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SYNOPISIS

the project sits on the campus of  the Academy of Architecture in 
Mendrisio. The architectural design intends to research about the 

conception of space and the relationship among nature, artificiality and 
human beings. The sole and ultimate idea for the structural design of this 
building is that all structural elements contribute to the architectural vision. 
Special focus is given to the thin columns and the lightweight pneumatic roof. 

The structure is dominated by groups of thin columns, a flexible system 
creating strength, stability on the floors and corresponding to the territory 
concept, where the boundary becomes nebulous. The architectural idea 
is therefore driven forward and strengthened. For the lightweight roof, the 
final design is a pneumatic ETFE cushion combined with a steel frame and 
supported by some thin columns. Topology optimisation is applied to find out 
an optimal pattern for the steel frame based on the forces due to internal 
pressure of the pneumatic cushion. The ETFE layer is strengthened with a 
fine cable net to ensure the membrane stress can be maintained at a reasona-
ble level. 

A combined model containing the cushion, the steel structure, the cable 
net and the thin columns is analysed in GSA by Oasys. The roof design is 
improved based on the behaviour of the structure and the results from the 
non-linear simulations. 
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William Wordsworth (1770 – 1850)

“I wandered lonely as a cloud,
That floats on high o’er vales and hills,
When all at once I saw a crowd,
A host of golden daffodils;
Beside the lake, beneath the trees,
Fluttering and dancing in the breeze.”



Warp and Weft
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1. Translation as found in This Moment: A 
Collection of Haiku, Margaret Chula, closing 
page. 

Fig. 1-2 
Dr.Ir. S.P.G. (Faas) Moonen (above) and Ir. Arjan P.H.W. Habraken (Below). Supervisors 
of the Structural Design part of the thesis project.  

“Do not seek to emulate the old masters. 
Seek what they sought.“  [1]

Masterly aPPrenticeshiP is the graduation studio led 
by Dr. Jacob Voorthuis and Ir. Jan Schevers, together 

with dr.ir. Faas Moonen and Ir. Arjan Habraken they form the 
evaluators for this thesis project. 

The Studio was divided in two parts. In the first part as the 
“M3 research phase”, a collective research was conducted 
investigating the idea of ‘learning from’ by learning from 
Swiss Architecture and Education. The findings of the M3 
research phase were presented in a booklet, consisting 
research topics of Switzerland, Architectural Education, Ge-
nealogy, and Learning. In the second part as the “M4 design 
phase”, an individual research and design was performed. 
The objective of the graduation studio is to design an exten-
sion to the Academy of Architecture in Mendrisio.

IntroductIon
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2. Graduate student from Eindhoven Univer-
sity of Technology, currently being a research 
associate and PhD candidate at the University 
of Kassel at the chair of Experimental and 
Digital Design and Construction (EDEK).

3. A master project done by Arjen Deetman 
and Thijs de Geode in 2015. They designed a 
roof structure to cover an existing courtyard 
with a span of 40 by 40 meter. The final design 
is a pneumatic cushion combined with a steel 
frame to avoid large horizontal pre-stress 
forces on the existing building.

4. PhD candidate at Eindhoven University of 
Technology,  

Fig. 3-6 (from above to below, left to right)
A. Deetman[2]; Project "Large span pneumatic cushions"[3];
F. Rooyackers[4]; 
Project "Aarau Bus Station Canopy".
Two persons offered tutoring in various topics of the thesis and two impor-
tant reference projects. 

The Studio gave the opportunity to graduate a combined 
master, containing an architecture track and a structural 
design track. This means a thinking of the integration of ar-
chitecture and structure runs through the entire process. The 
results of the M4 design phase are elaborated in two volume 
theses. Volume I tackled the research topic of the conception 
of space and attempts to re-establish the relationship among 
nature, artificiality and human beings. Volume II endeavoured 
to translate the architectural expression into a concrete struc-
ture. Special focus was given to the thin columns and the 
lightweight membrane structure. 

It is important to notice that it was never the goal of the 
thesis to give a complete elaboration of the structural design. 
Only characteristic elements were pointed out and analysed 
according to the Eurocode 1.1 standards. Nonetheless, the 
calculation done in the thesis should give a good estimation 
for a final structural design in the future. It is also worth to 
mention that the thesis project location was in Switzerland, 
because of the accessibility of the Swiss code, for education-
al purpose the Dutch National Code was applied.
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5. Dutch vocabulary. Translation in English is 
Construction, Art, Architecture. 

6. Schittich, C. (Ed.) & Schmal, P. (Ed.) (2013). 
The fairest in the land must also be good 
with figures. (p. 50). Bollinger + Grohmann. 
München: DETAIL.

7. Tharpe., C. "Architects and Structural 
Engineers: Can’t We All Just Get Along?" 18 
Jun 2017. ArchDaily. Accessed 12 Oct 2018. 
<https://www.archdaily.com/873824/archi-
tects-and-structural-engineers-cant-we-all-
just-get-along/> ISSN 0719-8884

“The fairest in the land must also be good with figures.” [6]

the word architecture in Dutch can be verbally interpreted 
as the art of construction. It corresponds to my thinking 

over architecture and structure design. I regard them as one. 
They are inseparable and meaningless without each other. 
Their union is the ultimate marriage of form and function[7]. 

When talking about artistry and aesthetics, people tend to 
link these characteristics to architectural design. Structural 
design is generally considered as rigour and uncreative. It 
verifies a design through calculations based on “codes” and 
more often than not the conservative analysis conflicts with 
the aesthetic intent. To add a column or to reduce the span, 
that is the question.

Put stereotypes aside, structural design does have everything 
to do with artistry and creativity. Just look at how Nature 
constructs things by the use of which they are made and by 
the forces which they have to resist during life, how forces 

Bouw, Kunst, BouwKunde[5]
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follow the paths of least resistance, and how the paths are 
relevant to a given form - therefore choosing/designing a right 
form is extremely important and interesting - and this is part of 
what attracts me and motivates me to study the subject. 

Structural design is beautiful. With this belief, when I am 
working on the structural part, among several design solutions, 
I will choose the one that seems most elegant first. And if the 
results from the analysis prove it to be clumsy then I will revisit 
the problem to try to make it more attractive. 

This project is an effort to research that in structural design, 
artistry and beauty are always present, even in the toughest of 
pursuits to make a structure take shape, defy gravity and be 
pragmatic, that beyond craft and technique there is art and 
poetry.

 

Fig. 7-25 Various patterns and structures in Nature. They are on one hand excellent struc-
tures, on the other hand charmingly beautifull. 



t

1110

Project BrIef

8. Escher, F. (Ed.). (1994). John Lautner, Archi-
tect. (p. 4). Artemis. 

"The purpose of Architecture is to improve human life. 
Create timeless, free, joyous spaces for all activities in life. 
The infinite variety of these spaces can be as varied as life 
itself and they must be as sensible as nature in deriving 
from a main idea and flowering into a beautiful entity. The 
overriding essence is found in the intangibles, life–heart–
soul–spirit–freedom–enduring within the structure." [8]

the thesis project is to design an extension to the 
Academy of Architecture in Mendrisio. The building 

plot sits on a slope. It is directly next to three large volumes: 
the Turconi, the Teatro and the Church. In such context, I 
imagined an architecture that exists simply and quietly and 
not competes with its neighbouring volumes. It would be an 
existence that blends into the surrounding, and be part of the 
landscape, instead of becoming a fourth massive block. The 
‘garden’ concept then emerged naturally. 

The thinking of creating a building with the outdoors inside it 

Fig. 26 Impression painting of the building with surrounding. 
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9. For more details, please refer to thesis vol.1. and a nature with a roof on top of it, a building whose spatial 
division and its boundary is not crudely robust in its plans, but 
is subtly done by human’s minds gave shape to the final design. 

In section, the building has three levels: the garden, the 
atelier and the basement. In floor plans,  there are nine square 
cores, whose top is locally at the same height of the original 
landscape. Trees are rooted to and grow from the earth soil in 
those cores. The building quietly nestles in the middle of the 
surrounding ground and is partially covered with a transpar-
ent membrane roof on top of it [9]. 

To conceive a building as if planning a forest. Just as the 
structure of a forest is conceived by how the trees are grouped, 
the structure of the building is formed according to how the 
thin columns and the tree cores are positioned and grouped. 

Fig. 27-28 Diagram of floor plan and section. 

Origin
al lands

cape
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structural concePts

10. Shakespeare, W. (1605). King Lear: Act 1 
Scene 2. 

"Thou, nature art my goddess. To thy law my services are 
bound." [10]

the idea of integrating structure design and architecture 
was always to be borne in mind during the entire process. 

Thinking over architecture and thinking over structural design 
were mutually influenced because since the very beginning 
of the project the architect and the structural engineer have 
met and reached a consensus to develop a building in a way 
that the underlying structure and its dreamlike expression are 
inseparably interconnected. 

Architecture wise, the space pursues to be both singular and 
diverse, connected yet separated synchronously. The division 
of the space is to be neither destructive nor absolute. More 
precisely, the space is one unity, while its spatial configuration 
is to be temporary and reversible. She is so demanding, the 
vision is so ethereal that there is no space left for even a single 
column to be there just because there needs a column merely 

Fig. 29 Diagram of the ETFE foil cushion structure. 
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looks airy and transparent as if a cloud is hovering in the 
air. The cloud arouses their curiosity and they keep walking. 
Gradually they realise that they are already under the cloud 
and find themselves in a garden. Since where do they enter 
the garden? They could not tell. 

