget t  

From the sectional dimensions (the height, width, flange thickness and web thickness), the 
sectional properties (surface area, moment of inertia) are derived. For the rectangular 
design section: 

   2 * 2RDS w fA hb h t b t     

  
3

31 1
2 2

12 12
RDS w fI bh b t h t     

  
3

2
2 21

6 6

w f

RDS

b t h t
W bh

h

 
   

 

5.3.2. Triangular truss section 

When the unity check value for the rectangular design section is nearly equal to one (but not 
more than one), the sectional properties are used to calculate the dimensions of the truss 
section. To determine the cross-section of one of the three chords, which are circular hollow 
sections, the needed surface area of the rectangular section is first divided by three (the 
number of circular hollow sections).  
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3

RDS
CHS

A
A   

The relation between the diameter and the tube thickness is found by following the 
Eurocode recommendation for a class one steel section [17]. No calculation is made 
regarding buckling of a single chord, since it is very well supported in lateral directions (see 
Figure 93). Class one was chosen to minimize any problems concerning stiffness of the 
section. It was furthermore chosen to satisfy this condition only just. The relation between 
diameter and thickness becomes: 

2

2

50

0,66( 355)

33

chord

chord

chord
chord

d

t

steel grade S

d
t











 

Where: 

chordd : The diameter of a chord 

chordt  : The thickness of a chord 

2 : A correction factor relative to S235 

The area of the chord can be determined by: 

2 2( )chord chord chord chordA r r t     

Where: 

chordr : The radius of a circular hollow section (
2

chord
chord

d
r  ) 

Combining these equations gives: 

2 2

2 2 33

chord chord chord
chord

d d d
A  

   
     

   
 

This can be reduced to: 

3,29chord chordd A  

The moments of inertia yI  and zI  can be determined using the Huygens–Steiner theorem: 

2

Huygens Steiner chord chordI I z A    

Where: 

z : The distance between the center of mass of the truss section and the center of mass for 
the circular hollow section 
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The z-axis of the center of mass in the system is located at 
1

3
trussw  to the right as seen from 

the left roller support. Due to symmetry, the y-axis is located at 
1

2
trussh  (see Figure 92).  

 
Figure 92: Cross-section of the truss 

Using: 

4 41
( ( 2 ) )

64
chord chord chord chordI d d t    

We can derive: 

2

;

2 2

;

1
2( )

2

1 2
2( ) ( )

3 3

y truss chord chord truss chord

z truss chord truss chord chord truss chord

I I I h A

I I w A I w A

 
    

 

   
      

   

 

To determine the needed moments of inertia for the truss, the width and the height are 
modified until:  

;

;

1

1

RDS

y truss

RDS

z truss

I

I

I

I





 

Where
;

RDS

y truss

I

I
 and 

;

RDS

z truss

I

I
 must be as close as possible to 1. 
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At this stage, only four variables are left. These are: 

( )RDS RDSw h
 (Width/height of the rectangular design section) 

; ;( )w RDS f RDSt t
(Thickness of the web/flange of the rectangular design section) 

*trussw (Total width of the truss) 

*trussh (Total height of the truss) 

It was deliberately chosen to do so, because the choices for the rectangular design section 
largely influence the total height and width of the truss. This in turn has a very large impact 
on the mass of the compression hoop structure. See Table 16 for an example. Here, a few 
different, but all adequate compression hoop design solutions are expounded for the 
standard Geiger dome model. The determination of the mass is treated in chapter 5.4.1. 

wRDS x tRDS (mm) w*truss x h*truss (mm) Compression hoop 
mass (kg) 

3280x2,5 3184x3624 163610 

1990x5 2078x2338 174750 

1580x7,5 1743x1953 199880 

1360x10 1571x1741 224250 

Table 16: Geometric properties and masses for different compression hoop designs.  

The most evident conclusion would be that large truss section sizes are better for the design 
of the compression hoop, but unfortunately, those solutions are also very difficult to 
transport to the build site (it is assumed the truss sections are manufactured at a factory). 
Although the maximum transport width for exceptional transportation in the Netherlands is 
3,5 meters [21], it was chosen to use a maximum design height and width of 2,5 meters, 
since this height and width can be transported without special permits. It is aimed to design 
the compression hoop height and width as close as possible to this limit: 

* 2,50

* 2,50

truss

truss

w m

h m




 

For the example above, this would lead to: 

wRDS x tRDS (mm) w*truss x h*truss (mm) Compression hoop 
mass (kg) 

2150x4,5 2214x2504 172630 

Table 17: Best possible compression hoop truss design for the standard Geiger dome 

We can see that the width of the triangular truss is not that close to the maximum 
dimension. This is not a problem however, since the width is satisfactory for the needed 
moment of inertia. 
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Further improvement could be made by allowing more precision in the input dimensions, 
but it was chosen not to due this due to the iterative nature of finding the best solution. For 
a final design this could be done nevertheless, to find an even better solution. 

For the diagonals, verticals and horizontals in the truss, an estimation is used for the total 
number and dimension of the circular hollow sections. Ten diagonals per plane of the 
compression hoop section are used by default (see Figure 93). This makes designing the 
compression hoop sections significantly easier. The resulting angles with the circular hollow 
sections are about 30° and 60°, depending on the length of the section. In total, there are 
twenty diagonals, and four vertical sections along the length of the compression hoop 
section (see Figure 94). At the support, additional stiffening is present in the same plane as 
the top cable. This consists of two horizontal sections and one vertical section. For all vertical 
sections, horizontal sections and diagonals, it was chosen to reduce the diameter and 
thickness of the circular hollow sections of the chord by 25% as an estimation of the needed 
sectional diameter. 

 
Figure 93: Top view of a compression hoop section 

 
Figure 94: Perspective view of a compression hoop section 

 

5.4. Result comparison 

5.4.1. Mass of the compression hoop 

The compression hoop mass is calculated by determining the surface areas of the chord, 
vertical, horizontal and diagonal sections, following from the unity check. Then: 

*sections sections CHA l V  

And: 

*CH CH steelm V   

With: 

37850 /steel kg m 
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In which: 

CHV : The total volume of steel for the compression hoop 

CHm : The total mass of the compression hoop 

The mass of the total structure now becomes: 

total tensegrity CHm m m   

 

5.4.2. Modified total mass (MGM) 

The compression hoop is a triangular truss section. Many circular sections need to be welded 
together in order to construct the hoop. The welding has to be done in the factory, and 
afterwards, the compression hoop can be transported to the building site in segments. 
There, the segments need to be put together to build the compression hoop.  

Therefore, this can be a large expenditure. It was chosen to use a multiplication factor of 2 
for the compression hoop. To calculate the MGM factor for the compression hoop, only the 

mass of the compression hoop CHm  is needed. 

2*

100000

CH
compressionhoop

m
MGM 

 The MGM for the total structure can now be calculated quite easily: 

total tensegrity compressionhoopMGM MGM MGM   

 

5.5. Elliptical tensegrity domes with compression hoop; additional information 

Interestingly, not much additional information is needed for elliptical tensegrity domes with 
compression hoop. Only an extra notion is needed for the design of the compression hoop 
sections. 

In chapter 4.9.2, it was explained there are differences in the reaction forces at the supports. 
This causes differences in the normal force in the compression hoop, in the same way that it 
does for the tension hoops. It was chosen to design the truss section based on the normative 
normal force (and bending moment). Buckling in the compression hoop should be checked 
using a modal buckling analysis in Oasys GSA for elliptical tensegrity domes. 

 

5.6. Summary of the methodology - Tensegrity dome with compression hoop 

In order to analyze tensegrity domes with compression hoop in a variant study, a number of 
choices are made in the different chapters of chapter 5. In this chapter, a summary is given. 

The schematization of the tensegrity dome is modified. The changes pertain to the boundary 
conditions of the outermost nodes. Since the compression hoop will stabilize the tensegrity 
dome, the pins are replaced with roller supports to allow the compression hoop to deform. 

To analyze the compression hoop, a replacement section is used for the triangular truss 
section. This can be done, based on the principle of equivalent stiffness. The dome is 
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pretensioned using the results of the special load combination, to ensure each element in 
the tensegrity dome is loaded with the correct pretension force. In order to find the 
appropriate dimensions for the truss section, a unity check is used.  

The compression hoop segments must satisfy one structural requirement: 

;

;

1
z EdEd

z Rk z Rk

MN

N M
   

In which ‘unity’ must be as close to 1 as possible (this can be set precisely, since we can 
make small changes to the section size). 

It was determined that factor   will be determined using an estimated critical buckling 

length: 

1

8
cr CHL L  

After each satisfying the structural requirement, the tensegrity dome with the compression 
hoop is analyzed for sensitivity to buckling in GSA, using a modal buckling analysis. 

The results from the compression hoop are compared on two different points, the mass of 
the compression hoop and the MGM of the compression hoop. 

 

5.7. Flow chart of the variant study; tensegrity dome with compression hoop 

In order to provide insight into the analysis setup of the compression hoop, a flowchart was 
made. This flowchart is included in appendix B. 
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6. Results of the variant study; tensegrity dome only 

In each comparison study, the standard model (either a Geiger of a Fuller) is included. This is 
done to provide an anchor point to relate the data found. To relate individual tensegrity 
dome performance compared to the standard model, a percentage is used. This is 
denounced as the performance relative to the standard model (Rel. Std.). The standard 
model is marked in the tables with blue coloring. 

The models with four tension hoops were dropped, to focus on the three tension hoop 
variants and the differences between Geiger and Fuller tensegrity domes. 

The mass of the tensegrity, the modified total mass (MGM) and the pretension force are 
considered in the comparison.  

For the comparison charts, see Appendix E. 

 

6.1. Geometric variations in plane (fifth order variations) 

6.1.1. Top cable angles (αn) 

In this study, the angles of the top cable are varied. 

 
Figure 95: Changing angles of the top cable. From top to bottom: 00-12-24 (concave), 12-12-12 (standard model), 24-12-
00 (convex) 
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6.1.1.1. Results 

 
Chart 1: Tensegrity dome mass - Top cable angles 

 

 
Chart 2: Tensegrity dome MGM - Top cable angles 
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Chart 3: Tensegrity dome pretension force - Top cable angles 

 

Geiger 

α1-α2-α3
 

Mass (kg) Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

Reaction 
force (kN) 

Rel. Std. 
(%) 

02-12-22 239810 157 3,81 172 12196 176 

04-12-20 143190 54 2,24 60 7886 78 

06-12-18 97923 5 1,48 6 5529 25 

08-12-16 92919 0 1,40 0 4740 7 

10-12-14 91417 -2 1,37 -2 4663 6 

12-12-12 93176  1,40  4420  

14-12-10 88496 -5 1,32 -6 4458 1 

16-12-08 92961 0 1,40 0 4315 -2 

18-12-06 95050 2 1,43 2 4341 -2 

20-12-04 105560 13 1,62 15 4477 1 

22-12-02 112330 21 1,73 24 4991 13 

Table 18: Geiger dome - Top cable angles 
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Fuller 

α1-α2-α3
 

Mass (kg) Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

Reaction 
force (kN) 

Rel. Std. 
(%) 

02-12-22 285860 217 4,50 239 15777 283 

04-12-20 171310 90 2,65 100 10438 153 

06-12-18 127510 41 1,93 45 7669 86 

08-12-16 115310 28 1,74 31 6038 47 

10-12-14 96477 7 1,43 8 4911 19 

12-12-12 90205  1,33  4120  

14-12-10 78728 -13 1,14 -14 3382 -18 

16-12-08 76929 -15 1,12 -15 3221 -22 

18-12-06 83739 -7 1,24 -7 3532 -14 

20-12-04 96507 7 1,43 8 3949 -4 

22-12-02 119300 32 1,81 36 5788 40 

Table 19: Fuller dome - Top cable angles 

 

6.1.1.2. Analysis – Geiger domes 

First, Geiger domes starting with a larger angle than the standard model ( 1 12   ) will be 

compared to the standard Geiger model. See Figure 96; here, the performance compared to 
the standard model is displayed. The red lines indicate that a higher normal force is present 
in Geiger dome 14-12-10, compared to the standard Geiger dome model. For TC3, this is 
only the case when wind is applicable. The black lines indicate a reduction in normal force. 

 
Figure 96: Half section of the 14-12-10 Geiger tensegrity dome. Red indicates the element has a higher normal force 
present compared to the standard model (12-12-12) 

Note: For all analyses, charts were made which outline the rise or reduction in normal forces 
in the element per tensegrity dome variant. An example of which is included once (see Chart 
4). It was chosen not to include these charts in this document, for the sake of brevity. These 
charts are available on the supplied DVD. 
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Chart 4: Normal forces in the first diagonal (DI1) 

In dome 14-12-10, the angle for DI1 decreases, so a bigger portion of the pretension force 
will be applied on that element (see comparison charts in Appendix E). Consequently, more 
pretension force is introduced into TH1. In order to maintain equilibrium, the compression in 
ST1 is also increased, but the tension in TC1 decreases due to the wider angle. DI1, ST1 and 
TH1 are the normative elements for the system, so we would expect an increase in needed 
sectional area for these cables and struts. However, the applied sections can be used to a 
greater extent (meaning the unity check values are closer to 1), compared to the cables in 
the standard Geiger model (see unity checks). The tension force in TC1 is reduced enough to 
allow a smaller section to be chosen for the top cable. The stiffness of the system depends 
on the sectional area of the sections, so a higher pretension force is needed to increase 
stiffness. Therefore, a very large increase in pretensioning force is seen.  

The normal force in TC3 and TH3t increases when wind is present. When wind is applicable, 
the tension in DI3 and the compression in ST3 lowers. This has to be compensated with TC3. 
Compared to the standard model, this is done less efficient, due to the smaller angle. But, 
even with the increase in normal force for TH3t, the normal force in TH1 becomes normative 
for the system.  

For Geiger dome 14-12-10 we can conclude that the stiffness of the structure decreases, 
otherwise we would not need the large increase in pretension force. However, due to a 
fortunate distribution of forces throughout the tensegrity, the mass can be reduced, while 
we should expect an increase in mass.  

Between Geiger domes 14-12-10 and 16-12-08, the same kinds of change in normal force 
occur as with the previous comparison, but now the tension in DI1 becomes too high and a 
larger section is needed. The compression force in ST1 decreases since more tension is 
introduced into TH1 due to the smaller angle of DI1.  
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For Geiger domes 18-12-06, 20-12-04 and 22-12-02 these trends continue. 

Geiger domes 10-12-14 and 08-12-16 show a decrease in normal force in DI1, ST1 and TH3t, 
as we would expect from the trend outlined above. For Geiger dome 10-12-14 the mass can 
be reduced consequently, but for 08-12-16 the TC1 section needs to be increased in size, 
obscuring this effect.  

From Geiger dome 06-12-18 and on, the observed failure mode changes to the minimally 
needed normal force. Because of the configuration of the elements, the change in normal 
force caused by wind will only be carried by the top cable. The wind load causes the top 
cable to be lifted upwards over the entire section. There is almost no pretension in DI1, since 
the cable will shorten due to the upwards motion of the top cable. No tension will occur in 
TH1 when the diagonals are untensioned, and therefore also no component force will be 
applicable in ST1, reducing the pretension force (compression) to zero. In order to have a 
minimal compression force in ST1, the applied pretension is increased significantly, also 
causing a higher tension force in the top cable.  

The effect becomes even worse in domes 04-12-20 and 02-12-22. This causes the very high 
structural mass, MGM and pretension force. 

Results for domes with angles 00-12-24 and 24-12-00 could not be found, because these 
configurations result in 0 kN compression in strut 3. Since this is unacceptable, these results 
are omitted.  

 

6.1.1.3. Analysis – Fuller domes 

For all tested Fuller domes, the observed failure mode is the lack of normal force in one (or 
more) of the elements. The configuration of angles in the top cables determines whether the 
normative load case is due to snow or wind. This is because with an increasing angle for TC1, 
the height under the support decreases, while the height above the support remains the 
same (see Figure 97). 

 
Figure 97: Heights under the supports. Left: Fuller dome 02-12-22. Right: Fuller dome 22-12-02. Heights in mm 

For Fuller domes starting and ending with a large and small angle respectively, the stiffness 
reduces to a point where snow becomes normative. At the same time, the normal forces in 
the diagonal cables, and tension hoops, as well as the struts by the snow load case are 
normative for the sectional choices. This is because the angle for DI1 decreases, leading to a 
deteriorating ability to carry snow loads. At the same time, the top cable is normative for 
wind loading, since the convex shape is ideal for conveying the wind load to the supports. 
When the angle for TC1 is high, a larger portion of the pretensioning force is directed into 



Parametric design and calculation of circular and elliptical tensegrity domes 

 

99 
 

TH1. This reduces the tension in TC3 significantly. Then, when snow loading is applied, the 
tension is lowered even more due to the downward displacement of all the struts. The 
pretension in the third section is thus decreased. The applied node displacement must 
therefore be enlarged somewhat. 

Fuller domes starting and ending with a small and a large top cable angle respectively would 
be well suited for carrying snow loads, due to the angle of the first and second diagonals 
where much of the snow load is applied. Unfortunately, the stiffness of the tensegrity 
needed to be heightened in the analysis by increasing the pretension force, because the 
wind load becomes normative. Some of the diagonals become tensionless due to the 
asymmetric deformation under wind loading (see Figure 98). The problem is that the wind 
deformation is exactly in a direction that decreases the pretension the most. There is a 
possibility that for other numbers of top cables, this problem is decreased in magnitude. It is 
unfortunate that only a few diagonals determine the needed pretension in the tensegrity.  

 
Figure 98: Normal forces in the first diagonals (DI1) due to wind loading. The other elements are not drawn. 

The problem increases dramatically when the angle 1  of TC1 decreases, since an increasing 

portion of the load capacity is then realized by the diagonals. In general, we can say that a 
Fuller tensegrity dome design should ideally not be determined by the minimally needed 
normal force with a normative wind load. 

 

6.1.1.4. Analysis - General 

From the data it is clear that the chosen angles have a very large impact on the feasibility of 
the dome. For Geiger domes, good choices lie anywhere between angles 06-12-18 and 18-

Almost 
tensionless 
diagonals 
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12-06. There is no bias towards a concave of convex shape of the top cable. For Fuller 
domes, slightly convex top cables perform better than others.  

The difference between the best and the worst performing Geiger domes amounts to 
151314 kg of steel, or an increase of 171% in material use. For Fuller domes the difference is 
even larger, 208931 kg more steel is used between the best and the worst domes, 
constituting an increase of 272%. 

Between the system types, the Fuller dome performs a bit better than the Geiger dome. The 
best Fuller dome (16-12-08) and Geiger dome (14-12-10) differ 11567 kg, in favor of the 
Fuller dome, though the Fuller dome consists of a larger number of cables. The MGM also 
rules in favor of the Fuller dome. 

A notable difference between the Geiger and Fuller domes exists in the observed structural 
requirement. The Geiger domes always fail due to node displacements becoming too large 
when a wind load is applied. The concave Fuller domes are determined by the minimal 
normal force requirements, caused by wind, in the first diagonal. Fuller domes which are 
convex will fail under snow loading, because the last part of the top cables can become 
slack.  

