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Preface 

This master thesis presents the process and results of the graduation project and has been carried 
out by Hicham El Ghazi and Niek Schuijers. This graduation project is part of the master program 
of Building Technology in the faculty of Architecture, Building and Planning at Eindhoven University 
of Technology. This thesis gives a description about the application, design and realization of the 
3Dflexmould. Also the production process of glass panels and the manufacturing of the glass dome 
will be elabourated.  
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and enjoyable time and we are very pleased with the result of our project. However, the result 
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mentioned before reading this thesis.  
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as our daily tutor. 
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We would like to thank especially our supervisor Jan-Willem Hermans for his contribution to the 
research. 

Also collabouration with the 3TU federation has entered. This federation consists of the three 
universities of technology in the Netherlands that are jointly committed to strengthening and 
pooling technical knowledge. The 3TU federation starts the ‘Lighthouse Project’ that support 
innovative high risk projects related to the theme ‘Energy Innovation and the Built Environment’. 
Awarded projects will receive funding in order to be able to build prototypes. Our thanks go to the 
3TU federation and the project team for their input and interesting meetings. This has led to the 
manufacturing of the 3Dflexmould.  

Besides, we want to thank Dick Erinkveld from SolidRocks for his practical advice and helping us to 
constructing and automating of the 3Dflexmould.   

Also we thank Insulcon BV and especially Jos van der Waard who has invested time and knowledge 
in our project and showed us the world of high temperature insulating materials.  

Finally, we would like to thank the staff of the Pieter van Musschenbroek Labouratory, with Hans 
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1. Introduction 
 
This chapter gives an introduction about the research topic, problem description and its relevance. 
An elabouration about the approach chosen is given to realize the goals set within this master 
thesis.   
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1.1 Background 

In the last decade, realization of transparent fluid architecture has changed the map of 
contemporary architecture (Sischka, 2012). With the rise of 3D modelling programs in the built 
environment, many architects have been given new possibilities. The wildest shapes can be 
designed. With the help of Computed aided design(CAD), the boundaries of complex architectural 
shapes can be realized. Not only new complex shapes can be generated, but because of the new 
technology of software tools, also complex geometries can be simplified.  

One of the styles of contemporary architecture with fluid surfaces is the Blob architecture. An 
example of a building that complies with the characteristics of a Blob can be seen in figure 1.1.  
 

 
Figure 1.1: Kunsthaus in Graz by Peter Cook (Weburbanist, 2014). 
 

Multiple terms within architecture describe fluid surfaces. The most common terms are 
Blobitecture, blobism and organic architecture. A clear definition for blob architecture has not been 
established yet (I. van Rooy, 2009). Throughout the years designers have been giving their own 
interpretation of these terms. Greg Lynn, the architect of Blob Architecture, describes Blob as a soft 
body that  affected by forces. The term Blob stands for Binart Large Object. This description  
originates from been the double curved shapes that are necessary to describe the shape.  

The definition of “organic architecture” is not uniform. In the past few years the definition of the 
term has developed anew. Organic architecture strives to integrate the building into the 
environment. The building should grow naturally in its own environment and architects were less 
concerned about the architectural style. Within the modernist approach of organic architecture, the 
buildings do not have linear or rigid geometrics, but they have fluid lines and curved shapes that 
suggest natural forms. (Craven) 

Because all different terms have no uniform definition, we use in this report the term “fluid 
architecture” or “fluid surfaces” to avoid confusion.  
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1.2 Problem statement 

Building projects today are born digitally. Over 30 years CAD-software has been being used by 
designers. The digitalization of the drawings has made it easier for the designers to draw more 
precise and to adjust more quickly.  

In the case of building construction, architects could design a building, knowing that whatever they 
created on their computer by using CAD software could be manufactured. The new possibility of 
modelling or drawing has become a new striking trends in contemporary architecture (Wallner, 
2008). Today this creates new tensions between idea and technique. The gap between available 
production methods and actual demands by architects is bridged from all sides at the same time 
(Vollers, 2002). Architects come up with geometrical complex design. However, transition to a new 
era in which all elements are varying in geometry and quantity is not as fast as the rising demand. 
By the rising possibilities that automation has brought to the building industry, it is essential to 
make efficient use of these means.  

Due to the increasing demand for fluid surfaces, there is a demand to increase the efficiency of the 
production process of double curved elements. Currently these fluid surfaces are divided into 
smaller elements and for each element, a different mould has to be produced. 

This production technique offers high accuracy but the manufacturing, transport and storage of 
different moulds is expensive. So, the manufacturing of the mould usually determines the price of a 
panel. Double curved panels are therefore only accessible for high budget projects. To increase the 
efficiency of this production technique, this should result in fluid surfaces in a feasible and 
affordable manner. 

The problem statement, which arises here,  is formulated as follows:  

There is no feasible flexible method available for production of double curved glass 
plates. 
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1.3 State of the art 

1.3.1 Fluid architecture 

Fluid architecture has not just suddenly popped up during the last decades, but has been around 
since the Art Nouveau. This building style can be characterized by decorations based on patterns of 
elegance. It was a reaction to academic art of the 19th century. It was inspired by natural forms 
and structures, not only in flowers and plants, but also in curved lines. This style was most popular 
during 1890-1910 (Duncan, 1994). A well-known example of this is the Casa Milà, designed by A. 
Gaudi. In figure 1.2 the curved lines are easily recognizable. 

After the Art Nouveau the modern architecture started to rise. Many buildings with fluid surfaces 
were being designed and built. A good example is the Philips-pavilion by Le Corbusier that is shown 
in figure 1.3, which contained a building, which was formed by hyperbolic paraboloid surfaces. 
Philips was represented in 1958 with an own pavilion at the World’s Fair in Brussels. The pavilion 
had an unusual shape and stood for the multimedia presentation of image and sound, which was 
shown inside. 

 
Figure 1.2: Casa Milà in Barcelona by Antoni Gaudi 
(Destination360, 2014).  

 
Figure 1.3: Philips pavilion in Brussels by Le 
Corbusier (The Red List, 2014).  

 
The success period of the fluid building surfaces runs until the oil crisis in the 1970s. In the 1990s 
after a break of more than 20 years, fluid architecture returned to the architectural scene 
stimulated by the new possibilities of computers in design and engineering. Some say that 
computer graphics have become the language of contemporary design and architecture (Manovich, 
2008). Figure 1.4 and 1.5 show more recent fluid buildings that  built after 1990.  

 

 
Figure 1.4: Walt Disney Concert Hall in Los Angeles by 
Frank Gehry (LA Harp, 2015). 

 
Figure 1.5: Selfridges Department Store in 
Birmingham by Future Systems (Weburbanist, 
2014). 



Master thesis 
 

6 |  University of Technology Eindhoven 
 

1.3.2 Fluid glass surfaces 

Fluid structures have been designed and realized using all kinds of materials. Concrete has often 
been used for shell structures, but glass is an upcoming material for this kind of structures. Figure 
1.6 shows one of such fluid glass surfaces. 

 
Figure 1.6: Exterior of The Sage Gateshead in 
Gateshead by Foster and Partners (Foster and 
Partners, 2004). 

Figure 1.7: Interior of The Sage Gateshead in Gateshead 
by Foster + Partners (Foster and Partners, 2004). 

 
Several glazed shells have been built in the last two decades. As a matter of fact, the use of fluid 
geometries and glass as a transparent material are perfectly suited not only for modern 
architecture but also for reorganization and rehabilitation of historic buildings. Such systems are 
normally composed of steel grid-shells as load-bearing structures and glass panes as cladding skin 
(Schlaich, 2002). These system can also be seen at The sage gates head in figure 1.7 where steel 
grid-shells are used as load-bearing structure. However, in order to enhance transparency, glass 
should be used not only as cladding but also as structural material. 

Lucio Blandini has done research on this topic and developed a ‘Glass Dome’ that is shown in figure 
1.8. The result is a frameless structural glass shell with a span of 8.5 meters.  The dome has been 
designed and built with the aim of exploiting the structural efficiency as well as the aesthetical 
quality that can be achieved by combining structural use of glass with adhesives as joining 
systems.  

In the opinion of Lucio Blandini, the Glass Dome, being the first glass shell in the world which 
makes no use of metallic frames or clamping systems, will open new dimensions to glass design 
with its fully continuous curved skin (Blandini, Prototype of a Frameless Structural Glass Shell, 
2008).  

Figure 1.8: The Glass Dome in Stuttgart by Lucio Blandini (Blandini, 2008). 
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1.4 Purpose 

1.4.1 Goal 

In this research, existing flexible moulding techniques will be explored and elabourated in order to 
develop a low-cost flexible mould for the bending of glass. The aim of this new mould is to closing 
the gap between available production means and actual demands for fluid surfaces by architects.  

To prove the developed moulding technique the main goal of this research is to build a glass dome. 
The design of the glass dome started with the image in figure 1.9 and 1.10. A concrete double 
curved dome in Burgdorf and a shell structure model that has been presented on the 13th 
international architecture exhibition from the architect Heinz Isler. The idea is to build a dome in 
the same shape but then from glass with a structural glass-glass connection.   
 

 
Figure 1.9: Heinz Isler Dome in Burgdorf (Pinterest, 
2013). 

 
Figure 1.10: Shell structure model of Heinz Isler 
(Designboom, 2012). 

 

The purpose of this study is to develop a glass dome by manufacturing double curved glass panels 
that are connected by a structural glass-glass connection. The dimensions of the glass dome are 
1850 x 1350 x 400 mm (LxWxH) and consist of 20 glass panels. The glass dome is shown in figure 
1.11.  
 
 

Figure 1.11: Glass dome consists of double curved glass panels that are connected by a structural glass-glass 
connection. 
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1.4.2 Objectives 

This goal has led to the following two objectives each divided in two parts: 

Flexible mould technique: 

 Realization of a low-cost flexible mould technique for glass. 

Glass-glass connection: 

 Realize glass-glass connection that is feasible on site. 

 

To reach this goal and objectives earlier researches will be taken as starting point. Several studies 
have been done to make moulding techniques flexible. These techniques will be analyzed and 
elabourated in order to develop a new flexible mould by means of a morphological matrix. From 
the morphological matrix, several prototypes will be made that leads to the final flexible moulding 
technique.   

For the manufacturing of the big dome the glass panels needs to be connected by a structural 
glass-glass connection. In 2014 Teun van Dooren has done research on the topic of a structural 
transparent glass-glass connection. The result was a UV hardening glue which connects glass 
panels. The final result of his research was a pyramid of double glass with the structural 
transparent glass-glass connection. In this master thesis the UV hardening glue of Teun van 
Dooren will be analyzed and tested. With good results, the adhesive will be used for the glass-glass 
connection to build the glass dome. With disappointing results another adhesive will be chosen 
which is used in existing glass-glass connections. A research for a new adhesive for the glass-glass 
connection is beyond the scope of this master thesis.  
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1.5 Research question 

Al the aspects to create a glass dome are formulated in the following research question; 
 
Main question: 
 

 How to manufacture double curved low-cost glass panels and how to connect these glass 
panels by a structural glass-glass connection, so a glass dome can be realized on site?    
 

The secondary questions focus on two different aspects: the mould technique and the glass-glass 
connection. The secondary questions are described below: 

Secondary questions:   
 
Flexible mould technique: 

 What is the most suitable and low-cost flexible mould technique? 
 What is the optimal heating process to make double-curved glass panels? 

Glass-glass connection: 

 Which material is most suitable for the glass-glass connection? 
 Which process of connecting glass is most feasible on site? 

1.6 Approach 

In this chapter the research methodology is described in the theoretical framework and the 
research model used in the master thesis project presented. The research aims for product 
development and consists of a literature study and experimental research. These two combined will 
result in the final product.  

The research establishes itself within the theoretical framework shown in figure 1.12. The 
theoretical framework is created, using earlier researches of fluid architecture that are aimed at 
fluid glass surfaces. The core of this research is the realization of the glass dome. Thereby, the 
primary focus is on the development of the flexible mould technique. The glass-glass connection is 
needed to connect the bended glass panels and is a secondary subject in this master thesis, so the 
glass dome can be manufactured.  