The columns and the pneumatic roof complete the metaphor 
of a “tiny universe” - earth and sky for human beings to wander 
in between.

Stability

Blending into the slope, the building is half underground, 
which means the lateral stability of the building is in part 
directly ensured by its surrounding earth ground. The 
maximum depth into the ground is about seven meters and 
a half. Though there is no report regarding its soil conditions 
or groundwater level, considering the fact that the neighbour-
ing building the Teatro contains a basement well in its plan, it 
should be safe to conclude that a relatively simple solution of 
the underground part can be expected in terms of geo-tech-
nical considerations. 

The concrete cores and thin columns around are well integrat-

to bear the loads.

The sole and ultimate idea for the structural design of this 
building is that all structural elements contribute to the 
architectural vision. 

Considering the scope of the study and the amount of calcula-
tion, the facade and floor unit are not treated extensively in 
this thesis. Compared with them, the thin columns integrated 
into the building grids and the lightweight structure on top of 
the garden are more interesting to dive into. Moreover, they 
are two essential elements in the architectural concept. 

Specifically, in spatial configuration, the thin columns around 
the cores give merely indication of the spatial division, but 
such division is by no means absolute. The space is both 
singular and diverse, connected yet separated synchronously, 
as if the people shared the space with others whilst simultane-
ously occupying spaces of their own. 

On the garden level, there is no barrier or any indication of 
border either. Without knowing in advance, people would 
not even notice the building underneath the garden from a 
distance. Imagine a person walking through the building or 
along the existing path. They might notice something which 
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ed to the building grids of a dimension of three meters. The 
stiff floors distribute the loads to groups of thin columns 
which will further distribute the loads to the ground and to 
the concrete cores respectively - the latter, together with 
the ground soil mentioned before, secure the overall lateral 
stability of the building.

Load bearing system

The load bearing system of the building consists of three main 
elements: concrete floors, cores and thin columns. 

The cores are the square holes appeared in the floor plan 
in line with the building grids. Trees find their ground on 
top of these cores. The cores cut the floor from the base to 
the top, they stand on themselves with connection to all the 
floor slabs. The heights of the cores varies according to the 
original landscape. The higher cores provides ‘walled’ rooms 
for meetings or exhibition purposes. Together with groups of 
thin columns, the cores play a part in defining space and place. 
They subtly interrupt the space while keep it as a wholeness 
in an overview.

Besides, the cores also service as (if not all) ventilation units 

Fig. 30 Diagram of the load bearing system. 
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Fig. 32 Explosion view
Stability system

Fig. 31 Explosion view
Primary structural elements
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11. This process represents knowledge-based 
engineering methods and can include special 
forms of calculation methodology, simula-
tions and testing on real components.

12. Schittich, C. (Ed.) & Schmal, P. (Ed.) (2013). 
Integral planning of innovative building. (p. 
57). Bollinger + Grohmann. München: DETAIL. 

of the building. In fact, each of the core physically resemble a 
ventilation shaft, therefore fresh air can be easily introduced to 
the interior space or blocked out, which is a sustainable way to 
control the indoor air quality and thermal comfort. 

Groups of thin columns contribute to the demarcation of 
space by a territory concept instead of by solid walls. The 
division of the space by columns is neither destructive nor 
absolute, it is temporary and reversible. At the same time, 
the columns are supporting the entire building. Compared 
to fewer bold structural columns at certain points, inserting a 
row of thin columns around the cores provide more transpar-
ency within the space, therefore meets the architectural vision 
better. Due to the increased amount of columns, the profile 
dimension of each column groups are reduced significantly 
as a positive result. The dimension and amount of columns 
in each group varies according to the span of the floor slabs.

There are extra accessibility in the building through stair cases 
in some of the cores. The thickness of the floor slabs are visible 
and are part of the special experience consequently. From 
the structural point of view, it is also optimal to reduce the 
thickness of the slabs in order to achieve smaller self-weight 
from the elements. Post-tension concrete floor slab is chosen 
after several considerations. The thickness of the floor slab is 

based on the most dominant span between every two cores.

The high-transparency facade is also designed as part of 
the load bearing system - an almost invisible one - to share 
to some extent the vertical loads distributed by the floors. It 
is challenging in terms of the exceedingly filigree design of 
the glass facade. A good reference project is the Louvre 
Lens by SANAA, which contains glass units with a total 
height of six meters. The elegant appearance was realised 
through a performance-based[11] approach by engineers 
from Bollinger+Grohmann through a process with “intensive 
communication took place with the architects concerning 
profile sizes, materials and shading options”. [12] 

Pneumatic structure

On top of the garden level there is a cloud-like membrane 
structure to provide shading and as a metaphor of the sky. It 
could be some simpler structure, for instance a flat glass roof. 
However, due to personal fascination in lightweight structures 
and to complete the architectural image of having a floating 
weightless cloud over the column forest, an ETFE pneumatic 
cushion with an organic shape comes to the final design. 
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The ETFE foil is fixed on a steel structure and is vertically 
supported by some of the thin columns. Besides the sparse 
number and small dimension of the supporting columns, 
the challenge in the roof contains a design for a steel frame 
structure, to find a pattern coherent in aesthetic sense 
(architectural storyline of sky, forest, man) and reasonable to 
compliant with structural principles that is anchored in Laws 
of Nature - and only in this way, the sole and ultimate idea of 
making a design of structure without redundant elements can 
be achieved - the redundancy here refers to not only being “as 
small/thin as possible”, but also being relevant to the architec-
tural ground it grows in. 



Swaying Trees ˙ Graceful Cloud
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the thin columns are the soul of the structure. To conceive 
such a space that is both singular and diverse, construct-

ing an open space would be necessary (if not sufficient). 
Instead of blindly pursuing large spans by arranging bulky 
columns while hiding them somewhere inconspicuous, thinner 
columns are employed right in the middle of the plan. The 
columns in the building are not merely to bear the loads. The 
space needs them, the vision urges them, they are essential 
elements for the entire design. In a subtle way, the columns 
suggest territories, provide orientation and introduce order for 
this continuous space. Together with the concrete cores and 
floor slabs, a tight net is woven to secure the stability of the 
building and carry the vertical loads. 

Scenarios and assumptions

The number and centre to centre distance of columns in each 
row were carefully thought about during the stage of architec-
tural design. The definite choice of section profile was left to 

column forest
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be determined. The steel columns in the building are most 
loaded under compression caused by the floor and its upper 
structure. Occasionally they are also loaded under bending 
due to the wind, especially the part of columns in the garden. 

It is to be expected that the compression load is governing on 
the columns compared to the wind loads while the latter does 
have influence on the columns which is not negligible. 

For most columns, the loading span is from the basement to 
the ceiling of the atelier level. The part of columns that extend 
above the ground of the garden are non-structural, however 
this part will be influenced by wind and horizontal displace-
ment therefore follows. 

For the columns that not only carry the loads from the building, 
but also support the lightweight roof structure, their loading 
span is from the basement to the steel frame of the pneumatic 
cushion, two thirds of their total length are structured in the 
building, the rest one third is structural and is subject directly 
to the wind load.  

In order to make a good design calculation, several assumptions 
are made to further the analysis and check. Eventually the 
section dimension of the columns can be determined.  

Fig. 33 Interior space, viewing from the front facade. 



t

3332

The permanent and variable loads acting in the building are 
assumed to spread evenly over the entire surface of the floor. 
Each row of the thin columns takes a share of load proportion-
al to the surface area allocated to them. Besides, it is also 
assumed that for every row of columns, the allocated share 
of load to be carried are further evenly distributed to each of 
the thin column in this row, i.e. columns from a same row take 
equal share of load regardless if it is an end column or in the 
middle. 

The surface area is obtained by the “Measure Area” function 
in AutoCAD. The lateral wind load is modelled as a point 
load acting on top of the column with a magnitude of 1kN. 
The length of the column is all over-estimated as 12 meters 
long. The section for those columns who also support the 
pneumatic cushion is not considered here, they will be treated 
separately in the section of roof calculation. 

Buckling

The slenderness ratio is important for design considera-
tions. While a short column under an axial load will fail by 
direct compression before it buckles, a long column loaded 
in the same manner will fail by springing suddenly outward 
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Fig. 34 Diagram of floor division for loading calculation. 
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13. Buckling generally occurs before the failure 
caused by the axial compression stresses.

Fig. 36 Boundary conditions and loadings of a 
single column model 

laterally in a bending mode. The steel columns in the design 
are slender in terms of structural engineering, and they are 
mainly subject to compression. Therefore the buckling load is 
considered to be governing.[13]  The section will be designed 
based on the buckling analysis. 

Modelling

The thin columns are modelled in GSA by Oasys. However, 
they are analysed and examined on a case-by-case basis, 
because the load share to each row of columns is different. 
The common template model is constructed in GSA as 
following and is shown in the figure on the left side.   

The column is modelled as a line model with three segments. 
The total length of the column is 12.0 meters with a fully fixed 
boundary condition at the bottom and two roller supports at 
3.15m and 7.65m respectively. The loads of the floor slabs and 
the wind load are modelled as point loads acting at the two 
roller supports in z-direction and at the top node in x-direction 
respectively. 