It is evident that there is a distinct relation between the mass, the MGM and the pretension. 
Between the mass and the MGM, this is obviously caused by the way the MGM is calculated. 
The pretension force is dependent on the stiffness of the structure. When the performance 
of the structure deteriorates due to cumbersome angles, the pretension must be increased 
to ensure stiffness. This usually results in larger sections, so increasing the pretension causes 
higher structural mass.  

 

6.1.1.5. Conclusion 

Based on the analysis, we can conclude that choosing correct angles is very important, and 
that minor differences can cause the system to perform a lot poorer. A slightly convex top 
cable is preferred, as well as the Fuller dome principle. Fuller domes are stiffer than Geiger 
domes, since the normal force is the normative structural requirement, and the 
deformations are a lot smaller. 

The distribution of pretension force throughout the tensegrity dome is highly dependent on 

the angles of TC1 and DI1. A large angle 1  for TC1 results in a higher amount of normal 

force in the tension hoops. A small angle 1  for TC1 causes much of the pretension force to 

be carried by the top cables. 

Tensegrity domes with designs based on a normative normal force in one of the elements 
under wind loading must be prevented for both Fuller and Geiger domes. It can be argued 
that for Fuller domes, this occurrence may not necessarily be a problem. 

Because of the dramatic influence of the angles of the top cable, it was chosen to do an 
additional study into the effect of changing angles of the top cable (see chapter 6.1.2). 
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6.1.2. Top cable angles (αn) (simultaneously) 

In this analysis, top cable angles are alternated between steep and not so steep angles. It 
was chosen to do so after the example of the Georgia dome (see Figure 99). Again, only 
angles are changed. It is unknown whether there will be an improvement based on the 
conclusions of to the previous study. It is likely that the design of the Georgia dome is based 
on a different set of assumptions regarding loads and normative structural requirements, 
and therefore the results may not be comparable. 

 
Figure 99: Alternating angles for the Georgia dome 

 

 
Figure 100: Changing angles of the top cable. From top to bottom: 00-12-00, 12-12-12 (standard model), 24-12-24 

 

 

 

 

 

 

 

 

 

 



Parametric design and calculation of circular and elliptical tensegrity domes 

 

102 
 

6.1.2.1. Results 

 
Chart 5: Tensegrity dome mass - Top cable angles (simultaneously) 

 

 
Chart 6: Tensegrity dome MGM - Top cable angles (simultaneously) 
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Chart 7: Tensegrity dome pretension force - Top cable angles (simultaneously) 

 

Geiger 

α1-α2-α3
 

Mass (kg) Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

Reaction 
force (kN) 

Rel. Std. 
(%) 

04-12-04 145660 56 2,25 61 8219 86 

06-12-06 107710 16 1,63 16 5919 34 

08-12-08 91017 -2 1,36 -3 4472 1 

10-12-10 93187 0 1,40 0 4583 4 

12-12-12 93176  1,40  4420  

14-12-14 88485 -5 1,32 -6 4430 0 

16-12-16 92901 0 1,40 0 4385 -1 

18-12-18 107390 15 1,63 17 5219 18 

20-12-20 133640 43 2,06 47 6131 39 

22-12-22 162250 74 2,53 81 7717 75 

Table 20: Geiger dome - Top cable angles (simultaneously) 
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Fuller 

α1-α2-α3
 

Mass (kg) Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

Reaction 
force (kN) 

Rel. Std. 
(%) 

04-12-04 183900 104 2,84 114 10873 164 

06-12-06 135050 50 2,04 54 7953 93 

08-12-08 120620 34 1,82 37 6250 52 

10-12-10 99596 10 1,48 11 5097 24 

12-12-12 90205  1,33  4120  

14-12-14 81373 -10 1,20 -10 3112 -24 

16-12-16 83954 -7 1,23 -7 3398 -18 

18-12-18 87123 -3 1,28 -4 3847 -7 

20-12-20 96577 7 1,43 8 4427 7 

22-12-22 114020 26 1,71 29 5298 29 

Table 21: Fuller dome - Top cable angles (simultaneously) 

 

6.1.2.2. Analysis – Geiger domes 

Just as in the previous study, for Geiger domes 04-12-04 to 08-12-08 the systems fail when 
normal force becomes too small and the normative load case is the wind. In that case, the 
first struts become uncompressed. This happens because the tension in the first diagonal 
and the first tension hoop is drastically decreased because of the geometry of the system. In 
the other configurations, the stiffness governs the failure mode. It is clear that increased 
angles of TC3 in configurations 18-12-18 to 22-12-18 decrease the stiffness of the 
tensegrities, thus requiring more applied pretension compared to domes 18-12-06 to 22-12-
02 in the previous study (chapter 6.1.1). For domes 14-12-14 and 16-12-16, the effect of the 
angles at TC3 is not affecting the distribution of normal forces that much, suggesting that for 
well performing tensegrity domes (i.e. domes with a low structural mass), the angles at TC1 
and possibly TC2 are much more important than the angle at TC3. 

 

6.1.2.3. Analysis – Fuller domes 

All Fuller domes fail when normal forces become too small. Particularly for tensegrity domes 
beginning and ending with small angles (04-12-04 to 14-12-14) this is again due to wind, and 
for the other Fuller domes this is because of snow loading. As with the Geiger domes, no 
discernable improvements are found compared to chapter 6.1.1, suggesting that the angle 
at TC3 is not as important as the angle at TC1. 

 

6.1.2.4. Analysis – General 

Again, the effect of changing angles has much influence on the mass of the dome. For the 
Geiger domes, no discernible improvement is found for the mass, MGM and pretension, 
compared to the previous study. The Fuller domes generally perform a bit worse with the 
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new angles. However, for both Fuller and Geiger domes there are still a number of domes 
with masses under 100000 kg which therefore perform relatively well. It could still be 
possible that the domes will perform better when the second strut is elongated, as is also 
done in Figure 99. 

The resemblance between Chart 1 and Chart 5 is striking. It suggests the angle at TC3 has 
some influence on the mass of the tensegrity dome, but that the mass is primarily 
determined by the angle of TC1. 

The tensegrity domes perform best when the angles are set at 14-12-14. This applies to both 
system types, but the influence is most profound on the Fuller dome, which amounts to a 
10% reduction in steel compared to the standard model. 

 

6.1.2.5. Conclusion 

From the acquired data, no discernable improvement is found, compared to the study in 
chapter 6.1.1. It is likely that the assumptions made for the sizes and directions of live loads 
are different for the Georgia dome, and that a comparison cannot be made based on the 
angles of the top cable alone. Another explanation is that the center truss has an influence 
on the dome which results in having the angles being optimal in the given shape in Figure 99. 

 

6.1.3. Top cable span lengths (Ln) 

In this study, the top cable span lengths are varied. 

 
Figure 101: Changing span lengths of the top cable. From top to bottom: 10-16-22, 16-16-16 (standard model), 22-16-10 
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6.1.3.1. Results 

 
Chart 8: Tensegrity dome mass - Top cable span lengths 

 

 
Chart 9: Tensegrity dome MGM - Top cable span lengths 
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Chart 10: Tensegrity dome pretension force - Top cable span lengths 

 

Geiger 

L1-L2-L3
 

Mass (kg) Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

Reaction 
force (kN) 

Rel. Std. 
(%) 

10-16-22 100570 8 1,49 6 4624 5 

11-16-21 94354 1 1,39 -1 4705 6 

12-16-20 91421 -2 1,35 -3 4587 4 

13-16-19 90876 -2 1,34 -4 4456 1 

14-16-18 88253 -5 1,32 -6 4336 -2 

15-16-17 91918 -1 1,38 -1 4292 -3 

16-16-16 93176  1,40  4420  

17-16-15 92608 -1 1,39 -1 4574 3 

18-16-14 96476 4 1,46 4 4619 5 

19-16-13 97736 5 1,48 6 4655 5 

20-16-12 97138 4 1,47 5 4733 7 

21-16-11 101940 9 1,56 12 4904 11 

22-16-10 100990 8 1,55 11 4954 12 

Table 22: Geiger dome - Top cable span lengths 
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Fuller 

L1-L2-L3
 

Mass (kg) Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

Reaction 
force (kN) 

Rel. Std. 
(%) 

10-16-22 123910 37 1,85 39 5154 25 

11-16-21 120450 34 1,81 36 4899 19 

12-16-20 111270 23 1,66 25 4811 17 

13-16-19 108250 20 1,62 22 4571 11 

14-16-18 98011 9 1,45 9 4471 9 

15-16-17 97216 8 1,44 8 4215 2 

16-16-16 90205 0 1,33 0 4120 0 

17-16-15 83969 -7 1,23 -8 3699 -10 

18-16-14 81489 -10 1,20 -10 3442 -16 

19-16-13 77119 -15 1,12 -16 3340 -19 

20-16-12 77836 -14 1,13 -15 3162 -23 

21-16-11 82430 -9 1,20 -9 3090 -25 

22-16-10 81863 -9 1,20 -10 3395 -18 

Table 23: Fuller dome - Top cable span lengths 

 

6.1.3.2. Analysis – Geiger domes 

In chapters 6.1.1 and 6.1.2, we saw the effect of changing angles for the top cables. 
Subsequently, the angles for the diagonal cables also changed. When changing the top cable 
span lengths, only the angles for the diagonals are changed, so we should now be able to see 
the effect of a varying diagonal cable angle. From the comparison charts it is immediately 
clear that the smaller the angle of the first diagonal (this is the same as when the first strut is 
placed further away from the compression hoop), the larger the section needs to be. For the 
diagonal, the snow load is always normative, which is expected. TC1 is loaded with more 
pretension force when the angle of DI1 is wider, resulting in higher normal forces when 
snow is applicable.  

The normative load case for TC1 is the wind load. When the first strut (ST1) is placed further 
away from the compression hoop, the normal force in TC1 decreases, and increases in DI1. 
This is the opposite behavior as seen with a snow load, and also completely expected.  

From Geiger dome 18-16-14 to 22-16-10, placing the struts so far towards the center 
becomes counterproductive for TH1, since then this element becomes normative with snow 
loading. Together with the increasing section size for the diagonal cables, the mass of the 
dome is affected unfavorably.  

Placing the struts further away from the compression hoop reduces the mass of those 
elements.  
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6.1.3.3. Analysis – Fuller domes 

From the charts we can see an almost linear reduction in mass, MGM and pretension for the 
Fuller domes as the top cable span length for the first section increases. The effect is mainly 
due to the reduction in section size for the top cable, which is very influential because there 
are many more top cables compared to tension hoops. At the same time, the section for the 
diagonals remains equal. The angle for decomposing the forces in the tensegrity worsens 
when the top cable span length for TC1 is increased. But the pretension force and the 
normal force in TC1 also reduce, so the effects cancel each other out. The reduction in 
pretension can be explained by the modeling of the tensegrity. Dead loads, as well as snow 
and wind loads are surface loads, which are transferred to the struts. For each strut, the 
surface load is calculated by finding the applicable surface area for that strut, but there is 
also a portion which is directly diverted to the compression hoop, since that is the best route 
to a support. When the struts are placed further away from the compression hoop, the 
tensegrity is thus loaded less. The strut sections can be reduced in size too, when the first 
strut is placed relatively further away from the compression hoop. 

 

6.1.3.4. Analysis – General 

Between the two system types, the best performing domes differ a bit. The Fuller domes 
performs better. About 60% of the difference in mass is due to lighter connections for Fuller 
domes. 

In contrast to Fuller domes, all Geiger domes eventually fail due to the displacements under 
wind loading becoming too large. This pleads again that Fuller domes are stiffer structures. 

A very low reaction force is found for Fuller dome 21-16-11. It could mean that this structure 
will subsequently require smaller dimensions for the compression hoop, since less normal 
force should be introduced into the compression hoop. 

 

6.1.3.5. Conclusion 

Because of the large difference in normal force in the top cables for the Fuller domes, it 
could be advocated that each section should be given its own cable sectional choice. Doing 
so would influence the stiffness a lot, since larger section sizes are stiffer. However, this does 
not have to be a problem for fuller domes, since they fail due to the required presence of 
normal force in each section.  

Because of the distinct results in mass between Geiger and Fuller domes, it would be 
interesting to do a more extended study with changing the top cable span lengths.   
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6.1.4. Top cable span lengths (Ln) (simultaneously) 

In this study, the top cable span lengths are varied. The span lengths of top cables L1 and L3 
are kept identical. 

 
Figure 102: Changing span lengths of the top cable. From top to bottom: 13-22-13, 16-16-16 (standard model), 19-10-19 
(simultaneously)  
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6.1.4.1. Results 

 
Chart 11: Tensegrity dome mass - Top cable span lengths (simultaneously) 

 

 
Chart 12: Tensegrity dome MGM - Top cable span lengths (simultaneously) 
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Chart 13: Tensegrity dome pretension force - Top cable span lengths (simultaneously) 

 
 

Geiger 

L1-L2-L3
 

Mass (kg) Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

Reaction 
force (kN) 

Rel. Std. 
(%) 

13-22-13 82634 -11 1,22 -13 4126 -7 

14-20-14 87265 -6 1,30 -7 4196 -5 

15-18-15 91418 -2 1,37 -2 4302 -3 

16-16-16 93176 0 1,40 0 4420 0 

17-14-17 93194 0 1,40 0 4541 3 

18-12-18 97685 5 1,48 6 4593 4 

19-10-19 97809 5 1,48 6 4701 6 

Table 24: Geiger dome - Top cable span lengths 
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Fuller 

L1-L2-L3
 

Mass (kg) Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

Reaction 
force (kN) 

Rel. Std. 
(%) 

13-22-13 97051 8 1,44 8 4636 13 

14-20-14 96779 7 1,43 8 4425 7 

15-18-15 91331 1 1,34 1 4050 -2 

16-16-16 90205 0 1,33 0 4120 0 

17-14-17 84612 -6 1,24 -7 3723 -10 

18-12-18 82831 -8 1,22 -8 3501 -15 

19-10-19 77059 -15 1,13 -15 3408 -17 

Table 25: Fuller dome - Top cable span lengths 

 

6.1.4.2. Analysis – Geiger domes 

The Geiger domes in this series of tests are all dependent on the maximum allowed 
displacement difference for the determination of the pretension and the sections. In order 
to keep the same deformation in each Geiger dome, the stiffness must be increased by 
adding either pretension or using larger sections for Geiger domes beginning with larger top 
cable span lengths (L1). This effect is the exact opposite of what is seen for Fuller domes, 
thus underlining the difference in behavior for domes with different structural requirements.  

The differences between the masses of Geiger domes 13-22-13 to 19-10-19 and Geiger 
domes 13-16-19 to 19-16-13 in chapter 6.1.3 are minimal. This suggests that there is not 
much to be gained in choosing top cable span lengths L2 and L3. It also further outlines the 
importance of choosing an appropriate dome height when stiffness is normative, since the 
height of dome 13-22-13 is slightly higher than dome 19-10-19.  

 

6.1.4.3. Analysis – Fuller domes 

Similar to the analysis for Fuller domes in chapter 6.1.3, the mass, the MGM and the 
pretension decrease when a longer first top cable span length is chosen. The wind load 
determines the section dimensions for the top cable. It is the most influential element in the 
system on the mass, since the section is the heaviest, and the total length of all the top 
cables is high. 

Setting alternative span lengths for the second and third section does not have much effect 
on the tensegrity. Should we compare Fuller dome 14-16-18 (chapter 6.1.3) to Fuller dome 
14-20-14, the same sectional dimensions are found, but also a somewhat lower structural 
mass for dome 14-20-14. This is explained by the sum of the cable lengths; for dome 14-16-
18 the total length is 3045m, for dome 14-20-14 this is 3001m. 
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6.1.4.4. Analysis – General 

There is a disagreement between Geiger and Fuller domes on the best performing variant 
regarding the top cable span lengths. Geiger domes with shorter top cable span lengths in 
the first and third segment perform better than domes with longer lengths in those 
segments. For Fuller domes, the exact opposite is true, shorter cables at the first and last 
segment are preferred. It will not be useful to keep increasing the length of L1 for Fuller 
domes much more than has been done in the analysis. At some point, the design may 
become unpractical because of cladding requirements. Geiger domes with even shorter 
lengths for L1 can be undesirable when sight lines are considered for an audience which must 
reside under the tensegrity roof. 

Judging from the Fuller dome comparison charts, it is a good idea to try to have the 
displacement difference close to the normative structural requirement. For Fuller dome 19-
10-19, the displacement difference almost becomes normative, resulting in a low mass. 

Geiger domes seem to benefit from the increase in height for domes with longer cables at 
the first and last section, since the normative structural requirement is the displacement 
difference, determined by the stiffness of the structure.  

Another reason for the Fuller domes with a long top cable span length at the first segment to 
perform better, is that a larger portion of the load on the dome is transferred directly to the 
compression hoop. At the same time, the loads applying on the first struts are further away 
from the compression hoop, which should, if this were a simple beam with a load F, incite a 
larger bending moment in the system. Since the stiffness of Fuller domes is not an issue at 
this point, that effect can be neglected, and only the positive influence is applicable. Indeed, 
at the comparison with changing the top cable span lengths in chapter 6.1.3, this effect is 
also noticeable, until the stiffness of the Fuller dome becomes normative. 

 

6.1.4.5. Conclusion 

Placing the loads of the first struts (H1) further away from the compression hoop has a 
positive influence on Fuller domes, since they are stiffer than Geiger domes. This can be 
done until stiffness becomes normative. It is also important for Fuller domes to distribute 
the normal forces as evenly as possible.  

For Geiger domes, a small increase in structural height benefits the system substantially.  

 

6.1.5. Strut lengths (Hn) 

In this study, the strut lengths are varied. 
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Figure 103: Changing strut lengths. From top to bottom: 06-10-14, 10-10-10 (standard model), 14-10-06 

 

6.1.5.1. Results 

 
Chart 14: Tensegrity dome mass - Strut lengths 
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Chart 15: Tensegrity dome MGM - Strut lengths 

 

 
Chart 16: Tensegrity dome pretension force - Strut lengths 
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Geiger 

H1-H2-H3
 

Mass (kg) Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

Reaction 
force (kN) 

Rel. Std. 
(%) 

06-10-14 134930 45 2,11 51 5660 28 

07-10-13 116450 25 1,82 30 5405 22 

08-10-12 97521 5 1,49 6 5088 15 

09-10-11 97290 4 1,47 5 4707 7 

10-10-10 93176 0 1,40 0 4420 0 

11-10-09 89313 -4 1,32 -6 4268 -3 

12-10-08 88457 -5 1,27 -9 4250 -4 

13-10-07 88517 -5 1,27 -9 4072 -8 

14-10-06 89638 -4 1,28 -8 3965 -10 

Table 26: Geiger dome - Strut lengths 

 

Fuller 

H1-H2-H3
 

Mass (kg) Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

Reaction 
force (kN) 

Rel. Std. 
(%) 

06-10-14 120570 34 1,83 38 5345 30 

07-10-13 105440 17 1,59 20 3977 -3 

08-10-12 88235 -2 1,32 -1 3611 -12 

09-10-11 91663 2 1,35 2 3907 -5 

10-10-10 90205 0 1,33 0 4120 0 

11-10-09 87051 -3 1,26 -5 4192 2 

12-10-08 87989 -2 1,26 -5 4300 4 

13-10-07 97351 8 1,40 5 4306 5 

14-10-06 97542 8 1,39 5 4360 6 

Table 27: Fuller dome - Strut lengths 

 

6.1.5.2. Analysis – Geiger domes 

As is clearly visible in Table 26, choosing somewhat longer struts for H1 is very useful for 
reducing the mass, MGM and pretension force. As with all other analyses for tensegrity 
domes, the first strut is normative for dimensioning the struts in the entire dome. For Geiger 
domes, a higher structural height is better. This is because the stiffness then increases, and 
the displacement differences due to live loads will reduce, resulting in smaller possible 
section sizes for the cables.  