  

 
Figure 1.12: Theoretical framework. 
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The research model shown in figure 1.13 is based on the system approach of G. Pahl and W. Beitz. 
This consists of several steps in the research and to go through these steps systematically. In the 
figure the steps are shown on the right hand side of the research model. The problem analysis is 
the first step of the research that contains the goal and the research questions are established. In 
the second step the topics; curved glass (chapter 2), flexible mould technique (chapter 3) and 
glass-glass connection (chapter 7) are elabourated by the research questions developed by the 
literature study.  

The next three steps start the design process and there will be an iterative process placed by the 
cyclical iterative design process by S. Thomke added. The problems can be focused and solved with 
the experimental trial and error process consisting of a four-step cycle: design experiment, produce 
models, test models and evaluate results. This cycle will firstly be separate for the flexible mould 
technique (chapter 3) and the glass-glass connection (chapter 7). This has been done to optimize 
the techniques for these parts and then join them together in a small glass dome prototype. The 
iterative cycle can be applied to the prototype until this is optimized. When this has been done the 
large glass dome can achieve the optimal end result. This will be the final step of the research. 

 

 

Figure 1.13: Research model.  
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Besides this master thesis, there is another master thesis that has influence on this master thesis. 
The master thesis of Arjen Seffinga within the chair Building Technology mainly aims on the 
modelling and the simulation in the software Rhinoceros and Grasshopper. Arjen Seffinga is 
responsible for the design of the glass dome and the simulation of the flexible mould. This input is 
required such that the information can be used to convert the modelled glass dome to a realized 
glass dome. Chapter 6.1 described briefly the role of Arjen Seffinga during the graduation process. 
In figure 1.14 the collabouration with Arjen Seffinga can be seen.  

 

 
Figure 1.14: Interaction with other master thesis. 
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2. Glass 
 
In this chapter the material properties of glass and its manufacturing process will be discussed. An 
overview of possible treatments and different glass products will be given. Also the actual state of 
fluid glass surfaces and associated manufacturing methods will be elabourated and analyzed.   
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There are multiple theories about where and when glass has been produced for the first time. The 
oldest stories go back to 5000 BC. The ancient Roman historian Pliny suggested that Phoenician 
merchants had made the first glass in the region of Syria around 5000BC. But according to the 
archaeological evidence, the first man made glass was in Eastern Mesopotamia and Egypt around 
3500BC (History of glass, 2015). The first glass existed of dross produced by the ores and could be 
described as vitreous pastes with colouring from various metallic oxides. The substance was 
opaque and did not resemble the glass as we know it today in its many forms.  
Over the years, glass has evolved in to a brittle, amorphous, isotropic and transparent material. 
The quantum leap came in late 1958 when Pilkington launched their Float Glass process. This 
resulted in a product that is optically pure and requires no further grinding or polishing. While 
manufacturing methods have changed dramatically over the last century, the basic ingredients 
used in glass making are still very much the same (James, G., 2000).  
 

2.1 Material properties 

2.1.1 Composition and chemical properties  

Glass is created by melting different an organic substances, in which quartz sand (SiO2) is the 
main ingredient. The most pure form of glass consists essentially of quartz sand and is called silica 
glass. This glass type has a very high melting point (2300°C) which makes it hard to produce glass 
and results in high production costs. By adding lime (Ca2CO3) and soda (Na2CO3) the glass 
transition temperature is lowered to 1500°C. This increases the process ability. This type of glass is 
called soda lime silica glass and is a relative cheap type of glass. Approximately 90 percent of the 
industrially produced glass consists of this type of glass. This type of glass is also mainly used 
within constructive application (Blancke, 2011).  

For some special applications (e. g. fire protection glazing, heat resistant glazing), borosilicate 
glass is used. With this type of glass boron trioxide (B2O3) has been added and offers a very high 
resistance to temperature changes as well as a very high hydrolytic and acid resistance. Figure 2.1 
gives the chemical composition of these two glass types according to current European standards. 
There are many more types of glass compositions, each with its own advantages and 
disadvantages. Within this master thesis, the only two types of glass that will be analyzed are soda 
lime silica glass and borosilicate glass. These two types of glass have been chosen, since they are 
the most common within the building industry.  

 

 

Figure 2.1:Chemical composition of soda lime silica glass and borosilicate glass (M.Haldimann, 2007). 
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Glass is an amorphous material. Its molecules are not arranged in a regular, specific pattern, like 
those of a crystalline material in figure 2.2, but of an irregular network of silicon and oxygen atoms 
with alkaline parts in between (figure 2.3).  

 
Figure 2.2: Crystalline structure (Technotes, 2009). 

 
Figure 2.3: Irregular structure of soda lime silica glass 
(M. Haldimann, 2007). 

 

The chemical composition has an important influence on the viscosity, the melting temperature and 
the thermal expansion coefficient of glass. Because of its amorphous molecular configuration, glass 
reacts to heat more differently than other materials do. Whereas metals heated to a specific 
temperature (a melting point) change from solid to liquid instantaneously, glass goes through a 
very gradual transformation over a certain temperature range. It is this unique characteristic of 
glass that allows it to be shaped in many different ways (Bullseye glass co., 2009). 

During the cooling of the liquid glass, its viscosity (in Pa s) increases constantly until solidification 
at about 1014 Pa s. The temperature at solidification is called transformation temperature Tg and is 
about 530 °C for soda lime silica glass. At room temperature, the dynamic viscosity of glass is 
about 1020 Pa s. For comparison, the viscosity of water is 10-1 Pa s and of honey 105 Pa s 
(Haldimann, 2007). Figure 2.4 shows the viscosities and corresponding temperatures for soda lime 
silica glass and borosilicate glass.  

 

Figure 2.4: Viscosities and corresponding temperatures for soda lime silica glass (SLSG) and borosilicate glass 
(BSG) (Haldimann, 2007). 

 
In this master thesis soda lime silica glass has been used, since it is relatively inexpensive, 
reasonably hard and extremely workable. The glass is also capable of being re-softened and re-
melted numerous times, that makes it ideal for glass recycling. Borosilicate glass is used for fire-
resistant glazing and has no benefit for this project. So when speaking about glass in this report, 
soda lime silica glass is intended. All glass that is used during experiments will be soda lime silica 
glass. 
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2.1.2 Physical properties 

An astonishingly high theoretical tensile strength can be calculated based on the bond between the 
chemical components of glass. This is given as up to 800 kN/cm2 in literature, which is about thirty 
times the yield strength of steel. However the tensile strength achievable in practice is only about 
4,5 kN/cm2. This is principally due to glass being a brittle material with a strength that depends on 
the degree of damage to the glass surface. Therefore, glass is not a completely compact solid but 
has a microstructure with many microscopic irregularities and defects.  
 
Tensile stresses at these microscopic irregularities lead to stress concentrations at these 
irregularities. When the stress peaks exceed a critical value the glass breaks. At this point the 
crack propagates at high speed from one edge to the other across the whole area of the glass 
pane. The tensile or bending strength of glass depends of the surface quality (microscopic 
irregularities) and is not constant. It depends on many aspects, in particular on the size and age of 
the glass, the residual stress and the environmental conditions (figure 2.5). The higher the load, 
the longer the load duration and the deeper irregularities at one point, the lower the effective 
tensile strength (Haldimann, 2007).  
 

  
Figure 2.5: Factors influencing the tensile (bending) strength of glass: The strength of glass is not a constant 
value (Wurm, 2007). 
 
 
The compressive strength of glass is about ten times higher than its tensile strength in bending and 
is approximately 50 kN/cm2. The microscopic irregularities in the glass surface do not reduce its 
strength. Nevertheless, the compressive strength is irrelevant for virtually all structural applications 
due to the fact that compressive stresses are always accompanied by tensile shear stresses. The 
tensile strength of the glass is exceeded long before a critical compressive stress is reached. 
 
The modulus of elasticity of glass is 7000 kN/cm2, about equal to aluminium and a third of that of 
steel, but five times greater than hardwood. Glass deforms linear-elastically under increasing load 
until it exceeds its load bearing capacity, then the glass pane suddenly fractures under tensile 
stress without warning. In contrast to glass, materials such as steel and wood have a plastic 
deformation phase before collapsing. 
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In order to avoid stress concentrations in the glass, the designer must prevent direct contact 
between glass and glass or between glass and metal. Because glass does not strain plastically, it 
cannot dissipate imposed stresses, such as arises from temperature shocks. Therefore breakage 
will occur easily with these stress concentrations. The different amounts by which the various 
materials expand and contract has to be taken into account in all connections and in composite 
construction (Wurm, 2007). 
 
The main physical properties of glass are of major importance in the design of glass structures. 
These properties are summarized in Figure 2.6 and compared with steel, wood and concrete. 

 

 

Figure 2.6: Mechanical and thermal properties of soda lime silica glass compared with steel, wood and 
concrete (Wurm, 2007).  
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2.2 Manufacturing process 

Flat glass can be produced by three different processes: the float glass, rolled glass or drawn glass 
process. Float glass makes up over 90 percent of flat glass production and is the most important 
basic glass. Therefore only the float glass process is described in this section.   
 
Alastair Pilkington developed the float glass 
process in 1958 that exists of a series of 
stages on a float line that may be nearly half 
a kilometre long. Soda lime silica glass is 
made by melting silica (quartz sand), soda, 
limestone and some additives at a 
temperature of approximately 1500°C. Glass 
from the smeltery flows easily over a 
refractory spout to the mirror-like surface of 
molten tin. It floats on the tin, spreads out 
and forms a level surface. The substance 
starts at 1100°C and leaving the float bath as 
a solid ribbon at 600°C. Thickness is 
controlled by the speed at which solidifying 
glass ribbon is drawn off from the bath. The 
process, originally able to produce only 6mm 
thick glass, now makes it as thin as 0.4mm 
and as thick as 25mm. In the next step coatings can be added that make profound changes in 
optical properties. This can be applied by advanced high temperature technology to the cooling 
ribbon of glass. Despite the tranquillity with which float glass is formed, considerable stresses are 
developed in the ribbon as it cools. Therefore the glass goes into the annealing phase where these 
stresses will be relieved by heat-treatment in a long furnace known as a lehr. After the glass is 
produced, inspection takes place at every stage to ensure the highest quality. Finally the glass is 
cut into sizes dictated by computer, generally in stock sizes of 3.21 m x 6 m (figure2.7). The result 
is totally transparent smooth flat glass that needs no further grinding or polishing. In figure 2.8 the 
schematic floating process is shown (Guardian, 2012).  
 

 

Figure 2.8: Schematic float glass manufacturing process (Guardian, 2012). 

 

 

 

 

Figure 2.7: Float glass ribbon cut to stock panel sizes 
after cooling and inspection (Wurm, 2007). 
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2.3 Glass products 

Once the flat float (annealed) glass is manufactured, glass is often processed further to produce 
glass products of the shape, performance and appearance required to meet particular needs. The 
most important glass products and processes are described below.  

2.3.1 Tempering of glass 

For structural glass applications, heat treatment is the most important processing method. In this 
process the glass is heated to about 650 °C and then cooled rapidly with air blown over both sides 
(figure 2.9). This has the effect of cooling and solidifying first the surface and then the core of the 
glass. A stress field is created with tensile stresses in the core of the glass and compressive 
stresses on and near the surfaces. The heat treatment of glass gives it greater resistance to 
mechanical and thermal loads.  
 
 

 
Figure 2.9: Tempering process (Haldimann, 2007). 

 
The glass industry distinguishes between fully tempered safety glass and heat-strengthened glass. 
The producing process is for both glass types the same, but heat-strengthened glass is produced 
with a lower cooling rate. The residual stress and therefore the tensile strength is lower.  
 
