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summary

to prevent the top layer from bending, a technique used 
in soft robotics is applied. This technique means that the 
path of least resistance is used to control the direction of 
the deformation of the infl atable air chamber when loaded 
by an internal pressure. Modifying the stiffness of the top 
layer, by using an embedded steel-mesh reinforcement 
layer, resulted in the desired deformation of the infl atable 
chamber by bending and stretching of the walls. The little 
imprint in the top layer caused by the walls is eliminated by 
the use of an interpolating layer. 

A produced fi bre composite panel proves that the 
infl atable mould is able to produce locally manipulated 
panels with a smooth surface. The fi bre composite panel 
is made by using the hand lay-up method, however, the 
better performing vacuum injection moulding technique is 
only a minor adjustment in the processing setup.

Looking at the use of silicone rubber, two major 
drawbacks are the high material costs involved when 
applying silicone rubber at large scale and the very low 
surface energy of silicone rubber. The low surface energy 
complicates the forming of a proper adhesive bond 
between the two casted parts of the infl atable mould. This 
results in a lack of control of the individual air chambers 
because of air leakage. Besides, considering silicone 
rubber and rubbers in general, their nonlinear behaviour 
owing to viscoelastic properties and hysteresis makes 
accurate control of the infl atable mould complex.

In order to control the behaviour of the infl atable mould, 
hyperelastic models have to be used with fi nite element 
analysis software. This research has given a base for the 
control of the infl atable mould, together with a performance 
control validation technique using photogrammetry 
software called Autodesk 123D Catch and CloudCompare. 
However, further development is required to obtain a more 
reliable version of this fi rst proof of concept and being able 
to actually control and validate the performance of the 

Free-formed buildings are becoming more and more 
a standard in today’s modern, contemporary architecture. 
Computer aided design (CAD) is rapidly adapting to new 
architectural desires and allows architects to design more 
geometrically complex shaped buildings with extreme 
curvatures and irregularities, while preserving surface 
smoothness. This type of architecture is called free-form 
design. In order to build free-formed buildings, the façade 
has to be broken down into producible façade panels. This 
is where the problem occurs, the free-formed façade is 
composed out of hundreds of unique façade elements. All 
those unique elements have to be produced in order to 
obtain the designed free-formed façade. 

At present state of technology, these unique panels 
are produced by individual static moulds for every 
unique double-curved façade panel, known as dedicated 
moulding. Especially the CNC-milled mould is a commonly 
used moulding technique, but this technique is very time 
consuming and produces a lot of waste material. Therefore, 
the CNC-milled moulds are only feasible when repetition 
in elements occur. If this is not the case, the cost of the 
mould fabrication dominates the panel costs. Therefore, 
there is a strong incentive to use a fl exible moulding 
technique which can produce multiple unique façade 
panels with one and the same mould in order to reduce 
the overall costs. Current fl exible moulding techniques 
cope with the lack of fl exibility of the CNC-milled moulds. 
However, current fl exible moulding techniques goes along 
with high investment costs and still lack in terms of the 
ability to perform local deformations on the surface, while 
preserving surface smoothness.

One of the techniques derived from the literature study 
to propose a solution for the lack of local deformation is 
the theory of soft robotics combined with the theories of 
the fl exible moulds. Soft robotics are small elastomers 
(rubbers) with embedded air chambers. By infl ating the 

air chambers, the soft robot can easily change shape and 
perform complex motions. The ability of soft robotics to 
perform a wide range of surface modifi cations provides 
an interesting feature to use in the development of a 
fl exible moulding technique which is able to perform local 
manipulations on a surface. The theory of soft robotics is 
used as an approach in the experimental research into 
the design of a fl exible mould with the following research 
question: 

In what manner can a fl exible moulding technique 
based on an infl atable polymer layer be used as a local 
deformation technique in order to produce double-curved 
fi bre composite panels?

The focus in this research was on three parameters: 
local deformability, surface smoothness, and low cost. 

The design of the fl exible mould resulted in a silicone 
rubber mould composed out of individual infl atable air 
chambers. The air chamber is cast in two cycles, one for 
the top layer with the walls and one for the bottom layer. 
The two parts are connected by the use of an adhesive 
bond of the same type of silicone rubber. The infl atable 
air chambers with a width of 100 x 100mm and a height 
of 40mm are placed in a 6x6 confi guration, forming an 
infl atable mould of 600 x 600mm.   

The individual control of the infl atable air chambers 
enables the mould to perform local deformations over 
the whole surface of the mould. Resulting in the ability to 
produce monoclastic, synclastic, anticlastic, as well as M- 
and S-shaped panels. Maximum deviations were obtained 
of 45mm of a single infl atable chamber. 

Experimental research has shown that the key factor 
in obtaining a smooth surface is to deform the infl atable 
chamber by bending and stretching of the walls instead of 
bending of the top layer. Bending of the top layer resulted 
in a heavily dimpled surface in early experiments. In order 

infl atable mould. Critical aspects for further development 
are the adhesive bonding of silicone rubber and the control 
of the complex behaviour of silicone rubber. 

It can be concluded that this research contributes 
to existing research in fl exible moulding techniques by 
exploring the possibilities of the theories of soft robotics 
as a new approach in the development of fl exible 
moulding techniques. The infl atable mould provides great 
opportunities regarding the production of locally deformed 
fi bre composite panels and provide a solid base for further 
research and development. Where a great opportunity 
lies in the combination of tensioned membrane moulding 
techniques with the addition of the infl atable moulding 
technique as a local deformation technique. 
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glossary

 ■ Terminology and Abbreviations

ASTM   American Society for Testing and Materials

CAD    Computer Aided Design

CNC    Computer Numerically Controlled

DEA    Dielectric Elastomer Actuator

FEA-software  Finite Element Analysis software

Free-form   Geometrically complex shapes with extreme curvatures and 

    irregularity, while preserving smoothness 

Infl atable Chamber  Single infl atable chamber of the infl atable mould

Infl atable Mould  Confi guration of multiple infl atable chambers

Local deformation  Deformation of a surface at a defi ned place at the surface

MDM-Code   Morphological Design Matrix Code

Moulding technique  Technique to deform a fl at surface

NURBS   Non-Uniform Rational Basis- Spline

Procesing technique  Technique to process a material on the moulding technique

SMA    Smart Material Alloy

Viscosity   Measure of resistance to gradual deformation by shear stress 

    or tensile stress of a fl uid

 ■ Symbols

C01    Experimental determined material constant

C10    Experimental determined material constant

E    Young’s modulus

G    Shear modulus

I    Moment of inertia

Ij    Strain energy functions

kg∙m-1∙s-1   SI-unit for viscosity of a material

MPa    Megapascal

mN∙m-1   Dimension of surface energy and surface tension

N    Newtons

P    Pressure

Pa    Pascal; kg∙m-1∙s-2

Tg    Glass transition temperature

W    Strain energy density

w    Defl ection

ΔP    Change in pressure level

ε    Engineering strain

λ    Stretch ratio



one

two

three

content

part six | production on infl atable mould

manufacturing technique

production of fi bre composite panel

part seven | validation of infl atable mould

validation method

scan of the mould

validation of mould and panel

conclusion

part eight| conclusion

swot-analysis

conclusion

recommendations

| bibliography

reference list citations 

reference list fi gures

reference list tables

| appendices

appendix one – analysis of moulding techniques

appendix two – analysis of experimental research

appendix three – input data fea-analysis

149

150

153

233

235

236

238

223

224

227

229

231

241| summary

| foreword

| glossary

part one | introduction

motivation

problem statement

outlook

part three | research methodology

research objective 

research question 

relevance 

research model 

part four | design infl atable mould

morphological design matrix 

referring moulding technique

material selection 

design of infl atable chamber

actuation of infl atable chamber

surface smoothness

conclusion design infl atable mould

part fi ve | performance infl atable mould

control of infl atable mould

simulation of infl atable mould 

performance of infl atable mould

conclusion

part two | literature study

theoretical framework

free-formed surfaces

composites 

moulding techniques

soft robotics

conclusion and concept 

11

12

13

15

47

48

48

49

51

111

112

117

126

133

53

55

60

61

72

95

96

101

17

19

20

22

25

36

43

242

244

247

     . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

     . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

     . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . . . . . 

     . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

     . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

     . . . . . . . . . . . . 

 . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . 

     . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

     . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . 

     . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 



 part one introduction
motivation

problem statement

outlook



 ■ Problem Statement
Where fi bre reinforced polymer composites 

(fi bre composites) are common use and practise in 
the aerospace and automotive industries, it is still an 
exceptional technique in the building industry today. 
This is quite remarkable considering the evolution to 
today’s architectural designs where free-formed buildings 
are a standard in modern, contemporary architecture. 
Computer aided design (CAD) is rapidly adapting to new 
architectural desires and allows for more geometrically 
complex shapes with extreme curvatures and irregularity, 
while preserving surface smoothness. This type of 
architecture is known as blob architecture or free-form 
design (see Figure 1, Figure 2, and Figure 3) (Pedersen 
& Lenau, 2010; Pronk et al., 2003). However, the majority 
of free-formed projects remains built with conventional 
materials and techniques. Where wood, steel and 
concrete dominate today’s building industry (Chapelle, 
2013; Klarenbeek, 2014), an interest in more suitable 
materials for complex architectural designs, such as fi bre 
composites, is rapidly growing. Though, the structural 
use of fi bre composites to their full potential is still lacking 
behind.

In the current economic crisis, which is hitting the 
building industry hard, costs is one of the main drivers in 
decision making (Nistorescu & Ploscaru, 2010). Because 
of this crisis, and due to the fact that there are relatively 
high material costs involved with fi bre composites, fi bre 
composites are seen as a fi nancial burden in the building 
industry. However, this is a common misconception. 
Though, the initial costs of fi bre composites are higher 
per unit of material compared to conventional materials, 
the use of fi bre composites eliminates or reduces various 
other costs. Costs can be saved on maintenance, 
substructure and often there is less material needed due 
to their supreme strength and/or stiffness per weight ratio. 

Thus, the initial costs of fi bre composites cannot be the 
primary reason for the building industry to be reluctant 
to the use of fi bre composites for the production of 
free-formed panels. When looking at industry specifi c 
characteristics, concerning material use and production, 
the main problem prevails.

Fibre composites are mainly used in sectors for 
mass production, like the automotive industry, or where 
excessively high performance is needed, such as the 
aerospace industry or the leisure boat sector. The 
building industry does not unite with the afore mentioned 
industries. In contrast, the building industry is facing a 
market with one-of-a-kind products including complex 
buildings constructed from hundreds of unique façade 
panels (Pedersen & Lenau, 2010; Wang, Wang, & Gindy, 
2011). The Mobile Art Chanel Contemporary Art Container 
by Zaha Hadid Architects (see Figure 4), is an example 
of the excessive use of unique façade panels within one 
project. 

Producing these hundreds of unique façade panels 
is where the actual problem lies. Realisation of free-form 
architecture requires economically feasible manufacturing 
methods for these elements. At present state of technology, 
these unique panels are produced by individual static 
moulds for every unique façade panel, known as dedicated 
moulding for ages. Since the cost of mould fabrication 
often dominates the panel cost, there is a strong incentive 
to use the same mould for multiple panels to reduce 
the overall cost (Boers, 2012; Eigensatz et al., 2010; 
Wang, Wang, & Gindy, 2011). Besides, in the context of 
environmentally awareness, dedicated moulding leads to 
a huge amount of waste production. As an answer to the 
problems of dedicated moulding, many varying concepts 
for fl exible moulding techniques have been designed over 
the years. Renzo Piano was one of the fi rst to describe a 
fl exible mould for architectural purpose, already back in 

 ■ Motivation
The initiative of designing a new type of moulding 

technique starts with my personal fascination for 
composites and in particular fi bre reinforced polymers 
(fi bre composites). Fibre composites are a relatively new 
building material and have a great potential regarding 
architectural design and engineering because of their 
feature to be tailor made. Fibre composites allow for 
producing elements with extreme curvatures and other 
complex shapes, where conventional materials such 
as wood, steel or concrete are lacking performance. 
However, it looks like there is a problem in producing 
building elements with extreme curvatures because 
extreme curvatures are a seldom in the built environment 
which means that fi bre reinforced polymers are not used 
to their full potential.

Therefore, the combination with another fascination of 
mine, soft robotics, could be a valuable one. Soft robotics 
are elastomers which can be deformed into extreme 
curvatures when activated by a low power source like air.

The combination of fi bre composites, which are highly 
suitable for elements with extreme curvatures, and soft 
robotics, which can obtain extreme curvatures by little 
infl ation, as a base for a new type of moulding technique 
is interesting food for thought and further research. 

Figure 1.  Heydar Aliyev Centre, an example of a free-formed building 
by Zaha Hadid Architects (Baan, 2012)

Figure 2.  Hungerburg Station, an example of a free-formed building by 
Zaha Hadid Architects (Huthmacher, 2007)

Figure 3.  Fisher Centre, an example of a free-formed building by 
Frank O. Gehry (Zahner Co., 2003)
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the 1960’s (Oosterhoff, 1969). Over the years, the fl exible 
mould evolved into an industrial moulding technique 
which is able to produce a variety of free-form elements 
by using only one fl exible mould. However, most of the 
time, the dedicated mould still outperforms fl exible moulds 
at surface smoothness and the ability to preserve details 
like local surface manipulations. 

Flexible moulds lack in terms of the ability for local 
deformation and smoothness of the mould surface 
because of their discrete nature of actuation. This means 
that the minimum curvature of a mould is defi ned by the 
horizontal distance between the actuators, in other words 
the spacing of the grid of the actuators. Besides, the 
connection of the interpolator to the actuators and stiffness 
of the interpolating membrane are of great infl uence 
on the surface smoothness. Resulting in the problem 
that fl exible moulds cannot produce free-form panels 
with extreme curvatures, meaning that fi bre composites 
cannot be used to their full potential when desired. 

Therefore, this research focuses on eliminating the 
problem of the discrete nature of existing moulds in order 
to provide a technique which is able to locally manipulate 
a surface while preserving surface smoothness.

 ■ Outlook
This thesis is divided into eight main parts. This was 

the fi rst part, the introduction. Part two covers the literature 
study based on the four theoretical fi elds of the theoretical 
framework. Furthermore, part two elaborates on the 
concept for further research. The research methodology 
is explained in part three. Part four is dedicated to the 
actual design of the infl atable mould.  

The performance of the infl atable mould is discussed 
in part fi ve and the production of a fi bre composite panel 
on the infl atable mould is described in part six. Part 
seven covers the validation of the infl atable mould and 
the fi nal chapter, part eight, includes the conclusion and 
recommendations. 

Appendices are allocated to the back of this thesis. 
Appendix one covers the analysis of existing moulding 
techniques, which is referred to from part two. Appendix 
two shows the analysis of the experimental research, 
which relates to part four of the main text. The last 
appendix, appendix three, shows the input of the used 
FEA-software in part seven, the validation of the infl atable 
mould. 

Figure 4.  The Mobile Art Chanel Contemporary Art Container by Zaha 
Hadid Architects. An example of excessive use of unique façade panels 
within one project. I: (Architen Landrell, 2008); II: (Kaneko, 2008);  
III: (Erratica, 2008).
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The literature study analyses the theoretical fi elds of 
the theoretical framework, in order to provide theories 
as a base for a solution to the problem. After a short 
introduction of each theoretical fi eld, the analyses are 
succinctly and to the point. Instead of a broad and all-
encompassing analyses, the literature study is analysed 
with relevance to the problem of this research; existing 
fl exible moulding techniques lack in terms of deformability 
of the surface, especially local deformability with smooth 
surfaces at reasonable cost. At the end of this part the 
theoretical fi elds are synthesised in a conclusion and 
resulting concept.

 ■ Theoretical Framework
The theoretical fi elds are based on key terms stated 

in the motivation and problem statement. The theoretical 
fi elds are: free-formed surfaces, fi bre composites, 
moulding techniques and soft robotics. Though, these 
theoretical fi elds are distinctive on their own; they are 
interconnected within this research as is shown in the 
theoretical framework (see Figure 5).

The theoretical fi elds of free-formed surfaces, fl exible 
moulds, and composites are theoretical fi elds that have 
been combined before in earlier studies. The theoretical 
fi eld of soft robotics is a fi eld which has not been related 
to the other three before. Therefore, this theoretical fi eld is 
designated a distinctive form in the theoretical framework.

Pneumatic networks
(Whitesides, 2011)

Soft-robotics
(Whitesides, 2011)

Polymers

Elastomers

Manipulation of surfaces
(Pronk & Dominicus, 2011)

Classification of surfaces
(Lisle, 2003)

Free-formed surfaces

Manufacturing of fibre composites
(Aström, 1997)

Fibre composites
(Zenkert, 2003)

Composites

Flexible moulds
(Munro, 2007)

Figure 5.  Theoretical framework showing the inter-connectivity 
between the four theoretical fi elds of research.
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There are three basic surface classifi cations defi ned 
by the Gaussian curvature K. If the product of the principle 
curvatures is positive, i.e. k1k2>0, the surface is classifi ed 
as synclastic and the curve is an ellipse as defi ned by 
Dupin’s indicatrix (see Figure 8A). When the product 
of the principle curvatures is negative, i.e. k1k2<0, the 
surface is anticlastic and the curvatures defi nes a pair of 
hyperbolas (see Figure 8B). The last classifi cation is when 
the product of the principle curvatures is zero, k1k2=0, the 
surface is monoclastic and the curvatures form a pair of 
straight lines (see Figure 8C) (Lisle, 2003).

 □ Manipulation of Surfaces

The different types of surfaces, i.e. synclastic, 
anticlastic and monoclastic, are formed in principle by 
manipulating a zeroclastic surface. A zeroclastic surface 
is a fl at surface without any curvature. There are 85 ways 
of manipulating a membrane, as described by Pronk and 
Dominicus (2011). Here, a membrane can be seen as 
a surface with negligible fl exural rigidity. Dominicus and 
Pronk defi ne fi ve different types of form-active surfaces 
in equilibrium related to their Gaussian curvature. Those 
are referred to as basic form-active morphologies. They 
also defi ne four major typologies of manipulating a 
surface. The fi ve basic form-active morphologies are: 
(i) pre-stressed membrane or cable structure with an 
anticlastic surface; (ii) pre-stressed membrane or cable 
structure with a zeroclastic surface; (iii) infl atable with 
a synclastic surface; (iv) infl atable with a monoclastic 
surface; (v) infl atable with an anticlastic surface. The four 
major typologies of manipulating a membrane surface: (i) 
by changing the pre-stress in a certain area; (ii) by an 
external load; (iii) by pushing other form-active surfaces 
against the surface; (iv) by pushing or pulling with a rigid 
element.