The compression force that is found in shorter struts is lower, since it is easier to lead the 
pretension force from the diagonal DI1 into tension hoop TH1. This is beneficial for the 
section size of the strut.  
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The mass found for Geiger dome 08-10-12 is much lower than we should expect. This 
fortunate mass is explained by looking at the unity check values for the elements. These are 
all very close to 1, which means the sections are used rather efficiently.  

 

6.1.5.3. Analysis – Fuller domes 

Between Fuller domes 06-10-14, 07-10-13 and 08-10-12 the effect of increasing the strut 
length of H1 to 8 meters is very clear. The mass can be reduced significantly with this minor 
adjustment since the displacement difference is normative for the design of the dome. As 
with the Geiger domes, the increased height of the tensegrity dome is beneficial to the 
distribution of forces throughout the dome, leading to smaller possible sections for all the 
elements. 

Domes 09-10-11 and so forth subsequently increase in mass, MGM and pretension force, 
since the observed structural requirement changes to the minimal normal force 
requirement. Increasing strut length H1 then has an adverse effect on the mass, since we are 
still adding material, while the stiffness is already satisfactory. Additionally, the reduction in 
normal force in the diagonals and tension hoops do not counter the rise of normal force in 
the top cables and struts enough to allow smaller sections. The increase in normal force in 
ST1 is explained through the improved angles for decomposing the pretension force from 
DI1 into ST1 and TH1 

 

6.1.5.4. Analysis – General 

From a mechanical point of view, we could expect that taller tensegrity domes perform 
better, similar to increasing the moment of inertia of an H or I beam in steel by changing the 
height of the section. For Geiger domes, we can clearly see that by increasing the height, the 
mass of the tensegrity dome is lowered. This is primarily the effect of the smaller possible 
sections for the tension hoops and the diagonals. Geiger domes 13-10-07 and 14-10-06 
deviate from this trend, because the sectional requirements for the outermost struts (H1) 
increase due to the buckling length.  

For the three Fuller domes with short struts H1, the steep descent in mass, MGM and 
pretension force is striking. Again, the normal force decreases significantly for the tension 
hoops and the diagonals.  

When strut lengths H1 are increasing, the section size for the struts must be increased, 
causing a higher mass and MGM for all the domes. 

Concerning the structural heights of the best performing Geiger and Fuller domes, the best 
Fuller dome has a maximum height of 14,71 m. The best performing Geiger dome needs a 
height of 18,71 m for the same span. Considering the possible architectural advantages, the 
Fuller dome could be the best choice for practicality, despite its somewhat higher mass. 
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6.1.5.5. Conclusion 

The chosen strut lengths are important to the distribution of forces in the system. For Geiger 
domes in general, longer struts at the first strut position (H1) are favorable. Fuller domes can 
be lower in structural height, compared to Geiger domes. 

Considering the large benefit of increasing the lengths of the struts for the Geiger domes, a 
supplementary study into this effect should be performed by increasing all struts 
simultaneously.  

 

6.1.6. Strut lengths (Hn) (simultaneously) 

In this study, it was chosen to investigate whether the chosen lengths for the struts in the 
standard model are well chosen or not. In contrast to the studies in chapters 6.1.2 and 6.1.4, 
all the elements are changed by the same amount (see Figure 104). 

 
Figure 104: Changing strut lengths. From top to bottom: 06-06-06, 10-10-10 (standard model), 15-15-15 (simultaneously) 
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6.1.6.1. Results 

 
Chart 17: Tensegrity dome mass - Strut lengths 

 

 
Chart 18: Tensegrity dome MGM - Strut lengths 
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Chart 19: Tensegrity dome pretension force - Strut lengths 

 

Geiger 

H1-H2-H3
 

Mass (kg) Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

Reaction 
force (kN) 

Rel. Std. 
(%) 

06-06-06 107400 15 1,71 22 5671 28 

07-07-07 107500 15 1,71 22 5135 16 

08-08-08 95442 2 1,46 4 4868 10 

09-09-09 90849 -2 1,37 -2 4693 6 

10-10-10 93176 0 1,40 0 4420 0 

11-11-11 93309 0 1,37 -2 4264 -4 

12-12-12 97406 5 1,38 -1 4239 -4 

13-13-13 104410 12 1,45 4 4093 -7 

14-14-14 105140 13 1,46 5 4005 -9 

15-15-15 104260 12 1,43 2 3989 -10 

Table 28: Geiger dome - Strut lengths 
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Fuller 

H1-H2-H3
 

Mass (kg) Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

Reaction 
force (kN) 

Rel. Std. 
(%) 

06-06-06 153280 70 2,43 83 8164 98 

07-07-07 118640 32 1,85 39 5539 34 

08-08-08 86425 -4 1,30 -2 4030 -2 

09-09-09 86207 -4 1,29 -3 3758 -9 

10-10-10 90205 0 1,33 0 4120 0 

11-11-11 89292 -1 1,29 -3 4224 3 

12-12-12 99585 10 1,40 5 4493 9 

13-13-13 112850 25 1,57 18 4481 9 

14-14-14 115220 28 1,60 21 4647 13 

15-15-15 127670 42 1,73 30 4698 14 

Table 29: Fuller dome - Strut lengths 

 

6.1.6.2. Analysis – Geiger domes 

All of the tested Geiger domes are determined by the displacements difference condition. 
Increasing the strut lengths should therefore be advantageous for the dome, but from the 
data it is clear that this is only true up to a certain point. Beyond strut lengths 11-11-11, the 
advantage of the relatively better stiffness is countered by the increasing mass of the struts. 

Between the Geiger domes in this study and those in chapter 6.1.5, it is clear that having 
long struts at position H1 is advantageous, and it is unnecessary to elongate H2 and H3, since 
these do not benefit the tensegrity at all. 

 

6.1.6.3. Analysis – Fuller domes 

Increasing the strut length is beneficial to the mass of the tensegrity for Fuller domes 06-06-
06, 07-07-07 and 08-08-08. Fuller dome 09-09-09 is governed by another structural 
requirement, so there is a tipping point somewhere between these lengths. This point 
coincides with a low structural mass. Increasing the structural height beyond this point does 
not lower the tensegrity mass, since the added stiffness is not needed. In this study, the 
mass increases much more than in the study in chapter 6.1.5. 

 

6.1.6.4. Analysis – General 

Just as with the analysis in chapter 6.1.5, domes with very short sections perform poorer 
compared to domes where strut lengths are more or less of equal length. Additionally, very 
long strut lengths have a negative effect on the mass and the MGM for the Fuller domes. 
This is because the Fuller domes do not benefit from increased height, since the stiffness of 
these structures are already sufficient. Thus increasing strut lengths also increases the mass 
of the dome. This suggests very careful consideration of needed strut lengths is needed 
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when designing Fuller domes. In general, the strut lengths should be chosen as short as 
possible for Fuller domes, but not so short that the stiffness of the structure becomes 
governing.  

Geiger domes again experience a benefit from the increased strut lengths due to an increase 
in stiffness. Consequently, the cable section sizes can be smaller for Geiger domes, but the 
section area for the strut also increases due to buckling. The increase of both section area 
and section lengths adds so much mass that the domes become heavier. Still, it is a good to 
have a long strut at the first strut position (H1).  

 

6.1.6.5. Conclusion 

It would be very beneficial to be able to set strut sectional dimensions per strut position, 
since a lot of material is now placed at the center of the tensegrity domes. This is 
unnecessarily increasing the mass. Of course, adding more choices increases the difficulty of 
finding good solutions for tensegrity domes due to the interdependence of all sections 
together.  

 

6.2. Global geometric variations (fourth order variations) 

6.2.1. Diameter of the tensegrity dome (S) 

While increasing the span of the dome (the diameter) is not very interesting by itself, it has 
been included to see if the increase in mass is comparable to the ellipse shaped tensegrity 
domes in chapter 6.4.1. It was chosen to compare the area covered by the dome (see Table 
33). The aim is to find out whether it is better to use a circular or an ellipse shaped dome 
when only the area covered by the dome is of interest.  Although the areas are not entirely 
equal, a reasonable comparison can be made. 

Span 

S 

Area 
(m2) 

Ellipse 
e-1

 

Area 
(m2) 

Difference in 
area (m2) 

100 7500 1,00 7500 - 

103 7957 1,06 7950 7 

106 8427 1,12 8400 27 

109 8911 1,18 8850 61 

112 9408 1,24 9300 108 

115 9919 1,30 9750 169 

118 10443 1,36 10200 243 

121 10981 1,42 10650 331 

124 11532 1,48 11100 432 

127 12097 1,54 11550 547 

Table 30: Comparison between the area covered by an increase in span length and an ellipse shaped dome (see chapter 
6.4.1) 
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Figure 105: Changing span lengths. From top to bottom: 100 (standard model), 115, 127  

 

6.2.1.1. Results 

 
Chart 20: Tensegrity dome mass – Span diameter 
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Chart 21: Tensegrity dome MGM - Span diameter 

 

 
Chart 22: Tensegrity dome pretension force - Span diameter 
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Geiger 

S 
Mass (kg) Rel. Std. 

(%) 
MGM 

(*105 kg) 
Rel. Std. 

(%) 
Reaction 

force (kN) 
Rel. Std. 

(%) 

100 93176 0 1,40 0 4420 0 

103 94898 2 1,43 2 4872 10 

106 111230 19 1,68 20 5056 14 

109 123030 32 1,85 33 5538 25 

112 141670 52 2,14 53 6252 41 

115 155840 67 2,38 70 6815 54 

118 169110 81 2,60 85 7316 66 

121 190560 105 2,95 111 7733 75 

124 206500 122 3,21 129 8241 86 

127 220610 137 3,45 147 8975 103 

Table 31: Geiger dome - Span diameter 

 

Fuller 

S 
Mass (kg) Rel. Std. 

(%) 
MGM 

(*105 kg) 
Rel. Std. 

(%) 
Reaction 

force (kN) 
Rel. Std. 

(%) 

100 90205 0 1,33 0 4120 0 

103 98093 9 1,45 9 4216 2 

106 101560 13 1,50 13 4543 10 

109 122500 36 1,85 40 4957 20 

112 126710 40 1,91 43 5195 26 

115 139810 55 2,11 59 5347 30 

118 144600 60 2,17 64 5596 36 

121 167060 85 2,54 91 6000 46 

124 172910 92 2,61 97 6235 51 

127 190070 111 2,88 117 6377 55 

Table 32: Fuller dome - Span diameter 

 

6.2.1.2. Analysis – General 

From the results, it is clear that increasing the span of the dome, results in a higher mass, 
MGM and pretension force. The increase in area is about proportional to the increase in 
mass (see Table 33), although the proportional constant is not the same for Geiger and Fuller 
domes.  
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Geiger Fuller 

S Mass 
(kg) 

Rel. 
Std. (%) 

Area 
(m2) 

Rel. 
Std. (%) 

Mass 
(kg) 

Rel. 
Std. (%) 

Area 
(m2) 

Rel. Std. 
(%) 

100 93176 0 7500  90205 0 7500  

103 94898 2 7957 6 98093 9 7957 6 

106 111230 19 8427 12 101560 13 8427 12 

109 123030 32 8911 19 122500 36 8911 19 

112 141670 52 9408 25 126710 40 9408 25 

115 155840 67 9919 32 139810 55 9919 32 

118 169110 81 10443 39 144600 60 10443 39 

121 190560 105 10981 46 167060 85 10981 46 

124 206500 122 11532 54 172910 92 11532 54 

127 220610 137 12097 61 190070 111 12097 61 

Table 33: Comparison between increase in mass and area 

 

6.2.1.3. Conclusion 

Increasing the span diameter of the dome results in a higher tensegrity mass. In this case 
only the span was increased, but not the height of the struts and the length of the top cable 
span lengths. A more interesting study for increasing the span would be when the dome is 
scaled. This was specifically not done, so we are able to compare this study to the ellipse 
shaped domes.  

 

 
6.3. Topological changes (third order variations) 

6.3.1. Number of top cables (T) 

In this study, the number of top cables is varied. 

 
Figure 106: Changing the number of top cables for a Geiger dome. From left to right: 08, 12 (standard model), 16  
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Figure 107: Changing the number of top cables for a Fuller dome. From left to right: 08, 12 (standard model), 16 

 

6.3.1.1. Results 

 
Chart 23: Tensegrity dome mass - Number of top cables 
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Chart 24: Tensegrity dome MGM - Number of top cables 

 
 

 
Chart 25: Tensegrity dome pretension force - Number of top cables 
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Geiger 

T 
Mass (kg) Rel. Std. 

(%) 
MGM 

(*105 kg) 
Rel. Std. 

(%) 
Reaction 

force (kN) 
Rel. Std. 

(%) 

08 91519 -2 1,39 0 6309 43 

10 90374 -3 1,37 -2 5260 19 

12 93176 0 1,40 0 4420 0 

14 95334 2 1,41 1 3794 -14 

16 94250 1 1,39 -1 3372 -24 

Table 34: Geiger dome - Number of top cables 

 

Fuller 

T 
Mass (kg) Rel. Std. 

(%) 
MGM 

(*105 kg) 
Rel. Std. 

(%) 
Reaction 

force (kN) 
Rel. Std. 

(%) 

08 92315 2 1,41 6 5725 39 

10 89947 0 1,35 1 4918 19 

12 90205 0 1,33 0 4120 0 

14 90519 0 1,31 -1 3605 -13 

16 92141 2 1,33 0 3085 -25 

Table 35: Fuller dome - Number of top cables 

 

6.3.1.2. Analysis – General 

From the data, it is immediately clear that the number of top cables does not have that 
much effect on the mass and MGM of the different tensegrity domes. Although the sectional 
changes are numerous for the different variants, the effects are only seen in the pretension 
forces, which are higher for lower numbers of top cables. Consequently, the section size for 
the top cables, diagonals and struts are larger. For greater numbers of top cables, the 
section sizes decrease for the top cables, diagonals and struts, but at the same time, the sum 
of the element lengths increase enough to keep the mass and MGM about the same for each 
variant.  

 

6.3.1.3. Conclusion 

The number of top cables does not seem to be important to the mass of the tensegrity 
dome. Compared to the differences seen in variants where angles and strut lengths were 
changed, the deviations are marginal. It is possible that the number of top cables still has an 
influence on the mass of the compression hoop, due to the reaction forces which induce a 
compression force in the compression hoop. This should be investigated when the 
compression hoop will be considered. 
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6.4. Geometrical changes to the boundaries (second order variations) 

6.4.1. Ellipse shaped tensegrity, increasing e-1 

In this analysis, the eccentricity of the tensegrity is increased in increments. This results in a 
larger span in one direction, while the other remains the same. With the increasing 
eccentricity, the surface which is covered by the dome also increases. 

   

Figure 108: Changing the eccentricity of the tensegrity (displacing the supports). Left: circle (C) (standard model). Middle: 
ellipse e

-1
=1,18. Right: ellipse e

-1
=1,42 

 

6.4.1.1. Results 

 
Chart 26: Tensegrity dome mass – Ellipse eccentricity 
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Chart 27: Tensegrity dome MGM - Ellipse eccentricity 

 

 
Chart 28: Tensegrity dome pretension force - Ellipse eccentricity 
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Geiger 

e-1 

Mass 
(kg) 

Rel. 
Std. (%) 

MGM 
(*105 
kg) 

Rel. 
Std. (%) 

Reaction 
force 
(max) 
(kN) 

Rel. 
Std. 
(%) 

Reaction 
force 
(min) 
(kN) 

Rel. 
Std. 
(%) 

1,00 93176  1,40  4420  4420  

1,06 101400 9 1,53 10 5106 16 4841 10 

1,12 113210 22 1,71 22 5749 30 5182 17 

1,18 137080 47 2,12 51 6127 39 5254 19 

1,24 158670 70 2,47 76 6804 54 5570 26 

1,30 171850 84 2,68 92 7646 73 5991 36 

1,36 196860 111 3,08 120 8407 90 6312 43 

1,42 218530 135 3,44 146 9284 110 6695 51 

1,48 244970 163 3,89 178 10145 130 7033 59 

1,54 271390 191 4,33 209 11159 152 7451 69 

Table 36: Geiger dome - Ellipse eccentricity 

 

Fuller 

e-1 

Mass 
(kg) 

Rel. 
Std. (%) 

MGM 
(*105 
kg) 

Rel. 
Std. (%) 

Reaction 
force 
(max) 
(kN) 

Rel. 
Std. 
(%) 

Reaction 
force 
(min) 
(kN) 

Rel. 
Std. 
(%) 

1,00 90205  1,33  4120  4120  

1,06 99878 11 1,48 11 4720 15 4489 9 

1,12 120820 34 1,83 38 5645 37 5122 24 

1,18 135630 50 2,05 54 6367 55 5528 34 

1,24 158330 76 2,41 82 7379 79 6147 49 

1,30 190880 112 2,92 120 8628 109 6910 68 

1,36 220270 144 3,40 156 9839 139 7594 84 

1,42 238960 165 3,70 178 10753 161 8015 95 

1,48 281520 212 4,40 231 12114 194 8735 112 

1,54 319740 254 5,05 281 13556 229 9473 130 

Table 37: Fuller dome - Ellipse eccentricity 
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6.4.1.2. Analysis – General 

From the tables and charts, it is very clear that increasing the eccentricity increases the 
mass, the MGM and the pretension force. The increase in mass and MGM is relatively higher 
than the increase in the area which is covered by the dome. The tensegrity domes with an 
eccentricity of 1,54 cover 11550m2, which is more than the standard dome models which 
cover 7500m2. The increase in mass and area are not proportional like the increase in span 
diameter in chapter 6.2.1 (see Table 38). 

The mass increase is instigated by two different problems. The first problem is that with an 
increasing elliptical shape, the height of the structure is not increased. This results in an 
unequal amount of stiffness from the construction height for different span lengths. 

