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Abstract 

From the moment apertures were placed in buildings to let light in, glazing has always been the most 

widely used material to cover these apertures, ensuring that the inside of the building is protected 

from the outside environment, e.g. weather. In recent years however, another transparent material 

has been rising to the foreground with clear performance and economic improvements around these 

buildings. Ethylene tetrafluoroethylene, or ETFE, is a foil that offers significant environmental benefits, 

e.g. a high percentage of light transmission of all frequencies, reducing the need of artificial lighting, 

lightweight properties, significantly reducing the construction mass and the amount of required 

materials, and its importance in multiple research fields resulting in innovations like integrated 

photovoltaics, environmental control features and smart printing. The latter is the feature that 

ensures the innovation put forward in this thesis. Even though ETFE finds many of its benefits in its 

performance to sunlight, an important missing characteristic in many of its architectural applications, 

is the ability to shade. Currently, very few solutions that have been put forward seem to find some 

type of application in ETFE-integrating architecture. A new shading system for these types of buildings 

is thus presented that uses smart printing to apply a printed pattern with a low transmission value on 

two layers of ETFE. These layers are then laid on top of each other and are rotated and translated in 

relation to one another. The resulting pattern changes when movement is introduced, hence the 

ability to alter the light transmission of the system. To understand how the system’s movement affects 

its light transmission, formulas are put forward for two types of patterns. Using these, the total light 

transmission of the resulting pattern can be calculated at any rotation angle or translation distance, 
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and vice versa. To evaluate the formulas and put the theoretical framework to the test, computer 

simulations were done with these same patterns. The average illuminance values of a simulation room 

with an aperture that holds the new shading system are compared with the expected results from the 

formulas. They are found to be in line with each other which means that from two different 

approaches, the new system works. However, only its application in a real-life situation can make 

these results conclusive.  
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1 Introduction 

From their first ever application in architecture, the majority of tensile and pneumatic constructions 

used to be characterised as being complementary to larger structures. In recent years however, 

following the inherent human desire to always build bigger and better by designing buildings with ever 

increasing spans and structures becoming ever more challenging, tensile and pneumatic applications 

in architecture are now majorly characterised as being the larger structure itself. Furthermore, 

environmental awareness has grown exponentially over recent years and consequently, has been the 

trigger to a huge change in the construction world that places sustainable features of buildings as one 

of their most important characteristics.  

Globally, both residential and commercial buildings are responsible for 20% to 40% of all energy 

consumption in developed countries and these figures are still steadily increasing. This increase is due 

to a number of factors, such as population growth, a significant rise in building services, comfort levels 

and time spent inside buildings. HVAC systems account for approximately half of the total energy 

consumption of buildings and thus, they are particularly significant in the search for less energy 

consuming buildings [1].  

This resulted in a renewed set of standards for buildings, meaning that the new building should be 

one that works with nature instead of against it. A standard that puts a sustainable building consuming 

a minimum of energy and accommodating nature as part of its primary architecture. The main 

component of a building regarding energy transfer is its facade and roof, thus the envelope of a 

building is of huge importance in this regard. Ethylene tetrafluoroethylene, or ETFE, offers significant 

environmental benefits, e.g. a high percentage of light transmission of all frequencies, reducing the 

need of artificial lighting, lightweight properties, significantly reducing the construction mass and the 

amount of required materials, and its importance in multiple research fields resulting in innovations 

like integrated photovoltaics, smart printing or environmental control features [2]. However, green 

architecture is not only about energy and mass, it is also about healthy living conditions and high 

standards of comfort for the building’s users. Here also, ETFE is very beneficial thanks to its ability to 

allow a maximum amount of natural light coming into the building, including UV light, which enables 

the growth of plants and trees inside of the building, unlike traditional glazing [3]. 

Even though ETFE finds many of its benefits in its performance to sunlight, an important missing 

characteristic in many of its architectural applications, is the ability to shade. Currently, very few 

solutions that have been put forward seem to find some type of application in ETFE-integrating 

architecture. One of these solutions (?) consists of applying a certain pattern on the outer layer of a 

three-layer cushion and the reverse of that specific pattern on the middle layer which, by manipulation 
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of air, can modify the shading properties according to the needs of the user. This is called smart 

printing [3]. Even though this technique is not frequently applied due to the fact that it creates inner 

shadow distortions that are disadvantageous to the building’s visual comfort, it has proven that an 

integrated shading system is very beneficial as it costs far less than the use of an additional inner or 

outer shading system. Also, it can be automatized to respond to specific shading needs without user 

intervention.  

Taking this into account, a new and similar system is put forward in this dissertation, which works with 

printed ETFE-foil layers that do not move closer to or further away from each other, but that are 

instead flat, and rotate and translate in relation to one another. This has an impact on multiple aspects 

of a building, e.g. lowering or increasing the amount of sunlight entering a room, the ability to create 

and experiment with shadow patterns cast inside the room, as well as introducing new ways of shaping 

a building structurally and aesthetically. 
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2 State of the Art 

Ever since plate glass was invented and applied to buildings in the late 18th century, society has been 

attempting to build more lightly, while achieving maximum transparency. Over time, many structures 

have shown that the research into these features has been evolving exponentially with ever bigger 

and more transparent buildings coming to the foreground, like Paxton’s Crystal Palace in England in 

1851 [3]. However, it was not until the development of float glass in the 1950s, that glass was used in 

mass production [4]. Its inventor was Alastair Pilkington, who was responsible for a major revolution 

in glass manufacturing by eliminating the distinction between flat glass and polished plate glass. This 

switch involved a number of major changes in the flat glass industry, including the significant reduction 

of cost and the ability for new applications to be introduced [5].  Glass then continued to reinforce its 

status as one of the most prominent materials to cover and insulate the building’s envelope, following 

the post war production of aluminium extrusions and the development of double glazing [3]. It also 

proved to be revolutionary in the way buildings are perceived due to its smart integration into new 

building typologies, such as the evolution from the public external space becoming part of the private 

building envelope (e.g. from public garden to private atrium) [3]. 

 

 

Figure 1: Paxton's Crystal Palace, London (1851) 
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Unfortunately, glass has not always been able to follow the fast evolution in construction, because of 

its significant disadvantages regarding the human desire to build ever bigger and better. Thus research 

was conducted related to alternative materials and construction methods, with visionaries 

Buckminster Fuller and Frei Otto being the main pioneers in this field. Both were inspired by the dream 

to one day be able to realize enclosed and inhabited cities that would make them independent from 

weather conditions [3]. With time, Frei Otto received more and more demands for large scale projects 

making it obvious that Otto and Fuller were not the only ones to share these ambitions. The first 

number of successful proposals to cover major areas were found with the use of membranes [6]. 

Tensile architecture knew a major evolution through the pursuit of these ambitions, i.e. from F. Otto’s 

Bandstand in Kessel (1955) to his Olympic Stadia Roofs in Munich (1972) [7]. However, pneumatics 

were always considered to be the better solution for large-scale structures, but were not easily 

applicable due to the plastics having degrading properties in regard to thermal movement, fire and 

UV-radiation. This was until a new material was invented that eliminated these disadvantages, 

ethylene tetrafluoroethylene or ETFE [3]. It took some time, but nowadays, ETFE has become the top 

material for pneumatic structures. This research will now present an overview of how pneumatics 

came to be such an important building element.  

  

Figure 2: (Left) Bandstand in Kessel, Frei Otto, 1955 | (Right) Olympic Stadia Roofs in Munich, Frei Otto, 1972 

2.1 Pneumatics 

The very first proposal for a pneumatic building was made by English engineer Frederick William 

Lanchester for a field hospital in 1917 [3, 8]. Air locks were used to support, using low air pressure, a 

tent without poles or primary frame [3]. 20 years later, the same engineer designed a pneumatic 

exhibition building with his brother spanning 300 meters in diameter, which was supported by air 

pressure and restrained by a cable net. Both were never built because the needed technology wasn’t 

developed at that time [3, 8]. 
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Figure 3: Patent Field Hospital, F. W. Lanchester, 1917 

As mentioned, Buckminster Fuller and Frei Otto were the pioneers researching lightness of buildings, 

subsequently trying to solve the weight-issue of buildings by introducing the use of membranes and 

pneumatic structures as a building method. Although they both advanced the theory and heavily 

promoted the use of pneumatic structures, others actually began building some of these structures.  

Engineer Walter Bird was the first man to be able to realize fully air-supported building structures, 

which were radar antennae that required to be portable and transparent to radar signals, while also 

providing shelter from harsh arctic environments. He built hundreds of these antennae for the US Air 

Force. Bird then founded Birdair Structures Inc. in 1956 to continue designing antennae and other 

inflatable structures for the military and to develop commercial applications for air-supported and 

tensile fabric structures. Bird’s environmental bubbles became popular when he developed all kinds 

of different structures like pneumatic storage facilities, construction site shelters and greenhouses. 

His success inspired many to try to do the same and thus pneumatics started finding many applications 

in the building community. An example of this continued research and development was the air-filled 

and air-supported envelope of the US Atomic Energy Pavilion of 1960, which was a study of continuous 

and complex curvatures. And soon, pneumatic structures were the must-go-to material for large 

buildings which had to be light in nature or had significant spans to cover. [3, 9] 
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Figure 4: Walter Bird's Radar Antenna 

 

Figure 5: US Atomic Energy Pavilion, 1960 
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2.2 The evolution of ETFE 

In the 50’s, Buckminster Fuller developed the idea of roofing entire Manhattan (New York) with a 

biosphere. Evidently, achieving such a large feat wasn’t possible at the time. However, the idea was 

taken on further in the 70’s by Frei Otto and Buro Happold with the idea of roofing a mining village in 

Alberta, Canada to create a village so people could mine all year around while living in a comfortable 

environment. This was the very first time that ETFE was proposed to be used as an architectural 

material [10]. 

 

Figure 6: (Left) Fuller's dome over Manhattan | (Right) Buro Happold, 58 Degrees North, Canada 

The most common use of ETFE in architecture is in the form of cushions with a variable number of 

layers. The more layers, the more insulation the cushion provides [11]. Its tremendous potential was 

shown in the 80’s through the well-known Eden Project in Cornwall, UK. This project and both the 

Allianz Arena for the 2006 World Cup and the ‘Water Cube’ at the 2008 Beijing Olympics formed a big 

milestone for the use of ETFE films, in the way that it is now being considered as the premium material 

for transparent cladding applications for large buildings of high prominence, whether in roofing or 

facade construction [12, 13, 14]. Because ETFE is a rather new material in architecture, it is the subject 

of a lot of innovative projects and is used in many different ways, which proves that its full potential 

has yet to be discovered. These involve methods like printing, tinting, surface treatments, radiation or 

additional layers. 

 

Figure 7: (Left) Eden Project, Cornwall, UK | (Middle) Allianz Arena, München, Germany | (Right) Water Cube, Beijing, China 
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These methods have, for the larger part, been made possible by ETFE’s capability to be used in the 

form of cushions. The most basic of cushion-compositions exists out of two foil-layers which are 

clamped onto a primary frame. Between these layers, an air valve is provided that is connected to an 

air handling unit, or AHU, which continually inflates each individual cushion to maintain their pressure 

between 250 and 700 Pa depending on the size of the cushion [12]. One AHU contains two fans that, 

for most of the time, work alternately. Such a AHU is very efficient in energy consumption as it is equal 

to approximately the energy consumption of a 100 W light bulb [15]. This kind of system provides each 

cushion with the ability to adapt its inside pressure to the user’s preference.  

Nikolaus Laing, a German engineer, meteorologist and physicist, suggested that the software of air 

pressure has great potential to replace the hardware of mechanical systems. Laing was one of the first 

to experiment with pneumatically operated membranes, so it makes sense that his work has now been 

put forward in ETFE cushion envelopes [16]. By introducing a separate air supply to each cavity in the 

cushion, the volume and number of air cavities can be altered to adjust the cushion’s properties, such 

as thermal performance or shading. The ability to incorporate different printed patterns on the foils, 

which can be overlaid or moved apart by dynamic air pressure, makes it possible for the envelope to 

alter its daylight transmission properties and its visual appearance [3]. The first variable ETFE envelope 

was the temporary Cyclebowl in Hanover for DSD Duales System at the 2000 Hanover Expo. It featured 

an ETFE roof and walls, both made of three layer cushions of which the outer two layers were printed 

with leaf patterns. The middle foil of the cushions was programmed to open and close at intervals 

providing both a daylit interior and a darkened environment for light shows [3, 17]. The first long-life 

commercial application of a variable ETFE envelope was by Festo, a company that specializes in 

pneumatic robotics for manufacturing. Festo has adopted ETFE as part of its corporate identity since 

2000, and has constructed a number of variable ETFE envelopes, like the Festo Technology Center in 

Esslingen, which has three atria with three layer printed and variable ETFE cushion roofs that provide 

a controllable range of interior daylight conditions [3]. Another example is the first variable ETFE skin 

in the UK; the Kingsdale School in London. The formerly troubled school was targeted by the 

government for investment in facilities and technology. By uniting the previously unused courtyards 

to create a single large space, which was enclosed by an ETFE cushion roof, the school could 

accommodate social and communal functions including the canteen and a new free-standing 

auditorium that is elevated with the library tucked underneath it. Because ETFE, which is permeable 

to UV-light, was used to enclose the space, existing trees that were outdoors before the renovation, 

were retained inside the space. Through intelligent printing, the roof allows 50 percent light 

transmission when the printed foils are held apart, and only 5 percent transmission when 

superimposed. In addition, the prints are designed in such a way that a Moiré effect is created that 
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constantly changes, creating an animated lighting conditions as people move through the space [3, 

18]. 