P

N

θ

K1 K1

K

Figure 7.  Curvature of a folded surface at some point, P. Crossections 
perpendicular to the surface, that is, sections parallel to surface normal 
N, display different values of curvature depending on the direction 
of the section. The normal curvature adopts extreme values in two 
perpendicular directions: the principal curvature directions, p1 and p2. 
Redrawn from (Lisle, 2003)

Figure 8.   Dupin’s indicatrix. A: Elliptical type indicating synclastic 
curvature; B: Hyperbolic type indicating anticlastic curvature; C: Pair of 
straight lines indicating a fold with a zero principal curvature value called 
monoclastic. Redrawn from (Lisle, 2003)

A. Synclastic

B. Anticlastic

C. Monoclastic
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 ■  Free-formed Surfaces
 □ Free-formed Buildings

As architectural design is becoming more and more 
complex, due to improving CAD-techniques, a huge 
variety of different types of geometries are used within 
one design. Within the architectural fi eld the design 
of these complex geometries are referred to as free-
formed design, BLOB architecture, NURBS surfaces, and 
many other related names. In this research the complex 
geometries are referred to as free-formed surfaces. 

Free-formed design can be divided into different scale 
levels. From full building scale like the Heydar Aliyev 
Centre by Zaha Hadid Architects (see Figure 1), to more 
element scale like the Education Executive Agency & Tax 
Offi ces by UNStudio (see Figure 6), and hybrid buildings 
with simple geometries combined with free-formed 
surfaces (see Figure 3). 

 □ Classifi cation of Surfaces

Free-formed surfaces, in principle this means that there 
are no restrictions in design conditions leading to complex 
geometries with smooth fl uid surfaces which cannot be 
easily defi ned mathematically by the use of primitives 
such as spheres, cones or cylinders. Theoretically, all 
the free-formed surfaces can be traced back to the three 
basic surface classifi cations of Carl Friedrich Gauss.

The surfaces are classifi ed by the Gaussian curvature. 
The Gaussian curvature K is the product of the two 
principle curvatures, k1 and k2. The extreme values of the 
intersection curvature between the folded surface and a 
cross-section oriented to the normal of the surface at any 
point P on the surface defi nes the principle curvatures 
(see Figure 7) (Lisle, 2003).

Figure 6.  Education Executive Agency & Tax Offi ces by UNStudio. A 
huge variety of elements resulting in a free-formed building. I: (UNStudio, 
2011); II: (Nijenhuis, 2011); III: (UNStudio, 2011).
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 □ Fibre Composites

Today, when composites are the subject of matter they 
mainly refer to fi bre reinforced polymers or simply fi bre 
composites. In a structural mechanics view, these fi bre 
composites are built from stiff, strong fi bres embedded in 
a relatively compliant polymer resin called a matrix. The 
matrix gives the composite product its shape, surface 
appearance, environmental protection and overall 
durability. Additionally, one of the most important functions 
of the matrix is to integrally bind the fi bre reinforcement 
together so that external loads can be effectively 
transferred to the reinforcement (Åström, 1997). At a 
closer look, at a macro mechanics perspective, a fi bre 
composite (see Figure 10A) is composed out of several 
layers called a laminate (see Figure 10B). Each laminate 
in its turn, in a micro mechanics perspective, is built from 
several layers of lamina (see Figure 10C). In essence, the 
lamina is the building block of the fi bre composite stack. 
This is exactly where the strength of fi bre composites lies. 
Unlike other materials, such as steel and aluminium, the 
fi bre composites are constructed at the same time as the 
product. The type of fi bre and resin, the proportions of 
each, and the number and orientation of the laminates 
can be chosen to create the material properties that best 
suits the application. The material can be tailor-made to 
meet the specifi c design requirements in a highly manner. 
This makes composites interesting as well as complex. 

Interesting in a way that the material can be stiff and/
or strong in some directions, while being weaker or more 
compliant in other directions (Zenkert & Battley, 2003). 
This phenomenon is called anisotropy and this feature 
of composites entails full control and a lot of fl exibility 
for designers and engineers. This means that fi bre 
composites are an excellent material for free-form designs 
with extreme curvatures. Besides the freedom of space, 
the high strength to weight and high stiffness to weight 

ratios advances polymer composites over conventional 
engineering materials in reducing total weight of the 
product and lowering structural requirements for 
secondary structures (see Figure 11). The low weight 
enables larger façade elements to be constructed 
without secondary support. This signifi cantly reduces the 
supporting structure (Chapelle, 2013). 

Complex, however, that a product originally designed 
in steel does not one-to-one translate itself to fi bre 
composites. Therefore, the design and use of fi bre 
composites needs to be considered in the preliminary 
design phase; which raises the design requirements 
(see Figure 11). Additionally, fi bre composites are complex 
because of their ability to be anisotropic. The anisotropic 
behaviour of the composite stack needs to be considered 
carefully during the design and engineering phase, in 
order to prevent adverse behaviour.

 ■ Composites
 □ Evolution of Composites

The word composite, stems from the Latin word 
componere which basically refers to putting something 
together. Therefore, the defi nition of a composite material 
is the following:

“A macroscopic combination of two or more distinct 
materials into one with the intent of suppressing 
undesirable properties of the constituent materials in 
favour of desirable properties” (Zenkert & Battley, 2003).

The fi rst known example of composite usage, in its 
most general sense, reaches back to 10000 BC. Here, 
the early Egyptians used straw to reinforce clay from the 
Nile to make brick. Almost 7000 years later, the Egyptians 
managed to form papyrus by replacing strands of the 
papyrus reed parallel to each other to form layers. These 
layers were then stacked perpendicular to each other 
in alternate directions and by drying under pressure it 
became a paper-like sheet (Åström, 1997). After a period 
of decline in relative importance of composites during 
the 19th century and fi rst half of the 20th century, due to 
the Industrial Revolution, the interest in composites rose 
since the second half of the 20th century (see Figure 9).

Though, the fi rst commercial use of composites within 
the building industry is steel reinforced concrete around 
the late 1800s (Mörsch & Goodrich, 1910). The use of steel 
reinforced concrete, where steel rebar favours the tensile 
strength of the concrete, led to a revolution in architectural 
design possibilities. With the evolution in technology and 
the desire for even more superior engineering materials, 
new types of materials became available like the material 
group of polymers. The evolution of these polymers has 
led to the composites as they are known today; referred 
to as fi bre composites.

Freedom of space

Li
gh

tw
ei

gh
t

Wood

Steel

Aluminium

Fibre Composites

Concrete

Structural requirements

D
es

ig
n 

re
qu

ire
m

en
ts Wood

Steel

Aluminium

Fibre Composites

Concrete

Figure 9.   Schematic of the evolution of materials used in mechanical 
and civil engineering applications and their relative importance to 
mankind. Redrawn from (Ashby et al., 1987).

Figure 10.  I: Structural mechanics view: Stack of composites, 
composed from laminates; II: Macro mechanics view: laminates 
in [90/0/45/-45] direction; III: Micromechanics view: lamina in 90° 
orientation. Redrawn from (Zenkert & Battley, 2003).

Figure 11.  Comparison of polymer composites with conventional 
engineering materials, with respect to freedom of space and structural 
requirements. Redrawn from (Chapelle, 2013).
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 ■ Moulding Techniques
This section focuses on the analysis of current 

moulding techniques after a short overview of the 
evolution of moulding techniques. Clearly stated, there 
will be no focus on the manufacturing process of the fi bre 
composites itself. This analysis focuses on the process of 
manipulation of the fi bre composite surface before curing. 

 □ Evolution of Moulding Techniques

Commercial justifi cation of moulds is traditionally 
based on the amount of production volume required. 
Since the building industry is facing small-batch sizes and 
one-of-a-kind production, traditional moulding techniques 
are becoming both less effi cient and less economical 
for the quantity required (Wang, Wang, & Gindy, 2011). 
Traditional moulds are made for one unique product and in 
the case of changing geometries they become redundant. 
Therefore, traditional moulds are often dedicated and 
expensive. The lack of reconfi guration of these dedicated 
moulds raised the interest in a more universal and fl exible 
moulding technique during the mid-1800s. Since then, 
the technique of fl exible moulding developed rapidly. As 
Munro and Walczyck (2007) stated, a fl exible mould is 
defi ned as a machine that can be repeatedly confi gured 
by a user for shaping parts in a manufacturing setting. 
The fi rst known American patent of a fl exible mould is that 
of Cochrane, in 1863 (see Figure 12).

This fl exible mould consist of closed-packed matrix of 
threaded rods that are manually adjusted to create the 
desired forming surface and a matrix of hydraulic pistons in 
an oppositely arranged die that when pressurized, form the 
material placed in between them (Munro & Walczyk, 2007). 
After Cochrane, 37 other patents on fl exible moulds are 
found by Munro and Walczyk (2007). All these moulds 
consists of a closed packed or uniformly spaced pin 
matrix. By adjusting the height of the pins, different 

surface confi gurations could be obtained. Because of the 
closed packed nature of the pins, these reconfi gurable 
moulds are predominantly used for applications where 
high deforming loads are needed, such as sheet metal 
forming. Concerning architectural purpose, Renzo 
Piano was one of the fi rst to describe a method for 
producing double curved elements, already back in the 
1960’s (see Figure 13) (Oosterhoff, 1969). In Figure 13 
on the left, vertical coordinates of a small-scale model 
are measured by a machine. These coordinates are 
transferred electronically to a system of vertical actuators 
in which the displacement is n-times that of the small-
scale model, in Figure 13 on the right. In this way a small 
part of the model can be represented by a geometrically 
equivalent surface but with the dimensions increased as 
required (Oosterhoff, 1969). Current moulding techniques 
still exhibit similar techniques as shown by Cochrane and 
by Piano, however, the static mould remains a commonly 
used moulding technique. Next section analyses current 
moulding techniques.

Figure 12.  First known American patent of a fl exible mould by 
Cochrane. (Munro & Walczyk, 2007)

Figure 13.  Flexible mould by Renzo Piano. (Oosterhoff, 1969) 
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CNC-milled formwork

Static moulds produced by a milling cutter are still 
one of the most used techniques in producing double 
curved elements. Because of their high form reliability, 
static moulds are often used for producing free-formed 
elements. The free-form geometry can be easily milled 
out of plastics, foams, wood or other soft materials, with 
a milling cutter (see Figure 16). Although static milled 
moulds producing a lot of waste material and unique 
moulds can only be used for elements of one single 
shape, the technique is highly used because of its high 
accuracy and reliability. Although the milling material itself 
is often relatively cheap, the amount of material needed 
for each milled mould will signifi cantly increase costs. 
Besides, the moulds are hardly reusable because of their 
unique shape. Plastic milled moulds could be reused by 
melting the mould to form new blocks for milling. The 
milling technique makes use of a rotating chisel mounted 
on a 3-axis or 5-axis robotic arm. The 5-axis milling cutter 
is highly suitable for milling double curved elements, 
even undercut sections are possible with the correct 
confi guration of the milling cutter. Because this technique 
is using a rotating chisel the surface will be slightly rough. 
Before further processing, the mould needs to be post-
processed to obtain a smooth surface.

 ▫ Reusable Moulds

Clay and sand moulds

The mould makes use of materials such as clay or 
sand, which can be reused multiple times and therefore 
do not generate waste. However, the use of clay and sand 
makes the surface smoothness moderate. The downside 
of reusable moulds based on clay or sand is that it is 
diffi cult to obtain complex geometries, besides, reusable 
moulds are labour intensive and therefore not competitive 
to other existing moulding techniques (see Figure 17).
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Figure 16.  CNC-milled formwork from wood for the production of a 
boat deck. (Nedcam, 2014)

Figure 17.  Sand mould for the production of elements for the Philips 
Pavillion at the Brussels Expo 1958 by Le corbusier. (McGill, 2011)

 □ Existing Moulding Techniques

Existing moulding techniques can be allocated to 
three major categories, which are static moulds, reusable 
moulds and fl exible moulds (Helvoirt, 2005). In addition, 
there is a fourth category which has to be taken into 
account. The fourth category is the rapidly developing 
technique of direct production. The existing moulds are 
shortly introduced before being analysed on several 
parameters. A detailed analysis of the parameters of the 
existing moulding techniques is covered in appendix one.

 ▫ Static Moulds

Wooden formwork

Wooden formwork is one of the oldest techniques used 
in production. Wooden formwork is still used for processing 
concrete foundations. The use of wooden formwork in the 
case of free-formed elements is not feasible anymore. 
However, in the case of a complete free-formed building, 
the wooden formwork could be an alternative solution. 
Though, construction of wooden formwork is dedicated 
and a lot of craftsmanship is required in order to obtain 
a high accurate mould. Still, the wooden formwork is 
nearly the only technique which can process a complete 
building with double curved geometries without joints 
(see Figure 14).

Metal formwork

Metal formwork is the ideal technique, because of its 
dimensional reliability, when it comes to mass or series 
production of the same geometry. Producing metal 
formwork for one of a kind or alternating geometries is 
in most cases not feasible. Besides, in order to obtain 
a metal formwork, an additional mould is required to 
produce the metal formwork. Simple metal plates as a 
false formwork is another possibility for the use of metal 
formwork (see Figure 15). 

Figure 14.  Wooden formwork for the construction of Capilla de Abierta 
Palmira in Cuernavaca by Felix Candela. (Quijada, 2014)

Figure 15.  Metal formwork for the construction of Arnhem Central 
Station by UNStudio. (SkyscraperCity, 2013)
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fi nancially not feasible due to the closed packed nature 
of the mould. 

Supported membranes

Supported membranes make use of the same 
technique as the pind-bed surface. However, where the 
pin-bed surface consists of closely packed actuators, 
the supported membranes consist of uniformly spaced 
actuators. The uniformly spaced actuators have a greater 
spacing than the closely packed actuators. On top of 
the uniformly spaced actuators is a membrane attached 
(see Figure 21 and Figure 22). The membrane works 
as an interpolator between the actuators. The actuators 
manipulates the membrane during actuation and the 
membrane should ensure a smooth continuing surface. 
The interpolator is very important in this type of moulding 
technique, as it preserves smoothness. If the membrane 
is to stiff, the actuators cannot obtain the right settings 
for the geometry. If the membrane is to fl exible, dimpling 
effects occur, the interpolator folds around the actuators.

The amount of actuators defi nes the degree of local 
surface manipulation but also the cost of the mould. The 
closer the actuators are packed, the higher the degree of 
local deformation but also the higher the costs.

Tensioned membranes

The tensioned membrane mould by 
van Rooy and Schinkel (2009) is characterized by a 
membrane that is prestrained between a structure and can 
be deformed at the edges (see Figure 23). This enables 
the mould to produce double curved geometries. The low-
tech nature of this mould, only adjustable by hand at the 
edges, reduces costs. The focus of this technique is on 
the accuracy of the edges for a fl uid transition between 
different panels. Therefore, the mould lacks of accurate 
local deformation possibilities on the surface but surface 
smoothness is preserved.

Figure 21.  Supported membrane by Karel Vollers and Daan 
Rietbergen. (Schipper, 2013)

Figure 22.  Reconfi gurable mould for double curved panels by Barazi, 
Bitsianis, Carroll, & Kabbara. (Architectural Association School of 
Architecture, 2014)

Figure 23.  Tensioned membrane by Ivo van Rooy and Pieter Schinkel. 
(van Rooy and Schinkel, 2009)
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Infl atable moulds

Infl atable moulds are easy to built up. The plastic 
infl atable is already produced into the required shape and 
only have to be infl ated (see Figure 18). After infl ation, the 
material can be applied on the surface. Primarily concrete 
is used with infl atable moulds, because other types 
of materials fl ow off or result in products with uneven 
thickness. Due to the evenly distributed internal pressure, 
infl atable moulds are mainly restricted to convex surfaces. 
In order to obtain a different geometry, the whole infl atable 
have to be replaced. However, reusability of the infl atable 
mould for reprodcution of the same geometry is possible. 

Fabric formwork

Fabric formwork is a technique that makes use of 
a fabric which can be formed into a certain geometry 
before processing. The technique makes use of the 
tensile strength of the fabric or the fl exural rigidity of the 
fabric (see Figure 19). The technique of fabric formwork 
is highly suitable for producing free-formed elements, 
however, the technique can be dedicated and accuracy of 
the technique is though.

 ▫ Flexible Moulds

Pin-bed surface

The pin-bed surface consists of closely packed 
actuators (see Figure 20). Due to the closely packed 
nature of the mould a high resolution surface is obtained. 
The pind-bed mould is ideal for small-scale products that 
requires extreme deviations and great detail. Because 
the product is processed directly on the controllable 
pins, the surface of the produced product lack in terms 
of smoothness. Dimples of the pins are visible on the 
surface. The OptiMal forming pin-bed surface mould 
by Boers (2012) is a commercially used technique as a 
service for other fi rms, because individual acquisition is 

Figure 18.  Infl atable mould by BetonBallon. (BetonBallon, 2014)

Figure 19.  Fabric formwork of Crushed Wall by Walter Jack Studio.  
(Burt, 2012)

Figure 20.  FlexiMould pin-bed surface by Sebastiaan Boers. (Boers, 
2013)
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print in the ‘air’. A broad range of printing materials is 
already available to be printed, from plastics to concrete 
and starch. The only skilled labour people that is required 
are the people that control the 3D-printer before the print 
task is given. Furthermore, because the 3D-printer is 
controlled by a computer, the accuracy of the endproduct 
can be even more accurate than men can produce.