The second problem is the over-dimensioning of almost all of the elements in the tensegrity 
dome. The distribution of normal forces in the tensegrity is non-uniform (see Figure 109), 
but the choice for the section size is based on the normative normal force for that element 
type. In principle, it could be shown by calculating the percentage of the area of each 
element that is actually needed, that this problem increasingly worsens with larger 
eccentricities. This was not calculated, since reducing the area of the section reduces the 
stiffness, and this would lead to an inaccurate estimation of the mass of the dome. It would 
be better if the elements dimensions were all chosen separately. For an ellipse shaped 
tensegrity dome, this leads to an iterative calculation where more than one-hundred 
element sections can be changed. The pretension would also need to be changeable, since it 
cannot be predicted how high it needs to be in advance. The same applies to circular 
tensegrity domes, but then, only the amount of different element types would have to be 
dimensioned, which is a lot less. 

 
Figure 109: Non-uniform distribution of normal forces (dead loads) in the tensegrity dome. e

-1
=1,48 
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Geiger Fuller 

e-1 Mass 
(kg) 

Rel. 
Std. (%) 

Area 
(m2) 

Rel. 
Std. (%) 

Mass 
(kg) 

Rel. 
Std. (%) 

Area 
(m2) 

Rel. Std. 
(%) 

1,00 93176  7500  90205  7500  

1,06 101400 9 7950 6 99878 11 7950 6 

1,12 113210 22 8400 12 120820 34 8400 12 

1,18 137080 47 8850 18 135630 50 8850 18 

1,24 158670 70 9300 24 158330 76 9300 24 

1,30 171850 84 9750 30 190880 112 9750 30 

1,36 196860 111 10200 36 220270 144 10200 36 

1,42 218530 135 10650 42 238960 165 10650 42 

1,48 244970 163 11100 48 281520 212 11100 48 

1,54 271390 191 11550 54 319740 254 11550 54 

Table 38: Comparison between increase in mass and area 

The increase in mass is not equal for the Geiger and Fuller domes. Since the Fuller dome has 
more top cables and diagonals, the effect of over-dimensioning has a larger influence on the 
Fuller domes.  

The difference in maximum and minimum pretension force is related to the eccentricity of 
the ellipse, as was explained in chapter 4.9.2. The height of the pretension is dependent on 
the axial forces in the system, and the chosen sections.  

 

6.4.1.3. Conclusion 

Although it is possible to design ellipse shaped tensegrity domes using the proposed 
methodology, it results in solutions in which a lot of material is not used to its full extent. 
The inefficient use of material leads to a large increase in mass. The solutions can be 
improved, but this requires optimization of the chosen sections, which takes a lot of time. 

 

6.4.2. Single ellipse shaped tensegrity (e-1=1,24), changing top cable angles (αn) 

In the previous chapter, it was investigated what happens when the shape of the tensegrity 
is increasingly made ellipsoid. This does not tell us much about what happens when any 
variations are made in the geometry or the topology of the dome. This study has been 
included to observe the effect of changing the top cable angles in an ellipse shaped 
tensegrity dome. It was chosen to use the same angles as outlined in chapter 6.1.1. The 
eccentricity of the ellipse was chosen to be e-1=1,24. This leaves us with some leeway for 
choosing sections. 

 



Parametric design and calculation of circular and elliptical tensegrity domes 

 

136 
 

6.4.2.1. Results 

 
Chart 29: Tensegrity dome mass – Ellipse, top cable angles 

 

 
Chart 30: Tensegrity dome MGM – Ellipse, top cable angles 
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Chart 31: Tensegrity dome pretension force – Ellipse, top cable angles 

 

Geiger 

e-1 

Mass 
(kg) 

Rel. 
Std. (%) 

MGM 
(*105 
kg) 

Rel. 
Std. (%) 

Reaction 
force 
(max) 
(kN) 

Rel. 
Std. 
(%) 

Reaction 
force 
(min) 
(kN) 

Rel. 
Std. 
(%) 

04-12-20 237630 50 3,78 53 12606 85 10524 89 

06-12-18 175590 11 2,75 12 9157 35 7596 36 

08-12-16 152110 -4 2,35 -5 7438 9 6143 10 

10-12-14 152050 -4 2,35 -5 7215 6 5933 7 

12-12-12 158670  2,47  6804  5570  

14-12-10 150900 -5 2,33 -5 6764 -1 5528 -1 

16-12-08 155280 -2 2,43 -2 6443 -5 5248 -6 

18-12-06 154420 -3 2,39 -3 6491 -5 5281 -5 

20-12-04 163150 3 2,54 3 7035 3 5723 3 

22-12-02 185480 17 2,93 19 7232 6 5872 5 

Table 39: Geiger dome – Ellipse, top cable angles 
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Fuller 

e-1 

Mass 
(kg) 

Rel. 
Std. (%) 

MGM 
(*105 
kg) 

Rel. 
Std. (%) 

Reaction 
force 
(max) 
(kN) 

Rel. 
Std. 
(%) 

Reaction 
force 
(min) 
(kN) 

Rel. 
Std. 
(%) 

04-12-20 351030 122 5,60 132 19795 168 17307 182 

06-12-18 250240 58 3,92 62 13866 88 12022 96 

08-12-16 202390 28 3,11 29 11044 50 9439 54 

10-12-14 175880 11 2,67 11 9061 23 7643 24 

12-12-12 158330  2,41  7379  6147  

14-12-10 148450 -6 2,26 -6 6252 -15 5154 -16 

16-12-08 139870 -12 2,12 -12 5304 -28 4339 -29 

18-12-06 149370 -6 2,29 -5 5900 -20 4820 -22 

20-12-04 163730 3 2,52 4 6559 -11 5359 -13 

22-12-02 n/a n/a n/a n/a n/a n/a n/a n/a 

Table 40: Fuller dome - Ellipse, top cable angles 

 

6.4.2.2. Analysis – Geiger domes 

The trends outlined in Chart 29 resemble those in Chart 1 quite a lot. Higher masses are 
found for tensegrity domes starting with smaller angles (where the normal force determines 
the design), after which the different domes remain about equal in mass (then, the 
displacement difference is normative). Geiger domes which have large top cable angles 
introduce the bulk of the pretension force into the diagonal and the tension hoop, which 
then become large sections. The reason why the ellipse shaped domes are heavier than the 
circular tensegrities is that some of the sections are over dimensioned. This is the result of 
an unequal distribution of normal forces in the dome, which was discussed in chapter 6.4.1 

 

6.4.2.3. Analysis – Fuller domes  

Like the Geiger domes, the Fuller domes are all subject to the same effects as explained in 
chapter 6.1.1. Here, the found mass, MGM and pretension force is higher because the over 
dimensioning of a large number of the elements. Fuller domes 18-12-06 and 20-12-04 are 
designed based on the normative snow load case, which explains why there is a rise in mass, 
MGM and pretension. No results could be found for Fuller dome 22-12-02. Due to the angle 
made by the first diagonals, almost all of the pretension force is introduced into the first 
tension hoop. Consequently, the section size has to be so large, that no section was able to 
carry the occurring normal force. 
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6.4.2.4. Conclusion 

Ellipse shaped tensegrity domes are subjected to the same effects as with the circular 
tensegrity domes, regarding the angles of the top cable. It is thought that the same trends 
will be found for other geometric variations in elliptical tensegrity domes. 

The ellipse shaped domes are heavier than circular tensegrity domes due to the over 
dimensioning of certain elements. This is not affected by setting the angles of all the top 
cables at the same time. It is recommended an investigation on the effect of different angles 
for different top cables should be done, to see if this can affect the distribution of normal 
forces. 
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7. Results of the variant study; tensegrity dome with 
compression hoop 

In each comparison study, the standard model (either a Geiger or Fuller) is included. This is 
done to provide an anchor point to relate the data found. To relate individual compression 
hoop performance compared to the standard model, a percentage is used. This is 
denounced as the performance relative to the standard model (Rel. Std.). The standard 
model is marked in the tables with blue coloring. 

The mass of the compression hoop, the total mass of the structure and the modified total 
mass (MGM) of the total structure are considered in the comparison. 

For circular tensegrity domes with compression hoop, it was chosen to take two of the 
studies in chapter 6, and to calculate the needed section size for the compression hoop for 
all of the domes in those studies. For the elliptical tensegrity domes, one study is performed 
where the eccentricity of the ellipse is increased incrementally, analogous to chapter 6.4.1. 

For the comparison charts, see Appendix F. 

 

7.1. Circular tensegrity domes with compression hoop 

7.1.1. Top cable angles (αn) (fifth order variation) 

It was chosen to use the study where the angles of the top cable were altered (chapter 6.1.1) 
as the basis from where to start in this study. This study has diverse masses and pretensions 
for the tensegrity. It is aimed to find out if this is directly related to the compression hoop 
mass. 

7.1.1.1. Results 

 
Chart 32: Compression hoop mass - Top cable angles 
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Chart 33: Tensegrity dome total mass - Top cable angles 

 

 
Chart 34: Tensegrity dome total MGM - Top cable angles 
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Geiger 

α1-α2-α3
 

Mass C.H. 
(kg) 

Rel. Std. 
(%) 

Mass total 

(kg) 

Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

04-12-20 292210 70 435400 64 8,09 67 

06-12-18 202600 18 300520 13 5,53 14 

08-12-16 180060 5 272980 3 5,00 3 

10-12-14 172630 1 264040 0 4,83 0 

12-12-12 171650  264820  4,83  

14-12-10 183150 7 271650 3 4,98 3 

16-12-08 187350 9 280310 6 5,15 6 

18-12-06 199070 16 294120 11 5,41 12 

20-12-04 208410 21 313970 19 5,78 20 

Table 41: Geiger dome - Top cable angles 

 

Fuller 

α1-α2-α3
 

Mass C.H. 
(kg) 

Rel. Std. 
(%) 

Mass total 

(kg) 

Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

04-12-20 408710 126 580020 114 10,83 119 

06-12-18 293740 62 421250 55 7,80 58 

08-12-16 237690 31 353000 30 6,50 31 

10-12-14 202600 12 299080 10 5,48 11 

12-12-12 181010  271220  4,95  

14-12-10 163120 -10 241850 -11 4,40 -11 

16-12-08 156100 -14 233030 -14 4,25 -14 

18-12-06 169800 -6 253540 -7 4,63 -6 

20-12-04 169800 -6 253540 -7 4,63 -6 

Table 42: Fuller dome - Top cable angles 

 

7.1.1.2. Analysis – General 

Judging from the results for the masses of the different compression hoops, it seems clear 
that there is a connection between: 

1. The mass of the tensegrity and the mass of the compression hoop  

2. The pretension of the tensegrity and the mass of the compression hoop 

When comparing the found mass for the tensegrity and the compression hoop we can find 
from Table 18 and Table 41 for the Geiger domes that the compression hoops are usually 
about twice as heavy as the tensegrity itself (see Table 43). In this table, the mass for the 
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tensegrity and the compression hoop are given, as well as the relative increase in mass 
between modeling only a tensegrity and modeling the tensegrity with the compression 
hoop. For the Fuller domes we find from Table 19 and Table 42 that this is also about a 
factor two. It is not entirely clear why there are slight differences, but this may have to do 
with the difference in pretension (explored in chapter 7.1.2), or rounding differences when 
determining the compression hoop section. The rounding differences occur due to the 
several steps taken for the determination of the section, and can therefore accumulate. 

Geiger Fuller 

α1-α2-α3
 Mass 

tensegrity 
(kg) 

Mass C.H. 
(kg) 

Mass 
increase 

(%) 

Mass 
tensegrity 

(kg) 

Mass C.H. 
(kg) 

Mass 
increase 

(%) 

04-12-20 143190 292210 204 171310 408710 239 

06-12-18 97923 202600 207 127510 293740 230 

08-12-16 92919 180060 194 115310 237690 206 

10-12-14 91417 172630 189 96477 202600 210 

12-12-12 93176 171650 184 90205 181010 201 

14-12-10 88496 183150 207 78728 163120 207 

16-12-08 92961 187350 202 76929 156100 203 

18-12-06 95050 199070 209 83739 169800 203 

20-12-04 105560 208410 197 96507 169800 176 

Table 43: Comparison between the mass of the tensegrity and the compression hoop 

Clearly, the factor between the mass of the tensegrity and the compression hoop mass is 
largely determined by the chosen section size of the compression hoop (this was treated in 
chapter 5.3.2). Since the section has a maximum size, there is a relation created between the 
different tensegrity domes with compression hoop based on this property. 

From the comparison charts, we can also conclude that using the different schematization 
for the tensegrity dome with the compression hoop sometimes results in higher normal 
forces in some of the cables and struts. This effect is instigated by the increased applied 
displacement pretension to counter the elastic shortening of the compression hoop and the 
subsequent redistribution of the normal forces. It would be better if the tensegrity system is 
designed all at once, but as explained in the methodology, this is problematic due to the way 
of applying the pretension on the dome. The largest allowable increase in the element 
normal force was chosen to be 10%. When larger increases in normal force were found, the 
results were omitted from the analysis. This applies to Geiger and Fuller domes 02-12-22 and 
22-12-02, which were intended to be included in this analysis. 

 

7.1.1.3. Conclusion 

There is a clear relationship between the mass of the tensegrity, the height of the pretension 
force and the mass of the compression hoop. Due to the chosen maximum size of the truss 
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section for the compression hoop the factor between the masses of only the tensegrity, and 
the tensegrity with the compression hoop is about 2.  

 

7.1.2. Number of top cables (T) (third order variation) 

To determine what the effect of the height of the pretension force is on the mass of the 
compression hoop, it was chosen to design compression hoop sections based on the study in 
chapter 6.3.1, where only the number of top cables was changed. It was found there, that 
the mass of the tensegrity barely changes, but the pretension does. Therefore, we should be 
able to see whether the pretension has an effect on the compression hoop, and how large 
that effect is. 

Note that the buckling length of the compression hoop also changes, since with more top 
cables, the circle is increasingly described better due to the increased number of 
compression hoop segments. The reduction factor   is not entirely the same between the 

different values T. At the same time, the number of supports increases, so the upper 
boundary for the buckling length improves. In chapter 7.1.3, modal buckling checks are 
performed to see if buckling is an issue in the schematized compression hoops. 

 

7.1.2.1. Results 

 
Chart 35: Compression hoop mass - Number of top cables 
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Chart 36: Tensegrity dome total mass - Number of top cables 

 

 
Chart 37: Tensegrity dome total MGM - Number of top cables 
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Geiger 

(T) 
Mass C.H. 

(kg) 
Rel. Std. 

(%) 

Mass total 

(kg) 

Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

08 154970 -10 246490 -7 4,49 -7 

10 166820 -3 257190 -3 4,70 -3 

12 171650 0 264820 0 4,83 0 

14 186760 9 282100 7 5,15 7 

16 186490 9 280740 6 5,12 6 

Table 44: Geiger dome - Number of top cables 

Fuller 

(T) 
Mass C.H. 

(kg) 
Rel. Std. 

(%) 

Mass total 

(kg) 

Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

08 157520 -13 249830 -8 4,56 -8 

10 168650 -7 258600 -5 4,72 -5 

12 181010 0 271220 0 4,95 0 

14 189040 4 279560 3 5,09 3 

16 198710 10 290850 7 5,31 7 

Table 45: Fuller dome - Number of top cables 

 

7.1.2.2. Analysis – General 

From the charts, it is clear that when the number of top cables is increased, the mass of the 
compression hoop increases. The mass increase is instigated by the pretension force that is 
introduced under worsening compression hoop angles (see chapter 4.7.1, each time closer 
to 180°); therefore the found (maximum) normal force in the compression hoop becomes 
larger, even though the height of the pretension forces becomes lower (see Table 46). It 
cannot be said that there is only a relation between the height of the pretension and the 
mass of the compression hoop in the sense that an increase in pretension leads to higher 
normal forces, since the compression hoop angles are important too. 

Geiger Fuller 

T Mass 
tensegrity 

(kg) 

Mass C.H. 
(kg) 

Mass 
increase 

(%) 

Mass 
tensegrity 

(kg) 

Mass C.H. 
(kg) 

Mass 
increase 

(%) 

08 91519 154970 169 92315 157520 171 

10 90374 166820 185 89947 168650 187 

12 93176 171650 184 90205 181010 201 

14 95334 186760 196 90519 189040 209 

16 94250 186490 198 92141 198710 216 

Table 46: Comparison between the mass of the tensegrity and the compression hoop 
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What can be said is that the height of the pretension determines the size of the compression 
hoop. Of course, the pretension in the tensegrity and the mass of the tensegrity remain 
closely related, so when a low mass for the tensegrity is found, a low mass for the 
compression hoop will most likely be found. 

 

7.1.2.3. Conclusion 

Increasing the number of top cables lowers the pretension in the tensegrity, but since the 
angles are smaller, the height of the normal force in the compression hoop increases. The 
buckling length of each section increases a little with more top cables, but more supports are 
added. This means that if the normative buckling shape consists of half waves between the 
supports, the section will be over dimensioned (see 7.1.3).  

 

7.1.3. Modal buckling analyses on tensegrity domes with compression hoop 

In the conclusion of appendix A, it was stated that for all compression hoops, a modal 
buckling analysis must be performed. Since it was found after six studies that buckling in the 
compression hoop is non-normative, and predictable (see Table 47), this plan was eventually 
deviated from. More studies were performed, but these are not included here. 

Geiger (load factor) Fuller (load factor) 

T Dead load Snow load Wind load Dead load Snow load Wind load 

08 4,60 4,73 4,37 4,93 5,36 4,50 

12 10,18 10,50 9,62 10,09 10,53 9,04 

16 15,40* 18,23 16,40 17,95 19,41 15,13 

Table 47: Comparison between the load factors for different numbers of top cables. * indicates a different buckling shape 

From the table we can see that buckling is not normative in any of the tested compression 
hoops. Between Geiger and Fuller domes consisting of the same number of top cables, the 
load factors are comparable. For the load factor for the Geiger dome with 16 top cables, a 
lower factor was found concerning the dead load combination, since the buckling shape that 
occurred did not consist of 16 half waves in the hoop, but less. Higher load factors are found 
for more top cables, since the overestimation of the buckling length becomes proportionally 
worse. 

In conclusion, we can see that the chosen sections for the compression hoop are safe. The 
results suggest that an additional study for the determination of the actual buckling length 
could be made, so the compression hoop section will be estimated better. It is also 
interesting to find out why the buckling length sometimes deviates from the compression 
hoop segment length. 
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7.2. Elliptical tensegrity domes with compression hoop 

7.2.1. Ellipse shaped tensegrity, increasing e-1 (second order variation) 

For determining the effect on the section of the compression hoop when it is ellipse-shaped, 
a study is performed with an increasing eccentricity. This will show the relation between the 
mass of the compression hoop section and the mass of the tensegrity.  