An alternative tempering process that does not involve thermic effects and produces a different 
residual stress profile is chemical tempering by ion exchange (figure 2.10). It is a process where 
the glass panes are immersed into a molten alkali salt bath at a temperature below the glass 
transition. During the time of immersion, the alkali ions from the glass that are close enough to the 
surface are exchanged for those from the molten salt. This is a thermally activated interdiffusion 
process, which results in the strengthening of glass (Gy, 2008). In figure 2.11 the three different 
glass types are compared with stress cross-sectional diagrams and in table 2.1 the mechanical and 
thermal properties are shown.   
 
 

 
Figure 2.10: Chemical tempering process (Hoya, 2015). 
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Figure 2.11: Stress cross sectional diagrams of heat strengthened (left), fully tempered (middle) and 
chemically strengthened glass (right) (Wurm, 2007). 

 

 
Table 2.1: Mechanical and thermal properties of heat treated soda lime silica glass types (Haldimann, 2007). 

 
Using the fracture pattern of the broken glass, a clear distinction can be made between annealed 
glass, heat-strengthened glass and fully tempered glass that can be seen in figure 2.12. Because 
fully tempered glass contains the highest residual stress, the glass pane breaks into small pieces. 
This fracture pattern is why fully tempered glass is also called ‘safety glass’. Due to the treatment 
given to the glass, no large sharp pieces of glass will be created during fracturing. This significantly 
reduces the chance of serious injury during fracturing.   
  
 

 
Figure 2.12: Fracture pattern of annealed glas (left), heat strengthened glass (middle) and fully tempered 
glass (right) (Haldimann, 2007). 
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2.3.2 Laminated glass 

Laminated glass consists of two or more panes of glass bonded together by some transparent 
plastic interlayer. The most common interlayer material is polyvinyl butyral (PVB). The glass panes 
may be equal or unequal in thickness and may be the same or different in heat treatment. The 
most common lamination process is autoclaving that is shown in figure 2.13. The heated glass 
panel and the pressure in the autoclave ensure that there are no air bubbles between the glass and 
the interlayer.  
 
 
 

 
Figure 2.13: Production process of laminated 
glass (Uniglas, 2012). 

 
Figure 2.14: Post breakage behaviour of laminated glass 
types (Haldimann, 2007).  

 
 
Fully tempered glass had an improved structural capacity and has a safe fracture pattern, but is 
still a brittle material. Lamination of a transparent plastic film between two or more flat glass panes 
enables a significant improvement of the post breakage behaviour. The safety effect of laminated 
glass is based on the extremely high tensile strength of the interlayer and its excellent adhesion to 
the adjacent glass surface. After breakage, the glass fragments adhere to the interlayer so the 
glass will usually retain its stability under load and that a certain remaining structural capacity is 
obtained. This structural capacity depends on the fragmentation of the glass and increases with 
increasing fragment size (figure 2.14). Laminated glass made from annealed or heat strengthened 
glass achieve a particularly higher remaining structural capacity than fully tempered glass. The 
glass panels may consist of the same or different heat treated glass panes so the glass panels can 
meet the required needs.  

2.3.3 Double glazing 

Insulated glazing, more commonly known as double glazing are glass combinations of two or more 
glass panes enclosing a hermetically sealed air space. The hermetically sealed space is filled with 
dehydrated air or gas. The most important function of double glazing is to reduce thermal losses. 
Also sound insulation and solar control properties are improved with double glazing. Double glazing 
can be produced with annealed glass with the same or different thickness of the glass panes, but 
also any combination of laminated or tempered glass may be used. With these combinations 
specific double glazing can be made for specific applications such as fire resistant glass, safety 
glass and bullet resistant glass.   
 
The glass panes are connected by a spacer that permanently separates the glass panes and can be 
made from aluminium, stainless steel and thermoplastics. Several different types of spacers are 
shown in figure 2.15. A continuous string of butyl adhesive is applied around the edges of the 
spacer to keep both panes of glass glued together. The spacer contains a desiccant which absorbs 
humidity from within the air space (Wurm, 2007). The most spacers are stiff and cannot be used 
for curved glass panels. In that case, flexible spacers can be used to make double glazing of curved 
glass panes. The double glazing can be produced manually, or by automated machinery.  
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Figure 2.15: Different types of spacers (BGE HOME, 
2015). 

 
Figure 2.16: Double glazing detail (Guardian, 
2012).  

 
 
Double glazing panels may be provided with a transparent metallic coating that works in two ways 
to economize heating energy. The dual action coating reflects heat back into the room, whilst 
allowing heat and light from the sun to pass through. In figure 2.16 a double glazing detail is 
shown. 
 

2.4 Curved glass 

Glass is one of the primary building materials within the modern architecture at which fluid glass 
surfaces are applied more and more often. Glass is an interesting material for fluid architecture 
because of the reflections. Shiny and continuing reflections in combination with curving surface, 
amplifies this curvature that makes the surface even more appealing. (Vollers, Upgrading building 
appearance by improved pane reflections, 2007) A beautiful example of these reflections is the 
Cloud Gate project by artist Anish Kapoor, in Chicago (figure 2.17).   
 

 
Figure 2.17: Cloud Gate project in Chicago by Anish Kapoor (Megzd, 2013).  
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Mauri Saksala (2005) researched the reflections of curved glass surfaces and in figure 2.18 and 
2.19 it is clearly shown that there is a difference between the use of flat glass and curved glass. A 
free-form glass surface with curved glass gives a perfect smooth reflection while flat glass gives a 
segmented and unclear reflection.    
 

 
Figure 2.18: Reflection with curved glass (Saksala, 
2005). 

 
Figure 2.19: Reflection with flat glass (Saksala, 
2005). 

 
 
Glass facades were erected using flat glass almost exclusively. This has also been done by several 
free-form glass surfaces. Previously, the only way to create a curved-glass wall was to install flat-
glass sheets in a segmented curve such as the BLOB in Eindhoven by M. Fuksas (figure 2.20) and 
the 30 St Mary Axe in London by N. Foster (figure 2.21). Smaller panels and thus bigger 
segmentation leads to a smoother curvature. 

 

 

 
Figure 2.20: Blob in Eindhoven by M. Fuksas 
(Digifotoforum, 2011).  

 
Figure 2.21: 30 St Mary Axe in London by N. Foster 
(Wikia, 2015). 
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Thanks to the further development of production processes and other techniques of processing, the 
fields of application of curved glass became larger. More and more glass facades exist of curved 
glass panels. The glass can be bent in different shapes. These shapes can be divided into 4 
different categories namely; zeroclastic, monoclastic, synclastic and anticlastic (figure 2.22). With 
these four shapes any free-form surface can be created. (Pronk A. D., 2012)  
 

Figure 2.22: Zeroclastic, monoclastic, synclastic and anticlastic surface (Pronk, 2012). 
 

Until now, curved glass is mainly bent into monoclastic shapes. This has been used in several 
projects already. The bending of glass in synclastic or anticlastic shapes has not been applied 
often. This is due to the price of double curved glass. This high pricing of double curved glass is 
mainly due to the lack of cheap production methods. This has been described in the problem 
definition before. In figure 2.23 is the Strasbourg train station by Jean-Marie Duthilleul is shown. 
For this project single curved glass has been used. In figure 2.24 the BMW bubble pavilion by 
Bernhard Franken in Frankfurt is shown. In this pavilion double curved glass (synclastic) panels are 
used.  

 

In the building industry for building- and constructive applications, mainly flat glass is used. There 
are different types of flat glass; silica glass, soda lime glass and borosilicate glass. When speaking 
about glass in this report, soda-lime glass is intended. All glass that is used during experiments will 
be soda-lime glass because it is cheap and easier to obtain in comparison with the other glass 
types. This glass can be hot and cold bent. Both techniques tend to offer increasingly better results 
but have their limitations. The main limitation is connected to the relatively limited form-freedom.  

 

 

 

 
Figure 2.23: Strasbourg train station with 
single curved glass by Jean-Marie Duthilleul 
(Architecturerevived, 2010). 

 
Figure 2.24: BMW Bubble pavilion with double-curved glass 
by Bernhard Franken (itaproject, 1999). 
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2.4.1 Cold bending of glass 

The traditional manufacturing process for curved glass requires high operating temperatures: flat 
glass is heated beyond the weakening point and gradually curved in a forming mould. After cooling 
down, the resulting glass element can maintain its new form. Disadvantages of this technique are 
the costs due to moulding, high energy consumption, a risk of optical distortions, impracticable 
transportation of the worked piece, and long delivery times (especially in case of later 
replacement). For this reason, valuable alternative techniques have been developed, which do not 
need treatments at elevated temperatures and which are therefore called “cold bending processes” 
(Belis, 2007).  

Cold bending of glass is the easiest method to curve glass. With the cold deformation of glass 
panes, a flat plate is given a temporary deformation, which can be fixed to the load-bearing 
structure in order to permanently deform the plate. However this deformation leads to bending and 
tensile stresses. 

Due to the brittle and linear elastic behaviour of glass and the limited tensile strength it is not 
possible to largely deform the glass without breakage. In order to greatly deform the glass plate a 
pre stress can be applied. The panels can be thermally strengthened, thermally hardened or 
chemically pre stressed. The biggest deformations in a cold process can be achieved by using 
thermally hardened panels (Blancke, 2011). The strength of the cold bended glass is equal to the 
strength of flat glass panes. However the bearing capacity is less, because of the bending stresses 
due to the deformations (Herwijnen, 2008). 

The application of cold bended glass is achieved through a couple of phases. In the first phase the 
deformation is mechanically applied to the plates. In figure 2.25 and 2.26 this method is shown. 
This can be done on site or in the factory. Then the plates are placed on the structure, to which 
they are permanently fixed by using profiles. The cold bended glass needs to be fixed to the 
structure, so heavier profiles are needed.  

 

 
Figure 2.25: Cold bending of glass with 0 kg (Belis, 
2007). 

 
Figure 2.26: Cold bending of glass with 90 kg (Belis, 
2007). 

 

An advantage of this technique is that flat plates are relatively easy to be bended on site, which 
reduces the costs significantly. There are no heating costs and there is no need for an expensive 
mould. However heavier and expensive profiles are needed to fix the plates. Also the deformation 
results in single bended plates, which negatively impacts the possible shape of the plate. The 
maximum deformation curve strongly depends on the thickness of the glass and the applied 
treatments.  
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Also with cold bending of glass a smaller curve radius can be produced compared to warm bended 
glass. Table 2.2 gives an indication of the minimum curve radius R, depending on the thickness of 
the glass (Blancke, 2011).   
 

 
Table 2.2: Minimum cold bending radii. (Wurm, 2007)  
 

The foundation Louis Vuitton building by Frank Gehry that is shown in figure 2.27 is a recent 
project where cold bent glass is used. The design museum has been built on the site of the Jardin 
d’acclimatation in the Bois de Boulogne public park in Paris. The concept was brought to life 
through the use of 3,600 glass panels that form the shape of 12 “sails.” The complex geometry of 
the glass is modelled using Digital Project. Digital Project is a computer-aided design software 
application developed by Gehry Technologies.  

Gehry describes the building as “a veritable ship amongst trees,” represented by the generously 
curved architecture, which pushes the boundaries of its structural materials.  
 

 
Figure 2.27: Foundation Louis Vuittion building in Boulogne by Frank Gehry (architecture lab, 2014). 
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2.4.2 Hot bending of glass 

If cold bending cannot deliver the desired geometry it is required to bend the glass at higher 
temperatures. The basic principle of manufacture of thermally-curved glass has not substantially 
altered since the middle of the 19th Century. The principle applied is the principle of ‘gravity 
bending’ illustrated in figure 2.28.  

 

   

Figure 2.28: Manufacturing steps of ‘gravity bending’ principles (Guardian, 2012).  