Anti-gravity printing

Mataerial is an anti-gravity 3D printer that can print 
in the ‘air’ (see Figure 26). Mataerial is designed by 
Petr Novikov and Saša Jokić. Like the 3D-printer, the 
Mataerial uses a nozzle to print a material. Where 
3D-printers extrude fi lament in layers, the anti-gravity 
printer pushes out polymers from a nozzle like a tube of 
toothpaste. This technique is called Anti-Gravity Modelling 
because it allows the polymers to harden in mid-air while 
keeping the printer from clogging and adding strength 
to the printed structure. This techniques can produce 
objects down to 1 mm and up to as large as conventional 
3D-printers used in industrial construction. The thickness 
of the polymer thread is defi ned by the speed of the 
robotic arm. Because the technique is not affected by 
gravity, almost everything can become a work surface. 
Support structures are not needed in this case to print in 
the ‘air’, where supporting materials are required with a 
conventional 3D-printer. However, the surface quality of 
the anti-gravity printer is less smooth than conventional 
3D-printers. The thread of polymers coming from the 
nozzle causing the surface to have a threaded structure 
(Mataerial, 2013). Besides, the thread itself does have 
wrinkles when the robotic arm changes speed or when 
the polymer material refi lls itself. Smooth surfaces are 
not possible without post-processing. Because the nozzle 
is controlled by a computer, the accuracy at the time of 
printing is very high. However, as can be seen in the 
video at www.mataerial.com, the thread stays a little bit 

Figure 26.  Mataerial, anti-gravity 3D-printer by Petr Novikov and Saša 
Jokić. (Mataerial, 2013)
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Pressurized membranes

Pressurized membranes refer to the technique of 
vacuumatics by Huijben (2012) (see Figure 24). A granular 
material is enclosed by a membrane bag. At atmospheric 
pressure, the membrane bag can be formed in the 
desired shape. When a vacuum is drawn, the membrane 
bag becomes rigid. This low cost technique enables the 
mould to become rigid very quick, however, the drawback 
is that obtaining complex shapes with local deformations 
is hard with this technology and the granular material can 
interfere surface smoothness.

 ▫ Direct Production

Full-scale 3D-printing

One of the most modern techniques nowadays is 
3D-printing. 3D-printers are available in all different kinds 
of sizes, processing techniques and processing materials. 
3D-printers can instantly create almost every thinkable 
design or product desired. Looking at the building 
industry, printing complete family houses is already a 
possibility. 3D-printers are so advanced that they can 
print one concrete casco house in one day by using a 
XYZ-coordinates printing head (Contour Crafting, 2014) 
(see Figure 25). The x-axis defi nes the direction of 
movement of the 3D-printer. The y-axis defi nes the height, 
with a maximum construction height of six meters. This 
means a two story house can be printed. The nozzle 
is mounted on a crossbeam, which is connected to the 
two limbs on the x-axis. The nozzle can travel over the 
z-axis. Any shape desired by the client can be printed. 
This means that double curved elements can be printed. 
Because it is still a premature technique, there are some 
drawbacks on the 3D-printing technique. Besides cost of 
the printer and the process itself, complex forms need 
supporting materials. Small table-size 3D-priners using a 
lot of supporting material because the 3D-printer cannot 

Figure 24.  Vacuumatics by Frank Huijben. (Huijben, 2014)

Figure 25.  Full-scale 3D-printing by Contour Crafting. (Khoshnevis, 
2014)

30



 □  Analysis of Moulding Techniques

In order to get a clear picture of competitive moulding 
techniques and to position and defi ne new market 
opportunities for the new fl exible mould, the existing 
moulding techniques are subject to an analysis. The 
parameters are divided into four categories, which are: 
Geometry, Adjustability, Processing, and Costs. The 
parameter per category are:

 ▫ Geometry:

1) Freedom of geometry — expresses the variety of 
possible types of geometry that the moulding technique 
is able to produce

2) Dimensions — expresses the magnitude of the 
dimensions of the moulding technique

 ▫ Adjustability:

3) Reusability of the mould — expresses to what 
extend the mould can be reused for production

4) High level of adjustability of the mould surface 
and edges — expresses the level of adjustment of the 
mould surface and edges

5) Low adjustment time — expresses the time that is 
required to adjust the mould surface and the edges

6) Accuracy of moulding technique — expresses the 
accuracy of the mould surface and edges according to 
the initial design of the produced product

 ▫ Processing:

7) Freedom of material choice  — expresses the 
variety of materials that the moulding technique can 
process

8) Suitable for fi bre composites — expresses the 
suitability of the moulding technique for processing 
fi bre composites

9) No contra mould and/or substructure required — 
expresses the need for a contra mould or substructure 
in order to produce a product with the moulding 
technique

10) Surface quality before post-processing — 
qualifi es the surface quality of the produced product 
by the moulding technique before post-processing

 ▫ Costs

11) Low labour intensity involved — expresses the 
magnitude of labour that is involved with the moulding 
technique

12) Less labour skills required — expresses the 
magnitude of skills that is required in order to control 
the moulding technique

13) Low cost of moulding technique — expresses the 
costs involved with the moulding technique

Valuation of the analysis of the moulding techniques 
is depicted in Table 1. The full analysis of the moulding 
techniques can be found in appendix one. 

Note: The valuation of the moulding techniques is 
based on the fact that the moulding techniques have to 
produce a sequence of unique double curved elements. 
None of the elements that have to be produced are 
identical.

fl exible because of the fact that the length to thickness 
ratio is very big and the material is not hardened to its 
full strength. Therefore, the threads can move in space in 
the order of millimetres. This causing the accuracy of the 
anti-gravity printer to decrease. Unlike 2D layers that are 
ignorant to the structure of the object, the 3D curves can 
follow exact stress lines of a custom shape. 
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Table 1.  Valuation of analysis of moulding techniques.
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a rigid frame for prestraining the elastomer. SMAs controls 
actuation by temperature change. The SMA contracts 
when temperature is increasing and relaxes to its initial 
position if temperature is lowered. The last technique are 
pneumatic networks which directly uses compressed air 
or pressurized fl uids in a network of channels to infl ate 
chambers in order to force manipulation of the surface 
(Kim, Laschi, & Trimmer, 2013). This last actuation 
technique is simple and cheap to produce and offers a 
huge variety of possibilities in surface manipulation. The 
following section covers this technique in more detail.

 □ Pneumatic Networks

Infl atable architecture is the generic term where 
pneumatic networks are allocated to. Within the theoretical 
fi eld of soft robotics, pneumatic networks technology 
refers to a series of chambers embedded in a layer of 
extensible elastomer and bonded to an inextensible 
layer (see Figure 27A). When pressurized, these 
chambers infl ate like balloons in the regions that are most 
compliant or have the lowest stiffness. The difference in 
strain between the extensible top layer and inextensible 
bottom layer causes the infl atable network to bend when 
pressurized (see Figure 27B&C) (Shepherd et al., 2011). 

Infl ation of the networks can be achieved by directly 
using compressed air or pressurized fl uids like water. 
Actuation of the infl atable network by low-pressured air 
is in favour because it is highly available, lightweight and 
allows rapid actuation due to lack of friction. However, 
in the fl exible mould is the pneumatic network subject 
to high forces. Compression of the air cushions results 
in negative consequences for the geometrical reliability 
of the mould. Though, the technology of pneumatic 
networks is suitable for fl exible moulding techniques 
with the appropriate choice of materials and activation. 
Hydraulic actuation, instead of actuation with gas, is 
applicable to similar designs and is useful for situations 

that require greater force or incompressible cushions 
(Ilievski, Mazzeo, Shepherd, Chen, & Whitesides, 2011). 

One of the major downsides of pneumatic networks 
and the use of elastomers is their possible failure during 
repeated actuation. The elastomers used in soft robotics 
are highly strained during actuation and because the 
walls of the pneumatic networks technology are usually 
thin they tear easily and are not resistant to puncture. 
Even without external damage, repeated actuation of 
the elastomer pneumatic networks eventually leads 
to weakening, bulging of the infl atable chambers and 
rupture of the internal walls and to pressure driven tearing 
and failure. The weakening of the elastomeric material is 
owing to the hyperelastic material properties. Rupture of 
the internal walls is called an aneurysm and means that 
the inextensible layers gets separated from the extensible 
layer (see Figure 29). This results in losing control of 
the infl ation of the infl atable network (Shepherd, Stokes, 
Nunes, & Whitesides, 2013).

Preliminary Tests

The preliminary tests carried out showing the 
behaviour of soft robotics. Preliminary test one considers 
the behaviour of a soft robotic gripper with four limbs. 
Preliminary test two tests the infl uence of embedded 
reinforcement materials, according to the experiment of 
Ilievski et al. (2011).

 ▫ Preliminary Test One       

Preliminary test one is generally the same as the soft 
robotic depicted in  Figure 27, except that preliminary test 
one only consist of one pneumatic network for all four 
limbs. Meaning that the limbs cannot function individually. 

The soft robotic gripper of preliminary test one 
consists of two bonded layers of silicone rubber, similar 
to the soft robotic depicted in Figure 27. However, in 

 ■  Soft Robotics
 □ Evolution of Soft Robotics

Robots can be classifi ed into two distinctive classes, 
hard robots and soft robots, based on their compliance 
to underlying materials. Hard robots are based on the 
characteristics of animals, particularly with skeletons, 
and have rigid components. These rigid components 
make hard robots suffer some limitations in adapting 
and conforming to their surrounding environment. This 
is where soft robotics fi nds their purpose. Soft robotics, 
based on soft animals like squids or caterpillars, are 
made from compliable materials such as elastomers. 
Soft robotics are very interesting because of their low 
resistance to compressive forces; they can conform to 
their surrounding environment. Their ability to conform 
to surrounding environments, provides an opportunity 
to use this technology as a fl exible element in moulding 
techniques. Furthermore, soft robotics can use their often 
highly non-linear responses to actuation to accomplish 
relatively simple types of motions and tasks that would 
be very diffi cult to accomplish with hard robots and 
conventional controllers (Martinez, Fish, Chen, & 
Whitesides, 2012). The motions of the soft robotic are 
only limited by the properties of the elastomer. With 
the appropriate type of elastomer fl exible moulds can 
perform a wide range of motions because of the degrees 
of freedom, and thus provide a wide range of surface 
modifi cations including local deformations. 

The advantage of soft robotics is that with little and simple 
actuation techniques complex motion can be achieved. 
Currently, there are three popular actuation techniques for 
soft robotics: dielectric elastomer actuators (DEAs), smart 
material alloys (SMAs) and pneumatic networks. DEAs 
are elastomer actuators that uses electrostatic forces. This 
technique requires high voltages for actuation and needs 

Figure 27.   Activation of infl atable network. I: Extensible elastomer 
bonded to an inextensible layer; II: Schematic view of soft robot 
at pressure = 0 (left) and at pressure = +, causing bending (right);                   
III: Prototype view of soft robot at pressure = 0 (left) and at pressure = +, 
causing bending (right). (Shepherd et al., 2011)
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the case of preliminary test one, both layers consist of 
the same type of silicone rubber. Therefore, both layers 
have in principle the same stiffness and do extend at the 
same rate. Instead of a higher stiffness of the inextensible 
layer due to another material, the inextensible layer has 
a greater thickness than the extensible layer. Because 
of the greater thickness, the bottom layer has a greater 
moment of inertia. This greater moment of inertia causes 
both layers to have different strain properties, resulting in 
bending of the four limbs. 

Figure 28 shows that infl ation of the soft robotic trough 
the centre air chamber results in infl ation of the four 
limbs. The infl ation of the embedded air chambers causes 
the limbs to deform. The deformation is caused by the 
internal air pressure that expands in the direction of the 
path of least resistance. The thinnest layer requires the 
least amount of force to expand. Because the top layer is 
thinner than the bottom layer, the silicone rubber infl ates 
like balloons in the direction of the top layer, as described 
by Shepherd et al. (2011). Because the top layer tend 
to extend in case of infl ation and the bottom layer is 
inextensible, a bending force is created. The bending 
force acts on the bottom layer and because the bottom 
layer is still fl exible, the limbs bend. In case the intensity 
of the internal pressure is increased, the top layer gets 
thinner and thinner, causing the top layer to expand more 
and more and therefore the limbs bend further. When 
pressure is released, the limbs spring back to their initial 
position.

In the case of repeated actuation or overcharge by 
internal pressure, failure of the soft robotic occurs as 
described by Shepherd, Stokes, Nunes, & Whitesides (2013) 
(see Figure 29). Failures occurring are separation of the 
layers, bulging due to plastic deformation and rupture of 
internal walls. Figure 29.  Failure of infl atable network. I: Separation do to aneurysm 

of the elastomer; II: Bulging do to plastic deformation; III: Rupture of 
internal walls.
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Figure 28.  Preliminary test one, the behaviour of a soft robotic gripper 
under different pressure intensities.
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 ▫ Preliminary Test Two

The direction of the curvature in actuated pneumatic 
networks depends on the geometry of the air channels, 
the properties of the materials used for the air channel 
and the position of the air chamber regarding contact 
surfaces. 

Figure 30-I and II shows the same test setup 
as preliminary test one. The infl atable consists of a 
homogeneous composition of silicone rubber. In case 
of increasing internal pressure, the major deformations 
are in the direction of the thin bottom layer. However, 
in the case of embedded reinforcement, deformation of 
the same test setup changes, see Figure 30-III and IV. 
The embedded paper in the bottom layer consists of a 
much higher tensile strength with respect to the silicone 
rubber. As preliminary test two shows, see Figure 31, the 
behaviour of the infl atable is in case of a low pressure 
intensity the same as in a homogeneous elastomeric 
matrix. Figure 31-II shows that with low pressure intensity 
the deformation is symmetrical as in Figure 30-II. Though, 
the major deformations are in the direction of top layer of 
silicone rubber. When increasing the pressure intensity, 
see Figure 31-III, the top layer deforms more and more 
as described in preliminary test one. The higher tensile 
strength of the embedded paper prevents the bottom 
layer to expand and extend further. Resulting in the fact 
that the bending force generated by the top layer causes 
the bottom layer eventually to bend. 

The preliminary tests showed, in accordance with the 
literature, that soft robotics with embedded pneumatic 
networks make use of the differences in material properties 
of the different layers. With an appropriate confi guration 
of the different layers, the deformation of the infl atable 
layers used in a fl exible mould can be controlled.  

Figure 30. Comparison between the actuation of a homogeneous 
elastomeric matrix and a paper-elastomer composite. I and II: Finite 
element analysis and real experiment showing symmetrical deformation; 
III and IV: Finite element analysis and real experiment showing 
asymmetrical deformation.  (Martinez et al., 2012)

Figure 31.  Preliminary test two, the behaviour of a paper-elastomer 
composite during infl ation. In accordance to the experiment of Martinez 
et al. (2012).
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 ■  Conclusion and Concept
The anisotropic behaviour of fi bre composites makes 

fi bre composites highly suitable for use in the building 
industry. The ability, for designers and engineers, to 
tailor the design specifi c requirements offers a vast 
amount of opportunities in producing free-formed façade 
panels. Besides freedom of space, fi bre composites offer 
durability and cost reductions on secondary structures 
and material usage. Although fi bre composites are high 
potential materials within the building industry, the lack 
of fl exible moulding techniques with the ability for local 
deformation of a fl at surface burdens the ability to use 
fi bre composites to their full potential. 

In order to produce free-formed façade panels, a 
fl at or zero-clastic surface needs to be manipulated. 
Table 1 shows the valuation of different existing moulding 
techniques that are able to produce panels. From this 
valuation can be concluded that static moulds are too 
dedicated and, therefore, too expensive to produce one-
of-a-kind free-formed façade panels. The same applies to 
reusable moulds. The high variety of geometries that is 
required makes the reusable mould insuffi cient. Besides, 
the accuracy performance of reusable moulds is very 
poor. Flexible moulding techniques cope with the desires 
of accuracy, fl exibility and reusability. However, fl exible 
moulds still suffer from a lack of deformability at reasonable 
cost. The greater the accuracy for local deformation, the 
higher the costs of the moulding technique. Where the 
pin-bed mould is able to perform high local deformations 
at very high costs, the low cost technique of the tensioned 
membrane has a signifi cantly lower (local) deformability 
on the other hand.  

An opportunity for reaching a consensus, between 
local deformability and cost control, could be an infl atable 
layer based on the technique of soft robotics. This 

infl atable layer can be used as an additional layer on 
top of existing fl exible moulds. Existing low cost fl exible 
moulding techniques, like the tensioned membrane 
mould, preserve the global deformation while soft robotics 
ensure local deformation. Furthermore, the infl atable 
layer could also be used on an individual basis without 
the use of an existing mould. The infl atable layer could be 
easily placed on a fl at base in order to deform a surface 
(see Figure 32). 

Many techniques for manipulating a surface are 
offered by Dominicus and Pronk, but the manipulation of 
a surface by pushing other form-active surfaces against 
the surface is in close relation to the actuation technique 
of pneumatic networks used in soft robotics. The ability 
of soft robotics to conform to their environment, due to 
compliance of the material, is a huge potential for creating 
fl exible moulds. 
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Flat base surface

As an alternative, the infl atable elastomer could be used as a primary moulding technique. The infl atable elastomer could be 
placed on a fl at surface and by activation of the infl atable elastomer the fi bre composite stack could be (locally) deformed. 

Elastomer layer is placed on a fl at surface, as a fl exible 
moulding technique for deforming the fi bre composite stack

Flat base surface with activated elastomer layer, causing the 
fi bre composite stack to deform

Deformed fi bre 
composite stack

Elastomer 
layer not 
activated

Activated 
elastomer 
layer

Both, initial mould is activated at maximum deviation of the actuators and the secondary layer of elastomer is activated. Infl ated 
cushions enables the surface to be locally deformed, resulting in the ability to produce double curved panels with extreme 
curvatures.

Extra deformation by use and activation of the air cushions 
in the elastomer layer

Fibre composite stack with 
extreme curvatures

Initial
deformation 
of fl exible 
mould

Activated 
elastomer 
layer

IV

III
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Initial mould setup. Uniformly spaced supported membrane mould in fl at state. On top of the supported membrane a layer 
of elastomers with integrated air cushions. The integrated air cushions should enable local surface deformation of the fi bre 
composite stack for extreme curvatures.

Fibre composite stack ready 
to deform and mould
[Theory: Fibre Composites] 

Integrated 
air cushions Supported 

membrane

Uniformly 
spaced actuatorsUniformly spaced supported 

membrane mould
[Theory: Flexible Moulds] 

Infl atable elastomer layer for local 
deformation of surface
[Theory: Manipulation of Surfaces 
and Soft Robotics] 

 Initial mould is activated at maximum deviation of the actuators. The secondary layer of elastomers is not activated, meaning that 
the fi bre composite stack is totally deformed by the supported membrane mould. 