    

Figure 8: (Left) Variable shading through printed patterns | Cyclebowl, Atelier Brückner, Hanover (Germany), 2000 

 

Figure 9: Festo Technology Center, Jaschek und Partners, Esslingen (Germany), 2000 
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Figure 10: Kingsdale school, de Rijke Marsh Morgan Architects, London (UK), 2004 

 “ETFE cushion systems are also proving to be amenable to the incorporation of what might be called 

accessories, particularly servicing technologies. In addition to conserving energy through the intrinsic 

insulation value of air and the manipulation of foils by pigments and applied coatings, ETFE cushions 

can now produce energy. By replacing printed shading patterns with solar cells, solar energy that is 

unwanted for heating or lighting the building can be harvested. The development off thin-skin flexible 

photovoltaic cells and triple junction technology allows the absorption of wider ranges of solar energy 

than conventional mono-crystalline cells and transforms the building skin from an inert surface into an 

active energy generating membrane.” [3] 

This technology was used in the library at the John Wheatley College in Glasgow, completed in 2007. 

The dynamic control of air pressure and incorporation of accessory technologies onto cushion surfaces 

enable ETFE envelopes to react in response to diurnal and seasonal cycles as well as changing weather, 

and to act by producing energy [3]. 

 

Figure 11: John Wheatley College, Ahrends Burton & Koralek, Glasgow (Scotland), 2007 
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2.3 Future prediction for ETFE 

ETFE finds its use mostly in aquatic and leisure buildings, e.g. Burgers’ Zoo Mangrove Hall which was 

the first ever ETFE foil structure in 1982. Because ETFE’s properties are currently not fully known, 

short-life projects like these encourage the use of unproven solutions, such as ETFE technology [3, 10]. 

Thanks to this, ETFE has been able to prove its significant benefits over other transparent cladding 

materials. Other than the clear economic improvements around these buildings, ETFE has also proven 

to possess good insulation properties, chemical stability and longevity.  Thus, it has been able to shift 

its status from an ‘unproven solution’ to a trustworthy material for small- and large-scale projects, 

either short-life or long-life. While Vector Foiltec was the pioneering company in promoting ETFE as 

an architectural material by using it in most, if not all, of their most important projects, e.g. the atrium 

roof of the London Chelsea and Westminster hospital in the 90’s, proving its ability to utilise the sun 

to heat and cool the space (i.e. acting as a thermal duvet) or even more important, the Eden Project 

in Cornwall, England, showing ETFE’s inherent ability to let UV light in and thus improve plant growth 

inside its buildings, more and more companies have started adopting the material in their main 

registers making it a widely used material nowadays [3, 10, 13, 14]. Even though it is probably too 

early to assess whether or not ETFE is just a trend that will fade away overtime or if it’s here to stay, 

we can already say that early signs make us lean more towards the latter. These include the 

observation of recent hugely successful projects like Foster’s Khan Shatyr Entertainment Center in 

Astana or the US Bank Stadium in Minneapolis (first application of ETFE in North America) [19, 20]. 

When looking at ETFE’s future, it can be said that it is looking rather good. ETFE is cost-reducing, 

environmentally performant, recyclable, boasts a long life and lowers energy use. However, its 

unusual nature in the form of a cushion can possibly work in its disadvantage. This is not a physical 

trait, but is more personally based in people’s building traditions and trends. Although the structure 

seems quite simple, it gets more complex when taking into account that conventional architecture is 

not always compatible with this type of new components. For example, while building components 

are usually judged on their strength, i.e. becoming stronger when more material is added, ETFE does 

quite the opposite. Adding material results in failure, because ETFE uses its flexibility to absorb loads 

through its elasticity and plasticity [3, 10]. The same contradictions are found in movement; while 

windows concentrate movement at specific locations, e.g. reinforced junctions, ETFE spreads 

movement over the whole layer [3, 10]. Also, ETFE disappears with fire, while previously it was always 

the intention for conventional materials to withstand fire [3, 10]. Therefore, it is clear that there is a 

certain contradiction between ETFE and normal building conventions. While most building 

components try to work against nature, ETFE works with it.  
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Figure 12: Mangrove Hall, Burgers' Zoo, Arnheim (NL), 1982 

 

Figure 13: Chelsea and Westmister Hospital, London (UK), 1990 

 

Figure 14: Eden Project, Cornwall (UK), 2001 
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2.4 Shading Systems 

While glass and other transparent systems have been the subject of a great number of studies, shading 

systems generally present just a few options that have only known minor modifications, i.e. 

improvements, since their invention. Solar shading systems are evaluated on their ability to reduce 

the risk of overheating and the energy needs for cooling, while at the same time, controlling the indoor 

solar environment and avoiding glare [21]. 

Shading systems can be categorized in three groups depending on their position in relation to the 

window opening; external, intermediate and internal [22]. External sunshades have a greater potential 

to reduce unwanted solar gains and thus energy needs for cooling, because these dissipate most of 

the absorbed heat directly to the outdoor air again [22]. However, since they are placed outside, they 

are the most affected by outdoor conditions, which means that they should be made more robust 

(e.g. weather resistant) [23]. For solar rays to reach intermediate or internal shading systems, they 

have to pass through the glass (or another type of transparent component) which means that any heat 

absorbed by the shading system is dissipated to the inside of the room, making intermediate and 

internal systems less performant for reducing solar heating [22, 23]. 

                                 

Figure 15: (Left) Shading System: Internal | (Right) Shading System: External 

However, there are other factors to be considered as well when determining the effectiveness of 

shading systems: 

▪ Materials and finishing (reflectance) 

▪ Fixed or dynamic shading solutions 

▪ Environmental conditions, e.g. facade exposition, geographical location, intensity of thermal 

loads, … [24] 

Absorbed heat 

dissipated to 

the inside 

Absorbed heat 

dissipated to 

the outside 
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2.4.1 External shading systems 

There are three main fixed shading solutions. The first one, a sunscreen, is a frame which is placed in 

front of the window. The frame is filled with horizontal blades or blinds which are preoriented, in most 

cases, to the sun incidence of the period of the year with the biggest thermal loads [24, 25]. 

Sufficient shading can also be achieved by placing an overhang over the window. These overhangs can 

be composed of horizontal lamellas or can be fully closed, thus not letting sun through. Its size is 

determined in accordance to the sun’s lowest incidence at times when shading is required [24, 25].  

The third option are fixed blades that are hung in front of the window, thus allowing more comfortable 

indoor temperatures by blocking a part of the thermal loads. Similarly to sunscreens, the blades are 

preoriented to the sun incidence of the period with the biggest thermal loads [24, 25].  

 

Figure 16: (Left) Sunscreen | (Middle) Overhang | (RIght) Fixed Blades. Source: Transparent Building Envelope, G. Cellai, C. 

Carletti, F. Sciurpi, S. Secchi 

Generally, mobile shading systems are preferred over fixed solutions because they can be adjusted to 

the users’ needs. These include one of the first shading systems ever invented; persian shutters [24, 

25]. They follow the same principles as doors, which means that they are hinged on vertical axes on 

the outer sides of a window opening allowing it to rotate around those axes giving it two possible 

options for solar control; open or closed. The amount of sun coming into the building is thus 

dependent on their position and their type. The two most used types of shutters are shutters with 

closed surfaces and shutters with horizontal openings evenly dispersed over its whole surface. 

However, nowadays another shading system has overtaken the persian shutter as the most widely 

used system; venetian blinds [24, 25]. This type of blinds is composed of slats that can be brought 

down or up, making it adjustable to the user’s needs.  
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Roller blinds are similar to venetian blinds; while venetian blinds work with slats that are moved with 

the help of thin ropes at each side of the blinds which are pulled up or brought down, roller blinds 

work with curtains that are rolled up by rotating a horizontal bar to which the curtain is attached 

around its axis [24, 25].  

 

Figure 17: (Left) Persian Shutter | (Middle) Venetian Blinds | (RIght) Roller Blinds. Source: Transparent Building Envelope, G. 

Cellai, C. Carletti, F. Sciurpi, S. Secchi 

2.4.2 Internal shading systems 

The internal shading systems are mostly similar to the external ones, these include: 

▪ Sunscreens 

▪ Fixed blades 

▪ Venetian blinds 

▪ Roller blinds 

However, the most used internal shading system are classic drapes that move horizontally over a bar 

placed above the window, as we are all familiar with. 
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Figure 18: (Left) Classic Drapes | (Middle) Venetian Blinds | (RIght) Roller Blinds. Source: Transparent Building Envelope, G. 

Cellai, C. Carletti, F. Sciurpi, S. Secchi 

2.4.3 Intermediate shading systems 

Two examples of intermediate shading systems are venetian blinds and roller blinds that are very thin, 

so they can be placed inside the cavity between two glass panes. This proves to be an efficient 

alternative to both internal and external applications, because they are placed in a controlled 

environment and dissipate thermal loads more evenly [24, 25].  

 

Figure 19: (Left) Intermediate Venetian Blinds | (Right) Intermediate Roller Blinds. Source: Transparent Building Envelope, G. 

Cellai, C. Carletti, F. Sciurpi, S. Secchi 

2.5 Pattern-based applications other than shading  

Other than shading, patterns, most notably printed patterns, have known lots of other applications. 

Some of these are characterized by movement of two or more printed layers relative to one another 

from which the most notable in relation to the dissertation subject are stated below. 
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2.5.1 Polarization 

Light is, in its essence, observed as a classic electromagnetic wave. This means that it exists out of two 

kinds of oscillations, one in the electric and one in the magnetic field, which are perpendicular to the 

direction of propagation. When these oscillations are confined to only one direction, it is said that the 

light is linearly polarized. In this case, the waves can propagate in only one direction as opposed to 

many directions, as is the case with unpolarised light. If this direction is blocked as well, no light can 

pass through the polarizing medium [26]. 

Several physical phenomena can be used to select a particular linear polarization direction. The most 

frequently used are dichroic materials. These are stretched in one direction to align its long chain 

polymeric molecules in the plane of the material. When this has happened, an injected iodine 

compound makes the molecules conductive in order to absorb light with an electrical field parallel to 

the molecular chains. In other words, all electrical fields parallel to the stretching direction are 

blocked, while those perpendicular to the stretching direction pass through. Furthermore, there is 

always some absorption of the transmitted wave which results in a reduced intensity even if the input 

is already completely polarized [27]. 

 

 

Figure 20: Unpolarised light becoming polarized by passing through a polarizing filter 
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2.5.2 Moiré effect 

When two or more patterns are superimposed, either in continuous movement or perfectly still, an 

optical illusion emerges which means that a new pattern or a number of different new patterns are 

created from these two individual patterns. This is called a moiré-effect. 

“The essential quality of a moiré pattern is that it is a new pattern that emerges from two existing 

ones. Often, this pattern seems to resonate or create a visual depth not seen in the two original 

patterns individually. When the two patterns are moved relative to each other, the moiré pattern 

changes shape. This is a result of the geometric distribution of dark and bright areas in the 

superposition: areas where dark elements of the original structures fall on top of each other appear 

brighter than areas in which dark elements fall between each other and fill the spaces better.” [28] 

Moiré patterns are used by scientists as a mean of detecting motion and surface abnormalities. They 

can be used to measure surface flatness, stress in metals or even the airflow over the wing of an 

airplane. They also serve a representative function by illustrating orbits around planets, microwave 

activity and holographics. Furthermore, mathematicians often use them to study mathematical 

shapes such as ellipses, parabolas and hyperbolas [28]. 

  

Figure 21: Moiré effect 
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3 Light and shadow 

3.1 Evaluating daylight through a determined number of factors  

Light has always been a crucial phenomenon to ensure humanity’s survival. We cannot see or perceive 

colour without light, nor can we breathe as it is the primary source of energy for photosynthesis [29].  

There exists a broad field of research regarding lighting and daylighting, including photobiologists, 

psychologists, architects, lighting designers and others. The conclusions of this research have been 

broadly summarised by J.A. Veitch and A.D. Galasiu:  

“ 1.   Human well-being relies on regular exposure to light and dark each day. 

2.   Daylight is the most energy-efficient means to deliver the light exposure, when it is available. 

3.   Uncontrolled daylight also can cause problems: veiling luminances that reduce visibility, visual 

discomfort, thermal discomfort. 

4.   The optimal pattern of light and dark exposure, as well as the limits at which daylight control 

is needed, probably varies for different populations defined by age and individual differences. 

5.   The desire for daylight as the source of the light exposure also depends on how the openings 

affect the space appearance, on the function of the space, and on cultural norms about privacy, 

enclosure and view 

6.   A view of outdoors is also a contributor to well-being, particularly if it is a nature or an attractive 

view. Separation from the sky and the outside world is to be avoided.  

7.   Using daylight to deliver useful light is sustainable only in concert with the effects on the 

building envelope, ventilation, and overall energy balance. These require climate-based and locally 

specific solutions that respect other building system considerations and regulations.” [30] 

Experiencing light, colour and shadow is something that is hard to describe. It is complex due to the 

abundance of different aspects that can be allocated to this kind of experience. However, if carefully 

chosen, a predefined combination of some of these aspects can more or less accurately describe the 

experience of light within a certain spatial environment. Eight of these prove to successfully do so: 

light level, light distribution, shadows, light patches, specular reflections, glare, colour of light and 

surface colours [31].  
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3.1.1 Light Level 

Light level is used to describe how light or dark a room is. This does not mean that a room is good or 

bad. It is merely a factor that measures our perception of a certain room in terms of brightness, 

influencing the character of the space and how we orientate ourselves within that space [31]. 

3.1.2 Light Distribution 

Light distribution is the relation between bright and dark areas in a certain space. It describes their 

locations relative to each other. The unity, or disunity, that a space puts forward is greatly decided by 

the light distribution inside the space. There are many different sorts of distributions from a monotone 

distribution with small variations to one with very strong contrasts between bright and dark areas. 

The human eye is very sensitive to light distribution and thus it is an important factor in how we 

perceive a space [31].  

3.1.3 Shadows 

When an area is not reached by light, a shadow is created. Objects have cast shadows when they get 

in the path of directional light. Here, shadows describe the overall experience one gets from the 

shading conditions of a space. Shadows put more emphasis on objects and gives a better idea of their 

location and size. They also give an indication of a certain object’s characteristics regarding light, like 

the object’s opaqueness by looking at how dark the cast shadows are or how light passes through the 

object by examining the distribution of bright and dark spots in its shadow [31].  

3.1.4 Light Patches 

Light patches are caused by outside light, reflected sunlight or by stray artificial light sources. People 

tend to ignore light patches, because they are temporary and their source is mostly known. Although 

we do not take notice of them, they still influence our general experience of a space [31]. 