This method involves laying the flat float glass blank on a fire-resistant metal or ceramic bending 
mould and heating it, in a bending furnace, to temperatures of between 550 °C and 620 °C. Once 
the softening range has been reached, the blank will, by force of gravity, sink into the mould or, 
where the mould is convex, lay itself over this latter. It is the cooling-off phase that determines the 
properties of the end-product (Bundesverband Flachglas, 2011). Slow cooling, free from residual 
stress, produces a glass which can be further processed, whereas fast cooling creates a partial or 
fully tempered glass which is not applicable for further processing. 

The gravity bending principle worked for glass with simple curves and small bending radii, but it 
was of no use for making the more complex shapes with bigger curves. The minimum and 
maximum radius depend on the weight of the glass sheet and thus its size and thickness. The 
radius of curvature for double curved glass is normally larger than 2000 mm with glass that is 
bended by its own weight. Single and especially double curvature stiffens the glass so a load-
bearing glass dome can be made if the edges are fixed in position. Decreasing the radius of 
curvature also decreases bending moments and deflections, so that the required strength and 
stability can be achieved with thinner glass than would be the case with flat glass (Molter, 2011).  
 
To make bigger curvatures, the heated glass panes can be pushed actively against a mould that is 
shown in figure 2.29 and 2.30. Until now this method is often applied for the bending of 
monoclastic shapes of glass. The bending of glass in synclastic or anticlastic shapes is harder to 
realize and only done by a few companies around the world.  
 
 

Figure 2.29: Glass pressed between two moulds 
(Corning Museum of Glass, 2011). 

Figure 2.30: Bending and tempering furnace 
(Yuntong, 2003). 
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A very well-known project applying hot bended 
glass is the Nordkettenbahn in Innsbruck by 
Zaha Hadid Architects that consist of four 
stations (figure 2.32 up to 2.35). The basic 
material of the manufacturing process was a 
series of flat panes of 12mm thick glass. 
Moulds were made from steel rods contoured to 
the precise double-curved shape of each panel. 
Figure 2.31 shows the used mould for bending 
one panel. Subsequently the glass panes sag 
by gravitational forces and for extreme bending 
aided by vacuum technique. Then an 8mm 
thick glass pane was made pliable with heat 
and laid over the contoured bed as an under 
layer to smooth out bumps and imperfections. 

After that the final pane was laid over the layer below. Next, a 1.5mm thick layer of white 
polyurethane resin was laminated to the underside of the panel to hold the glass together in case it 
shattered and give it a strong white appearance. All the panels were prefabricated to a tolerance of 
±3mm and after manufacturing their precise shape and dimensions were checked by a 3D digital 
scanner (Spring, 2007).   
 

 
Figure 2.32: Station Löwenhaus by Zaha Hadid 
(Techen, 2010). 

 
Figure 2.33: Station Hungerburg by Zaha Hadid 
(Techen, 2010). 

 

 
Figure 2.34: Station Congress by Zaha Hadid 
(Techen, 2010). 

 
Figure 2.35: Station Alpenzoo by Zaha Hadid (Techen, 
2010). 

 
  

Figure 2.31: The mould used for bending one panel of 
the Nordkettenbahn project (Rietbergen, 2011). 
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This fabrication method is very labour-intensive and financially only viable with low-wage labour. 
The steel-rod mould must be fabricated for every unique glass pane that makes this process time-
consuming and inefficient. This labour-intensive process is only suitable for mass production, for 
example in the automobile industry. To make this process more efficient it is essential to develop a 
new production method of double curved glass with a flexible mould that is discussed in chapter 3.  

2.5 Conclusion 

Within this master thesis, the glass that is being used is soda lime silica glass. This is due to the 
relative cheapness, reasonably hard and extremely workable properties. The glass is also capable 
of being re-softened and re-melted numerous times, that makes it ideal for glass recycling. The 
glass dome exist of double glazing panels because in the future the double curved glass panels can 
be used in glass facades and roofs and these panels must be thermally insulated. In this master 
thesis no analysis will be done for the insulation characteristics of the glass panels and the glass-
glass connection. Flexible spacers will be used to make double glazing of curved glass panes. 
Double curved glass panes will be bend by the hot bending method because cold bending cannot 
deliver the desired geometry. 
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3. Moulding techniques 
 
This chapter will discuss different moulding techniques. Current mould techniques will be 
categorized in three categories. The outcome is the most suitable moulding technique for the 
bending of double curved glass plates.   
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3.1 Current moulding techniques 

For the production of double curved glass panels, there is need for a mould. These moulds can be 
divided into three categories (J.Helvoirt, 2005). 

 Static moulds; 
 Reusable moulds; 
 Flexible moulds; 

3.1.1 Static moulds 

The static moulds are permanent and cannot be adjusted. These moulds are often used in 
repetitive surfaces and mass production. The glass envelope of the Nordkettenbahn project by 
Zaha Hadid is made by double curved glass panels. Due to the complexity of the surface and the 
requirements for the quality demanded by this project, the choice has been made to use static 
steel moulds for bending the glass plates as is shown in figure 2.31 in chapter 2.4. 

With the use of Computer Numerical Control(CNC), 3D moulds can be milled out of steel or ceramic 
materials as shown in figure 3.1. The foam concrete milled technology represents the newest and 
economic version of custom manufactured mould. This method is relatively cheap, its milling time 
is short and environmental pollution by the production of fine dust particles is dealt with by 
commonly used techniques (Vollers, 2004). A double curved panel mould can be made of a static 
mould, it is economical if they are reused multiple times. This makes static moulds not suitable for 
uniquely shaped elements. A large disadvantage is that for each element a unique mould is 
required, which has to be stored or demolished after use. This method is also very labour intensive, 
which makes the availability for lower budgets impossible.  
 

Figure 3.1: 3D milled concrete (timburllc, 2014). 
 

Figure 3.2: Sand hill Pavilion (Pronk, 2007). 
 

3.1.2 Reusable moulds   
The reusable or re-formable moulds can be created from ceramic materials such as sand or clay. 
With sand it is possible to make many different shapes. An advantage of using sand is that the 
amount of waste material is very limited. In contrast to this advantage is the very labour intensive 
method required to create these moulds. A side-effect is also that not all shapes are possible within 
this technique. An example that has applied this technique is the Philips pavilion of Le Corbusier. In 
this case they made sand moulds to the desired shape. These moulds were then divided into 
quadrants with reinforced meshes, as is shown in figure 3.2. Finally the quadrangles were cast 
individually in concrete. In certain types of art which are created in glass, they use ceramic 
moulds. These moulds are made by hand. Therefore there is a large chance for unwanted 
deviations. This makes the manually crafted panels not precise.  
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3.1.3 Flexible moulds    
The flexible moulds are reconfigurable moulds that can 
be adjusted to different forms. With this technology it 
is possible to deform the moulds to the required 
shape. The flexible mould of Rietbergen and Vollers on 
figure 3.3 is a prototype that consists of actuators 
which are adjustable in height by a computer script. 
The top layer may consist of a grid, strips or mesh. 
These top layers have to bend and deform easily into 
the required shape. The main advantage of flexible 
mould is that the mould can be used multiple times 
and it is possible to make different shapes. In 
contrast, the investment costs of these moulds are 
very high.  For the creation of fluid surfaces, where 
most of the panels are unique, the flexible mould 
technology is most suitable and economical.   

3.2 Flexible mould techniques 

For the creation of a suitable mould, multiple double curved surfaces have been analyzed.  The 
flexible mould is the outcome of this analysis. Flexible mould techniques lead to lower cost of the 
production by reusing the mould multiple times, and also the freedom of forms has a potential 
contribution.  
 
The idea of the production of double curved panels with the use of a flexible mould has been 
described by architect Renzo Piano in the sixties of the last century. In figure 3.4 a concept of his 
idea is shown. First the dimensions of the element are fed into the mould. After that the required 
shape is formed with the use of vertical adjustable actuators, which are connected to the flexible 
surface. This system has never been built. Nowadays the data for the height of the actuators could 
be obtained directly from a 3D computer model.   
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Concept flexible mould by Renzo Piano (Piano. R, 1969). 

Figure 3.3: Flexible mould driving on software 
(Vollers, 2004). 
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3.2.1 Categorization of flexible moulds   

The flexible moulds can be categorized into 4 categories (Gard, 2013).  
 

1. Pin-bed surface  
The FlexiMould is based on the Pin-art design figure 
3.5. The pin-bed surface is a high density pin-bed on 
which the desired design can be formed directly 
(Boers). With the use of CAD design the pins can be 
controlled individually. This system is fully automatic 
and can form many extreme shapes. The 
disadvantage of this system is the high investment 
costs required to produce such a mould. The first 
concept had an effective working volume of 40 x 50 
x 25 mm3. After this successful small prototype, a 
larger prototype with a volume of   1000 x 1000 x 
5000 mm3 has been developed. They shaped plastic 
sheets by heating first and then shaped into the 
mould by air pressure. 

 
2. Flexible top layer  
The top layer consists of a flexible material that can 
be shaped in different shapes. Rietbergen and 
Vollers have developed a flexible mould consisting of 
a grid that can be formed by adjustable actuators, as 
shown in figure 3.6. The CNC actuators support a 
wooden top layer without fixing. To get enough 
curvature, the top layer requires enough downward 
pressure to ensure that the top layer touches the 
actuators. 

The flexible mould of Schipper has the same idea but 
another method. They used grids of strips as a 
flexible top layer. With a rubber frame placed above 
for concrete. When the self-compacting concrete (SCC) has filled the rubber frame, the mould will 
be deformed into the shape, as shown in figure 3.7 and 3.8. This has been done by adding weights 
to the pre-set actuators. After that the support plate will be removed. The flexible layer will be 
deformed into the desired shape. After the concrete has hardened, the flexible mould can be de-
moulded and the flexible mould can be reused.   
 

 
Figure 3.7: Flexible mould in curved position 
(Schipper, 2012). 

 
          Figure 3.8: Flexible mould in flat position 
         (Schipper, 2012). 

 

 
Figure 3.5: Fleximold (S. Broers). 
 
 

 
Figure 3.6: Flexible mold Rietbergen and 
Vollers (Schipper, 2011). 
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Students of the Masterproject 2, at the Technical University of Eindhoven have created a flexible 
mould for double curved glass panels (figure 3.9). This is done under the supervision of Ir. A. 
Pronk. The mould consists of a frame, with 5 adjustable points on each side. These points are 
connected to a steel mesh WNIO5 1.40*0,4 (opening*diameter) (figure 3.10). This type of mesh is 
flexible and can form deeply. From the designed model in the computer software (Grasshopper), 
the heights of the sliders are adjusted to the desired height. The glass is placed on top of this mesh 
and is heated up to the annealing point of 580-620 degrees Celsius.  With the use of the own 
weight of the glass, the glass deforms itself in to the shape of the mesh. A disadvantage of this 
prototype is that the own-weight of the glass is not enough to create high curvatures. Therefore 
downward pressure is mandatory. The mesh also creates a deflection at the horizontal surface. This 
creates another bottleneck of this prototype. After bending the glass the mesh still shows some 
deflections. 
 

 
Figure 3.9: Flexible mould (M2-project, 2014). 

 
            Figure 3.10: Connection with mesh  
           (M2-project, 2014). 

 
 
3. Tensioned flexible layer  
The E-mould uses a tensed textile membrane and 
actuators that are positioned at the edges (figure 
3.11). Between the top and bottom plates of the curved 
edges, the membrane is clamped.  The membrane will 
be formed by setting actuators manually and feeding 
inflatables. The purpose of E-mould is to produce 
double curved polyester panels.  
 
 

4.  Pressurized flexible layer 
A pressurized flexible layer can be made with the use of 
vacuum technique. This technique, vacuumatics 
consists of structural aggregate parts that are packed 
in a flexible membrane to form a rigid mould. A fluid 
form can be made by hand with use of light air 
pressure. When the required shape is achieved, the air 
is pumped out of the bag. This is shown in figure 3.12. 
The possible shapes of this technique make it easily 
deformable, yet a disadvantage is the very intensive 
labour.  

 

 

Figure 3.11: E-mould (Rooy and Schinkel, 
2009). 