Maximum deformation of uniformly spaced supported mem-
brane mould, without activation of elastomer layer

Figure 32.  Concept of infl atable moulding technique.
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 ■ Relevance
 □ Scientifi c Relevance

Underlying theories in this research are in the fi eld of 
fl exible moulds and soft robotics. Within their own area of 
application, research in fl exible moulds as well as research 
in soft robotics are individually highly elaborated. However, 
this research combines both technologies to provide a 
new theory for fl exible moulds based on the technique 
used with soft robotics. This research contributes to the 
broadening of knowledge into the fi eld of fl exible moulds 
with the possibility for local deformation of the surface and 
leads to new research possibilities in the fi eld of fl exible 
moulds actuated by polymer infl ation, and especially for 
local surface manipulation.

 □ Societal Relevance

Architects do have interesting thoughts and ambitions 
in designing a geometrically complex building. However, 
there are often no suffi cient fi nancial resources as well 
as manufacturing techniques lack of conformability. 
Especially with today’s recovery of the fi nancial crisis, the 
building industry is reserved with huge fi nancial projects 
where manufacturing is a major cost item. To realize 
projects with complex façade panels, architects and 
engineering fi rms need to make consensus in the design 
to make production geometrically and fi nancially feasible.

The building industry, both design fi rms and 
engineering fi rms, would benefi t from a fl exible moulding 
technique which is fi nancially feasible and simultaneously 
copes with the lack of today’s local deformability of the 
fl exible moulding techniques. Resulting in architects can 
use the full potential of computer aided design without 
making consensus to geometry, if extreme curvatures are 
desired, and fi nancial feasibility. The engineering fi rms 
can manufacture at reasonable costs due to fl exibility 
of the mould and thus a decrease in storage costs for 
dedicated moulds. The environment is spared by less 
waste production and the built environment will be 
enriched with prominent buildings.

 ■ Research Objective
 □ Objective of the research

The objective of this research is to expand the variety 
of fl exible moulding techniques and open new insights 
in the knowledge of fl exible moulding techniques for the 
building industry. This is done by conducting research 
in a new type of fl exible mould, which is able to perform 
local surface manipulations, activated by an infl atable 
elastomer.

 □ Objective in the research

In this research, the objective is to develop the new 
fl exible moulding technique which is able to perform 
local surface manipulations and to test this technique by 
producing a double-curved fi bre composite panel. This 
with the purpose of introducing a new fl exible moulding 
technique which is fi nancial feasible for producing 
one-of-a-kind façade panels and simultaneously copes 
with the lack of local deformability and lack of good optical 
surface performance of the existing moulding techniques.

 ■ Research Question
 □ Major question

The major question resulting from the problem 
statement and the analysis of the state-of-the-art is 
focussing on providing a low-cost tool which can provide 
extreme curvature with a smooth surface and is the 
following:

In what manner can a fl exible moulding technique 
based on an infl atable polymer layer be used as a local 
deformation technique in order to produce double-curved 
fi bre composite panels?

 □ Minor questions

In order to provide a solution for the major question, 
minor questions are defi ned: 

 – What type of polymer is most suitable to be used in the 
infl atable mould?

 – What design of the polymer layer is best for actuation 
of the infl atable mould?

 – How can the performance of the infl atable mould be 
controlled?

 – Which manufacturing technique is most suitable for 
production of fi bre composite panels on the infl atable 
mould?

 – How can the performance of the infl atable mould be 
validated?
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 ■ Research Model
This research is built up conforming the distinctive steps 

of the research model based on the underlying theory of the 
systems approach by Pahl, Beitz, Feldhusen & Grote (2007). 
The research process is divided into fi xed steps, each 
involving analysis and synthesis. Each step repeats itself 
in so-called life cycle phases where information follows 
a chronological progression from abstract to concrete 
information (Pahl et al., 2007). At the end of each step, the 
information is available for use in the next step. The fi rst 
step in the research model is the problem analysis, where 
the problem is analysed (see Figure 6). The second step 
is the problem formulation. This step defi nes the design 
requirements by conducting literature research. The four 
theoretical fi elds within this step provides the design 
parameters for the next step resulting in the research 
questions. Step three synthesises the design parameters 
into a design and produces a prototype. The next step 
analyses the test results of the prototype, to evaluate 
these in the system evaluation phase. If and only if the 
results of the prototype are acceptable, proceeding to 
the fi nal step is allowed. In the fi nal step, the product can 
be fi ne-tuned. If not, the design process starts over by 
adjusting the prototype, again in the synthesis phase. By 
using a cyclical iterative design approach, quality of the 
research can be guaranteed.

Figure 33.  Research model based on the theory of the systems 
approach by Pahl et al. (2007)
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 ■ Morphological Design Matrix
As is discussed in the previous parts, the pin-bed 

surface is the perfect technique for performing local 
deformations on a surface. However, high costs and 
small scale are major drawbacks of this technique. As is 
mentioned earlier, alternative moulding techniques like 
the supported and tensioned membranes deal with these 
drawbacks at the cost of the ability for local deformation. 
This part of the research, part four, covers the experimental 
research into a fl exible moulding technique which is 
able to perform local deformations of the surface while 
maintaining acceptable scale and costs. 

This part analyses the variables of the infl atable mould 
design. A morphological design matrix (referred to as 
MDM-Code ... in the text) is used to evaluate various 
solutions per parameter (see Table 2). All variables are 
evaluated and/or tested by experimental research. When 
a reference is made to the experiments performed, 
a full analysis of the experiments can be found in 
appendix two. The results and conclusions emerging from 
these experiments are further explained in the following 
chapters of this part. The most suitable variable within this 
research is highlighted per parameter in the morphological 
design matrix.  

The parameters are indicated by a capital letter and 
the components are divided by a number (e.g. ‘A1’). The 
solution variants are, per parameter and component, 
labelled by a number (e.g. ‘A1-1’). The used parameters 
are:

A Referring Moulding Technique
B Material Selection
C Design Infl atable Chamber
D Actuation Infl atable Chamber
E Surface Smoothness
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Table 2. Morphological Design Matrix (Continued 2/4).
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Table 2. Morphological Design Matrix (Continued 4/4).
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Table 2. Morphological Design Matrix (Continued 3/4).
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 ■ [B] Material Selection
In order to provide a deliberate solution to the minor 

question: What type of polymer is most suitable to be 
used in the infl atable mould?, a general classifi cation 
of polymers is covered in more detail before taking a 
decision. Furthermore, there are material requirements 
set regarding the suitability of certain polymers for the 
infl atable mould in order to produce fi bre composite 
elements. 

 □ Polymers in General

Polymers are large molecules composed of many 
repeated monomer subunits which have been bonded into 
long chains. Polymers do exist in many different forms, 
synthetic as well as natural polymers. This research 
focuses on synthetic polymers because of their, most of 
the time, superior performance to natural polymers. 

Polymers is the broad and encompassing term for a 
huge variety of subclasses in polymers. Nearly all polymers 
can be subdivided into one of two major categories; the 
thermosetting polymers and the thermoplastic polymers. 
In general, a third category is allocated to elastomers, 
though, elastomers are also either thermosetting or 
thermoplastic polymers. This is depending on their 
chemical nature (Harper, 1975).

Looking at the chemical nature and properties of the 
thermosetting polymers, thermoplastic polymers, and 
elastomers; characteristic differences reveal. These 
differences determine their usability in different occasions. 

 ▫ Thermosetting Polymers

Thermosetting polymers are cured, set, or hardened into 
a permanent shape. This process is known as cross-linking 
and is irreversible. Cross-linking is often initiated by 
the use of heat or a catalyst. The cross-linking process 
limits chain movement of the molecules due to internal 

linkages and leads to a rigid material (see Figure 34-I). 
After curing, thermosetting polymers can be softened by 
heat. However, thermosetting polymers cannot be melted 
to its fl uidic phase with obtaining the same properties as 
before curing. Melting the thermosetting polymer causes 
the linkages between the molecules to break, resulting in 
a loss of mechanical properties. 

 ▫ Thermoplastic Polymers

Thermoplastic polymers are different. Thermoplastic 
polymers are held together by relatively weak 
intermolecular attractive forces and do not cure or set 
under heat as do thermosetting polymers. Thermoplastic 
polymers need to be melted into a fl uid state before it 
can be processed under pressure into its fi nal shape. 
Upon cooling in a mould, thermoplastic polymers harden 
and take the shape of the mould. Unlike thermosetting 
polymers, thermoplastic polymers do not cure or set. 
There are no permanent linkages between the molecules 
(see Figure 34-II). Therefore, thermoplastic polymers can 
be melted and shaped again. Even though thermoplastic 
polymers can be repeatedly softened and hardened, there 
is a chance of thermal aging of the material resulting in a 
degradation of the material properties (Harper, 1975). 

Thermoplastic polymers can be further classifi ed by 
their crystallinity, or the degree of intermolecular order 
within the polymer’s overall structure. In crystalline 
polymers the molecules are perfectly aligned in a 
three-dimensional lattice which can be formed into 
large crystals (see Figure 35-II). Crystallinity makes 
polymers strong but also lowers the impact resistance. 
In other words, highly crystalline polymers are more 
brittle (see Figure 36-III). On the other hand there are 
amorphous polymers. Amorphous polymers do not have 
perfectly aligned molecules but have molecules with 
branches or irregular pendent groups (see Figure 35-I). 
These branches and irregularities of the molecules 

 ■ [A] Referring Moulding Technique
Parameter A, “referring moulding technique”, is already 

discussed in part two, the literature study. Resulting from 
the objective in this research, to develop a moulding 
technique for the production of non-repetitive double 
curved panels and which is able to locally manipulate a 
surface, the fl exible moulding technique of the pin-bed 
surface is in principle the most representative moulding 
technique to continue with (MDM-Codes A1-3 and A2-1). 
As discussed in the literature study, pushing form-active 
surfaces against a surface as a surface manipulation 
technique is in closest relation to the infl atable concept of 
the infl atable mould (MDM-Code A3-3).  

60 Figure 35.  Schematic structure of I: Amorphous polymer; II: Crystalline 
polymer; and III: Semi-crystalline polymer. Redrawn from (University of 
South Carolina Upstate, 2001)

I II III

Figure 34.  Schematic structure of I: thermosetting polymer; II: 
Thermoplastic polymer; and III: Elastomer.  Redrawn from (University of 
South Carolina Upstate, 2001)

I II III

Figure 36.  Tensile stress-strain curves for several types of polymeric 
materials. (Winding & Hiatt, 1961)
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hinders the amorphous polymers to pack together 
regularly enough to form crystals. Because amorphous 
polymers are not tightly packed together, they are softer 
and do have lower melting points (see Figure 36-I). In 
between crystalline polymers and amorphous polymers 
are the semi-crystalline polymers. Semi-crystalline 
polymers have both crystalline and amorphous regions 
(see Figure 35-III). Semi-crystalline polymers combine 
the strength of crystalline polymers with the fl exibility of 
amorphous polymers. In this manner, semi-crystalline 
polymers can be tough as well as having the ability to 
bend without breaking (see Figure 36-IV). 

 ▫ Elastomers

The third and last category is the group of elastomers. 
Elastomers are either thermosetting or thermoplastic. 
Where thermosetting polymers and thermoplastic polymers 
have in common that they are rigid when processed, 
elastomers remain soft and fl exible. The American 
Society for Testing and Materials (ASTM) D 1566-66T 
defi nes elastomers as a macromolecular material that 
returns rapidly to approximately the initial dimensions and 
shape after substantial deformation by a weak stress and 
release of the stress (Ciesielski, 1999; Harper, 1975). The 
ability of elastomers to be soft and fl exible and to return 
to their initial dimensions relates to their low cross-link 
density. The polymer chains have a certain amount of 
freedom to move, but are prevented from permanently 
moving relative to each other by the presence of some 
cross-links (see Figure 34-III). The normal thermal motion 
of the atoms causing the molecules to return to their initial 
dimensions. In order to actually move, stretch, and return 
to their initial dimensions, elastomers have to act above 
their glass-transition temperature. The glass-transition 
temperature is acting on the amorphous regions in the 
semi-crystalline structure. When a polymer is below 
its glass-transition temperature, the crystalline and 

amorphous regions are both glassy. This means that they 
will be hard, rigid and brittle. However, when the polymer 
is heated above its glass-transition temperature, the 
amorphous regions become rubbery and molecules are 
able to move around. The rubbery state is characterised 
by softness, fl exibility and toughness (Kaufman & Falcetta, 
1977; McKeen, 2009) (see Figure 36-II and Figure 37).

Figure 37.  Relationship between elastic modulus and temperature. 
(Harper, 2004)
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 □  Behaviour of Polymers

Besides the different types of polymers and their 
characteristics, polymers in general have characteristic 
differences in their response to applied loads than is the 
case with other materials, such as metals. Therefore, 
direct comparisons of strength and stiffness are of limited 
use (Way & Regis, 2001). 

 ▫ Nonlinear Behaviour

Steel, for example, has an elastic modulus which is 
very much a constant up to its yielding point, or in other 
words steel is a linear elastic material. This means that 
steel follows Hooke’s law in its elastic region. Hooke’s law, 
σ = E ∙ ε, describes that the stress is directly proportional 
to the strain. The result is that the stress-strain path is the 
same for loading and unloading of the material. Meaning 
that all the energy that is added during loading is released 
completely during unloading.

However, polymers exhibit nonlinear behaviour. 
Nonlinear behaviour means that the deformation of 
the polymer is not directly proportional to the applied 
load. Therefore, the stress-strain path during loading 
and unloading is not similar. Rubber has a different 
behaviour under different deformation states and rubber 
shows a large difference in behaviour under tension and 
compression (see Figure 38 and Figure 39). The elastic 
modulus of rubbers, for example, changes under different 
conditions. Stretch rubber and its modulus changes 
during stretching. Warm it up or cool it down, stretch it 
quickly or stretch it slowly, the elastic modulus keeps 
changing. The modulus even changes from one stretch 
cycle to the next (Ciesielski, 1999; MSC Software, 2014) 
(see Figure 40). This nonlinear behaviour makes rubbers 
complex to control. Because of their complexity, rubbers 
are controlled by using hyperelastic models. Therefore, 
rubbers are called ‘hyperelastic’ materials.

 ▫ Hysteresis

The stress-strain path of a nonlinear material shows 
some interesting aspects. 

 – When a material is loaded, the return journey to zero 
stress does not follow the original path. Meaning 
that it takes less energy for the rubber to return to its 
initial geometry. Since energy cannot be created nor 
destroyed, the energy is converted into heat. The 
conversion of energy into heat is known as ‘hysteresis’ 
and it is due to the viscous damping component 
of the rubber. The area between the loading and 
unloading stress-strain path is called the hysteresis 
loop (see Figure 40). The greater this area, the more 
heat is produced and the less elastic the rubber 
(Ciesielski, 1999).

 – Rubber does not return to zero strain at the end of 
the return journey, because rubber is not a completely 
elastic material in a theoretical point of view. If the 
rubber is allowed to rest for a while, the rubber will return 
to its initial undeformed state. When the same cycle of 
loading and unloading is repeated multiple times, the 
rubber becomes softer (lower modulus) and the area 
between the paths becomes thinner (less hysteresis). 
The softening effect is known as the ‘Mullins effect’. 
The change stabilizes after a number of cycles 
(see Figure 40 and Figure 41) (Ciesielski, 1999; MSC 
Software, 2014).

As the fi rst aspect explained, the hysteresis is caused 
by the viscous damping component of the polymer. 
Because a polymer behaves in a manner that seems to 
combine elastic solid and viscous behaviour, polymers 
are called ‘viscoelastic’ (Way & Regis, 2001).  

Figure 38.  Rubbers, or hyperelastic materials, are very sensitive to 
different deformation states, unlike elstic materials that follows Hooke’s 
law. Redrawn from (MSC Software, 2014)

Figure 39.  Hyperelastic materials behave completely different in 
tension and compression compared to materials that follow Hooke’s law. 
Stress is not proportional to strain for hyperelastic materials. Redrawn 
from (MSC Software, 2014)

Figure 40.  A tensile stress-strain curve, representing four cycles 
(I to IV). Each cycle the rubber becomes softer. Eventually an equilibrium 
stress-strain path is obtained with a low hysteresis (cycle IV). Redrawn 
from (MSC Software, 2014)

Figure 41.  There is always a viscoelastic effect present in rubber, 
leading to a stable hysteresis loop when cylced over the same strain 
range. Redrawn from (MSC Software, 2014)
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 □ Material Requirements

In order to choose the appropriate type of polymer; 
constraints relating to the production of locally manipulated 
fi bre composite panels, as the ultimate purpose of this 
infl atable moulding technique, should be taken into 
consideration. 

First of all, as the infl atable moulding technique 
implies, the selected polymer should be highly fl exible 
to be able to be infl ated. Secondly, the polymer has to 
contain a certain amount of elasticity, in order to return 
to its initial dimensions in favour of reusability of the 
moulding technique. Shrinkage of the polymer is not 
allowed in order to obtain dimensional stability of the 
infl atable mould. Furthermore; to diminish the infl uence 
of creep, due to the viscoelastic behaviour, the shore 
hardness should be as low as possible. 

Looking at the processing requirements of the polymer 
matrices of the fi bre composites, processing requirements  
are of great infl uence on the choice of elastomer material. 
Table 3 shows that in order to process a wide range of 
polymer matrices the polymer should be able to withstand 
elevated temperatures and should be inert for contact 
with other chemical materials. 

With respect to industrial processing, good abrasion 
resistance and release properties of the surface are a 
necessity. 

The base requirements listed for the polymer material:

 – High fl exibility    >500%

 – Good elasticity    

 – No shrinkage    <0,1%

 – Good to excellent heat resistance  >150 °C

 – Low shore hardness

 – Inert for chemical materials

 – Good abrasion resistance

 – Good release properties

 – Low viscosity

 – Easy to work with
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 ▫ Viscoelastic Behaviour

Viscoelasticitiy can be best visualised as a combination 
of two separate mechanisms acting at the same time in 
rubber. A spring represents the elastic behaviour and a 
dashpot represents the viscous behaviour of rubber, as 
described by Maxwell and Voight models (see Figure 42). 
These models are a conceptualized idea of viscoelasticity. 