3.1.5 Specular Reflections 

Smooth, glossy and mirror-like surfaces can cause specular reflections. They depend on location and 

angle of light in a space. Although they are perceived as normal and are quite unnoticed by us, they 

still are an important factor in how we experience a space. In some cases, for example when a specular 

reflection is very bright, very large or has a noticeable colour, it can distort our visual experience of 

the space. On the other hand, they can also be used to bring life to a space, as can be seen by the 

abundance of shiny objects used in festive atmospheres [31]. 
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3.1.6 Glare 

Glare means that the light in our field of vision is too bright to be comfortable. It can be caused by 

daylight, insufficiently screened electrical lighting or even bright specular reflections. Glare is so 

common that it almost always occurs somewhere in our field of vision, although it is usually easily 

ignored [31].  

3.1.7 Colour of Light 

The colour of light does not mean the colour of the light source or the colours of the surfaces upon 

which the light is reflected. ‘Warm’ and ‘cool’ are the most common terms to describe the colour of 

light. Generally, the colour of light is best perceived when compared to another one; for example 

comparing a warm interior light to a cool outer light in winter. In addition to light level and light 

distribution, the colour of light plays an important role in setting the mood, i.e. enhancing the 

experience of a space [31]. 

3.1.8 Surface Colours 

A surface colour is the colour that is perceived as being an integral part of the surface itself. Our ability 

to tell colours apart permit us to distinguish objects and surfaces from one another. When two or 

more colours resemble each other, they are seen as being visually connected. Therefore, these 

differences and similarities between colours contribute to the overall experience of a space as they 

give contrast and depth to the space. These colours are seen as being permanent or constant, except 

under extreme lighting conditions [31].  

3.2 Applicable factors  

In order to evaluate the effect of the new shading system, several of these previous factors have to 

be considered. Notably light level, light distribution and glare. It is important to maintain a sufficient 

amount of daylight coming into the building to ensure a substantial contribution to the light level 

inside the building. Because the new system uses printed patterns to shade the building, it is very 

much possible to have some contrast between bright and dark areas inside of the building. The light 

distribution is a major factor for this kind of system and must comply to the users’ preferences when 

possible. Shadows are closely related to the light distribution and in this case, are evaluated in the 

same way as the light distribution, thus they can be omitted from this research. For glare, the chosen 

pattern will determine its effect on the space. As can be presumed, the less contrast there is between 

areas of high and low light transmission in the system, the less chance there is for glare to pose a 

significant problem for the user. 
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4 ETFE properties 

Ethylene tetrafluoroethylene or ETFE has known a significant rise in attention in recent years due to 

its clear architectural and structural benefits. It was invented by DuPont working for NASA in the 50’s 

as a solution to the degradation of the electrical PVC-insulant under cosmic radiation in space crafts. 

By adding ethylene to PTFE, it could be melted in order to be used as a film, which opened up 

possibilities for ETFE to be used in architecture [3]. Films currently in production typically have 

thicknesses from 50 µm up to 300 µm. This allows for the material to be used either in single-layer 

applications where the foils are tensioned over a structural frame, or as a multi-layer cladding where 

two or more layers are  clamped and sealed to a surrounding frame and inflated into a cushion-

structure [12]. It is mainly used as a better alternative to glass or other transparent systems due to a 

number of clear advantages compared to other materials, however some disadvantages must be 

taken into account as well.  

4.1 Light Transmission 

In the majority of cases, ETFE is primarily used to transmit light, which it does similarly or even more 

efficiently than glass with a 94 to 97% transmission of visible light compared to a transmission of only 

89% for 6-mm single glazing [32]. Furthermore, ETFE has a ultraviolet transmittance between 83% and 

88% which allows for plants and vegetation to be grown successfully inside ETFE-covered structures 

[33]. In comparison, glass only has around 60% ultraviolet transmittance which encourages the use of 

other, more UV-transmitting, materials to be chosen when plants and vegetation growth inside the 

structure is one of its essential targets.  

 

Figure 22: The range of visible light lies between 400 and 700 µm. ETFE clearly has the upper hand on both 

visible light transmission and, more evidently, ultraviolet transmission which ranges between 300 and 400 

µm. Source: Onart, “ETFE Facades and Roofs” (2014) 
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4.2 Sound Transmission 

Both ETFE membranes and cushions are close to non-existent in regard to sound. ETFE films have an 

Rw of 8 dB, which means that almost all sound is transmitted through the film. This can be 

advantageous for public and leisure buildings, because all internally generated noise is immediately 

transmitted out instead of reflected back inside. However, for buildings where quiet interior 

surroundings are required, the transmission of almost all sound from the outside to inner spaces can 

be very disturbing [3, 5]. Two possible solutions have been put forward by Vector Foiltec, one of the 

biggest firms in ETFE-applications. The first one is used ‘for environments where the absorption of 

medium or high frequency sound is critical or where the acoustic environment is particularly sensitive’. 

In this case ‘a kind of Helmholtz resonator can be added to the cushion system. This consists of a 

microporous ETFE layer on the underside of the cushions that, through pneumatic manipulation of air-

filled tubes, can be tuned to selective frequency absorption’ [3]. The second solution applies only to 

rain noise; ‘An ETFE foil cushion is fitted with a device which reduces the effects of rain generated noise 

by reducing the vibration of the external layer of the inflated ETFE foil cushion by dampening it with a 

liquid. In addition, the sound reduction index of the inflated ETFE foil cushion is increased due to the 

increased mass of the ETFE foil cushion due to the addition of the liquid’ [34] 

4.3 Insulation 

The difference in insulation performance is quite large between a single ETFE membrane and a cushion 

structure. While a single membrane has an approximate U value of 5.6 w/m²K, values close to 1.9 

w/m²K can easily be achieved for a standard three-layer cushion. This is a significant improvement 

over glazing, especially when used horizontally (6.3 W/m²K for single glazing and 3.2 W/m²K for double 

glazing) [5, 8]. 

4.4 Solar Control  

In the majority of cases, ETFE and windows cover the same functions in buildings which is to let light 

in and to naturally illuminate the building’s interior and provide views to the outside. But sometimes, 

too much light enters the building which is why, for both components, shading is required. Currently, 

there are some available shading solutions for ETFE-integrated buildings; 

▪ Printing or fritting: While retaining translucency, the foil’s surface is covered with a chosen 

pattern. This method can provide adjustable shading properties to cushions by printing both 

the outer and the middle layer of a three-layer cushion. By adding or subtracting air, the 

middle layer can be moved, which causes it to provide more or less shading by respectively 

moving closer or further away from the outer layer [3, 5, 8]. 
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▪ Tinting: Coloured foils can have a number of functions; it can remove glare, incorporate large 

scale imagery, incorporate branding or aesthetically enhance a building’s architecture [3, 8] 

▪ Surface treatments: The properties of the fabric can be altered during the manufacturing 

process by treating the foil’s surface in different manners, allowing the manufacturer to adjust 

the foil’s light transmission. In most cases, the foil is rendered matt, which can for example be 

beneficial if the building has light show features (e.g. Allianz Arena, München) [3, 8] 

▪ Radiation: When lower levels of infrared or ultraviolet light transmission are desired, the foil 

can be subjected to radiation treatments which will reduce the levels of IR and UV rays 

transmitting through the membrane [15]. 

4.5 G Value 

The higher the G value, the more energy is transmitted through the medium and thus the more the 

building will heat up. This means that ETFE, with a G value of 0.48 for a two-layer system and 0.35 for 

a three-layer system, provides a significant contribution to stop a building for overheating, unlike 

standard glass which has a G value of approximately 0.88 [6, 8]. However, these values also depend 

on the type of installation and its location. Therefore these figures should not be taken as absolute.  

4.6 Life 

The life expectancy of ETFE is not exactly known, because of the material being only recently 

discovered. In other words, presently there are no ETFE applications that have been in place long 

enough to fully understand its life cycle in the long run. On the other hand, the material has been 

researched extensively both in and out of the laboratory and remarkably, researchers concluded that 

ETFE does not degrade, lose its strength, become brittle or discolour over time. Furthermore, it is 

considered weatherproof as it is unaffected by UV light, atmospheric pollution and more [3, 8]. The 

material also has superior resistance to abrasion and cut-through [35]. Thus, its life expectancy is 

currently assumed to be well over 50 years, belonging in the list of durable long-life materials [3, 8]. 

4.7 Environment 

All materials used in the manufacturing process of ETFE causes minimal damage to the ozone layer. 

This process consists of polymerising the monomer TFE into the polymer ETFE. Then, the material is 

extruded to a chosen thickness and welded into large sheets of ETFE. The whole process is done over 

a short time span and consumes a minimal amount of energy [15].  

Furthermore, the material is easily recyclable even though it is rarely needed because of its long life 

span. It is however advantageous when it comes to recycling excess material from the manufacturing 

process [3, 5, 8].  
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Other environmental benefits include low transportation efforts thanks to the material’s flexibility 

allowing it to be rolled up. This means that larger amounts of ETFE can be transported at once, 

compared to glass. Cleaning and maintenance is also significantly lower for ETFE than for glazing, 

because ETFE is very smooth and has non-adhesive properties causing dirt to be washed off with 

water. Maintenance is generally needed only once a year [15, 21].  

4.8 Overall performance in comparison with glass  

When analysing the properties of ETFE, it shows that there are quite a lot of reasons why it is preferred 

over glass or any other type of transparent material. ETFE transmits more light and makes the light 

transmission easily customizable, it insulates more, has a better G value, lives longer, and is less 

detrimental to the environment. However, the poor sound transmission properties might make ETFE 

unsuitable for certain applications, but these are somewhat reduced thanks to some of the solutions 

that were put forward. 
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5 Introduction to the new shading system 

The primary goal of this new system is to enable foil-based structures to alter their light transmission 

at will, as it is still a problem when building these kind of constructions. Two existing applications on 

foil-systems formed the inspirational basis for this new system of which the first one are polarizing 

filters as used in photographic cameras. As explained in the second chapter, polarization confines the 

propagation of light to only one direction. When two of these polarizing layers are laid on top of one 

another and rotated, the light transmission changes due to the difference in polarizing direction from 

one layer in relation to the other.  

Secondly, the innovation presented in this thesis is based on previous shading applications for ETFE-

constructions, e.g. shading by intelligent printing which was elaborated upon in chapter 2 as well. In 

that system, the ETFE-layers could move from and towards each other by changing to air supply in 

both chambers of an ETFE-cushion. 

 

Figure 23: Rotation of polarizing filters 

 

Figure 24: Intelligent printing of ETFE foils 

In this new system, two foils are kept at a close distance from one another and can either rotate or 

translate in their respective planes. These foils are printed with a certain pattern, which are 

superimposed by the system. The new pattern that comes forth from the superposition of two  

separate patterns changes constantly when one of the foils undergoes rotation or translation. In this 

way, the lighting conditions of a space can be adjusted by simply changing the position of one layer in 

the system. Every pattern causes different light levels and distributions, which means that they can be 
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altered in compliance with the user’s preferences. But before getting into the specifics of the system, 

a good understanding of the use of patterns in shading systems and their subsequent shadow patterns 

is needed. 
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6 Shadow patterns 

6.1 Different types of shadow patterns and how to assess them  

Understanding the relationship between the observer’s perception of a space and the luminous 

conditions of that space, such as user interest and emotion, proves difficult due to its dependence on 

the observer’s initial state [36]. Recent experimental studies on the subject have attempted to 

quantify the perceived ambiance in a space, as it is seen as an affective evaluation of the environment. 

Using this method, a more objective evaluation of subjective experience can be created, because it 

does not directly depend or influence the affective state of the observer [36]. Vogels identifies at least 

two factors that can represent the perceived spatial atmosphere, cosiness and liveliness, which is 

comparable to the dimensions of affect and arousal found in literature.  

Few research has been done regarding the effects of daylight on perceived ambiances of space. The 

effect of artificial light and daylight on the atmosphere perception of a real and a virtual environment 

was investigated by Stokkermans and others. It was concluded that the addition of daylight to an 

artificially lit space had little impact on the perceived ambiance. However, the studied daylight was 

diffused, while it was suggested that the use of direct light might have a more noticeable impact on 

the ambiance, as it can lead to larger variations in luminance distribution [37]. 

The impact of perceived lighting quality can be described by two indicators: the mean luminance and 

the variability of luminances [38]. A range of studies showed the importance of contrast and 

luminance variability in a space [37, 38, 39, 40]. However, no indicators regarding the positive 

perceptual qualities of daylight have been widely accepted. A recent study by Rockcastle and Andersen 

puts forward a prediction model for visual interest in two-dimensional representations of space based 

on contrast. The model was inspired off the subjective evaluation of renderings from different 

architectural spaces under various sun positions [42]. This study has showed the importance of 

temporal and spatial diversity of brightness in a certain space and the need for further research on 

the dynamics of light and shadow. Another study by Omidfar investigated the relationship between 

preference judgements and facade patterns in renderings of an office space with different shading 

systems. All systems differ in the shape and regularity of their apertures, which brings forward 

different variations of perceived order and complexity, two factors that are deemed crucial in the 

appraisal of daylight. Furthermore, it was found that the quantitative simulated evaluation of the 

studied configurations and the subjective judgements of the participants were misaligned [43]. In this 

way, the importance of improving quantitative lighting analysis with qualitative measures and the 

need for further research on the impact of facade pattern characteristics on the subjective appraisal 

of daylight, were highlighted.  
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All research done so far has provided promising indications regarding the impact of luminance 

distribution and view on the observer’s appraisal of space. However, we still have a lot more to learn 

about the specific relations between these factors and the perceived qualities of the luminous 

environment, and even more so regarding the impact of both daylight and outside view 

simultaneously. Inspired by experimental psychology and vision research, this study investigates the 

effect of irregularity and the resulting perceived complexity of the facade pattern on the appraisal of 

a daylit space, through subjective evaluations. Both the impact on the view of the user through the 

facade and the spatial experience by that user, are the aim of these evaluations. The study was done 

virtually with the help of a recently introduced methodology that produces stereoscopic immersive 

scenes from physically-based renderings [44]. 