The representative nodal loads of the floor are calculated 
based on the material properties and values according to 

2

3

4

1

Fig. 35 Impression of the interior space close formed by thin columns
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14. The calculation of the nodal loads and the 
supported floor area is given in Appendix C. 

15. Steel, T. (2015). Steel building design: 
design data.

16. The Steel Construction Institute and The 
British Constructional Steelwork Association 
Limited

17. The buckling load equals the applied load 
times the load factor, usually a factor with a 
value around 2 is a sufficient load factor to 
rule out buckling. 

Eurocode NEN-EN 1991-1-1 art 6.3.11.1. Loads are multiplied 
by surface area retrieved from AutoCAD if it is the case, 
then divided by the number of columns. [14]

In designing the section, buckling analysis is performed 
since the compression load is decisive for the thin columns. 
For the buckling analysis, only ULS scenario is considered, 
safety factors under ULS are applied. In order to run the 
buckling analysis, each segment of the line model is further 
divided into 10 equal parts. The base model is set up and is 
altered by adjusting the profile section and nodal loads in the 
connections. 

The initial design of the column section is based on the 
Member Resistance Table of Compression in The Blue 
Book[15] jointly published by SCI and BCSAL[16] to have a 
close guess of a proper section design. 

Multiple calculations are conducted in GSA for each column. 
The solver in GSA calculates buckling load factors and the 
corresponding buckling mode shapes for the structure with a 
particular load. Apply a thinner or thicker section if the result 
buckling load factor is not satisfied. In general, a load factor 
about 2 is regarded sufficient. [17]

Fig. 37 First three buckling modes for one single column. 
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18. In general, imperfection in terms of 
columns considers that no column is perfectly 
homogeneous, or perfectly straight, and 
loading is not always concentric, i.e. eccentric 
loading. 

19. 

Fig. 39 Example of imperfection - eccentricity. 

There is a small distance d between the centre 
of the column and the position of the load. 
The equivalent moment equals to nodal load 
time the distance d. 

During the design of the column-floor connection, it is noticed 
that though the column is thin enough, there is always an 
eccentricity for the axial load. 

In order to make the result section design more reliable, 
eccentricity as an imperfection [18] is also taken into account. 
An equivalent bending moment [19] due to this eccentric 
loading is introduced on top of each nodal load. 

On the left side is an overview of the final section design 
for the groups of thin columns. Each colour represents one 
profile section. Regardless the wall thickness, in total four 
different dimensions of columns are used. 

The calculation and the overview of the final section design 
can be found in Appendix C. 

d

Fig.38 Overview of the design of column dimensions. 
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20. 

Fig. 40 Structural principle of pneumatic 
cushion. 

21. The full material properties is given in 
Appendix B. 

The pneumatic roof structure of ETFE foil is designed at a 
height about 5.5 meters and covers an area about 630 square 
meters. It contains four major structural elements: cable net, 
ETFE cushion, steel frame and thin columns. 

External loadings mainly act on the surface of the cushion 
and are transferred to the steel edge where a compression 
element is necessary to deal with the horizontal force in view 
of the geometry of the cushion. Vertical loads are carried by 
some of the thin columns along the steel edge down to the 
ground. 

The principle of ETFE cushion is quite simple and highly 
efficient in terms of how it resolves external loading into 
(almost) pure tension and compression [20] and ratio between 
its self weight and the weight the structure can bear. 

However, ETFE foil has a limited material strength [21]. 
Both the shape and the bearing capacity of the cushion are 
determined by the pressure difference between the membrane 

memBrane roof
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Fig. 41 For a cylinder shape, σ = 0.5 × p × R.
Fig. 42 For a spherical shape,  σ = 1.0 × p × R.

22. For a simple pneumatic cushion with a 
radius of an associated curvature R, the mem-
brane stress can be calculated with equation: 

σ = p × R

Fig. 43 Diagram of the relation between stress, 
pressure and radius. 

and the atmospheric pressure. The internal pressure coupled 
with the curvature of the cushion surface are two important 
criteria to evaluate the stress level of the ETFE foil. If the 
pressure and its curvature are known, the surface stress can 
be determined. [22] Basic formulas are given with the illustra-
tions on the left page. 

In fact, as the design evolves, analysis shows that a cable 
net structure has to be added to the pneumatic structure 
to reduce the radius of the ETFE cushion, therefore the 
membrane stress is maintained at a reasonable level.  

Scenarios and assumptions

The cable net and the ETFE foil will be clamped at the inner 
and outer edge of the steel structure. The steel structure 
together with the cushion will be sitting on the thin columns. 
A major consideration in designing the supporting masts 
is that the penetration of the ETFE foil should be avoid, 
otherwise not only the special details for the connections 
would be very expensive, but also the field construction would 
be really complicated. 

Some other considerations include installations and safety 

Rp
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23. In practice it is not the case, for short term 
loading the volume enclosed by the ETFE 
layers can not respond instantly, the pressure 
acting on the layers will be different.

concept. All installations such as inflation units rain pipes and 
sensors are going to be hidden inside the steel sections to 
achieve an elegant and purist character. When the inflation 
units failed to function properly so the ETFE cushions were 
unpressurised or the amount of melting snow in combination 
with rainwater over stressed the cushion, water will pond. The 
failure should be controlled limited to the ETFE foil and no 
further extended damage to the entire steel structure. 

In this project, it is assumed that the internal pressure of the 
ETFE cushion is always constant, which means the internal 
pressure acting on the upper layer and the lower layer will 
not be influenced by the external loading and are always the 
same. [23]

The membrane roof is designed on top of a building in a 
slope. The air in certain area under the roof might well be 
circulated because of the existence of the lower building. The 
real situation of the wind path is really complex, for education-
al purpose, the extra impact factor due to the configuration of 
the (ground building) situation is not considered – it should be 
a bit higher than the wind pressure coefficients obtained from 
the normal situation.

Fig. 44-45
Reference photos showing the cable-ring connections and the flexible tube for installation. 
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Mesh generation

Generating mesh out of the roof shape is necessary in order 
to form find the geometry of the membrane cushion and the 
same mesh is to be adapted for a topology optimisation. The 
most common method of form-finding is with triangles or 
quads which have been given a uniform pretension and whose 
stiffnesses have been set to zero. Because the elements have 
no stiffness, the pretension is unaffected by changes of strain 
and so is “locked in” to the elements. 

The initial mesh was a triangular one generated by Rhino’s 
built in function, simple and quick. The resulting mesh has 
issues along the curved edge, elements between the quads 
and the edge are quite sharp. Nonetheless, it can be used to 
form find a membrane cushion for proof calculation. 

With the development of the design, this coarse mesh reveals 
its limitation. Quad mesh is applied. Quad element has one 
degree higher which makes linear strain/stress interpolation 
possible, thus in general it provides more accurate results.

The edge nodes from the initial triangular mesh are always 
kept intact throughout the process.

Fig. 46-49
Development of the mesh generation with the development of the project
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Form finding

Form finding can be done by means of force density, soap 
film and non-linear analysis. According to research done by  
Deetman and de Goede [3], among all three approaches, 
soap film property results in the most evenly spread forces 
over the supporting edge. 

The mesh is modelled as a fabric element with ETFE as 
material property. Boundary mesh nodes are pinned along the 
edge. A uniform load is applied to the mesh, the load is always 
perpendicular to the mesh surface during the entire process. 
Several simulations with different values of the uniform load 
are performed to form find the shape with an ideal height. 

The half cushion is form found, the shape is frozen. According-
ly, a full cushion is made by mirroring the half cushion through 
xy plane. 

A non-linear analysis is carried out with a uniform load 
of 0.6 kN/m2 acting on the cushion surface with axis as 
deformed local. Reaction forces can be obtained from the pin 
connections along the edge. Those reaction forces are used 
as input loadings for the following topology optimisation.

Fig. 50-53
Illustrations of inflating the membrane by applying a uniform loading on 2D elements.

→
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toPology oPtImIsatIon

24. Robert Le Ricolais, 1894-1977. 

25. 

Fig. 55 Generation of a voronoi diagram from 
seeds. 

“The art of structure is where to put the holes.” [24] 

as mentioned before, the ETFE layer takes the external 
loading and is loaded in tension. The load will be 

transferred to the edge where the two layers of ETFE foil are 
clamped and fixed. At the junction a steel frame function as a 
compression element is necessary to deal with the horizontal 
forces. 

The ETFE cushion is translucent, the inner supporting frame 
is visible. It would be a quite incongruous image having a 
light gauzy veiling coupled with a heavy coarse flesh. More 
importantly, the whole pneumatic structure is a part of the 
entire design. It should share the same character as the 
building reveals. The steel frame needs a pattern, a pattern 
that being coherent in aesthetic sense (architectural storyline 
of sky, forest, man) and also being compliant with structural 
principles. 

The initial idea for the steel frame was to design a pattern 
Fig. 54 Translucency of ETFE. 



t

5352

inspired by the voronio diagram [25]. In mathematics, a voronoi 
diagram is a way of dividing space into a number of regions, 
every point within a given region is closer to the “seed” inside 
that region than it is to any other point outside that region. It 
is one of the mathematical oddities that is ubiquitous in the 
natural world, whether it is the patterns on a giraffe or the cells 
in plants. 