Figure 3.12: Vacuumatics (Huijben, 2012). 
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3.1 Flexible top layer 

Using flexible moulds can results in a significant cost reduction within the manufacturing process. 
Yet these flexible moulds are not feasible for commercial use because of the relatively high costs 
(Munro, 2007). These costs have to be reduced by designing a simple and cheap flexible mould. 
The amount of actuators required has a great influence on these costs as shown in figure 3.13. 
However, the amount of actuators has a direct influence on the form freedom of the flexible mould. 
With a higher density of actuators, more extreme curvatures and more complex fluid forms can be 
produced. For architectural use, the curvatures are mainly limited. The radius of existing double 
curved constructions varies between 0,75m and 45m (Schipper, 2015), so a high density pin-bed is 
not necessary. The balance between costs and necessary curvature should determine the density of 
actuators. 
 

 
Figure 3.13: Relation between density of actuators   
and investment costs (Gard, 2013). 

  
As explained in chapter 2.4, surface curvatures can be classified in four categories: zeroclastic, 
monoclastic, synclastic and anticlastic. When using a tensioned flexible layer only zeroclastic and 
anticlastic forms can be made which limits the freedom of form dramatically. With the use of a 
flexible top layer with a higher density of actuators, all different surface curvatures can be made. 
When considering the aspects of costs and its form freedom, the flexible top layer has the best 
balance between these aspects and is the most suitable method for the bending of glass. For the 
development of a new flexible to player mould, the ‘flexible mould’ by Schipper and the ‘flexible 
mould’ of the M2 project are taken as a starting point.  

The flexible mould of Schipper is designed for the creation of double curved concrete panels. The 
concept of the flexible mould is very simple: a flexible surface or membrane is forced into a 
required shape. Figure 3.14 shows the new prototype (600x600 mm2) of the concept. A flexible 
surface consisting of plastic strips in two perpendicular directions fixed together using a bolted 
connection (Eigenraam, 2013). The mould consists of a grid of 5x5 thrusters, distributed over 
distance of 200 mm x 200 mm (Schipper, 2011). Each pin starts at an initial height for casting the 
concrete horizontally until the concrete has sufficiently stiffened. Then the pins can be set to the 
second height corresponding to the CAD model, so the mould surface can be deformed by lowering 
a temporary support structure. When the pins have reached the height set the required shape has 
been obtained and the concrete can be left to harden (Schipper, 2014). In figure 3.15 the first 
prototype of the concept can be seen where a double curved concrete panel is been made.    
 



Master thesis 
 

36 |  University of Technology Eindhoven 
 

 
Figure 3.14: New prototype of flexible mould     
(Schipper, 2013) 

 
Figure 3.15: A deformed mould in which the 
concrete is left to harden (Schipper, 2013). 

 
The concept of the flexible mould of Schipper can also be used for the bending of double curved 
glass panes. The mould has to be adjusted to be able to withstand the heat of the furnace and the 
glass, since this is heated to approximately 600 C°. The materialization of the mould also has to be 
adjusted, so a different type of flexible layer has to be found. The thrusters have to be able to take 
the heat of the furnace as well. For this reason these are fabricated out of steel.   
 
As explained in chapter 3.2.1 the flexible mould of the M2 project for the bending of double curved 
glass consists of a frame, with on each side 5 adjustable points. These points are connected to a 
flexible steel mesh. A disadvantage of this flexible mould is that the adjustable connections are 
located at the sides of the mould. This results in a limited amount of curvatures that can be made. 
Because the surface is already predetermined in the right shape, it is difficult to fixate the glass 
plate at the exact position on the mesh (figure 3.17). More research is required into the flexible 
steel mesh. The horizontal position of the mesh already has a deviation. When a weight of glass 
plates is placed on the mesh, the deformation after the furnace cycle does increase only.   
 
 

 
Figure 3.16: Difficult fixation of glass plate by  
predetermined mould (M2-Project, 2014). 

  



3Dflexmould 

Building Technology  | 37   
  

3.2 Conclusion 

The flexible top layer method shows great potential for manufacturing a low-cost flexible mould 
technique whereby many different shapes can be made. The design of the new flexible mould will 
be elaborated by looking at the two flexible mould techniques of Schipper and the M2 project. The 
steel flexible mould of the M2 project can be optimized in several aspects to produce more accurate 
glass panes. By adding pins in a grid under the steel flexible top layer, such as the flexible mould of 
Schipper, more different surface curvatures can be made.  
 
The steel flexible top layer needs to be improved, such that the curvature of the steel mesh 
becomes smoother and has less deviation. The pins can be driven by the use of stepper motors 
that will lead to a higher productivity and accuracy, but the investment cost of such system is 
higher. Further research has to be done in order to determine whether the mouldsettings have to 
be manually or automatically adjusted. There should also be found a feasible method to validate 
the geometry of the flexible mould and the formed glass panels, such that the deviation of the 
mould and the created curved glass can be easily determined.  
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4. Design of a new mould 
 
More information contact the secretariat structural design: secretariaat.sd@tue.nl  
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5. Method implementation 
 
More information contact the secretariat structural design: secretariaat.sd@tue.nl  
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6. Production process 
 

More information contact the secretariat structural design: secretariaat.sd@tue.nl 
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7. Glass-glass connection 
 

Although it is theoretically possible to create large surfaces of glass, in most cases the dimensions 
are usually limited of 3.21 x 6.0 meters (exceptions aside) of float glass. Larger dimensions are 
realized by connecting multiple glass plates. In curved glass structure it is clear that connections 
are inevitable, in order to create large glass surfaces. Through the required connections, the 
aesthetics can be impeded. 
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7.1 Current glass-glass connections 

The use of glass is increased in the last decades in the built environment. Glass has versatile 
qualities, it is not only environment friendly but it is also totally recyclable. In contemporary 
architecture, glass is often chosen to have transparent structures. In this case, optimal use of 
daylight and at simultaneously the openness of the building will be emphasized. This has led to 
various studies on various possibilities of connecting glass panels. The traditional approach for 
dealing with connections between glass and other materials was to avoid directly contact between 
the glass and other harder materials thereby diverting loads or movement away from the glass. For 
applications of flat and one-side curved glass panels, there are several connections techniques 
developed. 

Float glass plates are limited in their dimensions with a maximum of 3.21 x 6.0 meters. On larger 
glass surfaces connections between glass panels are necessary. The glass-connection types can be 
traced through the chronological development of glass connections. In the mid-20th century with 
linearly supported glazing, to the patch plate friction in the mid-1970s, to the bolted point supports 
in the 1980s and 1990s as shown in figure 7.1. Current techniques are able to create a point by 
point or linear connection and utilize mechanical force transmission, a force transmission through 
friction of an adhesive polymer (Wurm, 2007).   

                                   
 
Figure 7.1: Possibilities supporting glass  (Haldimann, 2007). 

7.1.1 Point connection 

The most used connection in order to create mechanical point by point connection is bolts (figure 
7.2). In this case the glass plate is supported at the height of the drilled hole and is surrounded by 
a plastic or aluminium case, which divides the forces on the bolt to the inner surface of the drilled 
hole. With this method peak loads in the glass are avoided. A further development of this technique 
lead to the engaged bolt connection. In this type of connection the bolt can be lowered on to the 
glass, because the angle and drilled hole both have an angle of 45°.  

 
Figure 7.2: Mechanical point connection (Pieterman 
glastechniek, 2014). 

 
Figure 7.3: Clamp fixing (Blancke, 2011). 

 

Linearly supported  Structural silicone sealant     Local edge support     Local point supports 
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The glass can also be connected with a clamped connection. This type of connection is based on 
the friction between the material and the glass pane by applying a clamping force (figure 7.3). 
Usually plastics are used to create this effect, but other materials such as aluminum can also be 
applied. These connections can be applied along the edges or on the surface of the glass. In the 
last case a temporary perforation of the surface is necessary, which weakens the plate 
considerably. 

In most mechanical connections or clamped connection the surface of the glass is often perforated. 
These drilled holes often create weaker points in the glass plate, which weakens the strength of the 
whole pane. In order to avoid these weak points an adhesive point connection seems like an 
interesting alternative. If a type of glue is used, which can partly be used as filling, it can be 
compatible with bent glass structures. 

7.1.2 Linear connection 

The linear mechanical glass connections are the most traditional way of connecting glass. Many 
façade and roofing systems are based on this principle and are produced by numerous 
manufacturers. The glass plates are used in construction with a wooden, plastic or metallic frame, 
which in turn are connected with the load-bearing structure. It is also possible for the frame to be 
the load-bearing structure. In figure 7.4- , the system is shown. A mechanical connection is usually 
combined with a clamped connection. 

 

 
Figur 7.4: Mechanical linear connection (KDmontage, 
2014). 

 
Figure 7.5: Linear clamped connection (Wurm, 
2007). 

 
 
In a linear mechanical connection the plastic strip is fixed on the load-bearing profile. A glass plate 
is then placed on the profile. By applying a finishing profile to the top side of the glass plate, it is 
possible to fix the glass plate to the finishing profile. This is accomplished by using an intermediate 
layer of plastic, which can be tensioned to the profile (figure 7.5). 
 
The glass plates can also by connected by using a linear adhesive bond. An example of this joint is 
found in the Stuttgarter glass dome by Lucio Blandini, built in 2004. The glass plates are made of 8 
mm annealed glass laminated with 2 mm chemically strengthened glass. With using an adhesive, 
epoxy DP490, there is a linear butt joint created between the glass plates. Figure 7.6 shows the 
glass dome with adhesive bonding and in figure 7.7 a sketch of this joint is seen. 
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Figure 7.6: The Glass Dome in Stuttgart by Lucio 
Blandini (Blandini, 2008). 

 
Figure 7.7: Sketch of joint of the Glass Dome 
(Dooren, 2014). 

 
 
For applications of flat glass panels are already many techniques developed and also for single 
curved surfaces there are suitable solutions. A large part of the techniques cannot be used for 
double curved surfaces. A self-supporting glass-glass connection with smooth surfaces is an 
important goal for the glass dome. Glass connections with adhesives leads to a lot of design 
freedoms and visually obstacles are not achieved, compared with other connection possibilities. 
Therefore, connections with an adhesive will be designed.  
 

7.2 Transparent adhesive connection  

To create a fully transparent glass dome, interruptions in this surface are not desirable. Therefore, 
the Eindhoven University of Technology did research on structural bonding of glass panels with 
translucent adhesives.  A major concern and challenge is to select a suitable adhesive which is 
resistant to all appropriate structural loads. And complies with constructional and esthetical 
requirements, such as gap-filling properties and suitable thickness to compensate for tolerances. 
Also the adhesive has to be applicable for outdoor use, therefore the adhesive must to be resistant 
to moisture and UV light.  

7.2.1 Adhesive solutions  

There are several adhesive families that are suitable for making a structural connection. The epoxy, 
modified acrylic and polyurethane families are most suitable for a glass-glass connection and it is  
possible to process them on site. For each adhesive various curing method are possible. They are 
divided in cold cured adhesives, these are cured without increasing temperature, hot cured 
adhesives, these are cured at increasing temperature, and adhesives may be cured by radiation. 
  
Adhesive families:  

 The Epoxy family are often used nowadays. The epoxy bonds very well to many substrates 
and by modifications it can achieve widely varying properties. For the connection with glass 
– glass, the epoxy have an own high strength and low flexibility. Typically of epoxy 
adhesive is the high viscosity. Hereby, it is less suitable to connect small parts.  