To extend the subject matter even further, research was done regarding the potential link between 

daylighting patterns under sunny conditions and the activities performed by the space’s occupants, as 

put forward by Wang and Boubekri [45]. The same research group later investigated the declared 

seating preference in a room with various levels of sunlight penetration. The results include the 

disliking of access to view and sunlight in the context of teamwork, while they are preferred in the 

context of isolated work and relaxation [46]. 

 

Building further upon Omidfar’s research, a recent study, which is closely related to the subject of this 

thesis, was performed by Chamilothori, Wienold and Andersen. The setup and results are found 

below. 

 

 

Table 1: Shared (✓) and unique (✗) attributes between the studied patterns 
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Figure 25: Variations of sky type (y axis) and facade pattern (x axis) 

 

Figure 26: Responses (%) of 30 subjects for the three facade patterns 

 

Figure 27: Responses (%) of 18 subjects for the two context scenarios 
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As can be concluded from the results above, facade patterns are not that welcome in work spaces, 

while the opposite is valid for social spaces. Furthermore, the use of an irregular pattern feels more 

exciting, interesting and pleasant for the observer. However, the view is quite dissatisfying to most. 

With these results in mind, we can see that the ability to change the pattern to the liking of the user 

is a welcome feature as they can adapt the solar penetration according to their schedule or activities. 

For other environments, eliminating the occurrence of shadow patterns would be a welcome feature, 

e.g. work spaces. While total elimination seems difficult, shadows do have some properties that can 

enable partial elimination of these patterns.  

6.2 Eliminating shadow pattern disturbances  

A cast shadow is generally divided into three parts: the umbra, the penumbra and the antumbra. Only 

the umbra and the penumbra are considered in this thesis. When the light source is a point source, 

only the umbra is cast. Here however, the light source that is relevant to a shading system is the sun 

which is not a point source, thus both the umbra and the penumbra are cast.  

The umbra is the darkest part of the shadow. An observer standing in the umbra does not see the sun 

because it is fully blocked by the object that casts the shadow. The umbra is a direct shadow 

recognisable by its clear contours when there is no penumbra. When a penumbra is present, i.e. the 

light source is a not a point source, a second shadow is cast around the umbra. This defines the area 

where the solar rays are only partially blocked by the object. The shadow of the penumbra is less dark 

than the umbra and appears fuzzy.  

 

Figure 28: Umbra and penumbra of an object under solar exposure (not to scale) 

The penumbra is the key to partially eliminating the inner shadow patterns as they go outward. 

Theycanblend with the shadow of the next printed section in a printed pattern. What the dimensions 

of the separate printed sections on a layer should be in order for this to happen is addressed in the 

following chapter. 

Light Source (Sun) 

Umbra 

Penumbra 
Object 
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Figure 29: Umbra and penumbra of a pencil 
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7 Calculating light transmission and shadow distribution 

In this chapter, methods for calculating the light transmission of two printed ETFE-layers, which are 

placed on top of one another and then rotated and/or shifted in relation to each other in order to 

alter this transmission, are put forward. These calculations are presented in order to show that, with 

these types of formulas, the system can be automatized by enabling the possibility to insert a 

preferred degree of light transmission at any moment in time and, through these formulas, translate 

or rotate the system in order to achieve the given light transmission. 

7.1 Line Pattern 

With printed line patterns, two kinds of movement can enable controllable changes in light 

transmission or light distribution; rotation and translation.  

The overall light transmission and distribution is dependent on a number of factors: 

▪ The width of the lines. The same formulas will apply to patterns which have the same width 

for both lines as for those that have different widths.  

▪ The length of the lines. If the layers were infinite in size, the length of the lines do not need to 

be taken into account, but this is not the case here. 

▪ The original transmission values. Both lines have different transmission values which gives 

three different light transmissions when the layers move; the transmission value when the 

darker lines are superimposed, the value when the brighter lines are superimposed, and the 

value when a darker line is superimposed with a brighter line. 
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7.1.1 Rotation 

 

Figure 30: Rotation of line patterns (visualization) 

       

Figure 31: Rotation of line patterns (different width) 

 

       

Figure 32: Rotation of line patters (same width).     

L 

B 
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In order to calculate the overall transmission of both layers combined, a variable should be used that 

can determine a specific value for all three types of transmission areas (i.e. black, white and grey), as 

well as for the whole system, thus being in relation to each other. Here, this variable is the area; this 

means that an equation has been found that divides the whole layer into a number of basic elements, 

which are subsequently divided into three areas with different light transmissions, thus the overall 

transmission value can be determined. The basic equation for determining the light transmission over 

a certain area is as follows: 

 
𝑇𝑡𝑜𝑡𝑎𝑙 =

(𝑇1 × 𝐴1) + (𝑇2 × 𝐴2) + ⋯ + (𝑇𝑛−1 × 𝐴𝑛−1) + (𝑇𝑛 × 𝐴𝑛)

𝐴1 + 𝐴2 + ⋯ + 𝐴𝑛−1 + 𝐴𝑛
 (1) 

With: 

- Ttotal = Overall transmission 

- Tn = Transmission of line n 

- An = Area of line n 

In the case of figures 32 and 33, the number of different lines is 2 (n=2), which reduces equation (1) 

to the following: 

 
𝑇𝑡𝑜𝑡𝑎𝑙 =

(𝑇1 × 𝐴1) + (𝑇2 × 𝐴2) + (𝑇3 × 𝐴3)

𝐴1 + 𝐴2 + 𝐴3
 (2) 

 

Or 

 
𝑇𝑡𝑜𝑡𝑎𝑙 =

(𝑇𝑏𝑙𝑎𝑐𝑘 × 𝐴𝑏𝑙𝑎𝑐𝑘) + (𝑇𝑤ℎ𝑖𝑡𝑒 × 𝐴𝑤ℎ𝑖𝑡𝑒) + (𝑇𝑔𝑟𝑒𝑦 × 𝐴𝑔𝑟𝑒𝑦)

𝐴𝑏𝑙𝑎𝑐𝑘 + 𝐴𝑤ℎ𝑖𝑡𝑒 + 𝐴𝑔𝑟𝑒𝑦
 (3) 

 

Every one of these systems can be reduced to a basic element from which the larger whole is 

composed. This can significantly simplify the calculations for light transmission. In the case of rotating 

line patterns, the basic element is defined by the red areas in figure 33.  

                                         

Figure 33: Basic elements composing the larger line pattern (rotation)  

d1 d2 
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The basic element can now be further divided in three areas with different light transmission values; 

the black, white and grey areas as shown in equation (3). Because the areas change depending on the 

rotation angle, formulas are needed that determine these areas in function of this angle. In order to 

visualize this, we consider the following figure to understand how the shape shifts from a rectangle to 

a trapezium when rotation is introduced. 

                          

Figure 34: The area of every transmission element is dependable on the angle of rotation 

In figure 34, it is shown that the area will always be equal to 

 𝐴 = 𝑏 × 𝐻 (4) 

With: 

- b = length of the base of the rectangle/trapezium 

- H = height of the rectangle/trapezium 

While the height H remains constant, the base is dependable on the rotation angle and therefore, 

using the trigonometric sine function in triangle ABC, the base can be written as: 

 
𝑏 =

𝑑

𝑠𝑖𝑛𝜃
 (5) 

 

b = d/sin θ 

d 

θ 

θ 

H = d 

θ 

b = d 

H = d 

A 

B 

C 
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Now the three different areas can be defined in function of thicknesses d1 and d2 and the rotation 

angle θ by using (5) in (4):  

 
𝐴𝑏𝑙𝑎𝑐𝑘 =

𝑑1²

𝑠𝑖𝑛𝜃
 (6) 

   

 
𝐴𝑤ℎ𝑖𝑡𝑒 =

𝑑2²

𝑠𝑖𝑛𝜃
 (7) 

   

 
𝐴𝑔𝑟𝑒𝑦 =

2 × 𝑑1 × 𝑑2

𝑠𝑖𝑛𝜃
 (8) 

With: 

- d1 = width of line 1 

- d2 = width of line 2 

The equation to determine the total area of the basic element by summing up the separate areas for 

each transmission value can be written as: 

 𝐴𝑏𝑎𝑠𝑖𝑐 = 𝐴𝑏𝑙𝑎𝑐𝑘 + 𝐴𝑤ℎ𝑖𝑡𝑒 + 𝐴𝑔𝑟𝑒𝑦 (9) 

 

By substituting equations (6), (7) and (8) in (9), it becomes: 

 
𝐴𝑏𝑎𝑠𝑖𝑐 =

𝑑1
2 + 𝑑2

2 + (2 × 𝑑1 × 𝑑2)

𝑠𝑖𝑛𝜃
 (10) 

When the method shown in (1) is applied to equation (10), the following formula can be used to 

determine the overall transmission of the whole layer and, using Galapagos, do the opposite and find 

the line pattern that should be applied in order to achieve a chosen transmission.  

 

𝑇𝑡𝑜𝑡𝑎𝑙 =
((𝑇1

2 × 𝑑1
2) + (𝑇2

2 × 𝑑2
2) + (2 × 𝑇1 × 𝑇2 × 𝑑1 × 𝑑2))

(𝑑1
2 + 𝑑2

2 + (2 × 𝑑1 × 𝑑2))
 (11) 

From this equation it is logical that, because of the elimination of the angle θ in (11), the light 

transmission does not alter in function of the angle of rotation. Despite there being no differences in 

transmission between different rotation angles, there is a large difference between an unrotated 

system and a rotated one. This comes from the fact that there are no grey areas, i.e. where the brighter 

lines superimpose with the darker lines, at zero rotation in comparison with two even grey areas in 

the basic element of a system in rotation. This means that you can either choose to have the program 

calculate the pattern needed to achieve your chosen transmission value at zero rotation or at any 
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given angle apart from zero. In order to find a pattern without rotation, equation (11) should be 

reduced to: 

 

𝑇𝑡𝑜𝑡𝑎𝑙 =
((𝑇1

2 × 𝑑1
2) + (𝑇2

2 × 𝑑2
2))

(𝑑1
2 + 𝑑2

2)
 (12) 

To further clarify, two things are possible and can be known from these formulas. When a light 

transmission is given, one can choose if he or she wants to achieve this transmission in rotation or at 

its initial state and this person can then also see what the transmission will be in the other position. 

When for example, a certain transmission is chosen at its initial position, the user can also calculate 

what the transmission will be when the system is rotated, since both formulas use the same variables.  

Furthermore, the rotation of the system is not obsolete as it contributes majorly to the ambiance of 

the room which adds a second dimension to the system in a way that it does not only alter light 

transmission, but changes the overall feel and perception of the room in compliance to the 

preferences of the user. 

7.1.2 Translation 

 

Figure 35: Translation of line patterns (visualization) 
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Figure 36: Translation of line patterns 

 

                                         

Figure 37: Basic elements composing the larger line pattern (translation) 

If we want the line patterns to shift from a state of being exactly superimposed to one where the same 

transmission is evenly spread out over the whole system, it is evident that both lines must have the 

same width. Thus, assuming d1 = d2, the total area will be determined by an equation that sums up all 

three transmission areas (white, grey and black areas): 

 
𝐴𝑏𝑙𝑎𝑐𝑘 = 𝐿 × (𝑑1 − 𝑥) (13) 

 
𝐴𝑤ℎ𝑖𝑡𝑒 = 𝐿 × (𝑑2 − 𝑥) (14) 

 
𝐴𝑔𝑟𝑒𝑦 = 2 × 𝐿 × 𝑥 (15) 

With: 

- x = translation width 

d1 d2 
x 
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Applying equation (9), the sum of the three areas is: 

 𝐴𝑏𝑎𝑠𝑖𝑐 = (𝐿 × (𝑑1 − 𝑥)) + (𝐿 × (𝑑2 − 𝑥)) + (2 × 𝐿 × 𝑥) (16) 

 

Using the method put forward in equation (1), the total transmission can now be calculated as follows: 

 
𝑇𝑡𝑜𝑡𝑎𝑙 =

(𝑇1² × 𝐿 × (𝑑1 − 𝑥)) + (𝑇2² × 𝐿 × (𝑑2 − 𝑥)) + (2 × 𝑇1 × 𝑇2 × 𝐿 × 𝑥)

(𝐿 × (𝑑1 − 𝑥)) + (𝐿 × (𝑑2 − 𝑥)) + (2 × 𝐿 × 𝑥)
 (17) 

 

7.1.3 Partial elimination of the shadow pattern 

The main disturbance when using printed patterns to shade a building is the recurrence of these same 

patterns in the form of shadows inside of that building. As explained in the previous chapter, these 

can be partially eliminated by making sure that, at a certain distance from the facade inwards, the 

penumbra’s belonging to the different shadows blend together and the umbra is not cast any further 

than that distance. 

 

Figure 38: Partial elimination of the shadow pattern by joining the penumbra's 

The umbra is cone-shaped because while it is generally accepted that solar rays are parallel to one 

another when hitting the earth’s surface, in reality they are not. To determine the true angle, the 

following figure is put forward. 

Visible shadow pattern Unified shadow 
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Figure 39: Angle between solar rays determined by the earth, the sun and their distance from one another 

The following formula, derived from trigonometry, helps to determine the angle α by using known 

parameters like the radius of the sun and the distance between the sun and the earth. 

𝑇𝑎𝑛 𝛼 =
𝑟𝑠𝑢𝑛

𝑑𝑠𝑢𝑛−𝑒𝑎𝑟𝑡ℎ
=

695.700 𝑘𝑚

150.000.000 𝑘𝑚
= 0.0047 

⇒ 𝛼 = 𝑇𝑎𝑛−1 0.0047 = 0.27° 

With: 

- α = the total angle between the outer boundaries of the sun’s light hitting the earth divided 

by two 

- rsun = radius of the sun 

- dsun-earth = average distance between the sun and the earth 

By doubling the angle α, we find that the total angle is about 0.5°. Now we can determine the 

maximum width of the printed lines in function of how deep we want the umbra to penetrate into the 

room by using the same kind of trigonometric formulas as previously used. 