 

7.2.1.1. Results 

 
Chart 38: Compression hoop mass – Ellipse eccentricity 
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Chart 39: Total structure mass – Ellipse eccentricity 

 

 
Chart 40: Tensegrity structure MGM – Ellipse eccentricity 
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Geiger 

e-1 

Mass C.H. 
(kg) 

Rel. Std. 
(%) 

Mass total 

(kg) 

Rel. Std. 
(%) 

MGM 
(*105 kg) 

Rel. Std. 
(%) 

1,00 171650 0 264820 0 4,83 0 

1,06 201570 17 302970 14 5,56 15 

1,12 240980 40 354190 34 6,53 35 

1,18 271900 58 408980 54 7,55 56 

1,24 318040 85 476710 80 8,83 83 

1,30 377170 120 549020 107 10,22 112 

1,36 431300 151 628160 137 11,71 142 

1,42 500700 192 719230 172 13,46 178 

1,48 592780 245 837750 216 15,75 226 

1,54 693040 304 964430 264 18,19 276 

Table 48: Geiger dome - Ellipse eccentricity 

 

Fuller 

e-1 

Mass C.H. 
(kg) 

Rel. Std. 
(%) 

Mass total 

(kg) 

Rel. Std. 
(%) 

MGM (*105 
kg) 

Rel. Std. 
(%) 

1,00 181010 0 271220 0 4,95 0 

1,06 208770 15 308640 14 5,65 14 

1,12 253800 40 374620 38 6,90 40 

1,18 307000 70 442630 63 8,19 66 

1,24 370550 105 528880 95 9,83 99 

1,30 450480 149 641360 136 11,93 141 

1,36 534010 195 754290 178 14,08 185 

1,42 622470 244 861430 218 16,15 226 

1,48 755260 317 1036800 282 19,50 294 

1,54 910000 403 1229700 353 23,25 370 

Table 49: Fuller dome - Ellipse eccentricity 

 

7.2.1.2. Analysis – General 

Judging from the results for the pretension in chapter 6.4.1, it comes as no surprise that the 
mass of the compression hoop becomes much larger with an increasing eccentricity. From 
chapter 7.1.2, we also know that the compression hoop angles at which the forces from the 
tensegrity are applied are important. With wider angles, the normal forces increase. These 
effects are both found in this study. Since the compression hoop was designed using the 
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normative normal force in the compression hoop (see Figure 110), this leads to very heavy 
sections. As the eccentricity increases, this effect progressively worsens, as can be seen in 
the charts and tables. 

 
Figure 110: Distribution of compression normal forces (dead loads) in the compression hoop. e

-1
=1,48 

We can also check if the mass of the compression hoop can be predicted from the mass of 
the tensegrity dome (see Table 50). From the table, it is clear that larger eccentricities 
instigate more mass increase (the relative increase in mass between only using a tensegrity 
and using the tensegrity with the compression hoop).  

Geiger Fuller 

e-1
 Mass 

tensegrity 
(kg) 

Mass C.H. 
(kg) 

Mass 
increase 

(%) 

Mass 
tensegrity 

(kg) 

Mass C.H. 
(kg) 

Mass 
increase 

(%) 

1,00 93176 171650 184 90205 181010 201 

1,06 101400 201570 199 99878 208770 209 

1,12 113210 240980 213 120820 253800 210 

1,18 137080 271900 198 135630 307000 226 

1,24 158670 318040 200 158330 370550 234 

1,30 171850 377170 219 190880 450480 236 

1,36 196860 431300 219 220270 534010 242 

1,42 218530 500700 229 238960 622470 260 

1,48 244970 592780 242 281520 755260 268 

1,54 271390 693040 255 319740 910000 285 

Table 50: Comparison between the mass of the tensegrity and the compression hoop 



Parametric design and calculation of circular and elliptical tensegrity domes 

 

153 
 

It was also checked what the bending moments are in the ellipse shaped compression hoop. 
Very surprisingly, the bending moments when dead loads or snow loads are applied are 
relatively small (see comparison charts). With a wind load, the bending moments are larger 
than with dead loads or snow loads, and it is distributed as indicated in Figure 111. 

 
Figure 111: Distribution of bending moments (wind loads) in the compression hoop. e

-1
=1,48 

The reason why the bending moments are relatively small is found by reconsidering the way 
in which the dome is loaded. It was explained in chapter 4.9.2, that the pretensioning is 
applied uniformly and the distribution of pretension normal forces in the tensegrity follow 
from this manner of pretensioning. When the tensegrity is modeled together with the 
compression hoop, the compression hoop is drawn slightly inwards (see Figure 112). A small 
eccentricity is found between the location of the applied force and the center of the section, 
when dead loads or snow loads are applicable. For wind loads, this is slightly different. 
Although the pretensioning is uniform, the wind load is not. This leads to a non-uniform 
displacement in the hoop and thus a (large) eccentricity is created. 

  
Figure 112: Qualitative deformations under uniform loading (left) and non-uniform loading (right) 

The additional displacement by the nodes determines the height of the bending moment. 
The bending moment can approximately be checked by: 

*zz x additionalM F   
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For example, a standard Geiger tensegrity dome with eccentricity e-1=1,48, concerning the 
wind load combination: 

;max 20992 ( )

74,01

20992*0,07401 1554 1661

x

additional

zz

F kN compression

mm

M kNm kNm







  

 

Note that differences occur because the normal force is taken from the ULS and the 
displacement is taken from the SLS. 

 

7.2.1.3. Modal buckling analyses on elliptical tensegrity domes with compression hoop 

For a few elliptical domes, a modal buckling analysis was performed (see Table 51). 

Geiger (load factor) Fuller (load factor) 

e-1
 Dead load Snow load Wind load Dead load Snow load Wind load 

1,00 10,18 10,50 9,62 10,09 10,53 9,04 

1,24 8,41 8,68 7,23* 6,69 7,19* 6,60 

1,54 6,34 6,53 5,57 5,42* 5,71* 5,42 

Table 51: Comparison between the load factors for different eccentricities. * indicates a different buckling shape 

For ellipse shaped tensegrity domes, buckling will not occur in the compression hoop. The 
buckling shape is unpredictable, but the number of half waves was always close to the 
number of segments. We can see that the chosen sections for the compression hoop are 
safe, but if we keep increasing the eccentricity, it will probably fail. Further increasing the 
eccentricity is therefore not recommended. Since eccentricities larger than 1,54 were found 
not to be possible for the tensegrities, this is not a big issue. 

 

7.2.1.4. Conclusion 

It is possible to build elliptical tensegrity domes with a compression hoop using the proposed 
methodology. Because of the limitations in the methodology, the hoops become very heavy. 
Bending moments do not occur for uniform loads, and for wind loads the height of the 
bending moment is determined by the difference in node displacement between the dead 
loads only combination and the wind loads combination. 

 

7.3. Comparison of mass between the Georgia dome and an elliptical tensegrity 
dome with compression hoop 

One important question still has not been answered by the analyses in the previous 
chapters, and this is how the modeled tensegrity domes perform when it is compared with 
an actually built tensegrity dome. In the analyses, the mass, MGM and pretension force in 
the tensegrity were repeatedly investigated. For the compression hoop, the mass and MGM 
was obtained for each design. Since the MGM was coined, based on a reference [18], this 
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value will not be available in reference projects. The masses of the tensegrity and 
compression hoop are available, but these may need to be estimated. 

To find whether the masses of the analyses and a real-life example are comparable, an 
analysis is made based on a case study. It was chosen to use the Georgia dome as the 
reference project, since much data on this dome is readily available (see reference [1]). In 
order to do the analysis, some facts on the Georgia dome are given in chapter 7.3.1. 

 

7.3.1. Analysis of the Georgia dome 

The roof of the dome is built using the Fuller tensegrity dome principle. We can see that 
there are three tension hoops, and at the center a truss is placed. There are 52 ridge cables 
(top cables), which are supported on the compression hoop using 26 nodes. The connections 
of those nodes to the compression hoop are not all located on the inner side of the 
compression hoop of the dome (see Figure 113). Instead, the shape of the compression 
hoop is based on an oval with two different radii. Here the outline of the compression hoop 
is marked in blue, and the shape of the tensegrity is indicated by the red line. 

 
Figure 113: Top view of the Georgia dome roof structure. The red line indicates the shape of the tensegrity. The blue line 
indicates the location of the compression hoop 

The tensegrity dome itself is almost a perfect ellipse. This can clearly been seen in Figure 
114. Here, an ellipse is placed on the top view of the Georgia dome roof structure. The shape 
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of the dome does not coincide with the ellipse at some support nodes, for instance between 
gridlines 45 and 46. 

 
Figure 114: Top view of the Georgia dome roof structure. The green line is an ellipse. 

The surface area covered by the tensegrity is 36700m2. The length and width of the dome 
were determined from one of the roof diagrams and measure 240x190 meters. The 
reference states that the tensegrity posed a 400 ton load on two cranes which lifted the 
tensegrity into its final place. It is therefore assumed here that the mass of the tensegrity is 
about 400000kg.  

The permanent load on the Georgia dome was calculated to be 0,3kN/m2, and the live load 
0,6kN/m2. Snow and wind loads were also taken into account. The live load was normative 
for the tension hoops and diagonals, and the wind load for the top cables. The maximum 
displacement was 750mm.  

 

7.3.2. Comparison limitations and assumptions 

Before a comparison between the Georgia dome and the proposed model in chapter 7.3.3 
and the Georgia dome can be made, it is important to note that the comparisons will not be 
fully comparable.  
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First of all, the locations for both domes are completely different. This means that different 
live loads are assumed for snow loading and wind. This is due to the geographic locations of 
both domes (Atlanta, United States and Eindhoven, the Netherlands) and the assumptions 
which are made based on the applicable design codes. For the Georgia dome, seismic loads 
and temperature loads are also taken into account.  

The shape of the domes will not be completely identical. The design of the Georgia dome 
tensegrity structure is not an ellipse, but in the comparison model, it will be a perfect ellipse. 
In addition, the Georgia dome features a 56,1m long truss at the center of the dome. This 
will not be modeled in the comparison. If the truss is counted as a ‘tension hoop’, the 
Georgia dome has 4 tension hoops, in contrast to the 3 tension hoops in the comparison 
model. 

It is intended in this study to compare the mass of the tensegrity structure. The mass of the 
compression hoop is not relevant for the comparison, since the hoop was made in concrete. 
Therefore no proper comparison can be made between the mass of the concrete 
compression hoop in the Georgia dome and the steel triangular truss used in the 
methodology. A proposal for the compression hoop design will still be given though, to give 
a more complete picture on what the design would look like. 

 

7.3.3. Proposed specifications of the comparison model 

The shape of the ellipse, defined by the eccentricity (e-1) in the comparison model will be 
taken from the dimensions of the Georgia dome. The height and width of the ellipse are 
240x190m, and the eccentricity is: 

1 240
1,26

190
e    

The maximum deflection for the span will be: 

240
1,2

200
max m    

A Fuller tensegrity dome will be modeled with 26 supports. The angles of the top cable are 
based on the standard models and are 16-12-08°. This is based on the study in chapter 6.1.1, 
in which it was found that these angles perform relatively well for Fuller domes. 

The diameter of the inner tension hoop is taken to be 10 meters, so the top cable span 

lengths ( nL ) become: 

190 10
30

6
nL m


   

Since the span of the dome is almost double the span of the standard tensegrity model, the 

lengths of the struts ( nH ) are also doubled. These then become: 

2*10 20nH m   

Since the tension in the tension hoops were found to become very large, the selection of 
cable sections was expanded with a number of cables. It was chosen to add a number of 
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options in which two cables (will be applied at the same time, doubling the available tension 
resistance. This is indicated with the designation “D-” (double-…). 

From the analyses in the previous chapters, it was found that the minimally needed axial 
force in the tensegrity dome elements was not useful in cases where this applicable to only 
one or more isolated elements. It was therefore excluded in this investigation. When two or 
more adjacent elements become tensionless, this structural requirement will be enforced.  

The compression hoop of the comparison model is allowed to have sectional dimensions up 
to 3,5 meters. This reduces the mass of the compression hoop substantially, while the 
compression hoop sections could still be transported by road. 

The area covered by the comparison model is 35378m2. This is only slightly less than the 
Georgia dome. 

A top view and a perspective view are provided in Figure 115 and Figure 116. 

 
Figure 115: Top view of the comparison model 
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Figure 116: Perspective view of the comparison model 

 

7.3.4. Analysis 

A solution was found for the comparison model. The comparison chart is included in 
Appendix F on the last page. Here, we can see that the mass for the tensegrity dome is 907 
tons. This is more than twice the mass which was found for the cable structure of the 
Georgia dome. The reason that the found mass is so much higher is probably due to the 
oversizing of a large number of elements in the tensegrity. This occurrence has been 
described in the previous chapters. Still, the difference is quite reasonable and for a solution 
that was obtained in a few hours, it provides a good estimate for the tensegrity mass. 

The found mass for the compression hoop was 2168 tons. The increased maximum 
dimensions of the compression hoop decreased the found mass considerably.  

The total tensegrity dome weight is now 3075 tons. The mass per square meter is: 

2

2

3075000
86,9 /

35378

kg
kg m

m
  

Buckling was not an issue in the compression hoop, since no load factors smaller than one 
were found pertaining to the compression hoop. Load factors smaller were found for the 
tensegrity structure itself. This is probably the result of ignoring the structural requirement 
for the minimally needed normal force in an element. Still, no large deformations were 
found as a result of this occurrence. It is therefore considered to be acceptable. 

 

7.3.5. Conclusion 

Although many assumptions were made in the methodology, and although there are 
limitations in the comparison, the results of the comparison model are quite comparable to 
the design of the Georgia dome. Still, it is stressed that the analysis performed here can be 
expanded in many ways. 
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8. Conclusions, recommendations, and evaluation 

In this chapter, the conclusions are given. These pertain to the research goals, and 
subsequently, recommendations are given. The project itself is also evaluated. 

 

8.1. Conclusions  

In this project, it was aimed to find out what constitutes a well performing tensegrity dome. 
To find the answer to that question, a methodology was developed and a number of 
analyses were performed. The conclusions are summarized according to the concerning 
subdomains. The conclusions for the tensegrity dome and compression hoop are treated 
simultaneously.  

 

General 

1. A very important quality of a well performing tensegrity dome is the presence of 
stiffness in the structure. The stiffness determines how large the nodal displacements 
are in the tensegrity. Obviously, we want as much stiffness as possible while still 
having a low structural mass. Four factors are important for the stiffness: 

 The applied node displacement 
This is the load case which increases the pretension force in the elements. 
High pretension forces tend to make the structure stiffer, but if the normal 
forces become too large, the mass increases due to the needed section sizes. 

 The chosen sections for the elements 
Larger sections result in stiffer structures, but will only be applied when the 
pretension force and the additional load due to snow and wind demand this. 

 The residual capacity in the elements 
This is denoted by the difference between the calculated unity check value 
and one. If the found unity check values are relatively far away from one, but 
still acceptable, the dome is somewhat stiffer than it needs to be. This 
influences the mass and MGM of the dome adversely, since there is more 
mass present than is strictly necessary. It was found that it was not always 
possible to get the unity check value very close to 1. 

 The geometry of the tensegrity dome 
The tensegrity geometry determines how the decomposition of all the 
applicable forces in the structure is achieved. Setting the angles, heights, and 
lengths such that both snow and wind loads can be conveyed to the support 
as best as possible, results in a lower mass for the tensegrity. This is possible 
because the applied node displacement can then be lowered, and the chosen 
sections may become smaller. 

2. Fuller domes are generally stiffer structures, compared to Geiger domes, since the 
minimally needed axial force was usually found to be normative. However, they 
require more elements to be built, so this will be more labor intensive. The 
pretension is lower in Fuller dome cables and struts, so lighter equipment can be 
used to apply the pretension in the dome. It cannot be stated that either type of 
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dome is qualitatively better, since the best tensegrity dome type is dependent on 
specifics. These depend on costs, esthetics, etcetera.  

3. Good solutions, defined as tensegrities with low mass, MGM and pretension force, 
are usually found at the ‘tipping point’ between the two structural requirements. At 
this point, the structural requirements for the maximum displacement and minimum 
pretension force determine the section size of an element together. Less optimal 
solutions tend to be determined by a single structural requirement. A tipping point is 
sometimes also found between the normative live load cases.  
This makes sense because solutions at a tipping point do not have a large residual 
capacity for either of these structural requirements. When it is set out to design a 
well performing tensegrity dome, it should always be aimed to find this tipping point. 

4. The pretension force is by itself indicative for the stiffness of the tensegrity. A 
fortunate variation of the system allows the system to be stiff enough without an 
increase in pretensioning. Therefore, systems with a low pretension force usually 
lead to low masses. From the data, it is known that deviations from this conclusion 
exist, because the total length of all the elements may be higher, or the residual 
capacity of a section may be too large.  

5. To keep the analysis comprehensive, it was chosen to apply sectional choices on all 
similar type elements, based on the normative normal force for that element. For a 
much better design, independent section sizes should be chosen for each element in 
the system. This leads to an improvement in the design because the residual capacity 
for the non-normative elements is reduced dramatically. The dome stiffness is 
reduced when this is done, and this effect needs to be taken into account. 

 

Normative structural requirements 

6. Geiger dome designs are almost always designed based on the maximum allowed 
additional displacement due to wind. The sensitivity of the tensegrity dome to this 
effect is determined by the stiffness of the dome. 

7. Fuller dome designs are usually determined by the minimal required amount of 
pretension force in one of the elements. Failure under the influence of wind is seen 
the most, which has an unfortunate side effect. Due to the position and direction of 
some diagonals in the dome, the difference between the maximum and minimum 
normal force can be large, affecting required section sizes adversely.  

8. By setting other target values regarding the structural requirements, different 
outcomes will be obtained. The minimum required amount of normal force in an 
element was set at 20 kN, for all tensegrity domes. It could be argued that this value 
should be related to some property of the dome, as was been done with the 
displacement difference. Small differences in obtained solutions could be found 
when this is done. 

9. The minimal required normal force requirement aims at preventing the top cables 
from overturning, which causes large deformations. This is less significant for the 
diagonals of Fuller domes, since the displacements of those elements do not have an 
effect on the cladding of the dome. Besides that, it sometimes affects only a few 
single diagonals, so the distribution of normal forces can be diverted to other 
elements. It can be argued that this requirement should be dropped for diagonals. It 
is likely that much lighter solutions for Fuller tensegrity domes will then be found. 
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10. The maximum displacement difference could be set more lenient or strict, depending 
on requirements arising out of esthetics, usability and the general sensation of 
feeling safe when residing under the structure. It is however, difficult to quantify this 
in any practical sense. 

 

Interdependence 

11. It is difficult to analyze the behavior of a change in a single parameter, since the 
change usually also has a (large) influence on other important tensegrity dome 
features like heights, lengths and angles. In the research methodology, it was 
mentioned that the interdependence can be offset by changing other variables by 
the right amount. 

12. Combining the properties of well performing tensegrity domes from different studies 
will not automatically result in better solutions. This is because the stiffness and the 
distribution of forces are largely influenced by these choices, and they may not be 
interchangeable.  
 

Elliptical tensegrity domes  

13. It is possible to design ellipse shaped tensegrity domes using the proposed 
methodology. With an increasing eccentricity, this leads to problems with choosing 
sections, since the normal force is different in each element. It would be better to 
choose sections depending on the needed section size of each element. This takes a 
lot of effort, but could be programmed in Grasshopper. 

14. It was possible to design ellipse shaped tensegrity domes up to an eccentricity (e-1) 
factor 1,54, with span lengths 100x154m. Larger eccentricities are probably possible 
with smaller spans, or with an improved methodology. 