 
 Modified acrylates have good peel strength and impact resistance. The tensile shear 

strength of acrylates is excellent between temperatures of -73 °C to 121 °C. These 
adhesives often have a colourless clear appearance because UV light must be able to 
transmit through the adhesive to initiate curing. (Dooren, 2014) 
 

 PU adhesives form tough bonds with high peel strength. Strength properties are 
maintained up to very low temperature. They have exceptionally high strength at cryogenic 
temperatures (below 150 °C). PU adhesives have good chemical resistance, although 
generally lower as epoxies or acrylics. Also the high temperature resistance is lower 
compared to epoxies and acrylics. (Dooren, 2014) 
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Teun van Dooren did research on this topic for his master thesis in cooperation with Brakel Atmos. 
He developed a structural frameless glass-glass butt-joint connection that is able to transfer both 
compressive and tensile loads. Several adhesive categories of chemical triggering are considered. 
The choice of the adhesive category is dependent on the processability. A literature study combined 
with the performed experiments proved that (UV) light radiation cured adhesives are best suitable 
for this connection. In this master thesis the UV hardening adhesive of Teun van Dooren will be 
analyzed and tested. With good results, the adhesive will be used for the glass-glass connection to 
build the glass dome.  

 The different adhesives are compared with the following parameters: 

 Colour  The goal is to get totally transparency  
 Viscosity  The viscosity is an important property for the process. How lower this value  

    (cP ), the adhesive will be flow easily. 
 Adhesion and  The adhesion gives the compression of shear glass-glass. The cohesion  

cohesion  gives a value of the adhesive that represent the tension strength. How  
   higher the value how better connection.       

 Elongation to  The elongation to tear is the strain on sample when it breaks. A higher  
tear  elongation to tear, more flexible connection.  

 Young’s   Young’s modulus is the ratio of the stress over the strain. The higher the  
modulus Young’s  modulus is, the stiffer the material is and it will be break with a 
   little strain. The connection has to transfer bending moments.  

 Glass   The glass transition temperature (Tg) is the temperature which an  
temperature  amorphous materials will transform from hard to brittle or softly. The Tg  
transition needs to be higher than 80 °C. Higher Tg gives better safety of the   
    structure. 
   

Configuration 
There are many ways to make a structural adhesive connection. From literature study some shapes 
and configuration of the joint were compared by Teun van Doorn. According to smooth surface, 
avoiding local stress concentrations to eliminate the risk of spontaneous fractions and applicability, 
the line joint is chosen.  

The connection that is developed is a double glass joint with a 6 mm spacer and a 4 and 6 mm 
annealed soda-lime glass plates with a recessed spacer of 8 mm ( figure7.8). The whole joint has 
to be filled with a polymer. With the recessed spacers a larger area is created where the joint can 
be created. This gives this design the following advantages regarding a normal line-butt-joint. 

 A bigger adherence surface 
 A higher structural height due to the double glazing 
 The connection is hidden 
 It is possible  to get higher insulation values 

 

 

Figure 7.8: Basis design of glass-glass connection (Dooren, 2014). 
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To create a structural adhesive connection, there are many suitable adhesives families compared.  
In table 7.1 are different adhesives compared with their parameters.    
 

 4302 
(UV 

cured) 

GB368 
(UV 

cured) 

4468 
(UV 

cured) 

GB310 
(UV 

cured) 

DP410 
(2C) 

DP460 
(2C) 

DP610 
(2C) 

Manufacturer Delo Delo Delo Delo 3M 3M 3M 

Adhesive 
family 

Modified 
acrylate 

Modified 
acrylate 

Modified 
acrylate 

Modified 
acrylate 

Epoxy Epoxy PU 

Colour Colourless 
clear 

Colourless 
clear 

Colourless 
clear 

Colourless 
clear 

Off-
white 

Off-
white 

Transparent 

Viscosity 100 cP 100 cP 7000 cP 5700 cP 
70000 

cP 
30000 

cP 
3000 cP 

Adhesion to 
glass 

31 MPa 34 MPa 22 MPa 22 MPa 22 MPa 31 MPa 23 MPa 

Tension 
strength  
(cohesion) 

16 MPa 33 MPa 14 MPa 20 MPa - - - 

Elongation to 
tear 

90% 4% 200% 17% - - - 

Transition 
temperature 
Tg 

111 °C 120 °C 74 °C 102 °C 85 °C 73 °C 80 °C 

Table 7.1: Various adhesives comparison (Dooren, 2014). 
 

7.2.2 Adhesive selection 

By applying different adhesives in a connection of varying thickness, the Delo Photobond® 4468 
adhesive gives the best results in all aspects. It is the only adhesive that is able to be cured when 
applying a 15 mm spacer, which performed best during strength tests and led to a proper 
transparency. The viscosity of the DP 4468 is not to treacly or watery, and is easily processable 
(Dooren, 2014). The product specifications of the Delo Photobond® 4468 can be found in appendix 
E. 

The final product of the master thesis Teun van Doorn is shown in figure 7.9 and figure 7.10. The 
pyramid roof model is realized with the use of the developed connection which delivered a 
presentable model with proper strength and appearance. The applied connection has a 6-6-4 glass 
composition filled with DP 4468 and a DC 791 sealant finish. The integration of transparent PMMA 
tubes in which LED-strips can be inserted is a success which delivers an even more spectacular 
appearance of the connection and the glass (Dooren, 2014).  
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Figure 7.9: Roof model with structural transparent 
glass-glass connection by Teun van Dooren (Dooren, 
2014). 
 

 
Figure 7.10: Roof model with led tube in the glass-
glass connection by Teun van Dooren (Dooren, 
2014). 
 

 
After a half year, the structural adhesive connection with DP4468 has become yellow instead of 
being transparent. This negatively affects the aesthetic value of the connection.  There are several 
reasons that lead to yellowing of the connection. Implementation of the connection may be a major 
cause.  

7.2.3 Structural behaviour 

The research of Teun van Dooren was focused on the maximum tensile capacity of the connection. 
The maximum tensile strength capacity is 12,94kN (Dooren, 2014). However, at this point plastic 
behaviour already has occurred. In his research many aspect of the structural behaviour 
connection were left out. Master students, Youri Baidjoe and Baldeep Singh of Technical University 
Eindhoven department Structural Design, did research about the structural behaviour of the 
connection. The purpose of the structural behaviour analysis is to obtain insight in the failure 
criterion on which this connection is based. To determine which failure modes may be present, 
there are three categories made:  
 

 The polymer DP4468 fails on cohesion 
Failure on cohesion can be defined as the internal stresses within the adhesive are too 
high, which results in crack growth between the molecules of the adhesive. Due to the 
geometry of the connection, different types of stresses occur during the loading of the 
glass plates. The stresses can be divided in to normal stresses and shear stresses. The 
occurring of these stresses are located at the vertical and horizontal parts of the cross 
section of the DP4468 connection. (Baidjoe Y.W, 2015) 
 

 The polymer DP4468 fails on adhesion 
To understand adhesion behaviour, there are two failures possible. The failure of the butt 
joint, can be defined as the adhesive bonding strength being exceeded, which results in 
dis-bonding from the substrate At the horizontal surface, which is in between the glass 
plates, a concentration of mainly shear stresses occurs (figure 7.11). Within the vertical 
orientated area of the DP448 mainly normal stresses occur. This is due to the fact  that the 
whole load has to be transferred through the middle of the connection. The but-joint has 
two types of failure during tensile loading. These are tensile failure and shear failure (figure 
7.12). When the joint is loaded by a moment cleavage failure occurs as well. (Baidjoe Y.W, 
2015) 
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 Failure in the glass plate 
Failures in the substrate occurs when peak stresses are reached within the adhesive area. 
Due to imperfections in the substrate or the DP4468 connection these can result in cracks 
within the substrate. These cracks in the substrate do not necessarily have to results in a 
complete failure of the connection. It does influence the esthetics of the connection. This is 
not desirable, that is why it is contained within the failure modes of the connection. 
(Baidjoe Y.W, 2015)  
 

 
Figure 7.11: Failure modes of an adhesive 
bond (Baidjoe Y.W, 2015).. 

 
Figure 7.12: Failure of the 
butt-joint (Baidjoe Y.W, 
2015). 

 
Figure 7.13: Failure of the 
lap-joint (Baidjoe Y.W, 2015). 

 
 
The behaviour of the connection subjected to a bending moment is analyzed in three different 
methods.  

1: Theoritical   
  2: Experimental  
  3: Nummerical 

The goal is to gain insight into the behaviour of the connection, with regard to the maximum 
moment capacity and the deformation. The connection has been validated with a 4-point bending 
test. By analysing different methods, it can be concluded that the results are conflicting. From the 
theoretical and numerical models, the rotational spring stiffness in comparison with the 
experimental value is much higher. This is mostly due to the production process of the 
experimental samples. The experiment is sensitive to small variations in displacements. This 
results in a low value for the rotational spring stiffness.  

7.2.4 Manufacturing process 

Connections with adhesives are one of many techniques that make it possible to connect to panels 
to each other. Applying an adhesive can be done by different methods. However, suitable 
techniques to get a smooth glass glass connection are not always obtained. There are three types 
of manufacturing processes. Firstly, manually casting of the adhesive, then applying adhesive with 
sealing technique and finally, transport of adhesive with using vacuum technique. In table 7.2, a 
comparison has been made between different manufacturing process.  
 
 

 Production 
speed 

Adaptable Processability Controllable  Smoothness 

Hand lay-
up 

-/+ -/+ + -/+ - 

Sealing + + + +/+ + 
Vacuum - - + - +/+ 
Table 7.2: Comparison table manufacturing process  
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Hand lay-up  
The hand lay-up is a process in which the application of an adhesive is done by hand. This 
technique is the simplest method, without using a lot of equipment. By casting on vertical surfaces, 
the adhesive will flow easily due to gravity. Due to the gravity principle, accumulation occurs so 
different adhesive thickness can be seen in the glass-glass connection as shown in figure 7.14. 
Also, air will impregnate during the casting. That led to rough surfaces with a lot of air bubbles as 
shown in figure 7.15.   
 

 
Figure 7.14: Different glass-glass connection 
thickness. 

 
Figure 7.15: Air bubbles into the glass-glass 
connection. 

 

Sealing 
With the sealing technique, the adhesive will be pushed into the connection. This method is a 
controllable manually process without a lot of preparation. With this technique, adhesives with a 
high viscosity are needed. Surfaces with a small connection are difficult to reach and to seal. The 
adhesive is easy to process  because of its high viscosity. Also manually casting leads to an easy 
controllable process. The smoothness of the connection will be reached manually by sliding with a  
soft, smooth material on the connection.  

Vacuum infusion  
Vacuum bagging (or vacuum bag laminating) is a clamping technique that uses atmospheric 
pressure to hold the adhesive or resin-coated components of a lamination in place until the 
adhesive cures. The effectiveness of vacuum bagging permits the laminating of a wide range of 
materials. With the vacuum infusion process, a strong and tension improved connection without 
any air bubbles will be produced (West System, 2010). By using vacuum infusion technique a lot of 
preparation work has to be done before the adhesive will transport into the connections. When the 
set-up is done, the connections will be glued quickly. With this technique, it is not possible to adapt 
the connection during the process.  During the process, there have to control for air leakage. 
Without using professional equipment, the process is difficult to control.  The advantage of vacuum 
infusion is the quality consistency of the final product. Because prevention of wrinkles in the foil 
and air bubbles, the end result is smooth and the adhesive is evenly distributed.  

In the Eindhoven University of Technology some researches are done with vacuum technology to 
connect glass panels. In totally they are  four experiments have been done with use of glass fiber 
polymer composites to connect 4mm thick double layered panels of float glass. Figure 7.16 shows 
the connection of two plates, figure 7.17 the connection of 6 plates for a Tetrahedron,  figure 7.18 
the connection of 32 plates for a folded structure of 4 by 4 cm and figure 7.19 the connection of 
two double-layered plates (with led light within the polymer joint) (Pronk A. D., 2014).  
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Figure 7.16: Connection of 
two plates (Pronk, 2014). 

 
Figuer 7.17: 
Connection of 6 plates 
for a Tetrahedron 
(Pronk, 2014). 

 
Figure 7.18: Connection 
of 32 plates for a folded 
structure of 4 by 4 cm ( 
Pronk, 2014). 

 
Figure 7.19: 
Connection of two 
double-layered plates 
(Pronk, 2014). 