 

Figure 40: depth of the umbra in function of the width of a printed line and the angle α 
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with: 

- dline = width of a printed line 

- Lumbra = depth of the umbra 

Because the systems exist out of two printed layers, the maximum width of one line is halved in order 

to accommodate for translation of one of the layers, making the resulting line of the two layers 

together wider than they would be separately. The following table gives some results for specific 

depths of the umbra.  

Angle α L_umbra d_line d_line/2 

0.27 0.5 0.0048 0.0024 
 

1 0.0097 0.0048 
 

1.5 0.0145 0.0072 
 

2 0.0193 0.0097 
 

2.5 0.0242 0.0121 
 

3 0.0290 0.0145 

Table 2: Maximum width of a printed line in function of the depth of the umbra 

In most rooms, the limit for the depth of the umbra would be around one meter, which means that 

the printed lines should have a maximum width of about half a centimetre. This poses no problems as 

printing is possible down to a minimum thickness of 0,2 mm. 

 

 

 

 

 

 

 

𝑇𝑎𝑛 𝛼 =  
(
𝑑𝑙𝑖𝑛𝑒

2
⁄ )

𝐿𝑢𝑚𝑏𝑟𝑎
 (18) 

                            ↔  𝑑𝑙𝑖𝑛𝑒 = 2 × 0.0047 𝑚 × 𝐿𝑢𝑚𝑏𝑟𝑎 (19) 
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7.2 Radial Pattern 

When a radial pattern is used, only rotation should be considered.  

 

Figure 41: Radial pattern (visualization) 

             

Figure 42: Radial pattern "open" 

             

Figure 43: Radial pattern "closed       
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Figure 44: Basic elements composing the larger radial pattern (rotation)        

In this case, the equation to determine the total transmission can easily be made dependable on the 

angle of rotation instead of on the different areas like previously. Thus, three different angle ratios 

are obtained: 

 
𝑅𝑎𝑡𝑖𝑜 1 =

𝜃1 − 𝜃𝑁

𝜃𝑇
  (20) 

 

𝑅𝑎𝑡𝑖𝑜 2 =
𝜃2 − 𝜃𝑁

𝜃𝑇
  (21) 

 
𝑅𝑎𝑡𝑖𝑜 𝑁 =

𝜃𝑁

𝜃𝑇
 (22) 

Adding the transmission values to their respective ratio gives us the following equation: 

 𝑇𝑡𝑜𝑡𝑎𝑙 = (𝑅𝑎𝑡𝑖𝑜 1 × 𝑇1²) + (2 × 𝑅𝑎𝑡𝑖𝑜 𝑁 × 𝑇1 × 𝑇2) + (𝑅𝑎𝑡𝑖𝑜 2 × 𝑇2²) (23) 

 

With equations (19), (20) and (21), equation (22) can be written as follows: 

 
𝑇𝑡𝑜𝑡𝑎𝑙 = ((

𝜃1 − 𝜃𝑁

𝜃𝑇
) × 𝑇1²) + (2 × (

𝜃𝑁

𝜃𝑇
) × 𝑇1 × 𝑇2) + ((

𝜃2 − 𝜃𝑁

𝜃𝑇
) × 𝑇2²)    (24) 

   

With: 

- θT = Total angle 

- θ1 = Angle of area with transmission value T1 

- θ2 = Angle of area with transmission value T2 

- θN = Angle of rotation 
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7.3 Transforming formulas into computer algorithms  

In order to find which patterns are to be used or what movements the system should make when a 

certain light transmission is required, the formulas written down in chapter 7 are transformed into 

code using Rhino 3D, a CAD application software, and more specifically its Grasshopper plug-in which 

is a graphical algorithm editor integrated within Rhino 3D. When doing this, it becomes possible to 

automatically find the position in which a certain system must be in order to provide the desired light 

transmission. In some cases, multiple positions are possible for the same light transmission making it 

customizable regarding light distribution as preferred by the user.  

7.3.1 Rhino/Grasshopper 

Grasshopper works with components that are visualized graphically. These components are then 

linked by connectors to form an algorithm. The solutions to these algorithms are based on the input 

given by the user which are to be given here through sliders. Every formula for calculating light 

transmission in chapter 7 has been transformed into grasshopper language as shown hereafter. 

Every algorithm in grasshopper is threefold with, from left to right, variables represented by adjustable 

number sliders, components that are needed to compute these variables into a final solution or 

multiple solutions and a component derived from Galapagos which is a plug-in for Grasshopper. The 

latter component is an evolutionary solver which is elaborated upon next. 

 

Figure 45: Typical set-up of the formulas in Grasshopper (Number sliders/Calculations/Galapagos evolutionary solver) 
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7.3.1.1 The workings of Galapagos 

The process of an Evolutionary Solver such as Galapagos will be briefly outlined in this chapter. Each 

image shows the state of the 'population' at a given moment in time. To gain better understanding, 

the image below will be explained in the first instance [47]. 

 

Figure 46: Fitness landscape 

The previous image represents what is called a Fitness Landscape of a certain model. Here, the model 

is composed of two variables, i.e. two values that can change, like the number sliders in Grasshopper. 

In evolutionary computing, these variables are referred to as genes. A change in Gene A changes the 

state of the model which makes it either better or worse, depending on what we determined the final 

solution should be. In other words, as Gene A changes, the Fitness Landscape goes up or down. 

However, for every value of Gene A, Gene B can be varied as well. This will result in better or worse 

combinations of A and B. Thus, every combination of A en B results in a particular fitness which is 

expressed in height. The solver has the task to find the highest peak in this landscape. 

Evidently, a lot of problems are defined by more than two genes, as are the formulas from chapter 7. 

Every gene adds a dimension to the model which means that if, for example, one would have 10 

variables or genes, the fitness volume would be a 10-dimensional model and would be deformed in 

every one of these 10 dimensions. As this is impossible to visualize, only two-dimensional models are 

shown, keeping in mind that with more genes, the landscape becomes more and more complex. 

The solver starts off with absolutely no idea about the actual shape of the fitness landscape. This is 

evident as an evolutionary solver would be obsolete if we knew the shape. Thus, the first step of the 

solver is to populate the landscape with random genomes. A genome is defined as a specific value for 

each and every gene. These are then evaluated and provides the following distribution [47]. 
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Figure 47: Random population on the fitness landscape 

Once the fitness of every genome, i.e. its elevation in the landscape, is known, they can be ordered 

from fittest to lamest. The solver is looking for high-ground in the landscape, thus it is assumed that 

the higher genomes are closer to potential high-ground than the low ones. The latter can consequently 

be killed off as they do not perform as well as the remainder [47]. 

 

Figure 48: Killing off the worst performing genomes 

One might think that it is enough to simply pick the best performing genome from the initial 

population, but as was stated, the initial population is a random one so it is quite unlikely that this 

happens to include the best performing genome. Instead, a new generation of genomes is bred from 

the best performing genomes in Generation 0. When two genomes breed, their offspring will locate 

itself in the intermediate model-space, thus exploring fresh ground [47]. 
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Figure 49: A new generation that clusters around the peaks 

A new population has now been created, which is not completely random and has already began to 

group itself around the three fitness peaks. These above steps, i.e. kill off the worst performing 

genomes and breed the best performing genomes, are then repeated until the highest peak has been 

reached. This represents the best solution, which is a specific combination of values for every gene 

[47]. 

 

Figure 50: Best performing genomes 
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7.3.2 Line Pattern 

For the line pattern, the following sliders create the input from the user; the thicknesses of both lines 

as well as their solar transmittance, the height of the overall system and the translation distance. As 

was done in the formulas, rotation and translation are calculated separately. It is important to note 

that, in the case of rotation, the rotation angle does not have an influence on the light transmission. 

However, whether the system should be rotated or not is defined by whether or not areas with 

different light transmission values overlap or not. 

As a reminder, the final formula, which calculates the solar transmission of a line-pattern based system 

under rotation concluded is the following: 

 

𝑇𝑡𝑜𝑡𝑎𝑙 =
(((𝑇1

2 × 𝑑1
2) + (𝑇2

2 × 𝑑2
2) + (2 × 𝑇1 × 𝑇2 × 𝑑1 × 𝑑2)))

((𝑑1
2 + 𝑑2

2 + (2 × 𝑑1 × 𝑑2)))
  

When the system is not under rotation, the formula is reduced to: 

𝑇𝑡𝑜𝑡𝑎𝑙 =
((𝑇1

2 × 𝑑1
2) + (𝑇2

2 × 𝑑2
2))

(𝑑1
2 + 𝑑2

2)
 

In translation, the formula is: 

 
𝑇𝑡𝑜𝑡𝑎𝑙 =

(𝑇1² × 𝐿 × (𝑑1 − 𝑥)) + (𝑇2² × 𝐿 × (𝑑2 − 𝑥)) + (2 × 𝑇1 × 𝑇2 × 𝐿 × 𝑥)

(𝐿 × (𝑑1 − 𝑥)) + (𝐿 × (𝑑2 − 𝑥)) + (2 × 𝐿 × 𝑥)
  

These are translated as follows: 

 

Figure 51: Line pattern – In rotation 
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Figure 52: Line pattern - Not in rotation 

 

Figure 53: Line pattern – In translation 

7.3.3 Radial Pattern 

Here, the sliders used are the angle of both parts of the pattern as well as their solar transmittance 

and the angle of rotation. The formula for radial patterns in rotation is the following: 

 
𝑇𝑡𝑜𝑡𝑎𝑙 = ((

𝜃1 − 𝜃𝑁

𝜃𝑇
) × 𝑇1²) + (2 × (

𝜃𝑁

𝜃𝑇
) × 𝑇1 × 𝑇2) + ((

𝜃2 − 𝜃𝑁

𝜃𝑇
) × 𝑇2²)     
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Translated in Grasshopper, the formula becomes: 

 

Figure 54: Radial pattern - In rotation 
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8 Application and prototype 

8.1 Modular application 

When using flat foils, movement is induced by the surrounding frame. This means that, in this case, 

dynamic frames are used to alter the light transmission. The shape of the frame is dependent on the 

use and type of application, but in most cases, a modular shape is preferred thanks to its ability to be 

repeated in order to create a larger whole. A few modular shapes are illustrated below: 

 

Figure 55: Modular shapes 

For translational movement, rectangular shapes are the most beneficial, while for rotation, the 

hexagon proves most efficient. Triangular shapes however, are not advantageous in neither kind of 

movement and can thus be dismissed. Furthermore, when the objective is to incorporate both 

translation and rotation, the hexagon proves to be the better solution. Thus, for further research, the 

hexagon will be taken as the principal shape of the surrounding frame in which the foils are clamped.  

 

Figure 56: Examples of how to implement the hexagonal shape in a building 
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There are only a few buildings worldwide that use hexagonal shapes as their main shape for the 

construction of a building. The most notable and recognizable is the Eden Project in Cornwall, UK 

which also uses ETFE inside its hexagonal frames, subsequently proving that the hexagonal shape can 

be well implemented in architecture. 

 

Figure 57: Eden Project, Cornwall, UK 

8.2 Building the frame 

What follows next is a proposition of how such a frame can be built. If we want the layers to translate 

and rotate in relation to one another, only one of these layers must actually be able to do these 

movements. The other layer does not move and can thus be the structural frame imbedded in the 

building’s structure. The frame has four layers; two outer layers for structure, one for rotation and 

one for translation. In this way, rotation and translation can happen together or separately. The foils 

are then clamped in the two outer layers of the frame.  

 

Figure 58: Four layers are needed to build the frame 
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8.3 A simplified prototype 

A prototype was made which will mainly be used as an observational tool. There are three primary 

objectives that formed the reasoning behind making a simple, manual prototype; to present how the 

system works in a straightforward way, to show a physical representation of the shadow patterns cast 

by the system, and to discuss other matters that are observable through the physicality of a prototype, 

e.g. moiré patterns.  

The prototype is made from wooden layers that are cut by laser. Holes are provided in the three 

middle layers; i.e. inserting a bolt can stop the system from moving once the desired position is 

reached. 

 

Figure 59: Frame of the prototype 

 

Figure 60: Layers of the prototype  

Outer layer 

Translation 

Rotation 

Structure 

Inner layer 
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The frame of the prototypes is composed of five layers: 

1. Inner layer: Holds the inner printed layer in place and attaches itself to the rest of the frame 

using magnets to ensure that the replacement of the layer by another one that has a different 

printed pattern is a fast and easy process. 

2. Structural layer: This layer does not move and provides stability as well as the ability for the 

frame to be connected to a larger whole or a second frame. 

3. Rotational layer: Rotation is induced when this layer turns on the structural layer. 

4. Translational layer: At two opposite spots on the rotational layer, sliders are provided for the 

next layer, the translational layer, to move in one direction. To make sure that it moves well, 

the round shape has been elongated with straight parts at the sliders. 

5. Outer layer: Holds the inner printed layer in place and attaches itself to the rest of the frame 

using magnets, as did the inner layer. 

 

Figure 61: Detail of the sliders 
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9 The communicative envelope 

As mentioned in chapter 2, patterns are already used for other applications, e.g. moiré patterns. While 

stand-out building projects strive for unique and striking designs through various ways, e.g. out-of-

the-box designing, light effects, materiality and so on, moiré patterns are seldomly used in 

architecture. Because the effect relies on two patterns that are overlaid and move in relation to one 

another, the system that is developed in this thesis bridges the gap between moiré patterns and their 

application in architecture. A facade created from these patterns can add a sense of motion to the 

building and can do this in two ways; by walking alongside the building the patterns overlay differently 

at different angles creating the effect, or by moving the individual patterns themselves in relation to 

one another the building creates the effect on its own. The first of these two was applied in the 

Brisbane Girls Grammar School for a new Creative Learning Centre and is one of the few projects 

where moiré patterns were used. The feature of having constantly moving moiré patterns through a 

dynamic frame forms an important added value to the concept and to the system developed in this 

thesis.  