In case a force is applied to the model, the spring 
component will store the deformational energy of this 
force and release it when the force is removed. The spring 
will return to its initial position, or in real case, the polymer 
returns to its original shape. On the other hand, the piston 
moves into the dashpot at the same time the force is 
applied. When the force is removed, the piston cannot 
return to its initial position. The deformational energy is 
irreversibly converted into heat (Ciesielski, 1999). The 
conversion of energy into heat is, as described earlier, the 
phenomenon called hysteresis.  

The biggest consequence of the viscous component 
in relation to the infl atable mould is creep of the rubber 
material. When a rubber block is loaded by an external 
force, the thickness of the block will continuously decrease 
over time. Creep of the rubber is enhanced when elevated 
temperatures occur.   

Although the nonlinear behaviour of rubbers 
complicates performance control of the rubber, the effect 
of hysteresis and viscoelasticity is less for rubbers with a 
low shore hardness. 

Thermosets Tprocessing (°C)

Polyester 20 - 

Vinylester 20 - 

Epoxy 25 - 175

Phenolic 130 - 160

PUR 145 - 205

BMI 230 - 245

PI 315

Thermoplastics Tprocessing (°C)

PP >185

PA 6 225 - 290

PA 12 180 - 270

PA 6,6 270 - 325

PET 260 - 310

PPS 300 - 355

PEEK 360 - 400

PEI 350 - 425

PES 340 - 380

PAI <400

Table 3.  Processing temperatures of polymer matrices. Redrawn from 
(Åström, 1997). Note: this table contains only a selection of polymer 
matrices and does not give an overview of all types of polymer matrices.

Figure 42.  Maxwell model representing elastic behaviour by a spring 
and viscous behaviour by a dashpot. I: Initial position of spring and 
dashpot before loading; II: Load applied, length of spring and dashpot 
decreases; III: Load removed, spring returns to its initial length, dashpot 
remains at decreased length. Redrawn from (Ciesielski, 1999)

linitial spring

l1< linitial spring

l1= linitial spring

linitial dashpot l2< linitial dashpot l2< linitial dashpot
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 □ Material Selection

Based on the analysis of the different types of polymers 
can be concluded that the group of elastomers is, with 
their ability for large deformations and their feature to 
return to their initial dimensions, the only suitable type of 
polymer to be used in the infl atable moulding technique 
[MDM-Code B1-3].  

Within the group of elastomers, there are a lot of 
different available elastomer types with their own unique 
properties. An overview with general properties of available 
elastomer types is depicted in Table 4 (see page 70). 
Regarding the base requirements, Table 4 shows that, in 
general, the properties of a polyurethane rubber meet the 
set material requirements at best. However, looking at the 
range of polymer matrices that can be processed on top of 
the polyurethane rubber, the low operating temperature of 
60°C limits polyurethane rubber to process only polyester, 
vinylester, and epoxy (see Table 3 on page 66). 

During processing of the fi bre composite, the 
crosslinking of the polymer matrix can produce high 
elevated temperatures over 100°C. This signifi cant 
increase in temperature is due to the exothermic process 
created by the crosslinking of the polymer matrix. Especially 
thick fi bre composite panels accumulate a lot of energy 
and therefore a lot of heat. Besides, in order to be more 
fl exible and to be able to process more types of polymer 
resins is silicone rubber with its excellent heat resistance 
and stable properties at elevated temperatures a very good 
alternative. In general, the group of silicone rubbers are the 
best elastomers regarding heat resistance (see Table 4). 
This excellent heat resistance is owing to the fact that their 
polymer backbone consists of silicone and oxygen atoms 
rather than the carbon structure of all other elastomers 
(Harper, 2004) (see Figure 43). Although silicone 
rubber lacks in performance on several other properties 
compared to polyurethane rubber, according to the general 

characteristics of Hanhi, Poikelispää and Tirilä (2007), 
manufacturer specifi c values showing more promising 
results for silicone rubber [MDM-Code B2-4].

Before choosing a specifi c type of silicone rubber, the 
type of curing mechanism and the shore hardness of the 
silicone rubber should be considered. The hardness of 
rubbery materials is measured with the shore value. This 
shore value is measured by a durometer. A durometer test 
is an industry standard test method for rubbery materials 
and is based on the penetration of a certain type of 
indentor with applied force into the rubbery material. The 
penetration into the material determines the shore value. 
This penetration depends on the elastic modulus, the 
viscoelastic behaviour of the material and the geometry 
of the indentor. Each indentor has its own shore scale. 
The higher the shore value, the stiffer and less fl exible the 
rubber is and more pressure is needed to infl ate the rubber. 
In general, the shore A value is used for rubbers and the 
shore D value for hard plastics (see Figure 44). Because 
high fl exibility for the infl atable moulding technique is 
required, a low shore A value is needed. Besides, a low 
shore hardness involves a more stable performance 
regarding hysteresis and viscoelastic behaviour. 
From several experiments (see appendix two), can be 
concluded that a shore A10 value is an appropriate choice 
for the hardness of the silicone rubber [MDM-Code B3-4]. 
Although the viscosity is not of very high infl uence, a low 
viscosity of the silicone rubber is desirable. A low viscosity 
of the silicone rubber contributes to the casting of the 
silicone rubber. A higher shore hardness is associated 
with a higher viscosity (Harper 2004). Therefore, a low 
shore hardness value is desired regarding the lower 
viscosities associated.
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Figure 43.  Chemical structure of the forming of silicone rubber. 
Redrawn from (Bluestar Silicones, 2011)
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Figure 44.  Distribution of polymers on the shore hardness scale A and 
scale D. Redrawn from (Rader, 1996)
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Besides the shore hardness, the type of curing 
mechanism of the silicone rubber is of importance. There 
are two types of curing mechanisms for silicone rubbers. 
The tin-based silicones and the platinum cure silicones. 
Tin-based silicones, also called condensation-cure 
silicones, are one- or two component materials which 
cure at room temperature by making use of relative air 
humidity. Because of condensation of moisture (water), 
tin-based silicones tend to shrink during curing. Curing 
of tin-based silicones can take a very long time. Because 
of skin formation of the top surface, due to the curing, 
the skin formation hinders the surrounding moisture 
in the air to reach through to the inner part of the cast 
silicone. Platinum cure silicones, also called addition 
cure silicones, are two component materials which cures 
by addition of platinum (see Figure 43 on page 68). 
Because there is no condensation involved, there is no 
to very minimal shrinkage (<0,1%) involved. Therefore, 
platinum cure silicones are desired, relating to the set 
requirements [MDM-Code B4-2]. 

 □ Conclusion Parameter B

In order to return back to the minor question: What type 
of polymer is most suitable to be used in the infl atable 
mould?, the analysis shows that platinum cured silicone 
rubber is the most suitable rubber to be used in the 
infl atable mould. With previous set material requirements, 
silicone rubber PS8510 from Poly-Service is chosen to 
be used. The PS8510 is a platinum cure silicone rubber 
with a shore A10 hardness. Heat resistance of >200°C, 
Elongation at break is 600%, negligible shrinkage and 
inert for chemical materials. The silicone rubber is highly 
suitable to be used as a mould for processing polymer 
resins and has very good release properties. 

NR SBR IIR NBR ECO, CO CR AU, EU FPM Q EPDM CSM
Tensile strength , MPa 4-25 4-25 4-15 4-18 4-18 4-20 15-30 7-15 3-10 4-18 4-12

Break elongation, % 100-600 100-500 100-800 100-400 100-500 100-500 100-800 100-200 100-400 100-400 100-500

Operating 
Temperature, °C

- long-term 60 70 80 70 80 70 60 175 200 80 80

- short-term 100 100 140 130 150 130 80 250 275 150 150

- cold -60...-30 -50...-20 -40...-10 -50...-10 -50...-10 -50...-20 -20...0 -40...-20 -80...-50 -60...-30 -40...-20

Compression set, % (°C) 20-60
(70)

20-60
(70)

20-80
(100)

20-60
(100)

20-60
(100)

30-80
(100)

20-60
(70)

30-50
(175)

20-60
(150)

25-60
(100)

60-80
(100)

Elasticity 5 5 2 3-4 3 3-4 5 2 1-3 3 3

Electrical Properties 4 4 4-5 1-2 1 3 3 3 4 4 3-4

Resistance
- weather and ozone 1-2 1-2 3-4 1-3 4-5 4 5 5 4 5 5

- acids 2-3 2-3 4 3 3 3 1 3-4 1-3 3-4 4

- alkalis 2-3 2-3 4 2-3 3 3 1-2 1-3 1-2 3-4 4

- alipathic oils 1 1 1 4 4 2-3 3-4 4 1-2 1 1-2

- aromatic oils 1 1 1 3 3 1 1-2 4 1-2 1 1

- abrasion 4-5 4 2-3 3-4 3-4 3-4 4-5 3 1-3 3 3

- fl ame 1 1 1 1-2 3 3-4 1-2 4 2-3 1 3

- radiation 2-3 2-3 1 2-3 1 2-3 3 2-3 2-4 1 2-3

Gas permeability 3 3 5 3 4 3-4 3 4 2 2-3 4

Adherence 4 4 3-4 3-4 3-4 3-4 3 1-3 2-4 1 2-3

1 = poor     2 = fair     3 = good     4 = really good     5 = exellent

NR  =     Natural Rubber   ECO, CO      =     Epichlorohydrin Rubbers  Q =     Silicone Rubbers
SBR =     Styrene-Butadiene Rubber CR      =     Chloroprene Rubber   EPDM =     Ethylene-Propylene-Diene Rubber
IIR  =     Butyl Rubber   AU, EU      =     Polyurethane Rubbers  CSM =     Chlorosulphonated Polyethylene
NBR  =     Nitrile-Butadiene Rubber  FPM      =     Fluorocarbon Rubbers 

Table 4.  Overview of widely used elastomers with general 
charachteristic values. Best values are highlighted in dark grey, best type 
of rubber highlighted in light grey. Redrawn from (Hanhi, Poikelispää, 
& Tirilä, 2007) Note: this list is not complete and properties are very 
general. Specifi c property values differ by manufacturer. This overview 
is, therefore, only used as a guideline. 
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or a sine-curvature, a 3-degree curve with four control 
points is required. In the case of M-shapes, or a double 
sine-curvature, a 5-degree curve with six control points is 
required (see Figure 45).

A single infl atable air chamber of the infl atable 
mould can be seen as a single control point on the 
curve. Therefore, the number of infl atable air chambers 
defi nes the number of control points and thus the degree 
of the curve or surface. Simultaneously, the number of 
control points determines the level of local deformability 
that is possible. In order to produce complex free-form 
surfaces, a 5-degree surface is chosen, involving six 
control points. Thus, the infl atable mould consists of 
6 x 6 squared infl atable air chambers (see Figure 46) 
[MDM-Code C1-1 and C4-4].

Where the pin-bed surface is a closely packed 
moulding technique suitable for local deformability of a 
surface, the more feasible moulding techniques do have 
a minimal spacing of 150mm between the actuators and 
therefore a loss of local deformability. In order to enhance 
the ability for local deformability of feasible moulding 
techniques, the fi nal design of the infl atable air chamber 
has dimensions of 100 x 100 mm [MDM-Code C2-3].

Experiment four (see appendix two) shows that 
a multiple layer confi guration of the infl atable mould 
causes signifi cant problems regarding airtightness. 
In order to supply air to the air chambers in the top layer, 
the air supply need to pass through the lower situated 
air chambers. The puncturing of the lower situated air 
chambers results in complex connections in order to 
be air tight (see Figure 47 and Figure 48). Therefore, 
a single layer setup is chosen for fi rst proof of concept 
(see Figure 49) [MDM-Code C3-1].

Figure 47.  Infl atable mould setup with multiple infl atable layers. A huge 
amount of air supplies for the top layer need to pass through lower 
situated air chambers, resulting in complex connections in order to be 
air tight. 

Figure 48.  Close up of infl atable mould setup with multiple infl atable 
layers. Embedded air supplies need to pass through lower situated air 
chambers. 

Figure 49.  Single infl atable layer setup for the fi nal design of the 
infl atable mould. 
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 ■ [C] Design of Infl atable Chamber
In order to provide a deliberate solution to the 

minor question: What design of the polymer layer 
is best for actuation of the infl atable mould?, 
experimental research is conducted on the different 
variables depicted in the morphological design matrix 
(see Table 2 on page 56). This chapter covers the 
results of the experimental research in order to combine 
the best variables into a fi nal design for the infl atable 
mould. The extended analysis of the experiments and the 
preparation of the casting of the infl atable air chambers 
can be found in appendix two.

 □ Geometrical Aspects Infl atable Mould

Free-formed surfaces, as discussed in the literature 
study (see Free-Formed Surfaces on page 20), are also 
referred to as NURBS surfaces. The underlying theory is 
of importance for the geometrical aspects of the infl atable 
mould. NURBS is short for Non-Uniform Rational Basis- 
Spline. Non-Uniform means that the portions of a curve, 
which are affected by individual control points, are not 
necessarily uniformly distributed along the curve. Rational 
means that the pull of each control point can be adjusted. 
Basis- Spline functions defi ne how much each control 
point infl uences the curve at any given parameter value. 

The curve and resulting surface characteristics are 
mainly controlled by two factors, which are the number 
of control points and the degree of a curve. The degree 
of a curve determines the infl uence each control point 
has on the curve as wel as the smoothness of the curve. 
The number of control points in a curve must at least be 
one number higher than the degree of the curve. Curves 
of degree higher than fi ve are usually not practical or 
necessary to use (Wenstøp, 2008). The amount of 
control points determines the variety of geometries that 
can be produced. To obtain geometries with S-shapes, 

Degree two, three control points

Degree three, four control points

Degree fi ve, six control points
Figure 45.  I: Arc curve with single curve direction. Curve degree two 
with three control points; II: Arc curve and S-curve with a degree three 
with four control points;  III: S-curve and M-curve with a degree fi ve 
curve with six control points. Redrawn from (Wenstøp, 2008)

Figure 46.  Final design of infl atable mould with 6 x 6 infl atable air 
chambers. 
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Figure 52.  Infl uence of embedded thick steel mesh reinforcement 
on the defl ection of the bottom layer. I: No embedded steel mesh in 
bottom layer, large deformations of the bottom layer visible, especially 
in the middle of the bottom layer; II: Embedded steel mesh in bottom 
layer signifi cantly decreases deformation of the bottom layer.

with an embedded thick steel mesh with a thread 
diameter of 0,9 mm and a maze width of 2,1 x 2,1 mm 
(MDM-Code C11-4). It is of importance that the maze 
width of the steel mesh allows the uncured silicone rubber 
to pass through during casting, to prevent delamination of 
the embedded steel mesh because of a lack of adhesion 
between the silicone rubber and the steel. To fully embed 
the steel mesh in the silicone rubber, a thickness of 10 
mm for the bottom layer is required (MDM-Code C10-4). 

In addition, the use of an embedded spring steel 
mesh can improve the stiffness of the bottom layer. A 
spring steel mesh is in favour of a general steel mesh 
because spring steel has the ability to return to its initial 
position owing to a higher yield strength. In case of high 
internal pressure, the spring steel mesh will offer more 
resistance to deformation and in case of deformation the 
spring steel returns to its initial position after release of 
internal pressure. However, for practical reasons there is 
not chosen to use a spring steel mesh in proof of concept. 
Material costs of spring steel are signifi cantly higher than 
general steel mesh. Besides, further processing of the 
spring steel is tough. The higher hardness level of spring 
steel makes it very diffi cult to punch holes in the mesh for 
application of the air supply connectors.  

 ▫  Top layer and walls

Manipulation of the surface of the infl atable mould is 
committed to the differences in stiffness properties of the 
top layer and walls, as previous section determined that 
the bottom layer is assumed to be rigid. In order to obtain 
a smooth deformed surface, a certain ratio between the 
thickness of the top layer and the thickness and height of 
the walls needs to be defi ned. As mentioned earlier, the 
strength of silicone rubber and of elastomers in general, is 
their high elongation at break. This feature of elastomers 
is valuable in defi ning this ratio.
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ΔP = 0

Figure 50.  Schematic view of single infl atable chamber. I: top-layer; 
II: walls; III: bottom-layer.

Figure 51.  Schematic view of single infl atable chamber. I: Extension 
in upwards direction due to infi nite stiffness of walls and bottom layer; 
II: Extension in upwards and sideways direction due to infi nite stiffness 
of top and bottom layer.
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 □ Geometrical Aspects Infl atable Chamber

As discussed in the literature study (see  Soft Robotics  
on page 36), soft robotics make use of the differences in 
stiffness and elasticity properties of elastomeric materials 
in order to deform. The differences in stiffness can be 
caused by using different elastomeric materials with a 
different shore hardness, or in case of a homogeneous 
material by the difference in material thickness. The 
preliminary tests showed that with little infl ation, complex 
motions can be obtained (see Figure 28 on page 38). 
This technique used by soft robotics is also implemented 
in the infl ation technique of the infl atable chamber. 

Because the infl atable chamber is loaded by internal 
pressure, the forces acting on the different components 
of the infl atable chamber are all of the same magnitude. 
The different components of the air chamber considered 
are: top layer, walls, and bottom layer (see Figure 50). 
Changing the internal pressure of the air chambers 
by infl ation, ΔP = +, causes the elastomeric material to 
deform. Deformation of the infl atable air chamber, which 
is extension of the elastomeric material, will be in the 
direction of the component with the least resistance. By 
modifying the stiffness of the different components, the 
direction of extension of the air chamber as a whole can 
be controlled (see Figure 51). 

 ▫ Bottom Layer

During infl ation of the air chamber, deformation of 
the bottom layer is not desired in order to keep better 
dimensional control of the performance of the infl atable 
mould. Therefore, the bottom layer is reinforced with a 
steel mesh. As can be seen in experiments eight to 
sixteen (see appendix two) the use of an embedded 
steel mesh reinforcement reduces the deformation of the 
bottom layer (see Figure 52). The best results regarding 
a minimal defl ection of the bottom layer were obtained 
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4 mm thick walls (see Figure 55). Thus, a thickness ratio 
of 2,5:1 between the top layer and the walls. With this 
ratio, Equation 1 shows that the moment of inertia of the 
top layer is 2,5³ times the moment of inertia of the walls. 
Although this signifi cant difference in moment of inertia, 
resulting in a higher stiffness of the top layer, the top layer 
still shows the path of least resistance to the internal 
pressure. The internal pressure causes the top layer to 
bend rather than deforming the surface by elongating the 
walls (see Figure 56).