The pattern itself is beautiful in both sense of graphic design 
and mathematics, however, as being a load bearing structure, 
it lacks solid foundation in terms of an optimal structure, or 
at least the seeds that determine the entire voronoi pattern 
should be based on the loading scheme. Otherwise it could 
be the case that thick profiles were a must hence reduced the 
beauty of the structure as a whole. 

The idea of adopting topology optimisation emerges. Topology 
optimisation allows to systematically remove material from a 
given structure while the resulting structure is generally good 
from a strength point of view, as all the structure is loaded 
efficiently. 

Fig. 56 Idea of a voronoi pattern for the frame structure. 
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26. Bendsøe, M.P., Sigmund, O. (2003). 
Topology Optimization: Theory, Methods and 
Applications. (p. 1). New York: Springer-Verlag 
Berlin Heidelberg. 

27. 

Fig. 59 Example of a 2D design domain of a 
topology optimisation problem

Fig. 60 Example of the discretisation of a design 
domain of a topology optimisation problem 

Methodology

The purpose of topology optimisation is to find the optimal 
geometry of a structure in a specified design domain with 
a given set of loads, boundary conditions, and prescribed 
objectives with associated constraints, such as the volume 
fraction, location and size of prescribed holes, etc. In this 
problem, the physical size and the shape and connectivity of 
the structure are unknown. [26]

To find the best material distribution of the steel frame for 
the ETFE cushion, a density-based topology optimisation 
is studied and performed. In this optimisation method, the 
design domain is discretised into finite elements, the design 
variables are the density associated to each element within 
this discretisation.[27] The design responses are calculated 
using the Finite Element Method (FEM). The result density 
for each element is theoretically either one or zero. Therefore 
the approach of Solid Isotropic Material with Penalisation 
(SIMP) is applied. 

During the optimisation process, elements with an interme-
diate density between one and zero are introduced to the 
finite element mesh, the material interpolation technique 
calculates the relationship between density and stiffness for 

Fig. 57 NAND SIMP solution to MBB beam on computational domain without filtering.
Fig. 58 NAND SIMP solution to MBB beam on computational domain with filtering.
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Fig. 61 NAND SIMP solution to Michell truss problem with filter of radius 7.5h.
Fig. 62 NAND SIMP solution to Michell truss problem with filter of radius 2.5h.

28. Bendsøe, M. P., & Sigmund, O. (1999). 
Material interpolation schemes in topology 
optimization. Archive of applied mechanics, 
69(9-10), pp. 635-654.

29. The MBB beam is named for the German 
aerospace company Messerschmitt - Bölko - 
Blohm which first considered such a structure.

30. Browne, P. A. (2013). Topology optimization 
of linear elastic structures (Doctoral disserta-
tion, University of Bath). pp. 86-94. 

these intermediate elements. The penalising factor penalises 
elements with intermediate densities so that they come close 
to one or zero. For materials with poisson's ratio ν equals to 
0.3, it is recommended to use p ≥ 3. [28]

In order to obtain mesh independent solutions and to avoid 
the chequerboard problem, filtering techniques are also used 
in the topology optimisation. The influences and effects of 
applying the filtering techniques in topology optimisation are 
explained visually with illustrations of computational results of 
the MBB beam [29] and the Michell truss as examples. 

By applying the filtering, the presence of chequerboard 
patterning (grey zone) in the MMB beam example is 
resolved. By applying a smaller filter radius, the resulting bars  
are finer. [30]
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31. 
Fig. 67 A 4-node bilinear plane stress quadrilat-
eral element. 

Modelling

Steps to achieve the resulting steel frame based on topology 
optimisation are as follows. 

The entire roof shape with inner void is modelled as a 
deformable 2D shell element, material properties are defined 
with Young’s modulus of steel as 2.1e5 and poisson’s ratio as 
0.3. Mesh the 2D element to a fine mesh by setting a smaller 
seed size. Element type of CPS4R [31] is used. 

Spring constraints are set at the centre node of each column, 
some columns along the inner edge are pinned so that the 
structure will be in equilibrium during the iterations. The input 
loads are obtained from the Form Finding results in GSA. 
In order to make sure that the resulting load from GSA 
are loaded back to the same node as input load, same roof 
model with exactly same edge nodes is used in both analysis. 
Moreover, those initial nodes along the edges are remained 
untouched the entire process. 

The optimisation task is created, two design variables are 
defined, one for strain energy and the other the volume. The 
objective function is set to minimise the strain energy of the 
applied loads, constrained by a maximum permitted volume 

Fig. 63-66
The initial mesh nodes along the edge are always kept intact. 

→

→

→→
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Fig. 72 The final result of topology optimisation. Fig. 68-71
Results of topology optimisation with different coefficients. 
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32. Volume fraction values are to control the 
maximum permitted volume removal in the 
process of topology optimisation. 

While specifying a maximum member size 
forces the optimisation to split thick regions 
into several smaller regions and prevents it 
from creating large contiguous regions that 
may be difficult to cast.

33. Sun, J., Bhushan, B. (2012). The structure 
and mechanical properties of dragonfly wings 
and their role on flyability. Comptes Rendus 
Mécanique, 340(1-2), pp. 3-17.

fraction. The density update strategy is selected as conserva-
tive together with a relatively strict convergence criteria. The 
penalisation factor is set to 3.  

Several calculations with different parameters are carried 
out to achieve a desired result. The results with different 
volume fractions and filter radii [32] are shown in figures xx-xx 
in previous page on the left side. The final result is shown 
in figure. xx in previous page on the right side. The volume 
fraction of the final result is set to 0.3, the member size of the 
structure is controlled by setting a filter radius with a maximum 
size of 0.3. 

 
Interpretation of the pattern

Surprisingly, the resulting pattern highly resembles the natural 
pattern one can find on dragonfly’s wings. Dragonflies are 
heavy-bodied insects while their wings possess great stability 
and high load-bearing capacity. The veins and membranes 
have a complex design within the wing that give rise to 
whole-wing characteristics which result in dragonflies being 
supremely versatile, manoeuvrable fliers. [33] 

In the project, the topology optimisation method solves the 

Fig. 73-74
Comparison between pattern out of topology optimisation and pattern of the wings of a dragonfly. 
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Fig. 75-76
Translate the result mesh pattern into line model and test its validation. 

34. M. Darvizeh, A. Darvizeh, H. Rajabi, A. 
Rezaei, Free vibration analysis of dragonfly 
wings using finite element method
Int. J. Multiphysics, 3 (2009), pp. 101-110. 

35. 

Fig. 77 Boundary conditions for model valida-
tion of the resulting pattern. 

engineering problem of distributing a limited amount of 
material in a design space. The resulting structure has an 
optimum pattern which is adapted to the external loading 
acting on it. The leading edge of the pattern consists primarily 
of quadrangular frames whereas the middle area is largely 
formed of hexagons and other polygons with more than 
four sides. This kind of pattern, according to a research on 
the wings of dragonflies, guarantee the stability of the wings 
against loading. [34] 

It can also be observed that the polygons are transversely 
connected between the inner edge and the outer edge, which 
is sensible because the uniform loading is evenly distributed 
on both edges and forces will find the paths of least resistance. 

Pattern validation

The mesh out of topology optimisation is translated into a 
frame pattern composed of line segments. This line model is 
combined on top of the previous mesh model of the membrane 
cushion. All pin connections are modified to only have one 
restraint at z-level, two pairs of collinear nodes are restrained 
on xz and yz respectively. [35] A uniform loading is applied on 
the mesh surface and a non-linear analysis is carried out. 
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Fig. 78-79
Note how the load paths resemble the mesh pattern from topology optimi-
sation. 

The forces in the frame structure are mainly axial and the 
moments are very small, peak moments are found close to 
the edge where the boundary conditions were. Interestingly, 
the distribution of the axial forces correspond to the thickness 
variation in the result of topology optimisation.



Sky ˙ Earth ˙ dew pearl
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nature creates complex structures through a hierarchy 
of structural features, for instance, the hierarchy of 

composing a forest. From bottom up, cells form the leaves 
and branches, which compose limbs and finally a tree and 
on a larger scale the forest. Similarly, building structure has 
hierarchy as well. It is important to understand how levels of 
structure interact across levels, and how all levels of structure 
work together to ensure that the building can withstand the 
test of rain, wind, and time.

The initial idea is to make the ETFE membrane as the primary 
structure. The external loading is resisted by the internal air 
pressure, the membrane surface is always loaded in tension as 
long as the pressure inside is larger than outside. The external 
load is transferred to the edge rings and nicely distributed in 
the steel frame. Since there is no direct loading perpendicu-
lar to the steel frame, bending moments are largely avoided. 
The exploded view of the structural components based on 
the principle mentioned above is shown on the left side in the 
following page. 

structural HIerarcHy

“Things should be made as simple as possible, but not simpler.”
 

   - Albert Einstein (1879 - 1955) 
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36. The full material properties is given in 
Appendix B. 

37. Flüeler, P.H. (2007). ETFE Membrane 
Structures: and What About Hail Impact 
Resistance? Proceedings of the RCI 22nd 
International Convention. pp. 29-37.