 

Figure 62: Creative Learning Centre, Brisbane Girls Grammar School 

The architectural concept of a communicative envelope however, is not limited to the creation of 

prominent facades. In a world where brands and marketing fill a majorly important space in business 

and society, buildings form an opportunity for better exposure. In the majority of large cities over the 

world, heavily visited locations are often characterized by the many marketing efforts that are done 

through the surrounding buildings. Locations of which the most notable is Times Square in the City of 

New York.  
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Figure 63: Times Square, New York City, USA 

But the concept has been applied a great many times over the years that it has come to a point where 

it has lost its eye-catching feature if applied through conventional methods. The large LED-boards that 

are attached to buildings and display messages for marketing purposes have been outdone by other, 

more creative and fresh ways to advertise through architecture.  

 

Figure 64: Building advertisement for shampoo 

Even though moiré patterns are mostly used to create certain visual effects, they can also display 

predetermined messages through a careful selection of pattern alterations. Thus, buildings can act as 

the LED-board themselves through their facade.  

In some specific cases, both light transmission alterations and moiré patterns are simultaneously 

possible with the same set of patterns in the same frame. This furthers the development of facades 

which offer advantages to both the inside and the outside in a fascinating way. One of the reasons 

why materials like ETFE and new facade concepts like printed patterns are difficult to integrate into 
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mainstream architecture comes from the difficulty that lies within the widely accepted ideas of how 

buildings should look and act. But the advertising building is not part of mainstream architecture and 

therefore benefits greatly from the fact that these new materials and concepts are not yet known to 

the public, consequently receiving much attention and interest when applied. 

 

Figure 65: Communicating through moiré patterns | First part 

 

Figure 66: Communicating through moiré patterns | Second part 

 

Figure 67: Communicating through moiré patterns | Third part 
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10 Simulations 

To evaluate the effects of different choices of patterns for a space, these choices are recreated in 

VELUX Daylight Visualizer 3, a software used to design, calculate and visualize various light scenes. 

10.1 Set-up 

A room of 10 by 10 meters with a height of 4 meters was set up to ensure sufficient width to integrate 

an entire shading system of at least ten different components, i.e. hexagonal frames, and enough 

depth for the sunlight to shine entirely on the plane upon which the illumination values are measured. 

This room was made in AutoCAD which is a computer-aided design and drafting programme.  

           

Figure 68: Set-up – (Left) Model in AutoCAD | (Right) Model in VELUX 

Four patterns have been chosen for testing; a line pattern, a radial pattern and a pattern of circles. 

The height of the plane where the average illuminance is recorded is at 600 mm which is right under 

the aperture. The building is located in Brussels and the facade with the aperture is oriented to the 

south. The recordings are done under sunny conditions in order to incorporate direct sunlight. The 

time has been set to midday in the month of June. 

 

Figure 69: Render specifications VELUX 
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10.2 Simulations and results  

10.2.1 Line pattern 

 

Figure 70: Line Pattern 

The line pattern was determined in accordance to the calculations in chapter 7 for the elimination of 

the shadow pattern at 1 meter from the aperture. This means that the pattern is composed of lines 

with a width of 5 mm. The following results were noted. 

10.2.1.1 Light transmissions: 0 and 100% - Translation 

 

Figure 71: Line Pattern | 0-100% | (Left) Translation: 0 mm & Rotation: 0° | (Right) Translation: 1 mm & Rotation: 0° 
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Figure 72: Line Pattern | 0-100% | (Left) Translation: 2 mm & Rotation: 0° | (Right) Translation: 3 mm & Rotation: 0° 

 

Figure 73: Line Pattern | 0-100% | (Left) Translation: 4 mm & Rotation: 0° | (Right) Translation: 5 mm & Rotation: 0° 

10.2.1.2 Light transmissions: 0 and 100% - Rotation 

 

Figure 74: Line Pattern | 0-100% | (Left) Translation: 0 mm & Rotation: 0° | (Right) Translation: 0 mm & Rotation: 15° 
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Figure 75: Line Pattern | 0-100% | (Left) Translation: 0 mm & Rotation: 30° | (Right) Translation: 0 mm & Rotation: 45° 

 

Figure 76: Line Pattern | 0-100% | (Left) Translation: 0 mm & Rotation: 60° | (Right) Translation: 0 mm & Rotation: 75° 

 

Figure 77: Line Pattern | 0-100% | Translation: 0 mm & Rotation: 90° 
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10.2.1.3 Light Transmissions: 40 and 80% - Translation 

 

Figure 78: Line Pattern | 40-80% | (Left) Translation: 0 mm & Rotation: 0° | (Right) Translation: 1 mm & Rotation: 0° 

 

Figure 79: Line Pattern | 40-80% | (Left) Translation: 2 mm & Rotation: 0° | (Right) Translation: 3 mm & Rotation: 0° 

 

Figure 80: Line Pattern | 40-80% | (Left) Translation: 4 mm & Rotation: 0° | (Right) Translation: 5 mm & Rotation: 0° 



70 
 

10.2.1.4 Light transmissions: 40 and 80% - Rotation 

 

Figure 81: Line Pattern | 0-100% | (Left) Translation: 0 mm & Rotation: 0° | (Right) Translation: 0 mm & Rotation: 15° 

 

Figure 82: Line Pattern | 0-100% | (Left) Translation: 0 mm & Rotation: 30° | (Right) Translation: 0 mm & Rotation: 45° 

 

Figure 83: Line Pattern | 0-100% | (Left) Translation: 0 mm & Rotation: 60° | (Right) Translation: 0 mm & Rotation: 75° 
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Figure 84: Line Pattern | 0-100% | Translation: 0 mm & Rotation: 90° 

10.2.1.5 Graphics 

 

Figure 85: Line pattern (0-100%) under translation 

 

Figure 86: Line pattern (0-100%) under rotation 

197.3

171.5

103

58

27.6
11.9

0

50

100

150

200

250

0 1 2 3 4 5

A
ve

ra
ge

 I
llu

m
in

an
ce

Translation Distance

Line Pattern Translation 0% & 100%

197.3

80.5 78.7 75.6 73.9
63.1 72

0

50

100

150

200

250

0 15 30 45 60 75 90

A
ve

ra
ge

 il
lu

m
in

an
ce

Rotation Angle

Line Pattern Rotation 0% & 100%



72 
 

 

Figure 87: Line pattern (40-80%) under translation 

 

Figure 88: Line pattern (40-80%) under rotation 

10.2.1.6 Discussion 

The results of the line pattern under rotation comply to what we expected from the calculations, i.e. 

there is a substantial difference in light transmission between the angle at zero degrees and the first 

rotation and no meaningful change in transmission when continuing the rotation further. The 

translation graphics meet the expectations as well with a gradual reduction in average illuminance 

when ‘closing’ the system by translation. Furthermore, it becomes clear that the effects of translating 

and rotating the system are greater when the two chosen light transmission values are further apart 

from each other. 
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10.2.2 Radial pattern 

 

Figure 89: Radial Pattern 

The radial pattern has been set at an angle of 5 degrees for every division. Both transmission areas 

were put at the same angle to ensure that the system can fully close. As said in previous chapter, the 

translation of radial patterns causes unwanted psychedelic effects, which is why translation is not 

considered in these simulations. 

10.2.2.1 Light transmissions: 0 and 100% - Rotation 

 

Figure 90: Radial Pattern | 0-100% | (Left) Translation: 0 mm & Rotation: 0° | (Right) Translation: 0 mm & Rotation: 1° 

 

Figure 91: Radial Pattern | 0-100% | (Left) Translation: 0 mm & Rotation: 2° | (Right) Translation: 0 mm & Rotation: 3° 
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Figure 92: Radial Pattern | 0-100% | (Left) Translation: 0 mm & Rotation: 4° | (Right) Translation: 0 mm & Rotation: 5° 

10.2.2.2 Light transmissions: 40 and 80% - Rotation 

 

Figure 93: Radial Pattern | 40-80% | (Left) Translation: 0 mm & Rotation: 0° | (Right) Translation: 0 mm & Rotation: 1° 

 

Figure 94: Radial Pattern | 40-80% | (Left) Translation: 0 mm & Rotation: 2° | (Right) Translation: 0 mm & Rotation: 3° 
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Figure 95: Radial Pattern | 40-80% | (Left) Translation: 0 mm & Rotation: 4° | (Right) Translation: 0 mm & Rotation: 5° 

10.2.2.3 Graphics 

 

Figure 96: Radial pattern (0-100%) under rotation 

 

Figure 97: Radial pattern (40-80%) under rotation 
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10.2.2.4 Discussion 

As expected, the average illuminance reduces gradually when rotating the system. However, once the 

system is rotated further than half of the maximum rotation angle, the gradual reduction in average 

illuminance does not apply anymore. Here, the system does not alter its transmission that much, and 

this is even more evident for light transmission values that are closer to each other. As was noticed 

for the line patterns, the effects of rotation and translation are again much more significant when the 

light transmission values are further apart from one another 

10.2.3 Circle pattern 

 

Figure 98: Circle Pattern 

A third option is now tested; a pattern of circles. The circles have a radius of 10 mm and are placed in 

at a distance of 60 mm, or three circles, between their middle points. To complete the pattern, every 

group of four circles have another circle in the middle of the square formed by these circles. Here, all 

the circles have the same transmission value and the empty area receives the other value. The lowest 

transmission is given to the circles and not the surrounding foil, so that more light enters the building. 

But of course, the reverse is also possible for rooms that need to be very dim.  

10.2.3.1 Light transmissions: 0 and 100% - Translation 

 

Figure 99: Circle Pattern | 0-100% | (Left) Translation: 0 mm & Rotation: 0° | (Right) Translation: 5 mm & Rotation: 0° 
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Figure 100: Circle Pattern | 0-100% | (Left) Translation: 10 mm & Rotation: 0° | (Right) Translation: 15 mm & Rotation: 0° 

 

Figure 101: Circle Pattern | 0-100% | (Left) Translation: 20 mm & Rotation: 0° | (Right) Translation: 25 mm & Rotation: 0° 

 

Figure 102: Circle Pattern | 0-100% | Translation: 30 mm & Rotation: 0° 
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10.2.3.2 Light transmissions: 0 and 100% - Rotation 

 

Figure 103: Circle Pattern | 0-100% | (Left) Translation: 0 mm & Rotation: 0° | (Right) Translation: 0 mm & Rotation: 15° 

 

Figure 104: Circle Pattern | 0-100% | (Left) Translation: 0 mm & Rotation: 30° | (Right) Translation: 0 mm & Rotation: 45° 

 

Figure 105: Circle Pattern | 0-100% | (Left) Translation: 0 mm & Rotation: 60° | (Right) Translation: 0 mm & Rotation: 75° 
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Figure 106: Circle Pattern | 0-100% |Translation: 0 mm & Rotation: 90° 

10.2.3.3 Light transmissions: 40 and 80% - Translation 

 

Figure 107: Circle Pattern | 40-80% | (Left) Translation: 0 mm & Rotation: 0° | (Right) Translation: 5 mm & Rotation: 0° 

 

Figure 108: Circle Pattern | 40-80% | (Left) Translation: 10 mm & Rotation: 0° | (Right) Translation: 15 mm & Rotation: 0° 
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Figure 109: Circle Pattern | 40-80% | (Left) Translation: 20 mm & Rotation: 0° | (Right) Translation: 25 mm & Rotation: 0° 

 

Figure 110: Circle Pattern | 40-80% | Translation: 30 mm & Rotation: 0° 

10.2.3.4 Light transmissions: 40 and 80% - Rotation 

 

Figure 111: Circle Pattern | 40-80% | (Left) Translation: 0 mm & Rotation: 0° | (Right) Translation: 0 mm & Rotation: 15° 
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Figure 112: Circle Pattern | 40-80% | (Left) Translation: 0 mm & Rotation: 30° | (Right) Translation: 0 mm & Rotation: 45° 

 

Figure 113: Circle Pattern | 40-80% | (Left) Translation: 0 mm & Rotation: 60° | (Right) Translation: 0 mm & Rotation: 75° 

 

Figure 114: Circle Pattern | 40-80% | Translation: 0 mm & Rotation: 90° 
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10.2.3.5 Graphics 

 

Figure 115: Circle pattern (0-100%) under translation 

 

Figure 116: Circle pattern (0-100%) under rotation 

 

Figure 117: Circle pattern (40-80%) under translation 
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Figure 118: Circle pattern (40-80%) under rotation 

10.2.3.6 Discussion 

From the results, it can be concluded that this type of circle pattern is not very effective in regard to 

solar transmission. The differences in average illuminance between the various simulations are too 

small for a person to notice a significant change in light levels inside the room. However, the pattern 

offers an interesting play of patterns in rotation which could make for pleasant shadow patterns or 

communicative envelopes. 
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11 Discussion and conclusion 

11.1 Discussion 

Introducing a new concept that puts forward a new way of using a recently introduced material in 

architecture is not an easy task. With conventional materials, outer boundaries are already in place 

that guide the research for improvement and innovation in the right direction. When these boundaries 

do not exist, the research possibilities for research and improvement are unlimited meaning that there 

will not always be a good fit between the research and the material. Even though a new concept seems 

to be working well on paper, it can still be deemed a bad idea after sufficient testing and practical 

application. Thus, when one develops a new concept for a new material that is applied in a new 

manner, he or she should not assume that they will automatically be hitting the nail on the head. So 

here the question is, have I? 

This isn’t simply a polar question as its answer lies in multiple parts of the research. Thus, the question 

must be further divided into three other questions that apply to their respective fields of research. 

Does the concept of overlaying printed patterns and moving them in relation to one another work and 

if so, do the results meet the minimum criteria in order to be considered efficient? Does the 

surrounding frame work as expected and can it easily be applied in architecture? Does implementing 

the new shading system provide an added value that is large enough for the system to be considered 

as a suitable alternative to currently existing applications? 

11.1.1 Does the concept of overlaying printed patterns and moving them in relation to one another 

work and if so, do the results meet the minimum criteria in order to be considered efficient? 

From a theoretical point of view, altering the light transmission of a building by using printed patterns 

proves to be perfectly possible and it does so in a sufficient manner. The formulas in chapter 7 show 

that the total solar transmission of the system is able to change over a wide range of values if the 

patterns, their respective individual light transmission values and their movements are well chosen. 

This is reinforced by the fact that the evolutionary solver, used when the formulas are translated into 

computer algorithms, finds multiple answers for the same specific transmission value. This proves that 

the system will often have more answers than there are questions, i.e. multiple patterns and positions 

of these patterns can often achieve the same result.  