That the top layer shows the path of least resistance 
can be justifi ed by a rough estimation of the defl ection of 
both, the top layer and the walls (see Equation 2).

Because of the homogeneous composition of the 
silicone rubber top layer and walls, the Young’s modulus 
of the top layer and wall is the same. Although the moment 
of inertia of the top layer is 2,5³ times the moment of inertia 
of the wall, the defl ection is predominantly infl uenced by 
the greater length of the top layer in comparison to the 
height of the wall. The result is a defl ection of the top 
layer around two times as high as the defl ection of the 
wall. In other words, the defl ection per unit of the wall 
is accompanied by two times the defl ection of the top 
layer. Which means that the wall is acting as a tensioned 
support, pulling down the top layer and causing a dimpled 
surface (see Figure 56 and Figure 57-II).

Note: Calculations with equation two are rough 
estimations of the defl ection of both, top layer and walls. 
Fixing moments, rotations and nonlinear behaviour are 
ignored. Exact deformations can be calculated by using 
FEA-software.

Equation 1.  Ratio of the moment of inertia of the top layer and the 
walls.

Equation 2.  Ratio of the defl ection of the top layer and the walls.

Figure 55.  Schematic view of the components of the infl atable chamber 
and the load cases. I: top layer; II: walls; III: bottom layer.

Figure 56.  The greater moment of inertia of the top layer than of the 
walls does not prevent the top layer from bending.  

I

II

III

E2 / I2 / W2;

l = 40mm; 

h = 4mm

E3 / I3 / W3; l = 95mm; h = 10mm

E1 / I1 / W1; l = 95mm; h = 10mm
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First experiments, experiments one to fi ve, showed 
that a thin top layer (thickness 1 mm) in combination 
with walls of short height (2 mm) and small thickness 
(2 mm) resulted in a non-smooth surface with dimples 
(see Figure 53). Because of a homogeneous material 
usage, the thin top layer shows the weakest path of 
resistance to deformation. Besides, the lack of height of 
the walls prevent the walls to extend. Therefore, the walls 
acting as a tensioned support, pulling down the top layer 
and causing the dimples to occur.

In order to prevent dimples from occurring, deformation 
of the top layer should be obtained by using the feature 
of high elongation at break of the silicone rubber walls 
instead of bending of the top layer. Therefore, the top 
layer should have a higher stiffness than the walls, and 
height is required for the walls to facilitate elongation.

Experiment ten showed that a wall height of 40 mm 
provides satisfying results regarding the extension of the 
walls, and therefrom arising maximum deviation of the 
infl atable mould, in proportion to the smoothness of the 
top layer (MDM-Code C8-4). The thickness of the walls is 
from a practical point of view set to a minimal thickness of 
4 mm (MDM-Code C7-3). A wall thickness less than 4 mm 
can interfere with the strength of the adhesive bond. To 
preserve fl exibility of the walls, the walls do not contain 
any reinforcement (MDM-Code C9-1).

The stiffness of the top layer is infl uenced by two 
phenomena; fi rst: the moment of inertia, and second: the 
Young’s modulus.

The thickness ratio between the top layer and the 
walls is of infl uence on the moment of inertia. In case 
of a homogeneous material, the thickness ratio defi nes 
the differences in stiffness between the top layer and 
the wall. Experiment twelve has a confi guration of the 
infl atable chamber with a 10 mm thick top layer and 

Figure 53.  Dimpled surface due to a thin top layer and a lack of height 
of the walls in order to extend.  

Figure 54. Infl uence of wall height on maximum deviation that can 
be obtained. I: Single infl atable chamber with wall height of 20mm. 
Deformation is primarily by deformation of the bottom layer; II: Single 
infl atable chamber with wall height of 40mm. Deformation is primarily by 
deformation of the walls and bottom layer. Leading to a higher maximum 
deviation that can be obtained. 
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To transform the path of least resistance from the top 
layer to the walls, in order to decrease the defl ection of 
the top layer, the moment of inertia of the top layer could 
be increased. However, to avoid excessive use of silicone 
rubber, the only independent variable remaining in 
Equation 2 that can be infl uenced is the Young’s modulus. 
When enhancing the Young’s modulus, it is of signifi cant 
importance that the reinforcement still contains a level 
of fl exibility. Although this sounds as a contradiction, a 
steel-mesh reinforcement enhances the Young’s modulus 
of the silicone rubber composite while remaining fl exible 
to a certain degree. 

The woven structure of a steel-mesh enables the 
silicone rubber composite to be stiff and fl exible at the 
same time. The woven structure enables the steel mesh 
to deform by shear of the orthogonal structure. The shear 
deformation allows fl exibility and an increase in Gaussian 
curvature (see Figure 58).    

Figure 58.  Flexibility of a steel-mesh by shear deformation of the 
orthogonal structure. I: Plain orthogonal structure of the steel mesh, no 
deformation; II: Increase in Gaussian curvature by shear deformation of 
the orthogonal structure; III: Shear deformation clearly visible in the legs 
of the fi gure, the squares are deformed into diamonds.  
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ΔP = 0 ΔP = 0 ΔP = 0

P P P

ΔP = + ΔP = + ΔP = +

ΔP = + ΔP = + ΔP = +

Figure 57.  Schematic view of three adjacent infl atable chambers 
and their behaviour under actuation by increase of internal pressure. 
I: Infl atable chambers not actuated, ΔP = 0; II: Infl ated air chambers, 
ΔP = +, walls acting as tension support; III: Infl ated air chambers, ΔP 
= +, embedded steel-mesh reinforcement counteracts bending of the 
top layer.  
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Because the Young’s modulus of silicone rubber is 
very low, an embedded steel mesh signifi cantly increases 
the stiffness and therefore signifi cantly reduces the 
defl ection of the top layer. Besides, the steel mesh offers 
resistance to the tensile force of the walls, resulting in a 
decrease in dimples in the top layer. Although the steel 
mesh reinforcement enhances surface smoothness, the 
embedded reinforcement layer burdens the infl atable 
chamber from obtaining extreme curvatures. A trade-off is 
made between smoothness and level of deformability. As 
Figure 59 shows, the stiffer the reinforcement, the higher 
the Young’s modulus of the composite and, therefore, a 
smoother top layer. However, this also means a decrease 
in the maximum deformation of the infl atable mould. 

As experiment sixteen shows, an embedded thin 
steel mesh results in a smooth surface with a minimal 
imprint of the walls in the top layer while preserving the 
ability of satisfying deformations by the infl atable mould 
(see Figure 60). Thicker steel meshes interfere with the 
purpose of this proof of concept to obtain extreme local 
deformations, as is shown by the use of a thick steel 
mesh in the bottom layer to prevent the layer to deform. 
The thicker threads of the thick steel mesh offers more 
resistance to deformation by shear than the thin steel 
mesh.      

A thickness for the top layer of 10 mm is chosen in 
order to fully embed the thin steel mesh reinforcement 
[MDM-Code C5-4] [MDM-Code C6-2].

Another possibility to enhance the Young’s modulus 
is to use another type of silicone rubber with a higher 
shore hardness level, which relates to an increase of 
the Young’s modulus. However, adhesion problems may 
occur in the case of the use of different types of silicone 
rubber. Therefore, the solution of an embedded steel 
mesh is chosen.
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Figure 59.  Infl uence of the thickness of the steel mesh on the 
variables: Young’s modulus, Smoothness of the top layer, and the level 
of maximum deformation that can be obtained. 

Figure 60.  Embedded thin steel mesh ensures a smooth surface while 
preserving satisfying deformations by the infl atable mould.
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and the adherend is known as wetting (Harper, 2004). 
The strength of the bond between the adhesive and the 
adherend is determined by the relative surface energy 
(polarity) of the adherend and the surface tension of the 
adhesive. The higher the surface energy of the solid to 
the surface tension of the liquid, the greater the molecular 
attraction and vice versa (Goss, 2010; Lines, 2012).

Thus, in order to obtain good wetting, a higher surface 
energy of the silicone rubber is required than the surface 
tension of the adhesive. When this condition is not met, 
the adhesive does not spread across the adherend but 
forms spherical droplets on the surface (see Figure 61). 
Good wetting is obtained when the adhesive is capable 
of spreading over the solid surface displacing air and 
any other surface contaminants that may be present 
(see Figure 62). 

Because rubbers and adhesives are both polymeric 
materials, they have similar physical properties and 
wetting tensions. In the case of silicone rubber, the surface 
energy is even lower than most applicable adhesives. 
To ensure good wetting of the adhesive, a number of 
methods are available to increase the surface energy and 
polarity of rubbers. These methods include:

 – Wet chemical treatments

 – High temperature fl ame torch treatments

 – High voltage corona treatment

 – Plasma surface activation

The last three methods are too complex and expensive 
to use within this research. Therefore, chemical treatment 
with a primer is chosen to be tested as a surface treatment. 
Primers increase the surface energy (polarity) of the 
substrate material to a level that is signifi cantly higher 
than the surface tension of the adhesive. Resulting in a 
signifi cantly enhanced wetting and adhesion (Lines, 2012).    

Figure 62.  Illustration of good and poor wetting by adhesive spreading 
over a surface. Low contact angles favour better wetting. Redrawn from 
(Goss, 2010) and (Harper, 2004)
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 □  Connection of Top- and Bottom-layer

Now the design of the top layer, walls, and bottom 
layer is completed, the top layer and the walls have to 
be combined with the bottom layer in order to obtain an 
infl atable air chamber with embedded air cavity. Two 
mechanisms are available for joining the two separate 
parts together. The fi rst is a mechanical method for 
fastening and the second is a chemical or adhesive bond. 
The advantages and disadvantages of adhesive bonds 
over mechanical bonds showing that an adhesive bond is 
the most suitable method for the connection of the upper 
and lower part of the silicone rubber mould (see Table 5) 
[MDM-Code C12-2]. Especially, the features that it joins 
all shapes and thicknesses, it provides an air tight seal 
over the whole length of the bonding, and it provides a 
large stress-bearing area; makes an adhesive bond more 
suitable than a mechanical method for fasting. Besides, a 
feature that is not mentioned by Harper (2004), adhesive 
bonds can remain fl exible. This is an important feature in 
the case of a fl exible moulding technique.

The successful application of an adhesive depends 
on many factors. The proper adhesive has to be selected 
and ideal processing conditions should be created. The 
best processing conditions are obtained when the surface 
is (Goss, 2010; Harper, 2004; Lines, 2012):

 – clean  –   non-porous

 – dry   –   good wettable

 – dust free  –   polar

 – smooth  

The fi rst fi ve conditions need no further explanation. 
However, wettability and polarity of a surface require 
some further explanation. The adsorption theory states 
that adhesion results from molecular contact between two 
materials and the surface forces that develop. The process 
of establishing intimate contact between an adhesive 
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Advantages of adhesive bond
1. It provides large stress-bearing area

2. It provides excellent fatigue strength

3. It damps vibration and absorbs shock

4. It minimizes or prevents galvanic corrosion between dissimilar 
    metals

5. It joins all shapes and thicknesses

6. It provides smooth contours

7. It seals joints

8. It joins any combination of similar or dissimilar materials

9. Often, it is less expensive and faster than mechanical fastening

10. Heat, if required, is too low to affect metal parts

11. It provides an attractive strength-to-weight ratio

Disadvantages of adhesive bond
1. Surfaces must be carefully cleaned

2. Long cure times may be needed

3. There is a limitation on upper and continuous operating 
    temperature

4. Heat and pressure may be required

5. Jigs and fi xtures may be needed

6. Rigid process control is usually necessary

7. Inspection of fi nished joint is diffi cult

8. Useful life depends on environment

9. Environmental, health, and safety considerations are necessary

10. Special raining is sometimes required

Table 5.  Advantages and disadvantages of an adhesive bond over 
mechanical joints. Redrawn from (Harper, 2004).

Figure 61.  Forming of water droplets on a polished car bonnet because 
of a lower surface energy of the solid than the surface energy of the 
water. (Goss, 2010)



However, during experiment eighteen and further, the 
adhesive bonding by the use of uncured two component 
silicone rubber did not result in any adherence between 
the two contact surfaces at all. 

The radical change from sublime adherence to 
no adherence at all is hard to explain. Although all the 
experiments were carried out under (nearly) the same 
conditions and with the same execution of the experiments, 
a lot of variables can be of signifi cant infl uence on the 
failure of the adhesive bond in the fi nal experiments. 
Variables that can be of infl uence:

 – Change in material composition — Although the 
supplier of the two component silicone rubber (Poly-
Service) claims that the composition of the silicone 
rubber has not been changed, the manufacturer could 
have made a slightly change in the composition of the 
silicone rubber which affects the adhesive bonding 
without further changes in material properties.    

 – Improper surface pre-treatment — Although the 
surfaces of the preceding experiments were not pre-
treated, the contact surface of experiment eighteen 
and further could be contaminated and thus resulting 
in improper adherence.

 – Variation in temperature of operating environment 
— Although a relatively constant temperature in 
the student workshop of the university, changes in 
temperature could have been of infl uence.

 – Variation in relative humidity of operating environment 
— Although a relatively constant relative humidity in 
the student workshop at the university, changes in 
temperature could have been of infl uence. Differences 
in processing with the same material can occur during 
Summer and Winter (van Schaijk, 2015).

 – Insuffi cient curing time

 – Improper mixing of the two component silicone rubber

 – Expired pot-life of the silicone rubber — Although the 
supplier claims that the pot-life cannot be expired, the 
lack of an expiration date or manufacturing date on the 
container of the silicone rubber cannot guarantee the 
pot-life.

Note: As a response to the failure of adhesion by the 
PS8510 silicone rubber, the supplier claims that silicone 
rubber can never be used as an adhesive bonding, 
besides, silicone rubber cannot be attached to silicone 
rubber at all because of the self-releasing properties 
of silicone rubber. Despite all the positive results of the 
experiments, the supplier calls this pure luck.

Three different types of adhesive bonding are 
examined. The three adhesive bonds are silicone rubber 
PS8510, which is the same silicone rubber as is used 
for the casting of both infl atable mould parts; Wacker 
Elastosil E43 silicone glue; and ThreeBond 7738 glue. 
The implementation and the test results are covered in 
the following sections.

 ▫  Two Component Silicone Rubber

General information

The easiest way of combining the two cured silicone 
rubber parts is by using the same two component 
silicone rubber, in uncured condition,  as a glue. The two 
components are mixed, with a ratio of 1:1 by volume, into 
a uniformly coloured liquid silicone rubber. Subsequently, 
the uncured silicone rubber is applied on the contact 
surfaces of both parts, upper and lower part of the mould. 
After soaking the contact surfaces with uncured silicone 
rubber, the upper and lower part of the mould can be 
connected to each other. 24 hours later, the adhesive 
bonding obtained its full strength.

Obtained results

During all test experiments, the adhesive bonding by 
the use of uncured two component silicone rubber resulted 
in a full homogeneous bonding. In many experiments, 
strain-to-failure did not even occur at the place of the 
adhesive bonding. From this experimental result, it can 
be concluded that the adhesive bonding by the use of 
uncured two component silicone rubber would be the ideal 
situation. The use of the same type of material for the 
upper part, lower part, and for the adhesive bonding means 
that the infl atable mould consists of a full homogeneous 
material (excluding the reinforcement layers). Therefore, 
the whole infl atable mould, and in particular at the place 
of the bonding, do have the same properties. Resulting 
in better behavioural control of the infl atable mould. 
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Figure 63. Adhesive bond by PS8510 two component silicone rubber. 
I: Initial bond of upper and lower part of the mould; II: Adhesive bond cut 
open for inspection; III: Adhesive bond shows homogeneous bonding 
between upper and lower part of the mould.
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Figure 66.  Adhesion test of silicone rubber. I: Dyne test with left a cast 
silicone rubber air interface with breaking ink droplets and right a cast 
silicone rubber mould interface without breaking of the ink; II: Air interface 
to air interface adhesion test, no adhesion at all; III: Mould interface to 
mould interface adhesion test, good adhesive bonding obtained.

silicone rubber test piece has a lower surface energy than 
the ink of the dyne pen, which is proven by the breaking 
of the ink into droplets (see Figure 64-I). In contrast, the 
mould interface of the same silicone rubber test piece has 
a surface energy equal to or higher than the ink of the 
dyne pen, as the ink does not break into smaller particles 
(see Figure 64-II).

The difference in surface energy between both sides, 
the mould interface and the air interface, can be clarifi ed 
by the molecular structure of silicones (see Figure 65). 
The difference in surface energy is a consequence of the 
orientation of hydrophobic methyl groups (CH3), which 
align themselves towards the air interface. The methyl 
groups form a nonpolar anti-adherent surface on the air 
side. The oxygen atoms (O) in the polymer backbone are 
attached to the substrate (the MDF mould) via physical 
bonding. 

As Goss (2010), Harper (2004), and Lines (2012) 
stated, a good adhesive bond requires a polar surface 
for good wetting properties. Looking at the physical 
appearance of the silicone rubber interface, the mould 
interface has a satin rough fi nishing and the air interface 
has a high gloss smooth fi nish. An adhesion test where 
two of the same interfaces are bonded to each other, i.e. 
air interface to air interface or mould interface to mould 
interface, resulted in a lack of adherence between the air 
interfaces and a good adhesive bond between the mould 
interfaces (see Figure 66). Validating the connection of 
the upper and lower part of the infl atable mould in the 
fi rst execution of experiment eighteen and further, it can 
be concluded that the upper part of the infl atable mould 
was bonded to the air interface of the lower part of the 
infl atable mould. Resulting in a lack of adhesive bonding.
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Figure 64.  Test with dyne pen on the cast silicone rubber. I: Test on 
the air side of cast silicone rubber. The surface energy of the air side of 
cast silicone rubber is lower than 34 mN/m, as formation of ink droplets 
shows. II: Test on the mould side of cast silicone rubber. The surface 
energy of the mould side of cast silicone rubber is equal to or higher 
than 34 mN/m, as the ink shows writing without breaking into smaller 
particles.  