38. NOWOFLON (n.d.). NOWOFLON ET 6235 Z: 
Advanced ETFE film for Architecture. Retrieved 
Oct 5, 2018 from https://www.etfe-film.com/
files/etfe/pdf/Product-Information-NOWOF-
LON-ET-6235-Z.pdf

According to the properties of the chosen 250 μm ETFE foil, 
the corresponding maximum tensile strength is about 3.375 
kN/m for the ULS permanent loads and 3.75 kN/m for the 
ULS short term loading. [36] However, a test analysis with an 
assumed wind loads shows that for this project, ETFE alone 
is not sufficient to resist the external loading. The results of 
the analysis show that the maximum 2D force in most surface 
area is still within reasonable range, extreme values tend to 
occur near the inner curved edge where the curvature is large.

Three solutions are considered. The first option is to change 
to a thicker ETFE foil. For pneumatic structure, a membrane 
thickness between 200 to 250 μm is typical. [37] It is possible 
to choose a thicker foil, however. Some manufactures produce 
ETFE foils up to a thickness of 400 μm. [38] The second 
option is to make a two-layer ETFE cushion. The third option 
is to add a cable net to the membrane structure. 

Several non-linear analysis with different load combinations 
are carried out. It is not convincing that either a thicker ETFE 
foil or a two-layer ETFE cushion will suffice. Therefore the 
structural hierarchy changes. A cable net will be designed 
and serves as the primary structure while the pneumatic 
cushion the secondary. The new hierarchy of the structure is 
demonstrated in the exploded view on the left side next page.Fig. 80 Initial idea of the 

structural hierarchy. 
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39. 

Fig. 82 Diagram of the membrane and the 
associated arc.

Fig. 83 Principle of reducing the membrane 
stresses by reducing the radius of the associat-
ed curvature (increasing the curvature) for 
σ = p × R.

the cable net is going to be the supporting structure for the 
membrane, the membrane itself becomes the secondary 

structure, carry the external loads by tensile stresses to the 
primary structure. Besides, because the surface tensile stress 
equals to the air pressure times the associated radius, by 
adding a cable net, the radius of the membrane cushion is 
magnificently reduced. [39] So is the membrane stresses. 

In the new configuration, each ETFE foil cushion spans the 
grid distance between the cables instead of the full span. 
Therefore the dimension of the cable grid should meet the 
basic requirements of tensile membrane.

Span of ETFE

For a preliminary design, the span of ETFE cushion can be 
estimated using the basic equation of stresses 

σ = c × p × R
where c is a factor of 0.5 for a sphere model, 1.0 for a cylinder 

caBle net

membrane

sag

chord
associated
radius of
curvature

arc

Rp
r

Fig. 81 Explosion view
Cable net as main structure, 
while membrane as second-
ary structure. 
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40. Deetman,A., de Goede, T. (2016). Covering 
courtyards with large span pneumatic 
cushions. (p. 6).

41. 

Fig. 88 Diagram of the membrane whose 
associated arc is parabolic. 

42. Define the fictive radius as R, sag as f, and 
chord as L, mathematically, their relation is
 
 
for an approximation when α=π/2, 

substitute R' to the function  σ = c × p × R

where f/L is a ratio from rule of thumb. 

model, and 0.63 for a square ground shape. [40] 

For a preliminary design calculation, a factor of 0.9 is chosen 
for the roof shape is close to a combination of a square and a 
closed cylinder. 

R in the equation refers to the radius of the associated circle. 
It is based on the assumption that the external force vectors 
are perpendicular to the surface everywhere. In fact, for small 
curvatures, the spherical model is a good first interpretation. 
However, the loading in reality is an horizontal equal loading 
following an approximately parabolic shape. Therefore, a 
fictive radius R’ of the parabola is substituted to R [41]. The 
equation used to estimate the span of the ETFE foil is 
derived as 

Based on calculations for different loading scenarios, the 
short term loading is decisive. The estimated span of the 
ETFE cushion is about 3.3 m. 

It is worth to notice that this calculation is just to qualitatively 
estimate the span of the cushion in order to approximate the 
distance of the cable grid for the preliminary design.

fictive radius
of a parabola

chord

sag

Fig. 84-87
Different "basic" shape of membrane cushions. 

+

L = 8.88 ∙ ∙f σ

L p

L = ∙ ∙8 f σ
c L p

R' = L2

8f

R' = ×L2

f 4(1+cos α)
1

L2

8f
σ = c ∙ p ∙ 
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43. In GSA there are tie elements and cable 
elements. Both are tension only. Difference is 
that the cable elements have a feature called 
"sliding cable", which connects individual 
cable elements into one cable by giving them 
the same property number - that means each 
cable has to be assigned one unique property. 
For a model with many cables, the workload 
would be very demanding. Therefore usually 
tie elements are used to represent the cables 
though there are some impacts where nodes 
exist.  

Fig. 91  Tie model of the sparse cable net

Fig. 92  Tie model of the fine cable ne

Form finding

The previous ETFE mesh has to be abandoned, otherwise 
the pattern of the cable net is extremely limited. Two possible 
arrangements of cable net design are considered, one with 
limited cables and the other a fine cable net. 

In the first configuration, the lines representing cables are 
evenly spread over the entire roof shape by a distance about 
3 m. Some diagonal cables are added where the surface area 
is “thicker”. It is important to keep the existing nodes along the 
edge intact. Therefore the end nodes of the lines are carefully 
adjusted to the closest old nodes on the edges. The lines are 
nicely trimmed by the edge curves and are set as tie elements 
- elements that are tension only [43]. The ETFE is re-meshed 
with quads and in line with the cable net pattern. The assigned 
material properties are listed in Appendix B. The edges are 
pinned and a uniform load is applied on the 2D elements with 
axis as deformed local. The inflated cushion stretched by the 
cable net is form found through the method of soap film. 

The second configuration of a fine cable net has more 
diagonal cable arrangements. The form finding procedure is 
same as the first one.

Fig. 89-90
Two ideas of cable net configurations. 
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Fig. 93-94
Results of the membrane surface stresses, the above one is without cable 
net, the lower one is with a sparse cable net. 

44. All considered load combinations are 
given in Appendix A. 

Results

Two load combinations are considered and analysed. [44] The 
first one concerns only a uniform internal air pressure acting 
on the cushion. The other one concerns an asymmetric load 
combination of wind loads in which lower layer of the cushion 
is loaded in pressure and upper layer in suction. 

On the left page presents the results of the wind loads for two 
membrane configurations. Note immediately that compared 
to the previous ETFE cushion without cable net, the stresses 
in the ETFE supported by a cable net are significantly 
reduced.

Influences on the topology 

The design decision of adding a cable net on top of the 
membrane cushion has influences on the frame structure 
which is derived from the topology optimisation. As mention 
in the section of topology optimisation, the input loads were 
reaction forces associated to a uniform internal pressure. 
Forces from cable net were not considered at that stage. For 
the new configuration with cables, input loads for topology 
optimisation are expected to be nodal loads instead of 
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continuous pressure loads along the element edge surfaces. 

To compare the optimum pattern of the new configuration for 
the cushion with a sparse cable net and the optimum pattern 
of the initial configuration with sole membrane, the topology 
optimisation is carried out again with reaction forces from 
cables as input. 

Results are presented in the figures on the left page. It can be 
observed that there are more frequent transverse connections 
between the inner and outer rings where cable reactions exist. 
Hexagons and polygons in the middle area are much slender 
compared to the pattern out of continuous pressure loads, 
which is quite predictable since it is more efficient in load 
transferring.

For a fine cable net, which has a lot of end nodes along the 
edges at roughly equal distance, it can be expected that the 
resulting pattern should be similar to the initial one. Therefore 
no topology optimisation carried out for the fine cable net.  

Fig. 95-98
Reaction forces and its corresponding pattern out of topology optimisation. 
Above is model with a sparse cable net, below is without cable net. 
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45. The geometry of the ETFE cushion is 
complicated. Form finding is a case by case 
independent process. There are differences in 
the two form found cushions, the influences 
due to these differences are hard to estimate 
and conclude. 

46. Fabric structures do not have strict 
deflection limits such as those imposed on 
conventional building structures. Limits are 
defined by the need to avoid ponding, and 
in some cases to avoid clashes between the 
deflected fabric form and the supporting 
structure or other objects.

Conclusions on cable net

It is difficult to judge which cable net configuration is better by 
looking at one category of results. However, when taking all 
results into account, both have their strengths and weakness-
es. 

The material properties and the loading cases are exactly the 
same. The small difference in gravity loads due to the total 
amount of steel cables is negligible. The height of the cushion 
is roughly the same. [45]

Axial loads and stresses in both configurations do not exceed 
the limit of capacity. In the fine cable net model, under both 
load combinations, the maximum stresses are in the middle 
range of its load capacity, and most cables are under low 
stresses. In the sparse cable net model, maximum stresses 
occur locally and close to 1000 N/mm2. The stresses in most 
of the cables are in the middle range of its load capacity. In 
view of structural efficiency, the sparse cable net model utilises 
the materials better. 

The deflection criteria is not applicable for neither the ETFE 
cushion nor the cable net . [46] For ETFE, one of its biggest 
advantages is that its ductility and flexibility. It absorbs all 

Fig. 99-100
Cable stresses in two cable nets. 
Above is model with a sparse cable net, below is with a fine cable net. 
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47. The modelling of the steel frame structure 
is explained in the following chapter Com-
pression elements. 

structural movements by constantly conforming to changing 
geometries. Being able to elongate between 250% - 650% 
ensures the membrane to be able to carry all loads by activat-
ing only tensile stresses and remain stable despite large 
deflections. 