Both patterns that were analysed in chapter 7 were used as an aperture to simulate illuminance values 

in a predefined room, as well as a third pattern. The simulated results from both the line and the radial 
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patterns met the expectations that came from the formulas and thus proved that the theory and the 

practical application of this theory are in line with each other. 

Thus, the concept works both theoretically and practically, although this is more of a preliminary 

answer than a final one. To answer this question with full certainty, the system still must prove its 

effectiveness in real life. This means that it must be implemented in a real-life application and prove 

its worth over an acceptable lifespan.  

11.1.2 Does the surrounding frame work as expected and can it easily be applied in architecture? 

This question is twofold because both the mechanisms ensuring the different movements inside the 

larger frame, and the frame itself inside the larger construction should prove that they work and that 

they do so well.  

The latter has proven to be true through various projects that use hexagonal frames as their main 

shape for construction, e.g. the Eden Project in Cornwall, UK. But it should be noted that the frame 

now carries more responsibilities than only ensuring stability and keeping the foils in place; they must 

also be able to move the foils in relation to one another which will make the frame more complex in 

a detailed technical sense. The simplified prototype however, shows that the mechanisms can confine 

themselves to the hexagonal shape of the frame, meaning that the complexity of the frame should be 

carefully handled when trying to build with it, but the possibility of being able to do so seems very 

likely. Furthermore, a construction that involves modular shapes creating the larger whole is often 

easier and faster to build than many other types of constructions.  

Here also, the answer is preliminary as there are a number of buildings that present the hexagon as a 

modular shape upon which a building can be constructed, but there is a lot more to the frame as only 

the shape. Hence, these added features have not proven themselves in a real-life application yet. 

11.1.3 Does implementing the new shading system provide an added value that is large enough for 

the system to be considered as a suitable alternative to currently existing applications? 

If the system proves through real-life testing that both preliminary answers to the two first questions 

can be considered as final, it does provide a sizeable added value. It uses ETFE which is a material that 

is rising fast in the construction world and often proves to perform better than any other transparent 

alternative for a great number of applications. Furthermore, it provides more shading possibilities 

than currently existing shading systems through smart printing and allows for automatization. This is 

reinforced with, as stated in the answer to the first question, the fact that multiple positions and 

patterns can offer the same transmission value. This means that the atmosphere of any room, partially 
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created by the shadow patterns, can in many cases be altered to the preference of the user without 

changing the light transmission value. 

However, some important disadvantages still exist when opting for this system instead of other 

alternatives. The three most important disadvantages are elaborated upon hereafter. Firstly, ETFE is 

not applied in the form of a cushion which is the main method of implementing ETFE in buildings as it 

provides more strength and resilience. Secondly, even though we can build good buildings with 

hexagonal frames, it is far from being considered as mainstream architecture and consequently, the 

system might experience some difficulties when trying to make the transition from specific to 

commercial use. A last disadvantage, and perhaps the most important one, lies in the use of 

permanently printed patterns as a way of shading. This means that the pattern cannot be removed, 

thus never allowing all sunlight into the building as a portion of the light will always be blocked by the 

pattern.  

11.2 Conclusion 

The questions from the discussion relating to the larger issue of how well the new shading system 

performs and how strongly its application fits with current construction and architectural standards, 

present promising answers. However, these are cautious answers as they come forth from a largely 

theoretical framework and a range of computer simulations. The research shows that the new system 

is promising on a variety of aspects.  

1. The concept of using patterns as a manner of altering light transmission works and its 

effectiveness is greatly enhanced by allowing both translational and rotational movement. 

2. The system does not only carry the ability to alter light levels, but proves to be applicable to 

other functionalities as well, e.g. designing communicative and prominent building envelopes 

or playing with shadow patterns to animate interior spaces. 

3. The hexagonal frame shows an innovative way of bringing dynamism in a facade and 

challenges existing conventions in construction. 

If the new shading system can prove itself in a real-life application over a sufficiently large amount 

of time, it provides a suitable alternative for other kinds of transparent facade constructions. 

Furthermore, the system can be a stepping stone for ETFE to be introduced to the general public 

by providing a new viable option for a wide variety of buildings. Opting for this system instead of 

others is a choice that is supported by a favourable set of valuable arguments, i.e. the design of 

lighter constructions by using ETFE instead of glass which weighs only 1% of the weight of glass, 

the cost-effectiveness of using a self-cleaning material and no additional shading systems and the 

ability to fully automatize shading in a building and provide the user with a greater choice of 



87 
 

preferences. Even though the disadvantages of the system stated in the discussion still apply, its 

benefits are undeniable and the research provides a whole new perspective on how design, 

construction and innovation can move forward not alongside, but with each other.  
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12 Limitations and further research 

12.1 Research limitations  

12.1.1 Complex patterns mean complex formulas 

In chapter 7, formulas are presented to obtain the total light transmission of line and radial patterns 

when moved in relation to one another. Only these two types of patterns have been chosen for the 

formulas, because the different areas of light transmission and how these areas change when 

movement is introduced are easier to comprehend. This means that the patterns are simpler to 

describe mathematically, because we understand the complexity behind it. When other patterns, like 

the circle pattern in chapter 10, are used, it is very complex to find the total light transmission at every 

position through mathematical formulas. When the patterns are irregular, this becomes nearly 

impossible. 

In order to resolve the issue, the patterns could be implemented in a software program that can 

automatically differ the darker and brighter spots of a two-layer system and calculate their respective 

areas. These types of programs were not considered because the needed background to utilize them 

are not in the broader scope of an architectural engineer. The specialized knowledge of a third party 

is needed to reach this objective, but outsourcing certain parts of the research does not comply with 

the expectations that a master’s student should meet. 

12.1.2 Making the prototype 

There were several limitations when trying to make a prototype. The choice to make a simplified 

prototype was chosen because the mechanical details that the real frame would have are too 

extensive as the focus of the thesis does not lie on the technicality of the frame, but on its abilities. 

On another note, printed ETFE is difficult to obtain because there are not many companies that 

provide it. Entities that do provide it, require order quantities that largely surpass the amount that is 

needed for the prototype.  

12.1.3 Limited simulations 

Unfortunately, lighting simulation tools for the analysis of daylight conditions in buildings are either 

very expensive or need to run on computers with a high performance. Although the VUB’s computers 

usually have enough performance to run these programs, they cannot install new programs within the 

current academic year, thus rendering these computers unusable. One of the programs that did work, 
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was Velux Daylight Visualizer 3 which is quite limited. Consequently, the average illuminance is the 

best available variable to give a good indication of how well the new system works and other aspects, 

e.g. glare, are thus not included. 

12.2 Further research 

The research can be continued on many different aspects of which a few examples are given below, 

but there are many more paths that can be taken following this research. 

1. Finding the optimal patterns either for light transmission or other objectives. 

2. Working out the technical details of a frame that must include both translational and 

rotational movement, which is a complex mechanical issue when automatization and 

structural aspects are added to the objective. 

3. Determining how to construct with the different frames or implement it inside the larger 

building. This can be addressed on various levels; e.g. the shape of the frame or of the building, 

the connections between the frames or between the frame and other elements of the 

building, the best way to apply the frames to optimize the systems performance, etc. 

4. Researching the communicative envelope through moiré patterns as a new way of advertising 

through or giving prominence to architecture. 

5. Resolving the issue of calculating the total light transmission of a system with other patterns 

than the ones used in chapter 7. Preferably finding a way to be able to calculate the light 

transmission of every single set of patterns either through formulas or software. 

6. Making a real-life prototype and use it to conduct studies as to see how good the fit is between 

its performance through simulations and its real performance over a certain period of time. 
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13 Design of a brewery 

Designing a building using a material like ETFE and certainly in a shading-system as presented in the 

first part of this thesis usually provides the set-up for a landmark design in the sense that its 

architecture will mostly be perceived as out of the ordinary and thus eye-catching to the mainstream 

public. Taking this into account, the design challenge that was selected was that of the new Brasserie 

de la Senne; a brewery that is currently located in Molenbeek, Belgium, but will be moving to a new 

location on the Tour & Taxis site in the city centre of Brussels, near the Willebroek Canal. This decision 

was made upon the fact that the old brewery cannot provide the demanded production quantities 

anymore due to a rising popularity of the brand. The new location will accommodate larger facilities 

enabling the company to produce more than twice their usual production quantities. How the new 

brewery has been designed and how it is linked to the research of this thesis are subjects that will be 

elaborated upon in this chapter, but first, it is important to understand the basic workings of a brewery 

in order to fully grasp how this type of building functions in its entirety.  

13.1 The workings of a brewery 

When trying to explain how a brewery functions, it is important to start with its core element that is 

also the most important output of a brewery; beer. Beer is the most popular alcoholic beverage in this 

world. Its manufacturing includes the fermentation of sugar which comes from starch and usually 

comprises barley, wheat, corn, malt and barley. These starch molecules are then broken down by 

enzymes which leads to a sugary liquid called wort. Hops are then introduced into the mixture giving 

the liquid its distinguished flavour along with possible fruits and herbs, and act as a natural 

preservative. Fermentation is then induced with yeast, leading to the production of alcohol. This entire 

process is called brewing [50].  

 

Figure 119: Typical set-up of a small brewery 
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13.1.1 The brewing process 

The brewing process exists out of seven main steps: Mashing, lautering, boiling, fermentation, 

conditioning, filtering and packaging [50]. 

 

Figure 120: The brewing process 

13.1.1.1 Mashing 

The process where all the ingredients, e.g. grains, are mixed with water and heated to specific 

temperature is called mashing. The temperature should enable the starch to be broken down into 

sugar by enzymes. The vessel that is used for mashing is known as a mash tun [50]. 

13.1.1.2 Lautering 

Lautering is the process of separating the wort extracts from the depleted grains after mashing. This 

includes two stages: Extracting the wort and then sparging, which means that the wort is rinsed off 

with hot water. A mash filter then filters the wort. This process is done in the mash tun as well [50]. 

 

Figure 121: Mash tuns 
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13.1.1.3 Boiling 

Next, the filtered wort extracts are heated to a specific temperature that keeps the wort sterile, 

protecting it from infections. It is at that time that the hops are added which adds flavour and aroma 

to the beer. This process last between 50 and 120 minutes, after which the wort is cooled down to 20 

degrees Celsius in order to move on to the fermentation stage [50]. 

13.1.1.4 Fermentation 

Once yeast is added to the wort, fermentation begins. Yeast acts as a catalyst in metabolizing the malt 

into alcohol and carbon dioxide. In this stage, the product can finally be called beer. 

13.1.1.5 Conditioning 

Here, the beer is cooled down to freezing temperature. This enables the yeast to settle and causes 

proteins to coagulate. The beer gains even more flavour and aroma in this stage.  

 

Figure 122: Fermentation and conditioning tanks 

13.1.1.6 Filtering 

Any remaining hops, grains and yeast are filtered out at the end and the flavour is stabilized. By 

removing all traces of microorganisms, the beer becomes crystal clear [50].  

13.1.1.7 Packaging 

The final stage comprises filling the beer into containers such as bottles, cans and kegs [50]. A bottling 

line is often used in commercial breweries. 

 

Figure 123: Bottling line 
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13.2 The workings of the existing Brasserie de la Senn e 

13.2.1 The beginnings 

In 2002, Yvan Baets and Bernard Leboucq met through their passion for brewing at the second edition 

of the Zinneke parade in Brussels. At this time, Bernard had already created the now famous Zinnebir, 

which was specially made for the parade. In the latter part of 2003, Yvan and Bernard put their heads 

together and became professional brewers by founding a microbrewery in old storage space in the 

Moriau brewery located in Sint-Pieters-Leeuw and was subsequently called the ‘Sint-Pieters Brewery’. 

Two years of growing success resulted in the space becoming too small for the rising demand. To 

accommodate the new demand, Yvan and Bernard made their dream come true by founding a new 

brewery in Brussels. They named the brewery in honour to the river that formed the basis for the 

foundation and the expansion of their much-loved city of Brussels more than a thousand years ago; 

the ‘Brasserie de la Senne’. However, it lasted a total of five years to finally set up their new brewery, 

which is why in the meantime, they continued their brewing activities in multiple breweries owned by 

friends. On the 22th of December, these migratory years came to conclusion with their first ever brew 

that was 100% made in Brussels [51]. 

13.2.2 Location 

In December of 2010, Yvan and Bernard finalised the reconversion of an old warehouse in Sint-Jans-

Molenbeek. With a total area of 2000 m², the space seemed to be huge for a small, starting brewery, 

but with rising demand, the brewery quickly expanded which would not be possible if not for the large 

warehouse.  

 

Figure 124: Brasserie de la Senne in Sint-Jans-Molenbeek 

SINT-JANS-MOLENBEEK 
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Figure 125: Building location and placement 

 

Figure 126: Inside the Brasserie de la Senne 
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13.2.3 Functions and logistics 

 

Figure 127: Direct environment and groundplan 
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The figure above clearly shows that a private road is used to handle all logistics regarding transport, 

delivery and parking. To elaborate upon the buildings functions and how they relate to one another, 

the map is zoomed in and each function is highlighted. 

 

Figure 128: Functions 

This is a clear example of an industry that had to adjust its spaces and functions to the shape and 

logistics of the building, which is typical for a reconversion. The new interior walls were put up to make 

a clear division between the various parts of the brewing process with its start, brewing, and its end, 

bottling, both in the open space for an easier connection to the storage space. Two separate rooms 

were made for both fermenting and maturing, however this is not necessary as all stages of the 

brewing process can happen in the same space. A tasting area is also present for visitors as they get 

to taste the various kinds of beer made in the brewery at the end of their visit.  

This floorplan has proved its ability to answer to the rising demand for over 6 years, although not fully 

as the demand has always been higher than the production quantity, e.g. in 2010 the demand was 



97 
 

3000 hectoliters while the supply only reached 2000 hectoliters. Furthermore, since 2010 production 

has hit its absolute limit, translated in an increase by 400% from an output of 2000 hectolitres to 8000 

hectolitres annually in 2016. However, this is still not sufficient, hence the need for a new building 

with new and more up-to-date equipment.  