Figure 65.  Molecular structure of silicone rubber. The hydrophobic 
methyl groups forming a non-polar anti-adherent surface towards the air 
interface. The oxygen atoms of the polymer backbone are attached to the 
substrate via physical bonding. Redrawn from (Bluestar Silicones, 2011)
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All the afore mentioned variables that could be of 
infl uence considered, extra tests have shown that the 
most plausible reason for the lack of adhesion between 
the two silicone rubber components is insuffi cient wetting 
of the contact surfaces due to low surface energy of the 
silicone rubber owing to a non-polar surface. Considering 
polymers in general, it is possible that internal migration of 
low molecular weight molecules create a highly modifi ed 
surface layer with a reduced surface energy (Bluestar 
Silicones, 2011; Noordover, 2015; Silva, Öchsner and 
Adams ,2011).   

Tests performed on the silicone rubber with a dyne 
pen confi rm the suggestion of the low surface energy 
of silicone rubber as a plausible cause for the lack of 
adhesion between the upper and lower part of the mould 
in experiment eighteen and further. A dyne pen, or surface 
tension pen, is a marker containing ink with a known 
surface tension. When the ink breaks up and forms 
droplets, the surface energy of the tested surface is lower 
than the surface tension of the ink. When the pen is seen 
to write without breaking the ink into smaller particles, the 
surface energy of the tested surface is higher than the 
surface tension of the ink. The use of different pens with 
different inks therefore provides a reasonably accurate 
measurement of the wetting properties of the tested 
surface. Most engineering adhesives have a surface 
tension of approximately 33 mN/m and the polymer 
only needs to be just above this level for the adhesive 
to suffi ciently wet the surface and therefore bond 
(Goss, 2010).

The tests carried out with the dyne pen show that 
there is a difference in surface tension between the 
mould interface and the air interface of the cast silicone 
rubber. Medium density fi breboard (MDF) is used as 
a mould surface and the ink of the dyne pen used has 
a surface tension of 35 mN/m. The air interface of the 
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the inner walls of the infl atable mould it is hard to realise 
an air fl ow. The result obtained after 30 hours of curing, is 
that there is no adherence at all between the two contact 
surfaces. The amount of air humidity that is present 
enables the outer layer of the glue to form a thin skin. 
However, because there is almost no humidity present 
inside the air chambers, the humidity cannot reach 
through to the inner part to cure the glue (see Figure 67-I 
and Figure 68). Resulting in uncured silicone glue at the 
contact surface of the walls with the bottom layer, causing 
solidifi cation failure and therefore adhesion failure.

As an extra air tight seal, there is an extra amount 
of glue applied at the transition of the outer walls to the 
bottom layer. Because this extra amount of glue is in full 
contact with air, the glue is fully cured after 30 hours (see 
Figure 67-II and Figure 69). However, when testing the 
adhesive bond by applying internal pressure, the inner 
walls detaches from the bottom layer. Only the outer 
walls remain attached to the bottom layer. Observation 
of the adhesive bonding of the outer walls learned that 
the realised bonding was purely accountable on the extra 
amount of glue that was applied as an extra air tight seal. 
When pulling the walls from the bottom layer, it can be 
seen that there is no adhesive bonding at all between the 
contact surfaces of the two cured silicone parts and the 
Elastosil E43 silicone glue (see Figure 70).

Two conclusions can be drawn from the experiment 
with Elastosil E43. When Elastosil E43 is in full contact 
with air, the glue cures as intended and a strong but 
fl exible adhesive bond is obtained. However, when the 
Elastosil E43 is applied at contact surfaces where air fl ow 
is hard to preserve, the glue does not cure and there is 
no adherence at all. The overall conclusion is that the 
Wacker Elastosil E43 silicone glue does not fulfi ll the 
requirements for a good and reliable adhesive bonding. 

89

Figure 69.  Extra air tight seal of Elastosil E43 silicone glue applied at 
the connection of the outer walls with the bottom layer.

Figure 70.  No adherence between contact surfaces of the wall and the 
bottom layer by the Elastosil E43 silicone glue.

 ▫ Wacker Elastosil E43 Silicone Glue

General information

Wacker Elastosil E43 silicone glue, purchased at 
VIBA, is a self-leveling one-component silicone rubber 
which cures at room temperature under the infl uence 
of atmospheric moisture. This one-component silicone 
rubber can be used as a glue for bonding the two separate 
silicone rubber parts. As the description of the glue 
describes, the silicone rubber cures by air humidity. This 
implies that the rubber is a tin-cured silicone rubber. As 
described earlier, the condensation required for curing is 
associated with shrinkage of the rubber. From all types of 
Elastosil silicone glue, the Elastosil E43 has the smallest 
shrinkage. The shrinkage is 4%. Because the Elastosil 
E43 is only used as an adhesive bonding, shrinkage 
of 4% is acceptable. The Elastosil E43 silicone glue 
shows skin formation after 15-20 minutes at a constant 
temperature of 23°C and a relative humidity of 50%. The 
Elastosil E43 requires 8 hours curing under pressure and 
an additional 16 hours in order to obtain full mechanical 
properties (VIBA, 2015; WACKER, 2015). The Elastosil 
E43 has a shore hardness of A30; elongation at break of 
600%; tensile strength of 6,2 N/mm² and a tear-strength 
of 11,5 N/mm (WACKER, 2015). 

In testing the adhesive bond of Elastosil E43 silicone 
glue, the same testing setup is used as with the adhesive 
bond of two component silicone rubber. The excessive 
cured silicone rubber is removed and the contact surfaces 
are abraded and cleaned with acetone, as adviced by 
VIBA. The Elastosil E43 is applied to only one side of the 
contact surfaces and then connected to the other part. 

Obtained Results

At the contact surface between the walls and the 
bottom layer, it is hard to provide enough air fl ow in order 
to let the Elastosil E43 cure by air humidity. Especially for 

Skin 
formation

Uncured
glue
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Figure 67.  Schematic view of infl atable chamber, connection of top- 
and bottom layer. I: Detail of adhesive bonding of inner walls to the 
bottom layer; II: Detail of adhesive bonding of outer walls to the bottom 
layer

Figure 68.  Adhesion failure between top- and bottom layer of the cured 
silicone rubber parts. It is hard for the air humidity to reach through to the 
inner walls because of a lack of air fl ow.
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Figure 73.  Air tight seal obtained by the use of ThreeBond 7797 Primer 
and ThreeBond 7738 Glue as an adherent between upper and lower  
silicone part of the infl atable mould.

Obtained Results

Because the critical surface energy of silicone rubber 
(24 mN∙m-1) is lower than the critical surface tension of 
the ThreeBond 7738 cyanoacrylate glue (33 mN∙m-1), 
the silicone rubber is pretreated with ThreeBond 7797 
primer (Goss, 2010; Harper, 2004). The primer changes 
the surface condition of the rubber, creating bond sites 
for the cyanoacrylate adhesive. This means that the 
surface energy of the silicone rubber increases to a 
level that is higher than the critical surface tension of the 
cyanoacrylate adhesive. By the use of a primer, good 
wetting of the silicone rubber surface is obtained by the 
cyanoacrylate glue. Bond strengths are often 25 to 40 
times higher than those achieved without pretreatment 
with a primer (Henkel Ltd., 2006) 

The use of the primer with cyanoacrylate glue results 
in a brittle white adhesive bond (see Figure 71). Although 
the adhesive bond is brittle, the bond has a very good 
tensile strength but a moderate to low peel strength 
(see Figure 72). The adhesive bond seems to result in 
an air tight seal between the upper and lower part of the 
infl atable mould (see Figure 73). 
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 ▫ ThreeBond 7738 Glue with ThreeBond 7797 Primer

General information

ThreeBond 7738 glue, purchased at VIBA, is a 
glue based on cyanoacrylate and is highly suitable for 
adherence between polymers which are hard to bond. 
The cyanoacrylate is an adhesive which cures rapidly by 
chemical reaction at room temperature. 

The cured cyanoacrylate is a brittle, high tensile 
polymer with high shear strength, shock resistance, and 
resistance to moisture. The glue has a tear-strength 
of 27 N/mm², is heat resistant up to 140°C, and has a 
viscosity of 5000 kg∙m-1∙s-1. A curing time of 90 seconds at 
a constant temperature of 23°C and a relative humidity of 
50%. The primer is especially for pretreating polymers with 
a low energy surface in order to bond to the ThreeBond 
cyanoacrylate glue. Drying time of the primer is 2 minutes 
at 23°C and a relative humidity of 50%, and the pretreated 
surface has to be bonded withing 10 minutes. The 
adhesive strength is 1,2 MPa (VIBA, 2015).

 

Figure 71.  A white fi lm at the place where the ThreeBond 7797 Primer 
is in contact with the ThreeBond 7738 Glue. 

Figure 72.   Good adherence between the two silicone rubber parts by 
use of ThreeBond 7797 Primer and ThreeBond 7738 Glue.



 □ Conclusion Parameter C

Answering the minor question: What design of the 
polymer layer is best for actuation of the infl atable 
mould?, the experimental research showed that an 
infl atable mould with squared infl atable chambers of 
100 x 100 mm in a 6 x 6 formation fulfi ls the gap in the 
state-of-the-art of fl exible moulding techniques of the 
ability for local deformability of a surface. The 5-degree 
surface is able to produce complex geometries with the 
ability for local deformations over the whole surface.

Surface smoothness is obtained by embedding a 
thin steel mesh reinforcement layer in the top layer. The 
reinforcement layer enables the infl atable air chamber to  
deform by extension of the walls instead of bending of 
the top layer. The thin steel mesh ensures smoothness 
of the top layer while preserving the ability for satisfying 
deformations of the infl atable mould. The bottom layer 
is reinforced with a thick steel mesh, in order to prevent 
deformation of the bottom layer.   

A bottleneck in the experimental research was the 
bonding of the upper and lower part of the mould. 
Research showed that the surface energy of the silicone 
rubber is of very high infl uence on the performance of 
the bond. An adhesive bond by two component silicone 
rubber is preferred because of its fl exibility and toughness. 
However, the adhesive bond by ThreeBond glue and 
primer offers the best tensile strength between both parts 
of the mould. Despite of the brittle nature and air leakage 
of the bond, the ThreeBond glue and primer could be a 
valuable adhesive bond in case of pressurized control of 
the mould in industrial processing. In the proof of concept, 
the two component silicone rubber offers the best air tight 
adhesive bond in the case of volumetric control of the 
infl atable mould [MDM-Code C13-1]. 

 ▫ Comparison of the Performance of Adhesives

The performance of the two component silicone 
rubber adhesive bond and the ThreeBond glue with 
primer are compared to each other with an infl ation test 
(see Figure 74). The left infl atable air chamber has an 
adhesive bond made of the two component silicone rubber 
and is fl exible, elastic, and though. The right infl atable air 
chamber has an adhesive bond made of the ThreeBond 
glue where the silicone rubber is pretreated with the 
ThreeBond primer. The adhesive bond is hard, brittle and 
has a low peel strength. The infl atable air chamber in the 
middle is left out of consideration because the Elastosil 
silicone glue does not provide a proper adhesive bond. 

The experiment tests the air tightness of the adhesive 
bonds over time. Although it looks like both infl atable air 
chambers are air tight when infl ated, both air chambers 
with 800 ml of air, the right air chamber defl ates over time. 
Three hours after infl ation, a fi rst change in volume can 
be noticed (Figure 74-II). After thirteen hours the right air 
chamber is almost completely defl ated (see Figure 74-IV).

Because the adhesive bond obtained by the ThreeBond 
glue with primer is very hard and brittle, minor deformations 
of the infl atable chamber can cause the adhesive bond 
to break. Resulting in minor cracks causing air leakage, 
initiating defl ation of the air chamber over time. Besides, 
the low peel strength of the ThreeBond glue with primer is 
not perfectly suitable for a load case where the adhesive 
bond is facing peel forces by the internal pressure.

In the case of proof of concept, and also in this 
infl ation test, the infl atable air chambers are controlled by 
volume. In an industrial processing setting, the infl atable 
air chambers could be controlled by pressure. In case 
the pressure drops due to air leakage, the compressor 
provides enough air to the infl atable air chamber to retain 
the intended internal air pressure.

Figure 74.   Comparison of the air tightness of the adhesive bonds. 
Left air chamber has a two component silicone rubber bond, right air 
chamber has a ThreeBond glue with the ThreeBond Primer. Right air 
chamber defl ates over time. I: Capture at time 0; II: Capture after 3 
hours; III: Capture after 7 hours; IV: Capture after 13 hours. 
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 ■ [D] Actuation of Infl atable Chamber
The infl atable air chambers of the infl atable mould are 

manually actuated by the use of a syringe with volume 
indicator, in order to keep the actuation in the proof of 
concept low-cost [MDM-Code D2-1]. In case of industrial 
processing, the actuation of the air chambers can be 
controlled by computer driven check valves.

The medium used to actuate the infl atable air chamber 
is air [MDM-Code D1-1]. Because of its lightweight, easy 
controllability, low cost, and high availability, air is an 
suitable medium to use for actuation. Besides, air allows 
for rapid actuation owing to the low viscosity of air. A 
major drawback is the compressibility of air, a feature not 
accompanied by hydraulics. However, in case of industrial 
processing the actuation of the air chambers can be 
controlled by the use of fl ow sensors and/or pressure 
sensors. Especially pressure sensors which can be linked 
in an iterative feedback loop between the geometry of the 
infl atable air chamber and the computer driven control of 
the air chamber can very accurately control and stabilise 
the internal pressure, and therefore, the geometry of the 
mould (Berg, 2014). 

Another important aspect of the infl atable air chamber  
is the connection of the air supply. First experiments, 
experiments one to seven (see appendix two), made use 
of an embedded air supply. The air tube was punctured 
through the bottom layer of the infl atable air chamber 
and embedded in excessive silicone rubber. The lack of 
adhesion between the silicone rubber and plastic tubing 
causes the connection to leak air at the slightest increase 
in internal pressure. The peel force by the internal 
pressure causes the silicone rubber to loosen from the 
plastic tubing. Besides, the very thin bottom layer used in 
experiments three to seven does not provide any body to 
embed the plastic air tube in. Therefore, the air tubes fall 

out of the bottom layer at the slightest form of pressure 
(see Figure 75).

Push-in bulkhead connectors provide an easy 
and simple connection for an airtight air supply 
[MDM-Code D3-2]. In order to obtain an airtight connection 
with bulkhead connectors, the feature of elasticity of the 
silicone rubber is used. By using a smaller diameter for 
the punch hole to push the bulkhead connector through 
the bottom layer, the bulkhead connector is immediately 
sealed off (see Figure 76). However, to prevent the earlier 
mentioned air leakage occurring from the peel force of 
the internal pressure, the bulkhead connector needs to 
be clamped to the bottom layer. The push-in bulkhead 
connector is clamped to the bottom layer using body rings 
and nuts. Tightening of the nuts pushes the body ring 
into the silicone bottom layer, resulting in an air tight air 
supply. The plastic air tube can easily be pushed into the 
bulkhead connector (see Figure 77). 

Figure 75.   Fall out of air tubes due to the lack of suffi cient body material 
of the silicone rubber bottom layer to embed the air tube. 

Figure 76.  Push-in bulkhead connector clamped to the bottom layer by 
using body rings and nuts. An extra air seal is created using a smaller 
diameter of the punch holes than the diameter of the bulkhead connector. 

Figure 77.   Plastic air tube can easily be pushed into the bulkhead 
connector, realising an airt tight air supply. 
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A too stiff interpolating layer can limit the fl exibility and 
maximum obtainable deviation of the infl atable mould. 

The condition that is set to the interpolating layer is to 
conform to the set geometry of the infl atable mould while 
preserving surface smoothness. In order to conform to 
the set geometry, the interpolator should have a certain 
own weight to be forced by gravity to conform to the 
infl atable mould or the interpolator should be attached to 
the surface of the fl exible mould.   

Polyether foam is a suitable option to act as an 
interpolating layer. The specifi c gravity and the thickness of 
the foam determines the performance of the interpolating 
layer. Experiments indicate that an interpolating layer of 
20 mm thickness and a specifi c gravity of 30 kg∙m-³ results 
in a smooth surface [MDM-Code E1-4 and E2-3]. Thinner 
foam interpolating layers, or foam with a lower specifi c 
gravity, still show little imprint of the walls. The open cell 
structure is covered on both sides by silicone rubber, 
to obatain a smooth and closed surface. The sandwich 
structure of the interpolator causes the imprints of the 
walls in the surface of the infl atable mould  to not reach 
through the interpolating layer.  

Despite of the good conforming properties of the 
foam layer, a major drawback of polyether foam is the 
extremely low resistance to heat. Silicone sponge is an 
alternative type of foam which offers protection to high 
elevated temperatures owing to the polymer backbone 
that consists of silicone and oxygen atoms. Though, it 
is hard to process the silicone sponge further, because 
of its closed cell fi nish. The closed cell fi nish has 
the same non-polar properties as explained earlier, 
see Two Component Silicone Rubber on page 86. 
Therefore, an adhesive bond between the infl atable 
mould and the silicone sponge is hard to obtain 
(see Figure 80-II). Figure 80-III shows that removal of the 
closed cell fi nish results in a proper adhesive bond with 

Figure 80.   Silicone sponge adhesion test. I: Two component silicone 
rubber applied to closed cell surface and abraded surface of silicone 
sponge; II: Lack of adhesion between silicone rubber and closed cell 
surface of silicone sponge; III: Proper adhesion between silicone rubber 
and abraded surface of silicone sponge.
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 ■ [E] Surface Smoothness
The thin steel-mesh reinforcement layer embedded 

in the top layer of the infl atable mould preserves surface 
smoothness. However, at the moment the infl atable air 
chambers are actuated, there is still a slight imprint of the 
walls visible in the top layer (see Figure 78). Although this 
imprint is minimal, the imprint will be directly refl ected in 
the surface of the produced fi bre composite element.  

As Figure 59 on page 80) shows, increasing the 
thickness of the steel mesh reinforcement increases the 
stiffness and, therefore, enhances the smoothness of the 
top layer. At the same time, the deformability of the infl atable 
mould decreases which is not a desirable effect. Another 
solution proposed, see Top layer and walls on page 75, 
is to thicken the top layer. However, thickening the top 
layer involves excessive use of silicone rubber and hardly 
reduces the imprint of the walls. 