However, the deflection criteria should be taken into account 
for the frame structure and the edge ring. Moreover, one 
precondition for the frame structure to perform properly 
is that the edge ring is stiff enough. If the edge ring is too 
flexible or even bend out of plane, the structural performance 
of the optimised frame is going to be a big question mark. 
In the cable model, forces in the edge are taken by the pin 
connections, therefore almost no deflection is observed in the 
edge ring. 

In order to check the structural behaviour of the edge ring, 
the reactions in the pin connections are recorded and used as 
nodal loads in the model of steel frame structure. [47] Results 
show that both edge rings have deflections. The deflections 
associated with the loads from the sparse cable net model are 
doubled. The edge ring is too flexible to work together with 
the frame structure as a whole. In this sense, the fine cable net 
is chosen.

Fig. 101-102
Deflections of the edge ring. 
Above is model with a sparse cable net, below is with a fine cable net. 
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Fig. 103 Boundary conditions for the frame 
model. 

the models of the frame structure and the columns are 
combined to the previous model used to check the 

membrane structure and cable net to become a full model. 
After combination, the cushion mesh and the cables are then 
removed. In this way, the node numbers along the edges will 
be intact before and after the combination. The reaction forces 
on the pinned nodes of the cable models are exported and 
used as input nodal loads to the steel column-frame model.

Boundary conditions

The steel frame model consists of three structural elements, 
the frame structure, the edge ring, and the supporting 
columns. Both the frame structure and the edge rings are 
constructed by circular hollow sections (CHS). 

The connection between CHS profiles are fully fixed in six 
degree of freedom. Connections between the columns and 
the edge ring are hinge connections to prevent bending 

steel frame

“But to make an enemy of Newton was fatal. For Newton, right or wrong, 

was implacable.” 
 
   - Margaret 'Espinasse, Robert Hooke (1956) 
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moments between the beams and the columns. Since there is 
little consequences to having a big anchoring moments on the 
ground, the columns are fully fixed to the ground.

Buckling analysis

Buckling can occur since the steel frame and the support-
ing columns are loaded in compression. Buckling analysis is 
carried out before the calculation with various load combina-
tions. 

The first assumed profile section for the steel frame is 60mm, 
edge beam 406mm and columns 114mm. The buckling 
analysis is carried out with factored self weight and air 
pressure. No surprisingly, the structure buckles, with a load 
factor of merely 0.8849. 

Besides, the previous analysis of the edge rings shows that the 
ring is deflected in several part. The biggest deflection occurs 
at the lower left side of the ring. The deflection of the ring will 
influence the structural performance of the steel frame and 
the cable net attached to it. An extra column is added to the 
node which has the most deflection in z direction. 

Fig. 104-105
Result of the axial load. 
Result of the lowest load factor of a buckling analysis. 
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By tracing the forces and deflections in the frame and edge 
ring, some elements are assigned a thicker profile. The load 
factor of the improved structure is raised to 2.637 for the most 
decisive load combination, which means the compression 
elements buckle when the external loading is multiplied with 
this factor.

The first three buckling modes all relate to the supporting 
columns. The risk of buckling in the frame structure is small 
though the frame profile is small. It is because the entire frame 
is woven by numerous short elements, they are fully fixed 
connected and mutually supporting each other. The buckling 
length is short due to the presence of frequent connecting 
nodes.

Connection CHS profile

It is easy to make connection of CHS profile fully fixed. The 
connecting principle is illustrated in Figure. Xxx. By inserting 
a connector inside the two open ends of the CHS profiles 
and screw them all together, the connection will be fixed in all 
six degree of freedom. 

Accordingly, fixed connections make the entire frame 

Fig. 106-107
Result of the moments Myy. 
Result of the moments Mzz. 
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structure more stiff and as a whole, which will prevent the risk 
of buckling and the overall deflection is also expected to be 
reduced.

Construction of frame

All the CHS profiles in the steel frame are fully fixed. The 
nodes where more than two CHS profiles needed to be 
connected are going to be welded. Two open ends of the 
CHS profile are bolt connected by inserting a connector 
inside the tube. 

The entire steel frame is divided into several blocks which 
can be prefabricated in the factory. It is most reasonable 
that the cut is made in middle of one profile instead of at the 
node where more profiles are connected. The size of each 
prefabricated block depends on the ways of transportation, 
the location of the building and the difficulties of the construc-
tion on field.

Fig. 108
Illustration of how the CHS profile are going to be connected (on field). 
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the overview of the section design of thin columns is given 
in Appendix C. For the columns in the building and 

only supporting the floor slabs, the section is checked by the 
buckling analysis. Because buckling is decisive in respect to 
the slenderness of the columns. 

The column-floor connection is design to avoid moments as 
much as possible. Instead of directly transferring the load 
to the column itself, the load from the floor slab is firstly 
transferred to a ring element in the floor, then evenly further 
transferred to another ring element welded to the columns. In 
this detail, small angle of rotation and horizontal movements 
are allowed, and bending moments are significantly reduced. 

As to the columns that support both the building and the 
roof, analysis shows that the southwest corner extra column is 
needed, at least for the current topology configurations. The 
figures the following page show how the extra column help to 
reduce the deflection in z-direction. 

tHIn columns

Fig. 109 Idea of the cut and construction of the frame structure. Principle 
is to cut in single CHS profile and not at the nodes where multiple profile 
welded. 
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“Now, in building of chaises, I tell you what,
 There is always somewhere a weakest spot - 
 In hub, tire, felloe, or spring or thill,
 In panel, or crossbar, or floor, or sill,
 In screw, bolt, thoroughbrace - lurking still, 
 Find it somewhere you must and will. ”

- Oliver Wendell Holmes, 
The One-Hoss Shay

Fig. 110-111
Result of the deflection in z-direction of initial model. 
Result of the deflection in z-direction with an extra column. 



De Profundis
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48. Adapt from author unknown. 

49. Richard Hamming (1915 - 1998) 

"The purpose of computation is insight, not numbers." [49]

the final design of the upper lightweight structure is a 
pneumatic ETFE foil cushion strengthened by a fine 

cable net. The cable net is the primary structure while the 
membrane the secondary structure. The external loading 
is carried to the edge in tension, a frame structure as the 
compression elements is designed. 

The pattern of the frame structure comes out from a topology 
optimisation based on the loads introduced by the air 
pressure. The final pattern surprisingly resembles the natural 
voronoi pattern that widely exists in both living creatures and 
non living things. Results show that the frame structure is 
quite effective in distributing the loading. On one hand it is 
because the frame bars are everywhere fully connected which 
makes the entire frame very stiff, on the other hand, the natural 
pattern is geometrically good in generating constant stresses. 

The ETFE foil cushion is form found by means of soap 

conclusIons and dIscussIons

“Structural engineering is the art of using materials that have properties 
which can only be estimated, to build real structures that can only be approx-
imately analysed, to withstand forces that are not accurately known, so that 
our responsibility with respect to public safety is satisfied. ” [48]
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In reality the connection is not perfectly fully fixed or hinged, 
while in computational models equilibrium in the connection 
prevents the connection from moving. However it is to be 
expected that a small deformation will occur. 

Recommendations 

In this thesis, the process of topology optimisation does not 
take into account the self weight. In calculation, the design 
space only takes in-plane loads. Therefore a pre-condition 
for the resulting pattern to be really the optimum is that it is 
everywhere in z-direction well supported, which is not realistic 
most of the time. Research shows that it is possible to take 
the gravity load into account during the topology optimisation. 

The materialisation of the frame structure can be improved. 
The weight of the steel frame is lightweight, the frame looks 
graphically beautiful, however, it consists so many tiny beam 
elements that makes the construction closed to impossible. 
Even if the construction can be realised, chances of human 
errors are huge during the field constructing due to the 
amount of connection nodes. It is recommended to further 
simplify the frame model and reduce the total number of short 
beam elements. More detailed calculations of the steel frame 

film. Results show that for this scale membrane alone is not 
sufficient to resist loading acting on it. A cable net is necessary. 
The final design adopts the idea of stretching the pneumatic 
cushion with a fine cable net for it is better in keeping the 
membrane surface stresses at a low level and it works better 
with the steel frame and edge rings. One drawback is that 
the cable net is maybe to fine, the number of cables can be 
reduced. 

The entire pneumatic cushion with its framing structure 
is vertically supported by some of the thin columns. At 
southwest corner two extra columns are added to resist 
with the local deflection of the edge ring. All groups of thin 
columns compose the supporting system of the lower building, 
with a final dimension of 102 mm for the columns supporting 
the building and 168 mm for the columns also supporting the 
membrane roof.

Possible errors

Modelling complex structures always leads to results that 
can not be confidently concluded right or wrong, most of the 
case it depends on experiences or structural intuitions. Some 
possible errors are discussed hereby. 
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40. Deetman,A., de Goede, T. (2016). Covering 
courtyards with large span pneumatic cush-
ions. (p. 6).

is needed, in this thesis the structure is treated globally. 