13.3 The new Brasserie de la Senne  

13.3.1 Why build a new brewery? 

The main reason for the new Brasserie de la Senne is the need for larger facilities in order to 

accommodate for bigger production quantities. This means more and new equipment, as well as 

better logistics to ensure an efficient brewing and delivery process. Building new facilities from the 

start provides the opportunity to locate and design a building that does even more than merely 

produce sufficient beer quantities. It can serve as a means of improving the connection between the 

brand and the consumer by designing an interactive building that makes people who visit or merely 

stroll by the building remember the brand, improving the beers brand awareness by providing an 

experience to the public through various added functions. We can thus assume that the floor area of 

2000 m² from the old building should not be doubled but tripled if the new brewery were to 

accommodate an increase in production quantity by 200% and new functions for the visiting and the 

surrounding public.  

13.3.2 Tour & Taxis 

As it stands, the Brasserie de la Senne will be moving to the Tour & Taxis site. Tour & Taxis is a large 

formerly industrial site of 42 ha in the centre of Brussels which is known for its large renovated offices 

and warehouses build around a former train station recognizable by their 19th century architecture, 

but even more so by a number of well-known events, e.g. Couleur Café festival, that take place in the 

mostly unused sheds and surrounding terrain that accounts for more than half of the whole area of 

the site.  



98 
 

 

Figure 129: Couleur Café 2016 

In recent years, the site has been the subject of a number of development plans of which most failed 

to be executed, until 2012 when the construction of a new building, the Brussels Environment building, 

began and was ultimately finished in 2014. This was quickly followed up by the Herman Teirlinck 

building which is due for completion in 2017. In the meantime, the first phase of a new park of 9 ha 

was realised and a new masterplan for the remainder of the site was created that includes an assigned 

location of 6000 m² for the new Brasserie de la Senne. 

 

Figure 130: Royal warehouse and sheds (Left) | Brussels Environment Building and Herman Teirlinck Building (Right) 
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13.3.3 From Molenbeek to Tour & Taxis 

 

Figure 131: From Molenbeek to Tour & Taxis 

The advantages that come with the move from Sint-Jans-Molenbeek to Tour & Taxis are numerous. 

Regarding logistics, the place is right next to the Willebroek Canal meaning that the major part of 

transport, e.g. deliveries, can be done via water transport. This is quite an improvement from the old 

location as this includes less transportation costs through to ability to order in larger quantities, faster 

and just-in-time arrivals and, because of pollution and overloaded road traffic, subsidies are given to 

those who avoid road transport by opting for transport over the water. Now that the area is being 

upgraded, industry can flourish once more on the site and the building itself gains importance and 

value due to the residential upgrade that happens at the same time, on the same location. 

Furthermore, the new park that will be created will draw a lot of people to the site and make for a 

pleasant and beneficial environment for the brewery. The developments are also great for publicity 

as Tour & Taxis will become a central spot of significant importance in the city once again, reinforced 

by a building characterized by prominent architecture in the middle of a busy area.  

SINT-JANS-MOLENBEEK 

BRUSSELS CENTRE 
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13.3.4 Immediate surroundings 

 

Figure 132: Immediate surroundings 

The masterplan presents a clear central line around which most of the built area is concentrated, 

which is in the form of a walking boulevard linking the main road to a large new park. Along the 

boulevard a mixture of industrial and residential buildings will be built, because of Tour & Taxis 

providing a strong connection between the industrial area around the canal and the residential area 

surrounding Tour & Taxis itself. A long walking boulevard like this one is often divided into multiple 

segments with help of interruptions at predetermined significant spots. One of these is can be 

remarked very quickly at the patrimony, that will be restored or renovated that is highlighted by a 

small public park. The park neighbours the Brasserie de la Senne, thus the brewery should in no way 

deprive the park from getting plenty of sunlight. It should be designed accordingly, meaning that the 

boulevard, the park and the patrimony should not be ignored, but instead used as an asset to the 

building and vice versa.  
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Figure 133: Restoration/Renovation of the patrimony 

At the north-east side of the brewery, there is a large logistics centre which shares a private road for 

transportation with the Tour & Taxis site. This road can thus be used by the brewery for transportation 

and delivery which provides the building with a clear backside.  

13.3.5 Shaping the building 

 

Figure 134: Shaping the building 

The building covers a floor area of 6000 m², which is just enough space as previously mentioned. 

However, a second floor was added to allow for some architectural creativity in shaping the building. 

The second floor gives the building a total height of 8 meters which is high enough to implement all 

the functions and logistics, and low enough to not deprive the neighbouring park from its sunlight.  

The building was then gradually lowered at the sides connecting the boulevard and the park to allow 

for people to walk onto the building and to highlight the patrimony that stands right at the other side 

of that corner. Doing this converts the front of the building into an open semi-public space that 

interacts well with its surroundings, in turn drawing interest from passers-by to the building, its 

services and activities.  
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13.3.6 Functions 

As explained previously, the brewery will not only be built to produce beer, but also to reinforce the 

connection between the brand and the consumer through an interactive building, making people 

experience the building and remember it for its architecture in one way, but certainly for the many 

different functions that are added to the building in the other. These functions will now be defined 

and elaborated upon. 

13.3.6.1 Ground floor – Brewery 

           

Figure 135: Function – Brewery 

The most evident function is that of the brewery itself, which is located on the ground floor. It is 

divided into five parts; a storage area at the back with access for delivery trucks and four equally 

divided areas, one for every stage of the brewing process, i.e. brewing, fermenting, conditioning and 

bottling. For employees, the brewery is accessible through the back where changing rooms, showers 

and sanitary are provided. The part of the brewery where production takes place was set-up in a 

manner that optimizes efficiency and working conditions with an open plan receiving plenty of sunlight 

and easy access to all areas within.  
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13.3.6.2 Ground floor – Museum 

           

Figure 136: Function – Museum 

Inspired by the Duvelorium, a partnership between the Historium in Bruges and brewery Duvel 

Moortgat [52, 53] and by the Heineken Experience in Amsterdam [54], a museum was added in order 

to attract people into the brewery and give them the opportunity to learn about its history and its 

current activities by offering, besides the museum, tours inside the brewery as well. The tour ends 

with a visit to the tasting area where several ready-made beers from the Brasserie de la Senne are 

offered to the public for a taste. 

13.3.6.3 Ground floor - Tasting area 

           

Figure 137: Function - Tasting area 
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As said, at the end of the visit, a tasting is offered in the tasting area. This is a room that can welcome 

groups of up to 40 people at a time. Small events could take place here as well, while the bar on the 

first floor could accommodate larger ones.  

13.3.6.4 Ground floor - Bar Stock 

           

Figure 138: Function - Bar stock 

Right next to the tasting area, we can find a storage space for beers used in the bar and the tasting 

area. It has a direct connection to both as well as to the brewery itself to be easily refilled when 

running out of stock. 

13.3.6.5 First floor - Bar 

           

Figure 139: Function - Bar 
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The bar is the first area that is open to all public. It is accessible by the platforms and is equipped with 

a bar and a small kitchen to offer both drinks and food. The bar is extended by a terrace on the highest 

platform. It is easily remarked by the fact that it presents itself as a clear stand-alone volume on top 

of the platforms and by its atypical architectural expression as the apertures in the facades integrate 

the new shading system that is put forward in the research, which is still far from what is currently 

being perceived as mainstream architecture. The link between the research and the  

13.3.6.6 First floor - Overhead circulation and shop 

           

Figure 140: Function - Overhead circulation and shop 

A pathway going over the brewery is provided for all people who want to see it in action. They can 

learn more about the processes that are going on below them by information that is given to them 

through information boards all along the path. In the middle, there is a small shop where people can 

buy things like gifts and souvenirs. It is accessible to all visitors. 
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13.3.6.7 First floor - Offices 

            

Figure 141: Function - Office 

A total of fourteen office spaces, two meeting rooms and a kitchen are available for the brewery’s 

employees. The area also has an additional storage space that will mainly be used for the shop and is 

directly connected with the bigger storage space below by an elevator. 

13.3.6.8 First floor - Platforms 

           

Figure 142: Function - Platforms 

The platforms are one of the aspects that gives the building its unique character. They are linked by 

small steps that cover a height difference of one meter. For people that cannot use these steps, an 

elevator is provided that brings them directly to the highest platform. A total of six platforms can be 

distinguished. The lowest platform is accessible by the boulevard and can be rented for activities like 

concerts, performances, etc. The second platform that stands directly at the boulevard provides the 
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brewery with a space in front of the building to promote and inform passers-by about the building. 

Next, a smaller platform connects the lower platform and the platforms around the bar. The only one 

that is located at a height of three meters includes trees and benches for people to sit on, relax and 

enjoy their surroundings. The highest platforms are, at one side, a terrace that serves as an extension 

of the bar so people can enjoy their food and drinks in the open air. At the other side, there is a playing 

ground for children that will draw even more people onto the platforms and make the space more 

dynamic. 

13.3.7 Materiality 

When people think of breweries, they usually envision the more famous ones like the Heineken 

brewery in Amsterdam or the Carlsberg brewery in Copenhagen. In the brewing industry, success and 

popularity are often linked to established companies that exist for a long time. Consequently, the 

breweries that most people would think of are settled in traditional industrial buildings characterized 

by materials like brick, iron, concrete and wood.  

 

Figure 143: Heineken Brewery (left) | Carlsberg Brewery (right) 

These materials are what define brewery architecture and are thus implemented in the Brasserie de 

la Senne. The building uses materiality to distinguish several key aspects of the building and combines 

these materials with modern ways of designing and with more recent materials, e.g. ETFE.  
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Figure 144: La Brasserie de la Senne 

The main material for the buildings structure is concrete. The concrete is light grey and has a rough 

texture. This makes the building more robust, which reflects the robustness of older breweries. The 

wooden platforms blend well with the naturistic character of the walking boulevard, which enables 

people to feel ‘invited’ onto the building rather than giving them the feeling of stepping onto new 

terrain. These platforms are protected by glass railings to make sure that they don’t interfere with the 

overall feel of the building, as steel railings would most likely do, while wooden railings would appear 

bland in this type of setting. At the park side, the whole facade is made from weathered steel which 

again, gives this roughness and robustness to the building, all the while reinforcing its architectural 

expression by the diversification of materials. The apertures at the bar are quite remarkable through 

the use of ETFE, a recently used material in architecture that is yet to find its way into mainstream 

architecture. Furthermore, the shading-system in which it is used gives the bar a high-tech look that 

stands in clear contrast with the platforms and the surrounding rough concrete. However, the 

contrasting nature of the combination of these materials do not weaken, but reinforce one another 

because they are used in a contemporary design and with modern techniques that make the building 

look cleaner and more state-of-the-art than a 19th century building could ever be.  
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13.3.8 Logistics 

 

Figure 145: Circulation plan - Ground floor 
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Figure 146: Circulation plan - First floor 
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Loading and unloading must be done inside the building, thus trucks can enter the facilities through 

the back for transportation and delivery purposes. This is accessible by the existing road that is 

currently used by the logistics centre and which will be used by the brewery as well. Employees who 

work in the brewery can use the same entrance, where they can change, shower and use the sanitary. 

Museum visitors enter at the museum at the park side. They may access the brewery only a few times 

a day under the supervision of tour guides. After the visit, they are brought to the tasting area. Then 

they can choose to leave the museum or take the stairs to the bar through which they can also access 

the platforms, the overhead pathway and the shop. These three mentioned areas are also open to the 

general public. Office employees enter the building via the platforms as well.  
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13.3.9 Isometric floor plans 

 

Figure 147: Isometric plan - Ground floor 
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Figure 148: Isometric plan - First floor 
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13.4 Link between research and design 

The integration of the research on shading-systems using overlapping ETFE-foil layers in a hexagonal 

frame can easily be remarked through the bar’s facades. Another area where it is used is the roof area 

that covers the brewery, where two strips of hexagonal shading-components are placed side to side. 

Thus, here we have two very different applications of the system. The first difference is the placement; 

one is used in the roof and the other in facades, which changes the duration and the manner in which 

the light enters the building. The brewery will only receive direct sunlight when the sun stands high, 

while the bar will receive direct sunlight for a longer time, which is in compliance to the hours at which 

they are occupied and the type of sunlight they would most likely prefer. A second difference is found 

in the size of a singular frame; the number of different frames are preferably limited so not too many 

different shading systems have to be installed or could block the sunlight. Therefore, because of the 

bar’s facades being smaller than the brewery’s roof, the frames of the latter are larger. The third and 

most crucial difference is the patterns that are used inside the systems. The two functions have very 

different needs in lighting conditions. These three differences have thus resulted in very different 

systems for the bar and the brewery, which are determined according to their respective size, function 

and lighting conditions. 

13.4.1 The bar 

 

Figure 149: Shading system - Bar 
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The bar’s facades have shading systems that cover close to their whole surface. A line pattern was 

chosen as they can fully close, change the lighting level drastically through translation and alter the 

inner atmosphere that comes forth from these types of patterns through rotation. As said, the inner 

atmosphere or ambiance can be changed, which means that the thickness chosen for each line is large 

enough so that a shadow pattern is projected into the bar. This makes the interior of the bar more 

dynamic and lively, providing a unique experience of the area. 

 

Figure 150: Bar shading – Line pattern - Open (left) | Rotation (middle) | Closed (Right) 

13.4.2 The brewery 

 

Figure 151: Shading System - Brewery 
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In the brewery, the sun comes in through the roof that is at a height of 8 meters, this means that most 

of the sunlight will not be direct sunlight and thus patterns will not be that visible in the brewery itself, 

but they will be on the overhead pathway and the shop which is closer to the roof. This reinforces the 

feeling of an ‘experience’ when walking on the pathway. Here, shading is not a requirement for the 

aperture, which is why a playful pattern that reinforces the ambiance of the space was chosen; the 

circle pattern. 

 

Figure 152: Bar shading – Circle pattern - Open (left) | Rotation (middle) | Closed (Right) 
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13.5 Views from the out- and the inside of the building  

 

Figure 153: Inside the brewery 

 

Figure 154: Inside the bar 

 

Figure 155: Outside view 
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