15. Changing the angles of the top cables has the same effect on both circular and 
elliptical tensegrity domes. It is reasonable to expect that this also applies for other 
fifth order variations.  

 

Compression hoop  

16. There is a clear relation between the mass/pretension of the tensegrity and the 
compression hoop. The height of the mass of the tensegrity structure determines 
globally how heavy the compression hoop will be. The pretension, together with the 
compression hoop angle determines the height of the normal force in the 
compression hoop.  

17. Bending moments occur when a non-uniform load is applied, or when the shape of 
the dome is elliptical. Wind causes the compression hoop to deform unevenly. An 
elliptical shape will deform non-uniformly, even with uniform loads. This too, causes 
bending moments. Bending moments make up only a small part of the unity check 
(about 5 to 10%) for the compression hoop. For uniform loading like dead loads and 
snow loads, the bending moments are very small when the eccentricity of the ellipse 
is small. For larger eccentricities, the bending moment becomes larger. 
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18. The maximum dimensions of the triangular truss determine to an extent what the 
compression hoop mass will be.  

19. Due to the safe estimation of the buckling length of the compression hoop, buckling 
will not occur using the proposed methodology. Depending on the number of top 
cables, the overestimation of the needed buckling resistance can be large or small. It 
has not been checked whether buckling in the individual elements in the truss can be 
normative. 

 

8.2. Recommendations 

Many improvements can be made to the methodology. All of the proposed improvements in 
this chapter should lead to more optimal results. Potentially, a lot of steel mass can be saved 
by applying the recommendations. The recommendations are focused on three aspects. 
There are solutions to problems which exist in the methodology, additions to make the 
comparisons better and possible improvements to the methodology.  

 

General 

Perhaps the most interesting addition to this project would be to expand the investigation 
by checking different non-circular shapes for the tensegrity dome. Shapes like the Georgia 
dome could be checked, as well as designs with an indentation so that a part of the 
compression hoop is loaded with a tension force. 

Another major improvement would be to combine the two schematizations mentioned in 
chapters 4.1 and 5.1. In the first schematization, only the tensegrity dome without the 
compression hoop is modeled. In the second schematization, the tensegrity dome is 
modeled with the compression hoop. The separation of these two schematizations results in 
a lot of actions which have to be performed by the user of the algorithm, allowing mistakes 
to be made. Additionally, the pretension force would be applied in a better way than how it 
is done now. 

An interesting addition is the inclusion of an optimization study for the tensegrity domes. An 
attempt was made in this project (see appendix C), but it was cancelled due to the large 
number of difficulties and the amount of available time. Some of the difficulties which were 
unsolved were the interaction between the geometric/topological variables and the section 
sizes of the tensegrity dome. The two separate schematizations for the tensegrity and 
compression hoop also limit the applicability of an optimization. The calculation time can 
become very long since the available algorithms do not work very quickly and the calculation 
time for a single tensegrity dome can take up to 10 seconds. This does not seem much, but 
since the study is iterative, the time spent on all analyses can take quite some time. 

In general, a better defined Grasshopper model could improve the speed of the calculation. 
The final algorithm was worked on for almost a year. During this time many new insights 
were acquired and alterations were made based on those insights. Therefore some features 
are still included, which may slow down the analysis. 

A time dependent effect like fatigue and relaxation in the tensegrity dome was not 
considered. Ideally, these phenomena should be included for the design of the dome. Local 
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failure in the tensegrity dome can also be considered. This will clarify if the structure is 
resilient and by how much.  

 

Variables 

In the methodology, a number of variations were proposed. It is of course possible to include 
many more variations in the study. This could provide new insights which have not been 
found in this study. It was stated in chapter 4.2 that some variations influence others. It can 
be tried to limit those influences, and possibly better solutions could be found. It could also 
be tried to use variations for one element type specifically, for instance changing the top 
cable angles based on the location of the top cable in the tensegrity dome. This is 
particularly interesting for elliptical domes, as it could influence the distribution of normal 
force in the tensegrity and the compression hoop. 

Other structural concepts than the Fuller and Geiger principles could also be included in a 
further study. For instance, the levy type dome, in which the top cables are joined at the 
center of the dome, or domes featuring a truss or a ring at the center can be included. Other 
variations are possible when segments of the tensegrity are reversed in direction (see Figure 
117). It was shown by Mariëlle Rutten [22] that this could be a better solution when wind 
load cases are normative. More tension hoops can also be added. 

 
Figure 117: Alternative principle as conceived by M. Rutten 

 

Sectional choices 

It was chosen in the methodology that the section of each element type is chosen based on 
the normative value for the normal force in the cable or strut. Therefore, only four different 
sections needed to be found in the study. A better solution will be found when each element 
in the tensegrity dome is given its own sectional choice. For circular tensegrity domes, this 
results in thirteen different sectional choices (when three tension hoops are used) due to 
symmetry in the system. For ellipse shaped tensegrity domes, some symmetry is also 
present, but optimizing for all elements will require much more effort, since there are many 
more elements to optimize. This is because some of the cables and struts will be loaded with 
different normal forces. 

The cross section for the compression hoop can also be designed per segment. This may 
save a lot of steel, but it should be done very carefully. It can adversely influence the 
buckling resistance of the hoop. A more careful consideration of the truss is also possible, 
since the sectional areas for the diagonals and verticals were now estimated. This applies 
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also to the number of needed diagonals and verticals per segment. With larger total 
dimensions (w* and h*) for the truss, more steel could be saved. A better estimation of the 
buckling length of the compression hoop can also decrease the mass of the section. It could 
also be tried to include the triangular truss in the FEM calculation, instead of the rectangular 
design section. 

 

Loads and load combinations 

In general, it would be good to make much more accurate estimations of the applicable 
loads on the dome. For dead loads, a cladding system could be chosen in advance, and its 
distributed surface load as the basis for the height of the dead load. For snow loads, a non-
uniform distribution could be checked, so this load case also results in bending moments in 
the compression hoop. The wind loading could be modeled much more accurate for 
different top cable angles if the form factors of the surface load were updated for different 
top cable angles. More load case combinations can also be made, for instance for wind in 
different directions. A variable applied node displacement load could be used to vary the 
height of the pretension on the different top cables in the system. It is possible that this 
lowers the height of the normal force in the separate compression hoop segments. 

 

Structural requirements 

The structural requirement for the distribution of normal force could be unnecessary for 
Fuller domes, since the top cable sections will not overturn when only a single cable is 
unloaded. This structural requirement could therefore be updated to exclude this 
occurrence.  

The cable and strut sections were required to be loaded with at least 80% and at most 100% 
of their capacity. For some variants, the elements were found to be close to 100% usage, 
while others were not. Since the used sections were modeled after the available sections on 
the market, this could not be avoided. In an extended study, combinations of different cable 
sections could be made in order to approach a maximum usage of the section capacity. 

The maximum displacements were defined by the general rule for maximum deflections in 
roof structures. If the maximum deflections for the cladding system are known, this 
structural requirement could be updated to a more accurate value. 

Buckling in the compression hoop was prevented by taking a safe estimation of the buckling 
length. In all cases, the compression hoop was found not to buckle under the given loads. A 
more realistic buckling length could be investigated, or the modal buckling analysis can be 
incorporated into the Grasshopper model. 

 

Result comparison  

In this project, only masses, the MGM value and pretension were considered. It has already 
been mentioned that the mass of the tensegrity and compression hoop can be estimated 
more accurately, but this also applies to the mass of the nodes. A better schematization for 
the tensegrity (an update of Figure 75) could make a difference in the mass, as well as a 
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conceptual design for the node based on the amount of normal force which should be 
transferred.  

The MGM value could easily be improved by researching the costs of the different section 
types, and the cost of the labor needed to build the sections. A base cost can also be 
determined for all tensegrity domes in order to take the general costs of building the 
tensegrity dome into account. 

Some new comparison points could be included like the costs of building the dome. An easy 
to use value of the used mass per square meter can be included to indicate the relative mass 
of the dome. This could be especially useful when different span diameters are checked. 

 

 

8.3. Evaluation 

The investigation has been a very informative study for me. Although I had expected that the 
study would not be as easy as I thought, I could not, in advance, oversee all the different 
aspects that finally brought me to the final product. The study of tensegrity domes is 
complex, and to be able to make a valid statement on any topic, a large number of aspects 
have to be studied. Of course, this is still the case, since many improvements can still be 
made, as was outlined in chapter 8.2.  

In retrospect I would also have tried to apply more structure to the project’s progress. 
Designing a structural model in a parametric environment was new to me, and I did not 
anticipate that it would be so important to be able to define precisely what you want to 
happen in the model. Learning a programming language like Grasshopper was therefore very 
instructive. 

All in all, I am very content with the final product. I was able to learn a lot about tensegrity, 
tensegrity domes and programming. During the graduation project I also had a number of 
opportunities to present the work to different people. Of course, I gladly seized those 
opportunities. 

The thesis goals were achieved. The first goal, which was ‘to investigate the problems that 
may exist in the designs of circular tensegrity domes and compression hoops, regarding the 
sizes of the normal forces and the bending moments, in order to find the best possible 
variants, and to explain why these variants perform well. The investigation is done using a 
variant study. A parametric design tool will be made to enable the variant study’. This has 
been met by designing tensegrity domes with compression hoops for about 30 different 
tensegrity structures. Based on those results, a notion of the size of the normal forces and 
bending moments is available. It was also explained why there are differences in the results. 
An optimization study was found to be difficult, and this was dropped from the study.  

The second goal was ‘to investigate and design a non-circular tensegrity dome with the 
compression hoop, so the viability of such a tensegrity dome can be shown’. Since time was 
limited, only an elliptical dome was investigated. Based on the result, it was shown that an 
elliptical shape is possible, and a number of recommendations were also given regarding 
elliptical designs. It was also found that elliptical tensegrity domes are susceptible to the 
same effects of making variations in the geometry of circular tensegrity domes. 
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The third goal was ‘to investigate whether it is possible to design and calculate parametric 
tensegrity dome models in Grasshopper which are able to perform the tasks as demanded 
under goals one and two’. This goal was met, although it can certainly be said that there is 
room for improvement. This applies both to the way in which the model was set up (there 
are better ways of programming certain aspects in the model), as well as the level of detail in 
modeling aspects such as for the wind load. For the intended purpose, the present model 
works quite well. 
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Appendix A: Comparison of different analyses for 
determining the required compression hoop section 

 

The determination of the section size for the compression hoop is done in the graduation 
project by using an estimation of the buckling length. To find a reasonable estimation, a 
study was done to find the usual buckling length for a compression hoop which is supported 
by a tensegrity dome. That study is explained in this appendix. 

A total of five options are tested to determine the critical buckling load crN  of the system. 

First, the general testing methodology is explained and then the different FEM analysis 
schematizations are presented. The 5 different options are explained next. In the last 
chapter the options are tested, using the standard Geiger dome model as a case-study (see 
chapter 4.8). The options are: 

1. Check based on an estimation of the critical buckling length and schematization 2 
2. Check based on design values from schematization 3 
3. Check based on the critical buckling load as stated by Timoshenko and 

schematization 3 

4. Check based on determining load factor cr  by using GSA and schematization 3 

5. Check based on determining load factor cr  by using GSA and schematization 2 

 

General testing methodology 

In each option, a few different system properties need to be determined to compare their 
performance, relative to option 1. Options 2, 3 , 4  and 5 were related to option 1, in order to 
not have to determine the needed moment of inertia for the compression hoop section. The 
needed system properties are: 

1. Either the critical buckling load crN , or the buckling length crL  

2. The design value of the bending moment in the compression hoop 
;z EdM  

3. The design value of the normal force in the compression hoop EdN   

For each option, the critical buckling load or the design values can be different from the 
option. 

A unity check value will be made for each option. To do this, there are a few more variables 
that need to be determined before it can be made. The unity check used is: 

; ; ; ;

; ;
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Where: 
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: The design value of the bending moment in the compression hoop (determined by 

FEM analysis) along the z-axis 

: The characteristic value of the bending moment resistance in the compression hoop 

EdN : The design value of the normal force in the compression hoop (determined by FEM 

analysis) 

RkN : The characteristic value of the normal force resistance in the compression hoop 

: The reduction factor for the applicable buckling condition  

: The reduction factor for the applicable lateral torsional buckling condition 

: A partial safety factor (here assumed to be equal to 1) 

For now, it is assumed: 

(The eccentricity between the center of gravity and the center of 

the area of the section is zero) 

 

A rectangular hollow section will be used as a temporary substitute for a triangular truss. We 
therefore assume: 

 

It is assumed that buckling along the z-axis is normative, since this axis had a bending 
moment applied on it. We can therefore discard the check along the y-axis if we assume 

yI =

zI  and reduce (A.1) to: 

;

;

1
z EdEd

z Rk z Rk

MN

N M
    (A.2) 

The characteristic values of the compression hoop section resistance are determined using: 

1

*RHS y

Rk

M

A f
N


   (A.3) 

;

1

*Z RHS y

Rk

M

W f
M


   (A.4) 

Design values EdN  and 
;z EdM  are determined using a FEM analysis of the tensegrity dome.  

To determine reduction factor  , we need to obtain the (assumed) buckling length of the 

compression hoop, which can be different for each option. In all cases: 

2 2

1

1







   



  (A.5) 

In which: 

;z EdM

;z RkM



LT

1M

; ; 0y Ed z EdM M kNm   
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20,5 1 ( 0,2)           (A.6) 

1

1crL

i



   (A.7) 

1

y

E

f
    (A.8) 

;z RHS

RHS

I
i

A
   (A.9) 

A very safe buckling curve was chosen (curve d). Therefore: 

0,76   

The relative slenderness  can also be determined using: 

Rk

E

N

F
    (A.10) 

 

FEM analysis schematizations 

The tensegrity system and the compression hoop are two systems which each have stiffness. 
Changing the stiffness of one of these systems influences the occurring forces in the other. 
Since the options are based on theories which require either the tensegrity to be present or 
absent, the design values for both cases need to be found. 

To determine design values EdN  and 
;z EdM  and characteristic values RkN  and 

;z RkM  in the 

compression hoop, three FEM schematizations are used. These schematizations are: 

1. A pinned tensegrity dome (without compression hoop) 
2. A tensegrity dome which is supported with a compression hoop 
3. Only the compression hoop 

Characteristic values RkN  and 
;z RkM

 
will not change, since the same section size is chosen 

for both schematization 2 and 3.  

 

Schematization 1 – Pinned tensegrity dome 

First, the tensegrity dome is designed with pinned supports at the locations where later the 
compression hoop will be placed (see Figure A. 1). By displacing these supports outward, the 
pretension is applied on the system. From this model, we can determine the normal forces 
in the cables and struts, as well as the reaction forces at the supports. The model is accepted 
when it conforms to the structural requirements and the unity checks regarding the cables 
and struts. 
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Figure A. 1: Tensegrity dome with pinned supports (schematization 1) 

 

Schematization 2 – Tensegrity dome with compression hoop 

When the tensegrity dome in schematization 1 complies with the demands regarding 
structural requirements and unity checks, we can begin designing the compression hoop 
(schematization 2, see Figure A. 2). The pretension forces in the cables and struts are copied 
from schematization 1 (where these pretension forces are the result of the displacement) to 
schematization 2 (where the pretension forces become the applied pretension in the 
system). This is done to get the exact same distribution of pretension forces in the dome. 
The pinned supports are modified to roller supports in schematization 2, so the tensioned 
tensegrity dome is equilibrated by compression in the compression hoop. 

 
Figure A. 2: Tensegrity dome with compression hoop (schematization 2), placed on roller supports.  Note: calculations are 
made with a rectangular hollow section for the compression hoop 
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Since the compression hoop is loaded with a large compressive normal force, the hoop will 
shorten a bit due to Hooke’s law. As a result, the pretension in the tensegrity decreases, and 
the tensegrity will not comply with the structural requirement requirements anymore.  

Subsequently, two different actions can be taken. The first one is to increase the sectional 
area of the compression hoop section. This decreases the size of the deformation; but it is 
very costly, since the amount of steel needed to do this is very large. The second one is to 
increase the initial pretension in the tensegrity dome, so that when the deformations of the 
compression hoop are equal in size to the increase in the applied pretension from displacing 
the nodes in schematization 1. Doing so results in an iterative process, in which an initial 
section size of the compression hoop section is chosen, and the pretension is increasingly 
heightened. Each iteration, the design values and characteristic values for the normal forces 
and bending moments change a bit, according to the chosen compression hoop section and 
pretension height.  

 

Schematization 3 – Only the compression hoop 

Three of the options are based on a compression hoop which is not supported by the 
tensegrity dome. To schematize this model, the reaction forces at the supports are taken 
from schematization 1. Applying external forces then causes the hoop to deform, but unlike 
in schematization 2, the size of the forces will not decrease due to elastic shortening of the 

hoop. Therefore, higher normal forces EdN  and bending moments 
;z EdM can be expected 

when using this schematization. The schematization is given in Figure A. 3. 

 
Figure A. 3: Compression hoop only (schematization 3), placed on roller supports 

In this schematization we take the reaction forces at the supports from schematization 1 and 
reverse them in direction, so they become the applied forces (see Figure A. 4).  
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Figure A. 4: Forces applied on the compression hoop. Left: dead loads or snow (uniform loading). Right: wind loads (non-
uniform loading) 

 

Option 1 

Check based on an estimation of the critical buckling length and schematization 2 

This option uses the assumption that the compression hoop will buckle as shown in Figure A. 
5. If we consider the compression hoop to be a straight element, we can draw the buckling 
shape as in Figure A. 6.  

 
Figure A. 5: Buckling shape of the compression hoop θ denotes the points of inflection 
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Figure A. 6: Buckling shape of the compression hoop (as a straight element). θ denotes the points of inflection, w denotes 
the direction of deformation of the compression hoop 

This means we can make an estimation of the buckling length in the compression hoop. The 
buckled configuration in Figure A. 5 is normative for the compression hoop, and consists of 

four half-waves. Critical buckling load crL  is defined by the length of one half wave. 

Therefore: 

1

4
cr wave CHL L L    (A.11) 

In which: 

CHL : The length of the compression hoop 

The critical normal force is determined by: 

2

2cr

cr

EI
N

L


   (A.12) 

Then, (A.11) is substituted into  (A.12): 

2 2

2 2

16

1

4

cr

CH

CH

EI EI
N

L
L

 
 
 
 
 

  (A.13) 

 

Option 2 

Check based on design values from schematization 3 

In option 1, we calculate what happens when we take the design values from a 
schematization which incorporates both the tensegrity and the compression hoop. We can 
also check which normal forces occur when we only schematize the compression hoop. Since 
the applied forces are higher, we should find a less favorable unity check value. 