 
The experiments lead to the search for alternative possibilities for the connection of double glass 
panels by adhesives connections. Therefore, some experiments are done with insulating glass 
panels and vacuum technology. The glass-glass connections are first made of different liquids from 
high to low viscosity. Also a distinction is made between glass panels in a vacuum bag or vacuum 
foil only at the glass-glass connection. In figure 7.20-7.21 an overview of the experiments are 
shown.  
 

 
Figure 7.20: Glass panels in a vacuum 
bag. 

 
Figure 7.21: Glass-glass connection 
with paint. 
 

 
Figure 7.22: Glass-
glass connection with air 
bubbles. 

 
The insulating glass panel consist of glass plates with a dimension of 350x350mm and a thickness 
of 4mm. The flexible spacers are recessed placed to increase the adhesion surface. The 
experiments with various liquids give some insight about the behaviour of impregnation time. With 
starters kit foil on the connection, best results are given. In contrast with a vacuum bag, reducing 
of air leakages were shown. With this foil, some tears were observed on the edges of glass panes 
during the vacuum process. The tears ensure air leakages, which results in air bubbles in the 
connection as shown in figure 7.22. As mentioned in paragraph 7.2.1, the DP4468, an UV cured 
adhesive is chosen. In figure 7.22 is a connection cured with using DP4468. After curing the 
connection, smooth connection is observed with air bubbles. It is essential to have a foil that is 
able to pass the UV light through.  

Therefore, several vacuum foils have been compared with focus on the strength and UV absorption 
at a wavelength that is acceptable for the adhesive, as shown in table 7.3 The  Vacfilm 450V with a 
absorption of 19,8% and a strength of 42 MPa gives the best results.   
 

 Starterskit foil Vacfilm 200G  Vacfilm 300R Vacfilm 450V 
Strength (MPa) 25 25 40 42 
UV-absorption 
at wavelength 
375 nm  

17,6% 13,3% 65,3% 19,8% 

Table 7.3: Comparison of several vacuum foils. 
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With the Vacfilm 450V, experiment a small glass dome has been made. This is done by connecting 
the vacuum foil to a vacuum pump and to a resin container. When vacuum is applied, adhesive 
draws from the container into the connection and the adhesive will transport into the whole 
connection as shown in figure 7.23.   

 

 

 

 

 

 

 

 
The set-up of the small glass dome is made of four suppliers connections and one vacuum 
connection as shown in figure 7.24. The four suppliers ensures that all connections can be filled 
with the adhesive. By using sealing gum around the connection tube, airtightness of the set-up has 
been made.  At the highest point vacuum they will be applied. At this place, the adhesive transport 
equal to the highest point. When the connections are filled, the adhesive runs finally into a catch 
pot.  

 
 
 

After designing the set-up, a small glass dome has been made. In figure 7.25 – 7.27 is the first 
process can be seen.  

 
Figure 7.25: Placing first layer 
vacuum foil 

 
Figure 7.26: Positioning of glass 
panes  

 
Figure 7.27: Placing second layer 
vacuum foil and install connections 

Supplier point 

Vacuum point 

Sealing gum 

Vacuum Pump 

Catch pot 

Adhesive 

Connection 
mould 

Figure 7.23: Principle vacuum infusion. 

Figure 7.24: Set- up small glass dome. 
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After placing the second layer vacuum foil, the supplier tubes and vacuum tube are installed. This 
is done by using gum-gum at the tubes. Then, the vacuum of the set-up is tested. The totally set-
up still gives small air leakages on the tube connections. Therefore, professional tube connections 
have to be used.    

According to Jeroen van den Hout of Carbonherstel, it is difficult to get total air tightness. In the 
tubes, there is always air still into it. That leads to pressure differences in the four connections 
,which violate airtightness. 

During vacuum process, the glass panes want to create their own form. This leads to another 
shape than designed shape. Therefore it is not possible to get a smooth connection. The total 
process is difficult to control without using professional equipment.  

The small glass dome glass-glass connections consist of DP4468, an UV cured adhesive. The curing 
time of UV cured adhesives are depended on the intensity and the wavelength of the UV light. For 
the polymerisation with UV light, exact coordination is required. According the manufacturer, the 
adhesive have to cure at a wavelength range of 320 to 450nm and an intensity of 60 mW/cm².  
Also the manufacturer gives some indication about the curing time of 40 seconds. By reduced 
curing time the adhesive will not be cured completely. On the contrary, the adhesive will shrimp, 
which gives no guarantees on the stability and construction strength.  Therefore, several UV lamps 
are considered as in table 7.4 is shown.   
 

 Facial tanner Omnicure S2000 Hand-Held UV LED 
Wavelength (nm) 320-400 320-500 365 or 405 
Intensity 
(mW/cm²) 

15 200 130 or 300 

Table 7.4: Comparing UV lamp possibilities  

 
The Omnicure s2000 and hand – held uv led are suited for this adhesive according the 
manufacturer. To have a stable curing, the hand-held UV led is chosen. With this UV lamp only two 
wavelengths and intensities are possible according to the Omnicure. This ensures that the 
penetration of radiation into the connection is fluent. To cure the adhesive at the exactly intensity, 
the distance of the lamp to the surface is determined. With using DELOLUX control (figure 7.28), 
the intensity of two layered vacuum foil has been measured. Installing the UV – Led lamp above 
the vacuum foil gives the required intensity. In figure 7.29 is the curing process shown.  
 

  
Figure 7.28: DELOLUX  
control measurement. 

  
Figure 7.29: Curing small glass dome. 
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It is difficult to realize exactly the same curing on every place of the connection. Because of the 
overlap of the light surface of the UV led lamp, it is difficult to create complete curing cycles. By 
incomplete curing, the adhesive will be cured totally by daylight. This results in the yellowing of the 
adhesive. So the adhesive is not applicable for outside solutions. According to different experts in 
adhesive field, curing of DP4468 with a thickness 16 mm is not possible. With this thickness the 
curing time will become longer so the adhesive will shrink. In structural area gives this no 
guarantee. 

After curing the small glass dome, some deviations on the connection are visible. Different 
adhesive connection thickness and a lot of air bubbles in the connection can be seen. Also 
yellowing has been observed.  That indicates that the glass-glass connection has not been 
completely cured. This, leads to a less transparent and rough connection. In figure 7.30, end 
results are shown. 

Figure 7.30: End result small glass dome. 

 
According to Niek Middelkoop of Siko, DELO Distributor, yellowing takes place when a thicker 
adhesive joint above 0.01mm has to be cured. The DP4468 is only transparent at a thickness of 
0.01mm. Yellowing of the small glass dome connection it is definitely ensured. Yellowing is also 
related to the curing process because of various curing surfaces. This is not controllable in such a 
thick connection.  

According to Arnold Knottnerus of Lijm Academie, it is not possible to cure the DP4468 at a 
thickness of 16mm. If the curing time is longer than the requirement curing time, the adhesive will 
be shrink. This lead to disadvantageous effects on constructional behaviour of the connections. 

According to Jan Belis, Professor of Technical University Gent, the adhesive must not be exposed to 
UV-radiation because of yellowing. That makes it not applicable for building façade. 
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7.2.5 Conclusion 

The production technique is dependent on the viscosity of an adhesive. The DP 4468 adhesive has 
a low viscosity, which makes the production technique sealing not possible. With the hand lay-up 
method no smooth connections can be made. By means of gravity the adhesive accumulates at the 
lowest level by the weight of the adhesive so a thicker connection will occur. Also air bubbles arise 
in the connection during casting. 

An alternative is to use vacuum techniques to transport the adhesive trough the connection. With 
this method it should be possible to produce a nice smooth and equal connection. After doing 
several experiments and making the small dome, it is still difficult to get the whole set-up totally 
air tight. Even if the setup is completely airtight, air bubbles can form in the connection by means 
of pressure differences. Also the glass panels will be pressed together during drawing the vacuum, 
so the panels will create another form as is desired. 

It is difficult to realize exactly the same curing on every place of the connection. Because of the 
overlap of the light surface of the UV led lamp, it is difficult to create the same curing cycle 
everywhere. By incomplete curing, the adhesive will be cured totally by daylight. This results in the 
yellowing of the adhesive. So the adhesive is not applicable for outside solutions. According to 
different experts in the adhesive field, curing of DP4468 with a thickness 16 mm is not possible. 
With this thickness the curing time will become longer so the adhesive will shrimp. In structural 
area gives this no guarantee. 

Concluding, the DP4468 adhesive using vacuum infusion is very complicated to get a smooth glass-
glass connection. By using professional equipment some parts of the total process get more easy. 
Only the curing cycle and yellowing seem to be a continuous problem.  
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7.3 Solid adhesive connection  

To have a stable self-supporting glass dome, a glass-glass connection is needed. In paragraph 7.2 
structural adhesive research of Teun van Doorn  has been tested. After disappointing results, 
another adhesive and manufacturing process has been chosen.   

7.3.1 Adhesive solutions  

For the glass-glass connection several adhesive families are suitable for a structural connection. 
The doctoral research of Blandini is based on a frameless glass dome. Therefore, the epoxy, 
polyurethane and modified acrylate adhesives are tested. Blandini sets out to exploit the structural  
materials and adhesives as a joining system. For the selection of an adhesive, five adhesives are 
compared as shown in table 7.5. The five adhesives have been selected on base of the following 
issue:  

 Suitability to at least 1 mm wide butt joint 
 Viscosity (the adhesive should not flow out during the process ) 
 Curing at room temperature 
 Minimum bulk tensile strength of 4 N/mm2 
 Young’s module E greater than 200 N/mm2.  

 

 DP 490 Akepox 
5010 

Duopox 
1896 

DP 810 Pur 9694 

Manufacturer 3M Akemi Delo 3M Delo 

Adhesive family Epoxy Epoxy Epoxy 
Modified 
acrylate 

Polyurethane 

Colour Black Yellow grey White/ Black 

Viscosity Pasty Pasty Pasty Pasty Pasty 

Transition 
temperature Tg 

69 °C 60-65 °C - °C 35-40 °C 40 °C 

Curing at 23°C 7 days 7 days 7 days 3 days 1 day 
Table 7.5: Comparing table several adhesives. 
 

7.3.2 Adhesive selection  

The selection of the adhesive is based on research by Blandini. Blandini analysed several types of 
adhesive as shown in table 7.5, by series of experimental, analytical and numerical investigations 
on tensile, shear and bending behaviour of adhesives under variable temperatures and load 
durations. Each product was tested five times in a 10 mm wide butt joint. The glass panes were 
mechanically abraded to achieve a better adhesion by cutting all the edges using a jet of water 
mixed with sand. The tensile strength was investigated at different temperatures, -10 °C , 23 °C , 
55 °C, 85 °C, whereas the shear and the four point bending test were carried out only at 23 °C. At 
standard temperature (+23°C), all adhesives show non-linear elasto-plastic behaviour while 
extreme high temperatures (+80°C) drastically decrease the strength of the tested adhesives. In 
some cases, high temperature causes adhesive failure without applying the load (Blandini, 
Structural use of adhesives for the construction of frameless glass shells, 2007). Extremely 
negative temperatures (-20°C) drastically decrease the strength causing brittle failure. Only 
adhesive DP490 exhibited acceptable behaviour under all conditions, but the collected information 
was not sufficient to define its thermo-mechanical behaviour, so further investigations are required.   

The epoxy adhesive DP490 manufactured by 3M is a two-component epoxy with colours black and 
white for each component, but when it mixed the adhesive becomes black. The high viscosity gives 
the adhesive a texture like toothpaste, which is easy to apply in a structural connection using 
sealing gun. The product specifications of the epoxy adhesive DP490 can be found in appendix F. 
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According to the manufacturer full strength of the adhesive will reached after the curing time. In 
table 7.6, some properties of the adhesive are listed.  
 