Wind loads has huge influences on the pneumatic cushion. 
The shape of the membrane cushion is complicated, there is no 
direct design guidance in the existing Eurocode to reference. 
Besides, the structure is standing on a slope and is surround-
ed by buildings with/at various height. It increases the level 
of complexity to a high level for evaluating the realistic loads 
from wind. Three simple wind paths are considered in load 
combinations. The influences due to the existing buildings 
and the geographical situation are neglected. The advise is to 
evaluate the wind loads with wind tunnel tests or to model it 
using the computer fluid dynamics (CFD). [40]

Dynamic loading is another factor to be considered in final 
calculation. Apart from the local damage to the skin of the 
membrane caused by the accumulation of snow, or wind 
forces, or both, an overall instability of the structure may also 
occur, due to wind excitation activating the large mass of air 
inside the membrane. Not only the cushion, but also the thin 
columns are subjected to extra bending moments due to the 
dynamic loading as well.
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drawIngs



t

111110

Detail of the column-ground connection
Scale 1:5

Detail of the column-floor connection
Scale 1:5

Double glazing Steel column (various thickness)

Floor finishing seal

300 mm screed pre-stressed reinforced polished concrete floor 

Steel ring embedded in concrete

Steel ring welded to column

Concrete floor end aluminium sheet

Reinforcements

Steel column

130 mm screed reinforced polished floor

Bolt, Hex Head, M12

Insulation with heating

250 mm reinforce concrete

Foundation piles
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Aluminium profile

CHS edge ring profile, 356 mm

CHS frame profile

ETFE foil 250 μm

Ronstan® GALFAN Coated steel cable 8.1 mm 

Silicone seal

ETFE foil 250 μm

Aluminium profile

Hammer head screw, A2, M8

Steel vertical supporting element

Steel binder pipe

Detail of the ETFE-inner ring connection
Scale 1:5

Detail of the ETFE cushion clamping. 
Scale 1:5
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aPPendIx a
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Loading criteria

50. Section A1.2.2 Values of Ψ 
factors, where Ψ0 = 0.4; Ψ1 = 0.7; Ψ2 
= 0.6 for category C

51. Section B3. 1 Consequenes 
classes

52. According to NEN-EN 1990: 
Design values of actions for use in 
the combination of actions

Regulations and Design codes

The calculations (and assumptions) of the loads are in accordance 
with the requirements of the following European standards:

NEN-EN 1990: Basis of structural design + Dutch National Annex 
NEN-EN 1991-1: Actions on structures + Dutch National Annex
NEN-EN 1991-3: Actions on structures + Dutch National Annex 
NEN-EN 1991-4: Actions on structures  + Dutch National Annex

Function

According to NEN-EN 1990 and Dutch National Annex:

Category of use : Category C (congregation areas) [50]

Consequence Class : CC2 (medium consequence) [51]

Load combinations for limit states design

Ultimate limit state (ULS)[52]

∑ 1.20 × Gk + γp × P + 1.50 × Qk 
+ ∑ 1.50 × φ0 × Qk

∑ 1.35 × Gk + γp × P + ∑ 1.50 × φ0 × Qk

where γp is the partial factor, in this project γp = 1.0
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56. The load shape coefficient μ1 
equals to 0.8 if the roof angle is 
between 0 and 30º.

Fig. 112 Snow map of Alpine region.

58. The correct sk factor for the 
region Mendrisio is not available. 
According to the snow map of 
Alpine region attached in NEN-EN 
1991-1-3, it is to be expected that 
the snow load is somewhat higher 
than in the Netherlands. 

59. Under normal situation, the in-
ternal air pressure of the pneumatic 
cushion is constant at 0.3 kN/m2, 
while under extreme situation, it 
is possible to increase the internal 
air pressure to 0.6 kN/m2 or to a 
maximum of about 0.8 kN/m2.  

60. Some possible solutions are, for 
instance, remove snow by hand,  air 
heating via flexible tubes under the 
cables, add drainage pipes inside 
the profiles, and design the ETFE as 
the weakest link. 

Snow loads

The snow loads are calculated according to values and equations 
regulated in NEN-EN 1991-1-3 and Dutch National Annex. 

s = μ1 × Ce × Ct × sk =  0.56 kN/m2, where 

Load shape coefficient μ1 = 0.8 [56]

Exposure coefficient Ce = 1.0

Thermal insulation coefficient Ct = 1.0

Characteristic value sk 
= 0.7 kN/m2 [57]

The snow loads will be resisted by increasing the internal air pressure of 
the pneumatic cushion. However, ETFE foil has a relatively low tensile 
strength, it is not realistic to raise the air pressure unlimitedly [59]. Therefore 
some non-structural solutions and safety concepts are considered during 
the design. In the courtyard roof project designed by Deetman and de 
Goede[40][60], several solutions are proposed and discussed to prevent 
overstressing the cushion due to an exceeding accumulation of (melting) 
snow in combination with rainwater. 

In this project, it is assumed that there is air heating system inside the 
cushion and the surface of ETFE foil is very smooth such that the snow 
can easily drop off, a reduced snow load of 0.4 kN/m2 is considered during 
calculation.

52. According to NEN-EN 1990: 
Design values of actions for use in 
the combination of actions 

53. In this project, the calculations 
are carried out by the commercial 
software Oasys GSA. The software 
calculates the gravity loads auto-
matically. 

54. Specific use for category C is 
“Area where people may congre-
gate” and  “areas in schools” is an 
example for category C1.

55.  According to NEN-EN 1991-1-1 
and Dutch National Annex, the 
range of the imposed loads on 
floors, balconies and stairs in 
buildings are:

qk = 2.0 - 3.0 kN/m2 
Qk = 3.0 - 4.0 kN

Service limit state (SLS)[52]

Characteristic : Gk + P + Qk 
+ ∑ φ0 × Qk 

Frequent : Gk + P + φ1 
× Qk 

+ ∑ φ2 × Qk

Quasi-permanent : Gk + P + ∑ φ2 × Qk

Permanant loads

The self-weight is the permanent load on the structure. The lower 
building consists of glass facade, concrete floors and steel columns in 
hollow section. The upper pneumatic structure consists of ETFE foil, 
steel profiles and steel cables. [53]

Concrete (C 25/30) : 25 kN/m3

Steel (S 355) : 78.5 kN/m3

ETFE (250 μm) : 0.00437 kN/m2

Imposed loads

According to NEN-EN 1991-1-1, the category of use of the structure can 
be further specified to C1[54]: Areas with tables, etc. A uniformly distrib-
uted load q

k
 of 3 kN/m2 is considered as the characteristic value for the 

loaded area[55]. 
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64. NEN-EN 1991-1-4 section 7.3, 
Table 7.6 ,Table 7.7, and Figure 7.17.  

Fig. 114 The direction of the as-
sumed governing wind loads. 

Fig. 115 Wind loading zone division.

In order to determine the external wind coefficients, the shape and 
dimension of the roof needs to be taken into account. Since the shape of 
the pneumatic cushion is not described in NEN-EN 1991-1-4. Alterna-
tively, a combination of monopitch canopies and duopitch canopies are 
considered[64]. Both shapes have a height of 7 meters, angles of the roof 
about 5 degree and zero blockage under the canopy. Besides, the higher 
values of coefficients at the sharp edges are disregarded because ETFE 
foil cushion does not have sharp edges by its geometry configuration.

The shape of the roof is irregular and the cushion is subdivided into 
multiple smaller cushions by the cable net. A simplification must be made 
to proceed the design calculation. The membrane roof is considered to 
be a combination of two types of canopies. For the end parts that are 
perpendicular to wind, a duopitch canopy shape is considered. For the 
middle parts that are parallel to wind, a monopitch canopy shape is 
considered. Each duopitch canopy shape consists of two zones as shown 
in Figure.xx: zone A+B and zone D+E. The coefficients of duopitch 
canopies are simplified according to NEN-EN-1991-1-4, Figure 7.17 and 
the reduction is disregarded. According to the Eurocode, a reduction 
should be applied for a multibay roof. In the design calculation, it is not 
taken into account.

The indigo arrow line in Figure 114 indicates the direction of the governing 
wind loads. The north-west direction is used for checking structural 
elements on stability. The diagram in bird view shows the external wind 

61. Fig. 113 Wind areas of the 
Netherlands

62. It is a conservative yet practical 
value for a design calculation.

63. The vaule is obtained directly 
from Dutch National Annex NB.5.

Wind loads

The wind loads are calculated according to values and equations regulated 
in NEN-EN 1991-1-4 and Dutch National Annex. Since Mendrisio  is 
located inland, the wind area and terrain category is assumed to be III - 
Urban area, same as Eindhoven, the Netherlands, which is also an inland 
city[61]. 

Equations for external wind loads

we = qp(ze) × cpe  

Fw,e = cscd × ∑ we 
× Aref

The wind pressure can be determined based on following criteria

Wind area : III (Eindhoven)

Terrain category : Urban area

Roof height : h = 7 m

→ Basic wind velocity : vb = vb,0 × cdir 
× cseason = 24.5 × 1.0 × 1.0 = 24.5 m/s

→ Roughness length : z0 = 0.5 m

→ Minimum height : zmin = 7 m

→ Structural factor : cscd = 1.0 [62]

→ Peak velocity pressure : qp(7) = 0.48 kN/m2 [63]
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Fig. 116 
Assumed wind path 1

loads in the x-direction. For a full analysis of the entire building, other 
wind direction needs to be taken into account as well. Furthermore the 
dynamic wind loads caused by neighbouring buildings should also be 
modelled. For this thesis only one simple wind direction suffices. 