Again, we determine the elastic buckling load using Euler’s formula (equation (A.13)). We 
assume that the shape of the compression hoop is perfectly circular, and not segmented. We 
also assume the same buckling shape and length as with option 1: 

2

2

16
cr

CH

EI
N

L


  

1

4
cr CHL L  

;z EdM  and EdN  are both taken from the analysis of schematization 3. 
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Option 3 

Check based on the critical buckling load as stated by Timoshenko and schematization 3 

In his book ‘Theory of elastic stability’ *23], Timoshenko explains the derivation of a 
uniformly distributed critical load which is applied on circular rings. Compared to the 
tensegrity dome model, this is not completely equivalent. The tensegrity dome model has a 
circular based plan, but it is segmented into different parts. Also, the derivation applies to a 
uniformly distributed load. Wind loading on the tensegrity dome however, is non-uniform. 
This results in non-negligible bending moments. Fortunately, we need not derive a buckling 
length for lateral torsional buckling, since we assume a rectangular hollow section for the 
compression hoop. 

Timoshenko states both the critical normal force and the critical distributed load for the first 
buckling mode of the system. These are: 

2

3
cr

EI
S

r
   (A.14) 

And 

3

3
cr

EI
q

r
   (A.15) 

crS : The critical value of the compressive force 

crq : The critical value of the uniform pressure 

We can check whether crS  is about equal to the segmented circular structure of the 

compression hoop. We know (for the derivation, see chapter 4.7.1): 

2sin

r
Ed

F
N


   (A.16) 

This can be rewritten to: 

2sinr EdF N    (A.17) 

Converting this single point load to a uniformly distributed load can be done with: 

r seg

x

CH

F n
q

l
   (A.18) 

Where: 

segn : The number of top cables in the dome 

CHl : The total length of the compression hoop 

Substituting (A.17) in (A.18) results in: 

2sinEd seg

x

CH

N n
q

l


   (A.19) 

Then, we can equate (A.15) and (A.19) if we assume x crq q  and CH crL L : 
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3

2sin3 cr seg

CH

N nEI

r l


   (A.20) 

The relation between the radius and the compression hoop length is approximately given by: 

2

CHl
r


   (A.21) 

Substituting (A.21) in (A.20): 

3

2sin3

2

cr seg

CHCH

N nEI

ll






 
 
 

  (A.22) 

This can be simplified to: 

3

2

24

2sin
cr

CH seg

EI
N

l n




   (A.23) 

We can check whether (A.23) and (A.14) are comparable, if we assume: 

12segn   

Then: 

2sin 2sin15 0,518    

Substituting these values in (A.23) results in: 

3

2 2

24 119,72EI

*12*0,518
cr

CH CH

EI
N

l l


    (A.24) 

Combining (A.14) and (A.21) gives us: 

2

2 2 2

3 12 118,44

2

cr

CH CHCH

EI EI EI
S

l ll





  
 
 
 

  (A.25) 

When E, I, and chl  are equal, we can see that: 

cr crS N  

When checking the unity value in (A.2), we will assume (A.26) instead of (A.7): 

pl Rk

E cr

N N

F N
     (A.26) 

 

Option 4 

Check based on determining load factor cr  by using GSA and schematization 3 

It is also possible to do a modal buckling analysis with GSA. With modal buckling we 

determine a load factor cr , which, when multiplied by applied force rF , can be derived to 



Parametric design and calculation of circular and elliptical tensegrity domes 

 

182 
 

the critical load on that system. Normally, we would apply a unit load on a structure, so that 
the resulting load factor is equal to the Euler buckling load. However, the distribution of 
forces is very important to the tensegrity dome, especially with wind loading, where the 
compression hoop has a non-uniform load applied to it.  To determine the critical buckling 
load we know: 

cr cr rF F   (A.27) 

Together with: 

2sin

r
Ed

F
N


   (A.28) 

Yields: 

2sin

cr r
cr

F
N




   (A.29) 

A simpler way of finding the critical buckling load is found by equating (A.28) and (A.29): 

cr cr EdN N   (A.30) 

Note that there are three load combination cases which are considered (dead loads, snow 

loads and wind loads). Each of these has a different rF , and therefore we could 

computationally find three different values for crN . This is of course not possible, since the 

critical elastic buckling load is dependent on the sectional properties of the compression 

hoop, and not on the external load. From the calculation it is found that the values for crN

are almost the same. 

Again, only the compression hoop is schematized. This time the buckling shape can be taken 
from the calculation (see Figure A. 7). It is evident that the buckling shape constitutes four 
half waves, confirming that the assumption of having four half waves was a good choice for 
the previous options. 

 
Figure A. 7: Buckling shape of the compression hoop. Dashed: original shape 
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Option 5 

Check based on determining load factor cr  by using GSA and schematization 2 

Theoretically, the best way to find the buckling load of the compression hoop is to model the 
entire structural system and then performing the modal buckling analysis. If done so, the 
interaction between the stiffness of the tensegrity and the compression hoop is preserved. 
The model is schematized as in model 2, but the pretension forces are applied separately 
under the advanced options. This must be done to apply the pretension force in the 
tensegrity; otherwise no calculation can be made. The critical buckling load may differ a bit 
from the actual value, if the load factor is not applied on the pretension force. From the 
literature, it could not be determined whether this is the case or not. It is assumed: 

cr cr EdN N   (A.31) 

With the used modeling, it is common to find negative load factors. These values are 
Eigenvalues under tension, and therefore do not lead to instability of the system. These 
results are omitted from consideration. 

It was also found that many of the buckling modes apply to instability in the tensegrity 
dome. These modes occur before instability of the compression hoop is found. If we want 
the compression hoop to form the normative buckling mode, then these modes can either 
be ignored or prevented. Ignoring these modes is only possible when the different modes do 
not affect each other, which could not be confirmed by studying the literature. Prevention 
should be possible by increasing the moment of inertia for the cables and struts and 
converting the ties and struts to beams. Bending moments are then allowed in the 
tensegrity, which affects the stiffness of that system. This raises the question whether that 
system is still comparable to our model. 

It was chosen to ignore instability modes applicable to the tensegrity, since they do not 
affect the instability modes for the compression hoop. To find the load factor, GSA displaces 
nodes by an arbitrary amount (1000 mm). Therefore, the first buckling shape applicable to 
the compression hoop can be found by searching through the nodal displacements results, 
and finding when a node, located on the compression hoop is displaced 1000mm for the first 
time.  

Load factors smaller than 1 should not be found when instability of the tensegrity is 
included. Then, the tensegrity system will not buckle in any case under the given conditions. 
Finding the buckling lengths is difficult, since these were found to differ between the load 
cases. Fortunately, this is not needed to find the critical buckling load since we can use 
(A.10). 
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Comparison between the critical buckling load using Euler and Timoshenko 

We can compare equation (A.24) and (A.13), to see how much the values of the critical 
buckling load, as stated by Euler and Timoshenko are alike: 

2

; 2 2

16 157,91
cr Euler

CH CH

EI EI
N

l l


   

if we assume: 

12segn   

2sin 2sin15 0,518    

Then: 

3

; 2 2

24 119,72EI

*12*0,518
cr Timoshenko

CH CH

EI
N

l l


   

We find: 

; ;1,33cr Euler cr TimoshenkoN N  

This means that determining the critical elastic buckling load using Timoshenko’s option 
results in a lower value.  

 

Expansion on the possible critical buckling load and length in the compression hoop 

The buckling length in option 2, 3 and 4 was based on four half waves. This is the first 
possible buckling shape of the compression hoop. We can state that the found values of the 

critical buckling load crN  belong to the lower bound of the critical buckling load. We can also 

find the upper bound of the critical buckling load if we assume that bound to be the first 
buckling mode where half waves are formed between the supports. See Figure A. 8.  

 
Figure A. 8: Compression hoop supported on springs 

Here the compression hoop is supported with twelve linear springs, which represents the 
simplified schematization of a tensegrity dome (in this case with twelve top cables). We can 



Parametric design and calculation of circular and elliptical tensegrity domes 

 

185 
 

do so since the tensegrity has some stiffening effect on the compression hoop, of which the 
magnitude is unknown. If we assume that the spring stiffness is: 

0springk   

Then no tensegrity is present, so no stiffening is applied on the compression hoop. This 
results in the schematization used in option 2, 3 and 4, and the subsequent critical buckling 
loads. 

If we assume: 

springk    

Then the compression hoop is could be considered as if it were supported on pins.  

The reason this is mentioned, is that it is very unlikely for a tensegrity dome with either 

0springk   (or 
springk   ) to occur. Therefore options 2, 3 and 4 (where only the 

compression hoop is modeled) will probably lead to an overestimation of the required 
section for the compression hoop, compared to options 1 and 5.  

We can determine the upper and lower bounds of the critical normal force using 
Timoshenko’s theory and Euler. 

Timoshenko 

Using Timoshenko’s theory, critical values of the normal force for other buckling shapes are 
determined by substituting the number of full waves ‘k’ which can be present in the ring in: 

3
2 1

qr
k

EI
    (A.32) 

The boundary conditions must be satisfied by checking: 

sin 0
2

k
   (A.33) 

It follows that possible values for k are 0, 2, 4, … , with k=2 being the smallest non-zero 
value. Substituting k=2 into (A.32) results in (A.15), the normative buckling shape for rings. 

The first possible buckling shape for a model with 
springk  

  
contains 6 full waves (k=6), or 

12 half waves (which is equal to the number of springs). Substituting k=6 in (A.32) yields: 

3
26 1

qr

EI
    (A.34) 

This can be rewritten to: 

3

35
cr

EI
q

r
   (A.35) 

Analogous to the lower boundary, crN  for the upper boundary can be derived as: 

3

2

280

2sin
cr

CH seg

EI
N

l n




   (A.36) 

It is very likely that the tensegrity will invoke some amount of stiffening on the compression 
hoop. If so, we can assume: 
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springk x  

With: 

0 x   

Then we know that the actual critical elastic buckling load for a tensegrity dome with 12 top 
cables must lie somewhere between: 

3 3

2 2

24 280

2sin 2sin
cr

CH seg CH seg

EI EI
N

l n l n

 

 
    (A.37) 

In addition, we know that any even number of half waves between 4 and 12 is possible for a 
tensegrity dome with 12 top cables. More half waves are unlikely to occur. 

Using: 

2205000 /E N mm  (Used by default in GSA) 

10 45,17*10zI mm  

12segn   

2sin 2sin15 0,518    

The critical normal force will be between: 

-13176 ( ) 118580crN kN    

Euler 

In case Euler’s theory is used we can substitute: 

1

12
cr wave CHL L L    (A.38) 

In equation (A.12) to find the upper bound of the buckling load: 

2 2

2 2

144

1

12

cr

CH

CH

EI EI
N

L
L

 
 
 
 
 

  (A.39) 

Using the same conditions as mentioned before, we find: 

-17367 ( ) 156310crN kN    
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Calculation 

The calculation has been made in Grasshopper. This will not be transcribed. Instead, the 
summary is given in the next tables. The standard model for a Geiger dome was used as an 
example. 

 

Normal forces and moments: 

Load case Design value NEd (kN) Design value MZ;ed 
(kNm) 

Dead loads -8099 0 

Snow loads -7819 0 

Wind loads -9245 913 

Table A. 1: Normal forces and bending moments model 2 (tensegrity and compression hoop) 

 

Load case Design value NEd (kN) Design value MZ;ed 
(kNm) 

Dead loads -9672 0 

Snow loads -9489 0 

Wind loads -10665 5855 

Table A. 2: Normal forces and bending moments model 3 (compression hoop only) 

Note that the normative normal force and bending moment was used for the unity check. 
Maxima for normal force and bending moment may not actually be at the same location in 
the model. 

 

Other: 

. . 311C Hl m  

2355 /yf N mm
 

1 1M   

0,76  (From buckling curve d, the worst possible scenario) 

2205000 /E N mm  (Used by default in GSA) 

10 45,17*10zI mm  

12segn   

2sin 2sin15 0,518    



Parametric design and calculation of circular and elliptical tensegrity domes 

 

188 
 

 

Lo
ad

 c
as

e
 

O
p

ti
o

n
 1

 

Eu
ro

C
o

d
e 

O
p

ti
o

n
 2

 

Eu
le

r 

O
p

ti
o

n
 3

 

Ti
m

o
sh

en
ko

 

O
p

ti
o

n
 4

 

G
SA

 (
C

.H
.)

 

O
p

ti
o

n
 5

 

G
SA

 (
C

.H
. a

n
d

 
te

n
se

gr
it

y)
 

Critical 
buckling 
length 

( )crl m  

 77,65 77,65 77,65 77,65 n/a 

Normal force 
resistance 

( )RkN kN  
 -28116 -28116 -28116 -28116 -28116 

Bending 
moment 

resistance 

; ( )Z RkM kNm  

 18464 18464 18464 18464 18464 

Critical 
normal force 

( )crN kN  
 -17367 -17367 -13176 

-17264 
-17431 

  -17384* 

-131780 
-149490 

   -139140* 

load factor  

cr  
 n/a n/a n/a 

1,79 
1,84 
1,63 

16,27 
19,12 
15,05 

Relative 
slenderness 

  

 1,27 1,27 1,46 
1,28 
1,27 

  1,27* 

0,46 
0,43 

  0,45* 

Reduction 
factor 
  

 0,35 0,35 0,29 
0,35 
0,35 

  0,35* 

0,81 
0,83 

  0,81* 

Unity check 
normal force 

Ed

z Rk

N

N
 

Dead 
Snow 
Wind 

0,83 
0,80 
0,94 

0,99 
0,97 
1,09 

1,20 
1,17 
1,32 

0,99 
0,97 
1,09 

0,36 
0,34 
0,40 

Unity check 
bending 
moment 

;

;

z Ed

z Rk

M

M
 

Dead 
Snow 
Wind 

0 
0 

0,05 

0 
0 

0,32 

0 
0 

0,32 

0 
0 

0,32 

0 
0 

0,05 

Unity check 

;

;

z EdEd

z Rk z Rk

MN

N M


 

Dead 
Snow 
Wind 

0,83 
0,80 
0,99 

0,99 
0,97 
1,41 

1,20 
1,17 
1,64 

0,99 
0,97 
1,40 

0,36 
0,34 
0,45 

Table A. 3: Overview of results for the standard Geiger dome model. *: Only computationally possible  
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Analysis of the results 

The calculation using the EuroCode and the full model (option 1) is almost completely 
analogous to the simplified check using the compression hook only (option 2). We can 
expect the results to be alike, but since the design values of the bending moment and 
normal force are higher in option 2, unity check values are substantially higher. Modeling 
only the compression hoop with the applied forces is easy, but the deformations will be 
much larger. Therefore we see a large increase in 

;z EdM . Using the simplified schematization 

in option 2 is not recommended. 

The difference in options 2 and 3 is found in determining the critical buckling load. Using 

Timoshenko’s derivation we find a lower value for crN . Reduction factor   becomes even 

smaller, and higher unity check values are found. Although the critical buckling load is 
determined better than in options 1 and 2, it is not recommended to use this modeling, 
since it is again based on schematizing only the compression hoop.  

Between determining the critical normal force using GSA and doing this by hand using either 
Euler of Timoshenko, not much difference is found. It is clear that GSA determines the 
critical normal force using (A.13), although differences are found. The differences are 
probably caused by rounding differences. Using GSA, it is also clear that four half waves will 
be present in the first buckling mode, confirming the theoretical basis of the estimation for 
the critical buckling length in option 1, 2 and 3.  

Determining the critical buckling load for the total system using GSA is not easily done. It 
requires the structural engineer to closely monitor the shapes which are found by the 
calculation and determine correctly which load factor is normative. Many buckling modes 
are found, most of which apply to the tensegrity system. Therefore, buckling in the 
compression hoop is never achieved. Since no load factors lower than 1 are found, we do 
not expect buckling to occur in either the compression hoop or the tensegrity dome. This is 
also applicable to option 1, because it is the same model. 

 

Conclusion 

Modeling only the compression hoop leads to an overestimation of the required stiffness for 
the compression hoop. The stiffness of the tensegrity and the compression hoop are 
mutually dependent, and this system property should not be omitted. Modal buckling 
analysis of the total system is difficult because it needs to be closely monitored by the 
structural engineer. Using the EuroCode and an estimation of the buckling length results in a 
overestimation of the required section, according to the model buckling analysis in option 5. 
It is recommended to use a less conservative estimation of the critical buckling length. When 
this is done, the structure has to be checked using a buckling analysis afterwards.  

For determining the needed section of the compression hoop, it is recommended to use: 

1

8
cr CHL L   (A.40) 

As an estimation of the critical buckling length. 

In this comparison it was tried to find the differences in results from the different options 
treated in this appendix. No optimization was made to find the point where the stiffness of 
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the compression hoop actually becomes normative over the tensegrity. The difference in 
stiffness for the chosen section and the actually needed section, based on a normative 
compression hoop was not made. Therefore, the magnitude of the error made by basing the 
design of the hoop on option 1 cannot be determined from this appendix. This comparison 
serves to illustrate the differences found when applying different procedures on the same 
problem. From these differences, we can only determine whether the chosen option for 
determining the stiffness of the compression hoop is ‘conservative’, meaning the chosen 
section is safe to use.  

The compression hoop section is designed as a triangular truss. For modeling ease, a 
rectangular hollow section was used instead, with the same sectional properties (surface 
area, moment of inertia). 
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Appendix B: Flowcharts for the methodologies in chapters 
4 and 5 

(Also included on the DVD) 
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Appendix C: Optimization of tensegrity domes 

 

From the variant study, it should be clear which choices determine whether a tensegrity 
dome will perform well or not. A combination of good design choices can, in principle, lead 
to a very good solution for a tensegrity dome, even when rigorous design choices are made 
by the designer. There is no certainty however, if the suggested solution is also the best.  

A definition of the best is very hard to make, if not, impossible. By analyzing many different 
variants of tensegrity domes, it was learned that many geometrical and topological factors 
influence the tensegrity dome, either making it better, worse, and sometimes both at the 
same time. It is also possible to, either consciously or unconsciously, limit the performance 
of a dome by deciding which features the tensegrity dome must have for a specific building 
design. On the other hand, it is perfectly reasonable to want an esthetically pleasing, or easy 
to maintain dome structure. Such desires are of equal value, and cannot be neglected. 

Parametric designing relies heavily on the availability of a suitable model, or rather a 
generative algorithm of the considered problem. In the case of a tensegrity dome, this 
model can be very easily built, since a structural model and a parametric model can be much 
alike. It is therefore easy to generate information pertaining to the specific variant. This 
information can tell us if a variant adheres to the desires and requirements as stated by the 
designers. By combining all the desires and requirements we can state a sort of wish list for 
the tensegrity dome design. This wish list is defined by the fitness function, which is basically 
a mathematical interpretation of the requirements.  

Rather than speaking of a variant which performs the best, in literature these solutions are 
referred to as optimal solutions. It is possible for a model to have several good solutions. 
These are denoted as local optima. If a solution can be found, which is consistently the best 
performing, it is called the global optimum. 

Even when a parametric model is available for the tensegrity dome design problem, it is still 
very hard to determine an optimal solution by hand. Consider a tensegrity dome in which 
some choices are possible: 

 The number of top cables can be set anywhere between 8 and 20, 

 The top cable is divided in three segments, 

 These segments can have lengths from 8 to 14 meters, 

 The segments can also have independent angles relative to the horizon, anywhere 
between 0° and 20°. 