Property Symbol Unit Value 
Work life, T=23° C - Hours Min. 15 

Handling strength, - Hours  4 - 6 

Shear strength  MPa 18 – 30.2 

Tensile strength   33 

Young’s modulus E  1800 - 2230 

Poission’s ratio v  0,3 – 0,5 

Shear modulus G  125 - 500 

Glass transition temperature Tg  69 

Table 7.6: Properties of DP 490 adhesive ( Hansen, J.Z. Poulsen, S.H. 2010). 
 

7.3.3 Manufacturing process  

The DP490 is a two-component adhesive which has to be mixed before applying. Through its high 
viscosity, it is easy to process.  To be sure of the manufacturing process, there are two test glass 
panels connected. The test set up glass panels consists of two glass panels of 350x350mm with a 
thickness of 4mm. The design of the connection is the same as is shown in figure 7.8. With tape on 
one side of the glass glass connection, the adhesive will not flow away. At the opposite side, some 
tape is placed at the edges of the glass panels to ensure that adhesive residues will not stick on the 
glass panels and also to get a smooth glass glass connection.  After taping, the glass glass 
connection is filled with adhesive by using a sealant gun. Subsequently, finishing  takes place with 
a wet smooth scummy material to get a smooth connection. When the connection is totally sealed 
and finished the tape on the edges has been removed. In figure 7.31 is the manufacturing process 
of connecting two glass panels shown.   
 

Figure 7.31: Process sealing glass glass connection. 

7.3.4 Conclusion 

The chosen adhesive is based on a doctoral research of Blandini. In his research, a frameless glass 
dome is made. Therefore, the epoxy, polyurethane and modified acrylate adhesives are 
experimented several times in a 10 mm wide butt joint. The tensile strength was investigated at 
different temperatures to get the best strength without failure. In various temperatures, the DP 
490 exhibited acceptable behaviour. With this adhesive a test glass glass connection is made to 
understand the manufacture process. Because of the high viscosity of the adhesive, it is easy to be 
processed.  After curing, a smooth black glass-glass connection has been made.  
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7.4 Conclusions 

A glass-glass connection can be made by several techniques. To create a self-supporting glass 
dome, an adhesive connection is chosen. Teun van Doorn did research about different structural 
adhesives to create a transparent self-supporting construction. The DP 4468 adhesive of modified 
acrylic family came out best. Structural, transparency and process ability  are the goals of his 
research.  

By different manufacturing processes several glass-glass connection have been made with the 
DP4468. The two manufacturing processes, hand lay-up method and vacuum technique are 
suitable for this adhesive. With the hand lay-up, the adhesive will be cast manually. Due the 
gravity principle accumulation of adhesive has been seen.  During casting air bubbles also 
impregnate the glass-glass connection. It can be concluded that no smooth glass-glass connection 
can be made with this technique.   

To improve the glass-glass connection some experiments have been made using the vacuum 
technique. With this technique the adhesive will transport into the connection when vacuum is 
applied on the experiment set-up. The goal is to have a smooth connection that is equal in 
thickness at all connections. After some experiments it is still difficult to get the whole set-up 
totally air tight. According to Jeroen van den Hout of Carbonherstel, air bubbles can form in the 
connection by because of pressure differences, even if the setup is completely airtight. In order to 
prevent the air bubbles professional equipment’s are necessary.  

The adhesive DP4468 will be cured while exposing UV lamp. According the manufacturer, there are 
specific requirements of curing the adhesive. With a Hand-Held UV Led, a small glass dome has 
been cured. Because of the overlap of small light surface of the UV led lamp, it is difficult to create 
the same curing cycle everywhere. By incomplete curing, the adhesive will be cured totally by 
daylight. During daytime, yellowing of the adhesive take place. According to different experts in the 
adhesive field, curing of DP4468 with a thickness 16mm  is not possible because by longer curing 
then require cure time, the adhesive will shrink. Structurally this endangers the guarantee.  

As end result, some  disappointing results have been seen. The glass-glass connection are not 
equal with other connections. Also air bubbles and yellowing of the connection has been seen.  
Therefore, another adhesive is chosen. The goal is to improve and simplify the manufacturing 
process and also to have a smooth equal surface. Because of the presence of air bubbles and small 
deviations in the transparent connection, the new adhesive will be solid. The chosen adhesive is 
based on a doctoral research of Blandini. In his research, a frameless glass dome is made. 
Therefore, structural adhesives of different families are experimented in a 10 mm wide butt joint. 
The tensile strength was investigated at different temperatures to get the best strength without 
failure. In various temperatures, the DP 490 exhibited acceptable behaviour. With this adhesive a 
test glass-glass connection has been made to understand the manufacturing process. Because of 
the high viscosity of the adhesive, it is easy to process.  After curing, a smooth black glass-glass 
connection has been made. 
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8. Manufacturing Big dome 
 
In this chapter the end result of this master thesis will be elaborated. All the steps of the 
manufacturing process of the big dome will be explained and the end result will be shown.   
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8.1 Producing glass panels 

The glass dome is modelled with a Grasshopper script and has a footprint of 1.5 meters by 2 
meters and a height of 0.4 meter. The dome is divided into 20 panels with 10 unique surfaces as 
can be seen in figure 8.1. For the manufacturing of the big dome firstly the unfold of the 10 unique 
glass panels will be determined so the flat glass plates can be ordered. Then the production 
process starts as is elaborated in chapter 6. De mould settings of the 10 unique glass panels will be 
simulated so the 20 glass panels can be bent by the bending process as explained in chapter 6.2.   
 

 

Figure 8.1: Big dome consisting of 20 panels with 10 unique surfaces.  
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8.1.1 Validation glass panels big dome 

The glass panels of the big dome will be validated. Glass panels 1, 2, 5, 6, 9 and 10 are validated 
because these panels give a good impression about the deviation of all the panels of the big dome. 
As explained in chapter 6.3, the glass panels of the big dome has a bending radius around 2000 
mm because deeper bending radius cannot be achieved using gravity bending. Almost all glass 
panels of the big dome have an acceptable deviation of +/- 3 mm. Only the corner panels have a 
bigger deviation with a maximum of 5.7 mm as can be seen in figurer 8.2, because these panels 
have a deeper bending radius compared with the other panels. The other glass panels have an 
acceptable deviation with a maximum of 3 mm. Glass panel 5 is shown in figure 8.3 as an example. 
A complete overview of all validated glass panels can be seen in appendix G.  
 

 
 

Figure 8.2: Deviation of glass panel 1. 

 

 
 

Figure 8.3: Deviation of glass panel 5.  
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8.2 Supported structure 

After the glass plates are bent and spacered, a glass panel is made, the glass panels need to be 
connected. The glass panels can be positioned with the use of a supported structure. In figure 8.6 
a 3D view of the supported structure can be seen. In appendix H the technical drawings are shown. 
The curves of the big dome will get from the grasshopper model so the glass panels can be 
positioned on the supported structure.  
 

 

Figure 8.4: 3D view of supported structure.  

For the supported structure use is made of MDF of 12 mm thick. The structure is lasered in order to 
get less deviation as shown in figure 8.3. The MDF plates for the supported structure are provided 
with notches so the wooden elements can be connected together. In figure 8.6 the produced 
supported structure is shown.     
 

 
Figure 8.5: MDF is lasered for the supported 
structure. 

 
Figure 8.6: Produced supported structure. 
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8.3 Manufacturing big dome  

The glass panels need to be positioned on the supported structure. The supported structure is 
provided with small nicks to show where the glass plates should be placed. First plastic strips will 
be fixed to the outer sides of the supported structure in order to prevent that the glass panels fall 
from the construction as can be seen in figure 8.7.   
 

Figure 8.7: Placed glass panels on supported structure with plastic strips on outer sides.  
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After all glass panels are placed at the right position, the panels must be positioned correctly. The 
panels will be positioned at the right height by using gum gum tape. With this tape the glass plates 
will be fixed temporarily on the supported structure. Also use is made of setting blocks to set the 
glass panels at the right height so the glass panels fit together well. To set the glass panels at a 
proper distance use is made of tile crosses (figure 8.7).  
 

Figure 8.8: Positioning of glass panels using setting blocks and tile crosses.  

 
After all glass panels are positioned correctly, the seams between the glass panels will be taped at 
the bottom side. Finally, the edges of the glass panels are taped on top with transparent tape that 
can be removed after sealing so a tight adhesive joint is obtained. This has to be done with 
transparent tape so during sealing can be seen if the seams are completely filled. The big dome in 
figure 8.8 is ready for sealing with the DP490 adhesive.  
 

 
Figure 8.9: Big dome is ready for sealing with DP490 adhesive. 
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For sealing the 2-component adhesive a pneumatic sealant gun is used. After sealing the seams 
between the glass panels the joint will be swabbed and the transparent tape can be removed so a 
tight adhesive joint is obtained. In figure 8.6 and 8.7 the sealing process of the glass-glass 
connection can be seen. Figure 8.8 shows the result of the big dome after sealing the glass-glass 
connections. Now the dome has to stay for 7 days so the adhesive completely cure and reaches its 
strength.  
 

 
Figure 8.10: Sealing of DP490 adhesive.  

 
   Figure 8.11: Sealing by using a pneumatic sealant   
   gun. 

 

Figure 8.12: Result of the big dome after sealing the glass-glass connections. 
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8.4 End result 

After sealing the glass-glass connection the tape can be removed that is shown in figure 8.12. 
 

 
Figure 8.13: Result of big dome on supported structure after removing the tape.  

 
The big dome will be placed on a bottom plate that can be seen in figure 8.14 and 8.15. The 
bottom plate consists of an aluminium frame. Two plywood plates are cut to the right size and are 
fixed to this aluminium frame. The plywood plates are finished with cement so a concrete look is 
realized.  

 
Figure 8.14: Aluminium frame with plywood 
sheeting.  

 
  Figure 8.15: Plywood finishing with cement.  
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The following figures shows the end result of the big dome that is placed on the bottom plate. 
 

Figure 8.16: Front view of big dome.  
 

Figure 8.17: Side view of big dome.  
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Figure 8.18: Perspective view of big dome.  
 

Figure 8.19: Inside view of big dome. 
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Figure 8.20: Front curvature of big dome. 
 

Figure 8.21: Side curvature of big dome.  
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9. Evaluation 
 
More information contact the secretariat structural design: secretariaat.sd@tue.nl 
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9.1 Publicity  

During this master thesis the 3Dflexmould  has achieved a lot of publicity. First an article is posted 
in the Cobouw at February 17, 2015 and in the student association Supporter at July, 2015. The 
article in the supporter can be seen in appendix I. To get the opinions and attention of the general 
building industry, the mould is presented at the Bouwbeurs 2015. The first prototype with the first 
bent glass plate are shown. The stand can been seen in figure 9.1.   
 

 
Figure 9.1: Stand Bouwbeurs 2015. 

 
Figure 9.2: Stand 3TU conference 2015. 

 

In collabouration with the 3TU federation an Innovation & Technology Conference has taken place 
at May 18, 2015 (figure 9.2). In this conference the 3Dflexmould is presented. All 25 engines 
worked during the conference, so the flexible top layer can be deformed into different shapes.  

 

Finally, an academic paper has been published at the International Association for Shell and Spatial 
Structures 2015 (IASS). This paper can be found in appendix J. Also the 3Dflexmould and the 
realized glass dome are presented during the symposium from 17 to 20 August 2015. The stand 
and the glass dome are shown in figure 9.3.  
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Figure 9.3: Stand IASS conference 2015. 
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Appendix B:  
Design 3Dflexmould 
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Appendix C:  
Product specifications  
Insulfrax LT Blanket 
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Appendix D:  
Experiments bending process 
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Appendix E:  
Product specifications  
Delo Photobond 4468 
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Appendix F:  
Product specifications  
DP490 adhesive 
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Appendix G:  
Validation glass panels  
big dome 
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Validation of glass panel 1. 

 

 

 

 
 

Validation of glass panel 3. 
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Validation of glass panel 5. 

 

 

 

Validation of glass panel 6. 
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Validation of glass panel 9. 

 

 

 

Validation of glass panel 10. 
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Appendix H:  
Supported structure  
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Article Supporter  
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