When considering external wind loads, the principle borne in mind is to 
always consider the most unfavourable combinations between internal, 
external (and friction) forces. In the design calculation, three possible 
wind paths are assumed and tested. 

The first case is that the wind flow passes parallel above the roof causing 
wind suction on the entire roof. The second case is that the wind flow 
blows from beneath, through the middle hollow part and collides the other 
half structure. The third case is that the wind flow first hits the cushion and 
blows away. The latter two cases both result in wind pressure on part of 
the structure and wind suction on other part of the structure, which can 
be regarded as the most unfavourable case for asymmetric loading.

Load cases

The three wind flow paths and the associated wind loads are illustrated 
on the left side and in the following pages. An overview of the load 
combinations considered in the calculation is given afterwards. 
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Fig. 117
Assumed wind path 2

Fig. 118
Assumed wind path 3
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aPPendIx B

loadIng comBInatIons

Load case SLS 1 SLS 2 SLS 3 SLS 4 SLS 5 SLS 6 

L1 Dead load structure 1.00 1.00 1.00 1.00 1.00 1.00

L2 Internal pressure 1.00 2.00 2.60 2.00 2.00 2.00

L3 Snow load 1.00

L7 Dead load floor slab 0F 1.00 1.00 1.00 1.00 1.00 1.00

L8 Imposed load 0F 1.00 1.00 1.00 1.00 1.00

L9 Dead load floor slab -1F 1.00 1.00 1.00 1.00 1.00 1.00

L10 Imposed load -1F 1.00 1.00 1.00 1.00 1.00

L11 Wind suction AB 1.00

L12 Wind suction C 1.00 1.00

L13 Wind suction D 1.00 1.00

L14 Wind suction E 1.00

L15 Wind pressure AB upper 1.00

L16 Wind pressure AB lower 1.00 1.00

L17 Wind pressure C lower 1.00

L18 Wind pressure DE 1.00

Load case ULS 1 ULS 2 ULS 3 ULS 4 ULS 5 ULS 6
L1 Dead load structure 1.35 1.20 1.20 1.20 1.20 1.20

L2 Internal pressure 2.00 2.00 2.60 2.00 2.00 2.00

L3 Snow load 1.50

L7 Dead load floor slab 0F 1.35 1.20 1.20 1.20 1.20 1.20

L8 Imposed load 0F 1.50 0.60 0.60 0.60 0.60

L9 Dead load floor slab -1F 1.35 1.20 1.20 1.20 1.20 1.20

L10 Imposed load -1F 0.60 0.60 0.60 0.60 0.60

L11 Wind suction AB 1.50

L12 Wind suction C 1.50 1.50

L13 Wind suction D 1.50 1.50

L14 Wind suction E 1.50

L15 Wind pressure AB upper 1.50

L16 Wind pressure AB lower 1.50 1.50

L17 Wind pressure C lower 1.50

L18 Wind pressure DE 1.50
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Denis quassus am dis cus por acienes in eturiosam aut volupta ssequi a 
net i

materIal ProPertIes

65. https://www.ronstantensile-
arch.com/structural-cable-options/

66.  Tolerance cable diameter is 3%. 
The equivalent diameter is 7.0 mm.

67. Allows for a 10 kN/mm2 
tolerance. 

Structural steel

S355 steel is used to achieve an optimum balance between stiffness 
and strength, 

Circular hollow section : S355

Young's modulus : 210 000 N/mm2

Poisson's ratio : 0.3

Steel cable

The choice of the steel cables is inspired from the courtyard roof 
project by Deetman and de Goede. [40] The following property data 
are provided by the manufacturer Ronstan[65]. 

Cable diameter : Φ  8.1 mm

Metallic cross section area : 39.0 mm2 [66]

Minimum breaking load : 59 kN

Young's modulus : 160 000 N/mm2 [67]

Corrosion protection : GALFAN coated without inner filling

The design value of the maximum allowable stress of a cable is up to 
1000 N/mm2. The maximum allowable force in the cable is equal to 39 
kN for the ULS. 
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aPPendIx c68. IASO ETFE ETFE foil

In this project, the most common thickness of 250 μm ETFE foil is used. 
The following material property are retrieved from Arjan Habraken.

Self weight foil with 250 μm : 437 g/m2 [68]

Tensile stiffness : 750 N/mm2

Shear stiffness: 75 N/mm2

Poisson's ratio : 0.43 

Maximum tension load, short time : 15 N/mm2

Maximum tension load, permanent : 13.5 N/mm2

The design value of the maximum allowable force for a 250 μm foil is equal to 
3.375 kN/m for the ULS permanent and 3.75 kN/m for the ULS short time. 

Concrete slab

The concrete floor is not treated in the thesis. However, the self weight 
of the concrete floor slab is considered for the calculation of thin columns.

Concrete grade : C 25/30

Material density : 2500 kg/m3 

Self weight of a 0.3m reinforced slab : 8.5 kN/m2
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Unit load 
ULS

Support 
Area

Carried 
by

Load per 
column

Section 
[mm × mm]

Load 
factor

Column group 1 17.7 kN/m2 7 m2 5 24.78 kN 60.3 × 6.3 1.948

Column group 2 17.7 kN/m2 21 m2 6 61.95 kN 76.1 × 8.0 2.197

Column group 3a 17.7 kN/m2 20 m2 3 118 kN 101.6 × 5.0 2.005

Column group 3b 17.7 kN/m2 14 m2 3 82.6 kN 88.9 × 5.6 2.052

Column group 4 17.7 kN/m2 5 m2 5 17.7 kN 60.3 × 4.5 1.969

Column group 5 17.7 kN/m2 23 m2 4 101.78 kN 101.6 × 4.0 1.913

Column group 6 17.7 kN/m2 20 m2 6 59 kN 76.1 × 8.0 2.210

Column group 7 17.7 kN/m2 27.5 m2 6 81.13 kN 88.9 × 5.6 2.075

Column group 8 17.7 kN/m2 20 m2 5 70.8 kN 88.9 × 4.5 2.003

Column group 9 17.7 kN/m2 20 m2 5 70.8 kN 88.9 × 4.5 2.003

Column group 10 17.7 kN/m2 27.5 m2 6 81.13 kN 88.9 × 5.6 2.075

Column group 11 17.7 kN/m2 20 m2 6 59 kN 76.1 × 8.0 2.210

Column group 12 17.7 kN/m2 24 m2 5 84.96 kN 88.9 × 5.6 2.037

Column group 13 17.7 kN/m2 15 m2 6 44.25 kN 76.1 × 5.0 2.060

Column group 14 17.7 kN/m2 0 m2 7 0 kN -

Column group 15 17.7 kN/m2 14 m2 6 41.30 kN 76.1 × 4.5 2.023

Column group 16 17.7 kN/m2 27.5 m2 8 60.84 kN 76.1 × 8.0 2.175

Column group 17a 17.7 kN/m2 27.5 m2 4.5 108.17 kN 88.9 × 8.0 2.071

Column group 17b 17.7 kN/m2 14 m2 4.5 55.07 kN 76.1 × 6.3 1.992

Column group 18 17.7 kN/m2 28 m2 8 61.95 kN 76.1×8.0 2.197

Column group 19 17.7 kN/m2 35 m2 9 68.83 kN 88.9×4.5 2.059

Column group 20 17.7 kN/m2 28 m2 9 55.07 kN 76.1×6.3 1.992

Column group 21 17.7 kN/m2 20 m2 6 59 kN 76.1×8.0 2.210

Column group 22 17.7 kN/m2 27 m2 6 79.65 kN 88.9×5.0 1.930

Column group 23a 17.7 kN/m2 25 m2 3.5 126.43 kN 101.6×5.6 2.052

Column group 23b 17.7 kN/m2 13 m2 3 76.7 kN 88.9×5.0 2.003

Column group 24 17.7 kN/m2 13 m2 6 38.35 kN 76.1×4.0 1.972

Column group 25 17.7 kN/m2 24 m2 6 70.80 kN 88.9×4.5 2.003

Column group 26 17.7 kN/m2 3.5 m2 4 15.49 kN 60.3×4.0 1.935

Column group 27 17.7 kN/m2 12 m2 6 35.40 kN 76.1×3.6 1.945

Column group 28 17.7 kN/m2 37 m2 8 81.86 kN 88.9×5.6 2.079

Column group 29 17.7 kN/m2 34 m2 8 75.23 kN 88.9×5.0 2.030

Column group 30 17.7 kN/m2 15 m2 7 37.93 kN 76.1×4.0 2.023

Column group 31 17.7 kN/m2 28 m2 8 61.95 kN 76.1×8.0 2.197

Column group 32 17.7 kN/m2 36 m2 8 79.65 kN 88.9×5.0 1.930

Column group 33 17.7 kN/m2 17 m2 6 50.15 kN 76.1×5.6 1.996

Column group 34a 17.7 kN/m2 34 m2 4 150.45 kN 101.6×6.3 1.908

Column group 34b 17.7 kN/m2 20 m2 4 88.50 kN 88.9×5.6 1.917

Column group 35 17.7 kN/m2 32 m2 7 80.91 kN 88.9×5.6 2.100

Column group 36 17.7 kN/m2 5 m2 4 22.13 kN 60.3×5.6 1.928

overvIew column desIgn
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RETROSPECT

retrosPect is left out for the Public Version. 
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