Suppose we only allow whole numbers possible as settings for the tensegrity dome. The 
number of possible solutions becomes: 

13*3*7*21 5733  

This is a very large, but possibly still manageable number of variants, if we accept we cannot 
consider all variants and suppose some are not really viable anyway. When adding several 
more variation possibilities, the number of possible solutions becomes, of course, vast. This 
is even truer if not only whole numbers are possible. Adding limitations to the number of 
possible settings or viable tensegrity domes does help somewhat, but still leaves us with the 
possibility of having to consider millions of tensegrity dome variants. 
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It is clear by now, that a method must be available to find optima in a smart way, if we ever 
want to investigate large numbers of variants. Fortunately, such methods are available, and 
are called heuristic optimization algorithms. According to, K.S. Lee [24], “many heuristic 
optimization algorithms that combine rules and randomness imitating natural phenomena 
have been devised to solve difficult optimization problems”, thus underlining the strong 
reference to natural processes. It is makes sense to base a search on a logical process. 
Consider losing the keys to your car. It is obvious a search will be based on logical 
assumptions, such as narrowing down where you have been since losing your keys. An 
optimization algorithm is based on its own set of rules and logic for finding optima.  

Grasshopper features two different optimization algorithms. These are the genetic algorithm 
and the simulated annealing algorithm. A brief introduction into the principles is given in this 
appendix. It was chosen not to write in depth what happens when using these methods, 
since many good sources can be found describing these processes in high detail. It is also 
noteworthy that many optimization algorithms exist [25]. It is deliberately chosen not to 
implement other optimization algorithms, because it is not in the scope of the work. Also, it 
is known from testing the genetic algorithm and simulated annealing algorithm that simple 
solutions are obtained within a few hours, which is fast enough for application in the thesis. 
It is possible though, that algorithms exist which converge to an optimum quite a lot faster.  

For more complex problems, the optimization becomes a lot more difficult. This is explained 
in the chapter ‘unsolved problems’. 

 

Optimization in Galapagos 

The supplied optimization algorithms in Grasshopper are housed in the Galapagos 
component [26]. The component features two connectors, the fitness input, and the genetic 
input. The genetic input is connected to all inputs which define the topology and the 
geometry of the tensegrity dome. These are for instance the angles of the top cables, or the 
lengths of the struts. These must be set by slider components; otherwise Galapagos has no 
way of making variations in the model. The fitness input consists of a single value which 
Galapagos must either maximize or minimize. This value is determined by the properties of 
the specified variant. When multiple outcomes must be judged, a fitness function is 
required. This relation is defined by the designer. An example of a fitness function may be 
weighing outcome A and outcome B equally (when maximizing the outcome): 

Fitness A B   

If outcome A is more important, or if the scale of that number does not do much to influence 
the fitness, a fudge factor can be used to match what we envision as a more useful result: 

(100 )Fitness A B   

The fitness function can also delimit what values are acceptable as an outcome, for instance 
when node displacements can be no larger than a specified amount. It is very important for 
the designer to supply a well-defined fitness function.  

Aside from the difficulty of defining a fitness function, there are two other problems as well. 
The foremost of which is the computation time for a single variant. The algorithms will need 
to test a very large number of variants in order to obtain a solution. When a single tensegrity 
dome variant calculation takes a long time, this may add up to many hours of searching. The 
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other problem is that the optimization will probably never provide a perfect solution. Rather 
the optimal solution will be one that is optimized for one specific parameter, and within the 
acceptable boundaries of other parameters. Suppose we could achieve extremely low 
normal forces in the tensegrity, this will probably lead to high deformations as well. Instead, 
it is aimed to restrict deformations up to a certain boundary, and optimizing the normal 
forces within those limitations. 

Fortunately, Galapagos always provides an answer, even if the fitness function is not very 
well defined.  This is one of its strong suits, along with being able to display results when 
running the optimization. This is useful for error detection and for judging the direction of 
the optimization.  

An important condition of being able to use any optimization algorithm is the existence of a 
well-defined fitness landscape (see Figure C. 1) of the proposed model. A fitness landscape is 
a representation of local and global optima for the outcomes of a particular model. In the 
case of a parametric model for a tensegrity dome, this landscape would be a 
multidimensional landscape, since there are many parameters like the angles and lengths of 
the top cable, the lengths of the struts, and so forth. This could potentially lead to any 
number of local optima. Logically, it is impossible to know what the fitness landscape of a 
complex problem looks like beforehand, since we need to know the outcome for each 
calculation in order to draw a plot of the landscape. 

 
Figure C. 1: Fitness landscape for a two-dimensional problem 

Each calculation of a variant should lead to a different outcome, in order for an optimization 
algorithm to work. This is fundamental to the operation of the algorithms. If there is never 
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any change in outcome, no optimum can be found. Visually, this could be represented by a 
completely flat landscape. A number of other conditional requirements exist for the fitness 
landscape, but these are not treated here. 

Galapagos can either maximize or minimize the value defining the fitness of the variant. Still, 
it may not be convenient to minimize the fitness to, for example, zero, or a very large 
number, since the output must be clearly judgeable by the designer. A threshold value can 
be set in Galapagos, if reaching some certain fitness value is deemed well enough. This 
restricts the time spent on finding an optimum, but the downside is that knowledge of what 
makes a good fitness value is needed beforehand. Alternatively, a runtime limit may be set. 
However, this also does not ensure a local or the global optimum is found. 

 

Genetic Algorithm 

One of the supported optimization algorithms is the Genetic Algorithm. David E. Goldberg, 
an authority on the subject states in his book ‘Genetic Algorithms in Search, Optimization, 
and Machine Learning’: “Genetic algorithms are search algorithms based on the mechanics 
of natural selection and natural genetics” [26]. This means that the working of the genetic 
algorithm resembles the natural process of mating and genetics, and thus, often analogies to 
natural processes are made. Genetic algorithms were developed by John Holland and his 
colleagues at the University of Michigan in the 1970´s, so that future artificial systems could 
be made more robust. For optimization purposes, calculus based methods were deemed 
insufficiently robust and enumerative schemes were deemed too inefficient due to the 
“curse of dimensionality”, were the problem lies with the high number of variables and thus, 
the number of possible outcomes.  

To make the genetic algorithms robust, they must “work with the coding of the parameter 
set, and not the parameters themselves”. This means that the variables must first be coded 
into a string which the algorithm can understand and work with. A genetic algorithm also 
searches “from a collection of points, not a single point”, implying the algorithm must test a 
certain number of different variants in order to function. They also give only “payoff 
information”, meaning only the results from different iterations are known to both the 
algorithm and the user. Finally, genetic algorithms “use probabilistic transition rules, not 
deterministic rules”. This implies a method is implemented to assign higher probability of 
survival for relatively good outcomes. 

Every genetic algorithm must have a method of operation. In simple cases, it is built using 
three operators: 

1. Reproduction 
2. Crossover 
3. Mutation 

The reproduction phase is intended to find out which of the strings will reproduce. The 
selection may be biased in several possible ways to generate offspring. This is called the 
selection mechanism. Suppose both fit strings, and not so fit strings inhabit a mating pool. By 
assigning a chance of selection to each string relative to the fitness of the string, the best 
strings have more chance of reproducing. If all strings are more or less equally fit, the 
selection mechanism will be isotropic, meaning all strings have equal chance of reproducing. 
When a string has been selected for reproduction, it is copied to the mating pool. 
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In the mating pool, the strings are first randomly paired. The pair now has to exchange some 
genes, in order to procreate. In this case a ‘gene’ means the specific value of a position in the 
string. The exchange is achieved by randomly selecting the crossover sites. At the crossover 
site, the selected genes of the pair are swapped, thus forming two new genes. 

Mutation of specific genes insures that “potentially useful genetic material” is not lost in the 
process of reproduction and crossover. The mutation process consists of simply altering a 
gene in the string to another value. This may yield either a better or a worse string. Mutation 
does not consider the effect of its action. 

After this process is completed, a new generation emerges. Of course, the number of strings 
in the pools may be chosen by the user of the algorithm. Galapagos additionally features the 
possibility of boosting the number of strings in the initial population. This is done to prevent 
the algorithm getting stuck in a local optimum.  

A number of other mechanisms may be introduced to converge to the optimum as quickly as 
possible. One of them is called schema processing. This mechanism regards certain blocks of 
genes from a string and finds out if it is particularly beneficial for any string to be built with 
that block. By relating the fitness to the relative number of copies of the strings with that 
certain block, it influences the composition of the new generation.  

The Galapagos solver also features the possibility of affecting which strings are paired by 
setting the boundaries of similarity. If strings are very similar, it is called incestuous, and if 
they are not much alike it is named zoophilic. Setting this option correctly prevents getting 
stuck in local optima. Galapagos can also maintain a certain part of the previous population. 
This is to prevent good solutions from getting lost in the process.  

 

Simulated Annealing Algorithm 

The other optimization algorithm in Galapagos is the simulated annealing algorithm. This 
algorithm is also based on a physical process, in this case the annealing of metals. In order to 
form a crystalized solid state, the cooling of the metal must be controlled [25]. When this is 
done, a minimum of energy is achieved, corresponding to an optimal state. The cooling is 
controlled by the temperature T of the metal.  

Simulated annealing was proposed in 1982 by S. Kirkpatrick, C.D. Gelatt and M.P. Vecchi. In 
simulated annealing, the annealing process is mimicked by combining the Boltzmann 
distribution and the Metropolis algorithm. The Metropolis algorithm states that any 
subsequent step in the simulated annealing process is accepted when it leads to a lower 
energy state (i.e. convergence to the optimum). A step which increases the energy state is 
also accepted, but with a change determined by the Boltzmann distribution. 

In the Boltzmann distribution, the chance of accepting a higher state of energy is controlled 
by increasingly lowering the value T (temperature) in the Boltzmann distribution: 

( ) B

E

k TP E e



  

In which E is the energy in the system, and kB= the Boltzmann constant. For a high value of T, 
the chance that a step is accepted is large (close to 1). This is the case in the beginning of the 
simulated annealing. After a while, as the temperature decreases, the chance of a step being 
accepted becomes smaller, even close to 0 for very low temperatures. This means that after 
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a while, only states which are closer to the optimum are acceptable. The influence of the 
Boltzmann distribution ensures the simulated annealing process does not get stuck in a local 
optimum. 

The lowering of temperature may be controlled by setting one, or more conditions. For 
instance, the temperature could be lowered when a certain number of steps are accepted. 
There must also be a rule for the amount in which the temperature is reduced. In Galapagos, 
this is set by a decay factor. 

If the chain of subsequent steps is long enough (provided the fitness function is well 
defined), the simulated annealing process always leads to an optimum. The process is 
stopped when no steps can be made that decrease the energy. 

 

Fitness function 

From both the literature and experience, it is known that a proper fitness function is 
essential for optimization. Not only does this influence whether or not the optimization 
takes a long time, it sometimes determines if an outcome is useable at all. The fitness 
function must thus ensure that it renders a usable object value for the optimization. The 
fitness function is comprised of all the elements which determine the calculation of the 
fitness function outcome, including the FEM calculation. 

The fitness function has to deliver every result on a continuous domain. If a calculation yields 
an error or an inappropriate value, the solver does not know what to do with that data. 
Errors can occur if the modeled system is not a proper structural system. This happens for 
instance when the sum of the top cable span lengths is longer than the total span of the 
system (this will be treated in the subsequent paragraphs). A structural designer would 
never engineer such a thing, but since we want to give the model the freedom to experiment 
with a number of different top cable lengths, we must allow this event to happen. This does 
not mean we have to accept the outcome though.  

In any case, we want fitness data values to be calculated at all times. For the top cable length 
problem, this means modifying the structure before it is sent to GSA is a good idea. In 
Grasshopper, we can ask the model to modify the length of a single top cable span length 
when the error occurs. This results in a viable model, but unfortunately, Grasshopper does 
not know it has calculated a model which is not meant to exist in the first place. Fortunately, 
we can modify the fitness data by a factor which is relative to the proportion of the mistake 
made by the model. This means the fitness value will still count, but it is artificially made 
unfavorable, so the optimization will not flock to models which are inherently undesirable.  

The boundaries of all possible fitness function outcomes are determined by the possible 
settings of the variables of the model. Galapagos can only investigate models which are 
based on slider inputs for the variables. These sliders operate within a domain as set by the 
designer. It is therefore impossible to find solutions which are outside of this domain, even if 
these solutions were to perform better than those in the domain. Logically, the domains of 
the variables must reflect options which the designer wants to explore, and ideally these 
domains are as small as possible. Otherwise, the number of possible variants becomes very 
large. 
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Rules 

If we want to judge the object value of the fitness function computationally, while keeping 
every value on a continuous domain, we will need a strict set of rules. These rules are 
allowed to change the fitness functions object value adversely, to ensure the optimization 
converges to results we deem desirable.  

The rules are as follows: 

1. The variables in the model must at any time generate a proper structural model 
2. Any specific demands of the designer must be taken into account 
3. Structural requirements must be considered 

And one specific optimization rule is also required: 

4. A single calculation may not take too much time 

If a rule is not infringed upon, the object value of the fitness function is unmodified, 
corresponding with a multiplication by 1. 

 

Proper structural model rule 

As already mentioned, the models generated by the different slider setups must deliver 
viable structural models. Faulty structural models can be generated by Grasshopper, for 
instance when the sum of the lengths of the top cables is higher than the span of the 
tensegrity dome (see Figure C. 2). To counter this problem, it was chosen to reduce the 
length of the first section of the top cable by an arbitrary factor. This ensures any 
configuration of slider setup results in a correct model (see Figure C. 3).  

The reason for this necessity is that such errors cannot be prevented, as they are inherent 
flaws following the setup of the tensegrity dome model. Of course, the model could be set 
up differently, but any setup will result in errors similar to the one described here. 

 

 
Figure C. 2: Faulty tensegrity dome model 
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Figure C. 3: Corrected tensegrity dome model 

Simultaneously, an error factor must be calculated which directs the optimization back to 
configurations which are acceptable. This is done by multiplying the object function by a 
factor which grows proportionally larger for models which are based on slider setups with 
increasing top cable section sum lengths: 
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In which:  

nL : Length of top cable section ‘n’ 

S : Span length of the tensegrity dome 

fitnessf : (unmodified) object value of the fitness function 

Example: 

If the sum of the top cable section lengths is 50m and the span is 100m: 

1
50 *100 1 50 49

2

50 50
* 1,2 1,2*

5
fitness fitnessf f

   

 
  

 

 

In Grasshopper, it is also possible to generate models which do work properly from a 
mechanical point of view (see Figure C. 4).  
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Figure C. 4: Mechanically unsound model 

 

Specific demands rule 

Some demands arise due to the wishes of the designers and users of the tensegrity dome. 
These demands could include the maximum height of the structure between the 
compression hoop and the lowest point in the tensegrity for sight lines. A maximum 
spanning distance between nodes in the tensegrity could also be set if the cladding for the 
dome requires it. It was chosen only to demand a maximum height under the support in the 
model using: 

:
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In which: 

D : Actual height below support 

maxD : Maximum height below support 

Example: 

D= 10m 

Dmax= 8m 

10 8

10
* 1,25*

8
fitness fitnessf f




 

 

Structural requirements rule 

In chapter 4.6.3, two structural requirements have been described. These are: 

200
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S
 

 
 (Node displacements) 
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And 

; 20x minN kN   (Axial forces) 

 

For the node displacements: 
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In which: 

S: the diameter of the tensegrity dome 

δmax: the larges occurring node translation in the system per load case 

Example: 

δmax= 600mm 

lspan= 100m 
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For the axial forces: 

;

;
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In which: 

;x minN : The smallest occurring normal force in an element per load case 

Example: 

;x minN = 15kN 

15 20

20 4
* *

15 3
fitness fitnessf f




 

 

Calculation time rule (cycles) 
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Since the FEM calculation is non-linear, GSA takes some time to converge to a proper result. 
The calculation can be concluded rather quickly when the tensegrity dome is designed well; 
usually in a few seconds. In some cases, the calculation takes a long time. A mechanically 
unsound model often causes this (see Figure C. 4). In GSA, the calculation time can be 
controlled by setting a maximum number of cycles. Empirically, it was found that the 
properly designed domes often require less than 10000 cycles, while moderately designed 
domes can take up to 20000 cycles. Poor designs take more cycles.  

Since the number of needed cycles, and the time taken to complete a non-linear FEM 
calculation are related, the time spent on finding a solution can be limited by setting a 
maximum number of cycles. Note that a single cycle time depends on the complexity of the 
model. If a calculation is stopped, no results are available. This will lead to errors in 
Galapagos, and no optimization can then be performed. 

It is important then, that no result is transformed into an arbitrary, non-favorable result. It is 
unfortunate that this non-favorable result cannot be linked to a structural property, in order 
to direct the optimization process back to proper tensegrity domes. Instead, the following 
rule is used: 

:

1000000
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fitness

if C C

f




 

In which: 

Cneeded: the number of cycles needed to complete the non-linear FEM calculation 

Cmax: The number of available cycles in which to complete the non-linear FEM calculation  

Example: 

: 60000 50000

1000000fitness

if

f




 

 

Unsolved problems 

Due to the used schematizations, as explained in appendix A, the algorithm of the tensegrity 
dome model is broken into three different steps. These steps are: 

1. Setting the variables of the desired tensegrity dome 
2. Checking the compliance with the structural requirements 
3. Designing the compression hoop section. 

By themselves, each of the steps can easily be optimized using Galapagos. However, 
between the different steps, the logical next step could not be made clear to the algorithm. 
For a human, it is easy to understand that a logical consequence of completing step one, is 
to continue with step two. From the literature and form experimentation, it could not be 
determined how this consequential action could be programmed. A number of possibilities 
now remain which could solve the problem: 

1. Combine all the different steps in one optimization study and doing all of the steps at 
the same time  

2. Find a better way to model the problem as a whole 
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3. Find a way of breaking the optimization study into a number of different steps 

The first possibility is also the most undesirable. By combining all the steps, the computation 
time becomes massive due to the randomness of the outcomes. It is very probable that 
Galapagos will not be able to find a good solution at all, let alone more than one. 

Finding a better way of modeling the problem is partially impossible. While a single 
schematization could be made for analyzing only the tensegrity or the tensegrity and the 
compression hoop at the same time, for instance by simulation pretension by using 
temperature changes, this kind of modeling will run into the same problems as stated in 
chapter 2.7.  

The best solution would be to find a solution using more advanced algorithms, which are 
capable of performing the subsequent steps as desired. This requires a lot more knowledge 
on the subject and falls outside the scope of the project. Therefore, this was not treated.  

 

Conclusion 

Due to the difficulties which were unsolved in this appendix and due to time restrictions, the 
optimization study was dropped. Since it is a very interesting topic and it could possibly be 
expanded in a master project in the future, it was chosen to include this study in the 
appendix.  
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Digital appendices (DVD) 

 

Appendix D: Literature study 

Appendix E:  Comparison charts chapter 6 

Appendix F: Comparison charts chapter 7 

Appendix G: Parametric model of the (non-)circular 
tensegrity dome with compression hoop 
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