A good alternative, as is proven by the supported 
membrane moulding technique, is the use of an extra 
interpolating layer on top of the infl atable mould. The main 
drawbacks of the use of the interpolating layer on top of the 
spaced actuators in the supported membrane technique 
is the stiffness and/or fl exibility of the interpolating layer. 
Because the interpolator need to bridge a certain area 
between consecutive actuators, the interpolator cannot be 
too stiff nor too fl exible. When the interpolating layer is too 
stiff, the layer is released from its supports. On the other 
hand, when the layer is too fl exible, local displacements 
between the actuators occur or the actuators causing a 
dimpling effect (Janssen & Schipper, 2011) (see Figure 79). 
However, in the case of the infl atable mould, only minor 
imperfections due to the imprint of the walls have to be 
taken care of. Because the infl atable mould supports the 
interpolating layer over the whole surface, a too fl exible 
layer does not cause major geometrical imperfections. 

Figure 78.   Minimal imprint of the walls is still visible in the top layer of 
the infl atable mould. 

Figure 79.   Stiffness of interpolating layer. I: Interpolating layer is too 
stiff, the interpolating layer is released from its supports; II: Interpolating 
layer is too fl exible, local displacements occur between the spaced 
actuators or the actuators causes dimples in the interpolating layer. 
Redrawn from (Janssen & Schipper, 2011)
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Although a local attachment of the interpolating 
layer shows adequate results, the interpolating layer is 
placed on top of the infl atable mould without physical 
attachment in the proof of concept. As will be explained 
later, see Manufacturing Technique for Proof of Concept 
on page 151, an extra working surface is required for 
processing fi bre composite panels on the infl atable mould. 
The working surface is created by drawing a vacuum on the 
plastic vacuum bag. The vacuum bag is, at the same time, 
used to conform the interpolating layer to set geometry of 
the infl atable mould [MDM-Code E5-5]. Drawing a vacuum 
performs a full attachment of the interpolating layer over 
the whole surface [MDM-Code E4-4] (see Figure 84).  

Figure 84.  Vacuum bag conforms the interpolating layer to the set 
geometry by the infl atable mould.
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two component silicone rubber. However, abrading the 
closed cell structure is a very cumbersome process. Due 
to the production process, silicone sponge is not available 
with an open cell fi nish. Although the silicone sponge is 
fl exible, it has a much higher stiffness than the silicone 
rubber used in the infl atable mould. The higher stiffness 
of the silicon sponge leads to bad conforming properties 
in the case of double curved surfaces. Because of the bad 
conforming and processing properties, polyether foam is 
used in the proof of concept.

The low specifi c gravity of the polyether foam requires 
the interpolator to be attached to the infl atable mould in 
order to conform to the set geometry. Early tests, see 
experiment seven, showed that full attachment of the 
interpolator to the infl atable mould causes the dimples in 
the surface of the infl atable mould to directly move to the 
interpolating surface (see Figure 81). In this experiment, 
the air chambers were still transformed by bending of the 
top layer instead of stretching of the walls. Therefore, the 
walls pull down the interpolator layer, resulting in a non-
smooth surface. In later tests, see experiments fourteen 
to seventeen, the interpolator is locally attached to the 
infl atable mould. The local attachment ensures that the 
interpolating layer can freely interpolate between the 
attachment points (see Figure 82). The local attachment 
results in a smoother surface, because the interpolating 
layer is not infl uenced by the walls. 

Experiment fi fteen shows that transferring the 
embedded thin steel-mesh reinforcement from the top 
layer to the interpolating layer results in a interpolating 
layer which is too stiff. Instead of deformation of the 
interpolating layer by the pressure of the infl atable air 
chambers, the stiff interpolator pulls the top layer of the 
infl atable air chambers out of proportion (Figure 83). 
Therefore, the interpolating layer does not contain any 
reinforcement [MDM-Code E3-1]. 

Figure 81.  Interpolating layer is fully attached over the whole surface 
of the infl atable mould. Dimples from the infl atable mould are directly 
transferred to the interpolating layer.

Figure 82.  Local attachment of the interpolating layer ensures that the 
interpolator can freely interpolate over surface imperfections.

Figure 83.  Reinforcement of the interpolator causes the interpolator to 
deform the surface of the infl atable air chamber. 
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 ■ Conclusion Design Infl atable Mould
The most suitable type of polymer to use in the 

production of the infl atable mould is silicone rubber. The 
polymer backbone consisting of silicone and oxygen 
atoms rather than the general carbon structure, offers 
the elastomer stable properties under high elevated 
temperatures that can occur during the processing of 
fi bre composite panels. By the exotherm process of 
cross-linking of the fi bre composite resin or in case of 
the use of an oven for enhanced curing. The low shore 
hardness of the silicone rubber minimises the effects of 
viscoelastic behaviour and hysteresis.

The ratio between the thickness of the top layer 
and height and thickness of the walls are of signifi cant 
importance on the behaviour of the infl atable mould. 
Reinforcing the top layer is required to create deformation 
of the infl atable chamber by elongation of the walls rather 
than bending of the top layer. The surface energy of the 
silicone rubber plays a big role in obtaining a working 
infl atable chamber. The two component silicone rubber 
bond is preferred to be used in a volume controlled proof 
of concept. The adhesive bond is fl exible and though. 
However, adhesion failure might occur. The ThreeBond 
glue with primer provides a more reliable adhesion 
between the upper and lower part of the mould. Reliability 
is of high importance in industrial processing. Though, the 
adhesive bond is brittle and minor air leakages occur. Air 
tightness is not ensured, however, pressurized control 
can eliminate this problem of air leakage in industrial 
processing. 

Manual actuation of the infl atable mould keeps the 
costs of the proof of concept low. Regarding industrial 
processing, computerized pressure control could enhance 
the controllability of the infl atable mould. Besides, minor 
air leakages could be counteracted in case a pressure 

drop occurs. 

The surface smoothness of the infl atable mould is 
enhanced by the use of an interpolating layer. The layer 
smoothens the minor imperfections caused by the imprint 
of the walls in the top layer.   

The fi nal design of the proof of concept of the infl atable 
mould is shown on the next pages. 
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Top view of the infl atable mould, not actuated. 
The 6x6 infl atable air chamber can be individually 
controlled using the control board with the check 
valves. Every air chamber is connected to a check 
valve on the control board. By opening and closing 
a check valve, an individual air chamber can be 
actuated.  

Figure 85. Infl atable mould with 6x6 infl atable air chambers. In front of 
the infl atable mould the control panel for the manual air supply with the 
check valves.
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Front view of the infl atable mould, not actuated. 
The plastic air tubes from the control board goes 
underneath the MDF casing to the push-in bulkhead 
connectors of the infl atable air chambers.  

Figure 86. Front view of control board and infl atable mould.
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Close-up of the infl atable mould, containing 6x6 
individually controlled air chambers. The infl atable 
mould has a smooth surface with low surface energy. 

Figure 87. Close-up of the infl atable mould. 
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View of the infl atable mould with an interpolating 
layer on top. The interpolating layer smoothens the 
irregularities of the infl atable mould when actuated. 

Figure 88. View of the infl atable mould with an interpolating layer on 
top.
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 ▫ Hyperelastic model

This paragraph elaborates on the theoretical models 
which are forming the basis to model and analyse the 
nonlinear behaviour of elastomers with FEA-software. 
The information in this paragraph is retrieved from the 
paper ‘Nonlinear Finite Element Analysis of Elastomers’ 
(MSC Software, 2014). 

Hyperelastic models make use of strain energy density 
functions and incompressibility constraints of rubbers. 
The strain energy density function is described by two 
parameters. The fi rst parameter depends on the strain (or 
stretch ratio) and the second one depends on time. 

The hyperelastic model used to analyse the behaviour 
of the infl atable mould is the Neo-Hookean model. The 
Neo-Hookean model is the simplest model representing 
rubber elasticity. This model is recommended because of 
the biaxial deformation state relevant to the deformation 
of the infl atable air chamber. The Neo-Hookean model is 
represented by a strain energy density of:

W = C10 ∙ (I1-3);

where C10 is a material parameter which describes the 
stiffness in a particular part of the stress-strain diagram. 
2C10 is equal to the shear modulus (G) of the material.  
I1 is the parameter which describes the corresponding 
strain, the strain invariant is expressed as:

I1 = λ1
2 + λ2

2 + λ3
2 ;

where λi is the stretch ratio according to:

  λi = L/L0 = 1 + ε in direction i;

where ε is the engineering strain. 

This model gives a good correlation with the 
experimental data up to 40% strain in uniaxial tension and 
up to 90% strains in simple shear. 

If the model is going to have larger strains than 40%,  
the Mooney-Rivlin model can be used. The Mooney-Rivlin 
models ads another part to the strain energy density 
function of the Neo-Hookean model:

W = C10 ∙ (I1-3) + C01 ∙ (I2-3);

where C01 is antoher material parameter and I2 is another 
formula which incorporates the stretch ratios in different 

directions, following: 

I2 = λ1
2 ∙ λ2

2 + λ2
2 ∙ λ3

2 + λ1
2 ∙ λ3

2 ;

The strain energy density function gives then:

W = C10 ∙ ((λ1
2 + λ2

2 + λ3
2)-3)+C01 ∙ ((λ1

2 ∙ λ2
2 + λ2

2 ∙ λ3
2 + λ1

2 ∙ λ3
2)-3);

This model shows good correlation with tensile test data 
up to 100% strain. Though, it has been found inadequate 
in describing the compression mode of deformation.

Rubber is assumed to be incompressible. Exact 
(or total) incompressibility literally means that the material 
exhibits zero volumetric change under hydrostatic 
pressure. The pressure in the material is not related to 
the strain in the material, it is an indeterminate quantity 
as far as the stress-strain relationship is concerned. 
Mathematically, the incompressibility of the material can 
be represented by:

I3 = 1;           λ1 ∙ λ2  ∙ λ3 = 1;

Analytical diffi culties arise when it is combined 
with nonlinearities such as large displacements, large 
strains, and contact. In real world, rubbers are slight 
compressible. In FEA-software perfect incompressibility 
is assumed, which is an idealization to make modelling 
more manageable. Through the use of the correct type of 
elements, the proper algorithms for modelling of rubbers 
are used by the FEA-software (MSC Software, 2014). 
Therefore, the infl atable mould is modelled with ‘type 157’ 
elements, see Input Data.  

To answer the minor question: How can the 
performance of the infl atable mould be controlled?, 
a fi nite element analysis software program is analysed. 
Then, the performance of the mould is simulated by the 
software before the actual performance of the fi nal design 
of the infl atable mould is analysed.

Note: The analysis of the infl atable mould performed 
with the FEA-software is carried out by master’s student 
structural design Ruud Winters as a masterproject.

 ■ Control of Infl atable Mould
Control of the infl atable mould is of high importance 

for the feasibility of the infl atable moulding technique. A 
produced façade element on the infl atable mould should 
be as accurate as possible to the (digital) design of the 
element. Otherwise, the façade panel will be rejected. 

As described earlier, see Behaviour of Polymers on 
page 65, rubbers are complex materials to control. 
Because of their nonlinear behaviour, rubbers are 
designated as hyperelastic materials. Linking back to the  
differences between hyperelastic materials and linear 
elastic materials, hyperelastic materials:

 – act very stiff when rubbers are deformed into a larger 
strain area for the fi rst time. Upon recycling in this same 
strain territory, the rubbers starts to soften dramatically 
(Mullin’s effect);

 – always contain a viscoelastic effect that is leading to 
a stable hysteresis loop when cycled over the same 
range;

 – have an enormous difference in their behaviour during 
tension and compression. With hyperelastic materials 
the stress is never proportional to strain;

 – are very sensitive to different deformation states.

Hyperelasticity provides a methodology for modelling 
the stress-strain behaviour of rubbers (Muhr, 2005). 
Ronald Rivlin and Melvin Mooney developed the fi rst 
hyperlastic models, the Neo-Hookean and Mooney-Rivlin 
solids. The fi nite element analysis (FEA) software uses 
these hyperelastic models to predict the stress-strain 
behaviour of rubbers, and thus of silicone rubber. To 
control the behaviour of the infl atable mould and being 
able to accurately set the mould, FEA-software is required. 

 □ FEA-software

The FEA-software used in this research, to model 
the infl atable mould, is ‘Marc Mentat’. Although there are 
many other types of FEA-software packages, Marc Mentat 
seems to perform best in the behaviour of elastomers 
facing large deformations. 

In order to properly use the hyperelastic models with 
the FEA-software, the models require stress-strain data of 
the silicone rubber which has to be provided by laboratory 
tests relevant for the particular rubber compound used. 
Because there is no relevant information available 
from the manufacturer of the silicone rubber, regarding 
early-stage stress-strain relation, a set of data has been 
extracted from other tests of rubber with similar stiffness 
properties. Besides, the rubber used in the infl atable 
mould is a composition of silicone rubber and a steel mesh 
reinforcement. Therefore, exact stress-strain data is not 
available. The laboratory tests are outside the scope of 
this research. With the reference data, assumptions are 
made regarding the stiffness ratios between the top layer, 
bottom layer and walls (see appendix three).
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 ▫  Input Data

The input data used for the simulation of the different 
loadcases can be found in appendix three. The different 
data parameters used to built the FEA-model and to 
perform a simulation are briefl y described. The extended 
description can be found in ‘Modelling a 3D Flexible 
Mould’ by Winters (2015). The input data is described by 
the use of Table 6. 

Geometry & Mesh

The infl atable mould is modelled by using 
three-dimensional solid geometric properties for the 
infl atable chambers. Another option is to use shell 
elements, however, solid elements are more accurate but 
require more processing time. The model of the infl atable 
mould is placed at a surface, called table, which provides 
a counterforce.  

Tables

A variable, in the formation of a table, is used to 
describe the infation of the infl atable air chambers. The 
table for infl ation of the cavities of the infl atable mould is 
linear over time, therefore, y = x. All cavities will be infl ated 
simultaneously withing 1 second.  

Geometric Properties

Normally, the use of  three-dimensional solid geometric 
properties would result in element ‘type 134’. Element 
type 134 refers to the theory of full integration. However, 
the displacement formulation of compressible materials 
which applies to the full integration solving procedure, 
does not describe incompressible materials like silicone 
rubber. Therefore, the element type is changed into 
element ‘type 157’. Element type 157 refers to the 
full and Herrmann formulation that can be used with 
incrompressible materials.

Material Properties

The hyperelastic model of Mooney-Rivlin is used for 
simulation of the behaviour of the silicone rubber. The 
mass density of silicone rubber is 1,12*106 kg∙ mm-3. From 
reference data, retrieved from Analyzing Hyperelastic 
Materials w/ Some Practical Considerations by 
Altidis & Warner (2005), assumptions are made regarding 
the variables C10 and C01. Assumptions are made, because 
exact material properties have to be defi ned by laboratory 
tests, as stated before. 

Contact

The contact between the table and the infl atable mould 
is defi ned as touching, without friction. 

Cavities

The geometrical design of the infl atable chamber is of 
direct infl uence on the behaviour of the infl atable mould. 
The proof of concept contains a closed air circuit. The air 
chambers are sealed of from the atmosphere by the use 
of check valves. Air can only be applied or withdrawn by 
controlling the check valves. Therefore, the infl atable air 
chambers should be modelled as closed cavities in the 
FEA-model.    

Marc Mentat cannot apply a load in the form of 
pressure. Therefore, the load referring to the applied 
volume of air into the infl atable air chambers (closed 
cavity) is converted to a cavity mass load. The cavity mass 
load makes use of three reference parameters. These 
parameters are atmospheric pressure, temperature, 
and density of air. The average atmospheric pressure 
assumed is 1015 hPa (corresponding to 1,015 bar) 
(Koninklijk Nederlands Meteorologisch Instituut, 2014); 
the reference temperature is set to 20 °C; and the density 
of air 1,206*10-9 kg ∙ mm-3. 

Geometry & Mesh: Surface: Table

Elements: Flexible mould

Tables: Blowup of the cavities y = x

Geometric Properties: Structural 3D-solid

Material Properties: Mass Density: 1,12*106 kg/mm3

Type: Mooney Five-term for C10: 0,474

          Top Layer and Walls C01: 0,118

Type: Mooney Five-term for C10: 1,6

          Bottom Layer C01: 0,3

Contact: Geometric: Table

Meshed, deformable: Flexible mould

Cavities: Cavity 1 Ref. Pressure: 0,1015 N/mm2

Cavity 2 Ref. Temperature: 20 °C

Cavity 3 Ref. Density: 1,206*10-9 kg/mm3

Boundary Conditions: Structural fi xed displacement: x : x = 0

z : z = 0

Structural gravity load: y : acceleration : y = -9,81*103 mm/s2

Structural cavity mass load: 1A: 1085*10-6 kg

1B: closed cavity

1C: 603*10-6 kg

Loadcases: Structural static: BC: x, y, z, 1A, 1B, 1C

Total loadcase time: 1 sec

Steps: 50

Jobs: Element type: 157
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Table 6.  Table with the input parameters of the FEA-software (In 
cooperation with Winters, 2015)
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 ■ Simulation of Infl atable Mould
With Marc Mentat a couple of simulations is performed 

on the infl atable mould model to test the behaviour under 
different loadcases. The simulations are depicted on the 
next pages. The input data of the simulations can be 
found in appendix three. 

The simulation can, at this stage of the research 
progress, only be used as an geometrical reference 
model for the behaviour of the mould. Exact strain and 
deformation values of the behaviour of the infl atable mould 
cannot be directly adopted from the simulations. The lack 
of accurate material properties causes the FEA-model 
to not display the correct values. As earlier mentioned, 
the correct material properties have to be extracted from 
laboratory experiments.   

Boundary Conditions

Since no friction will be presented between mould 
and underlying table, the mould needs to be fi xed in 
x-direction  (2 nodes) and z-direction (1 node). To make 
sure the mould will lie on the table, a gravity load has 
been applied on every element in y-direction. These loads 
will always be present.

Because Marc Mentat cannot controll a load in the 
form of internal pressure, the volume of air applied has 
to be converted to a cavity mass load. The conversion is 
as follows:

∂V = x ∙ 10-6

∂M = ρ ∙ ∂V

Considering an increase in volume of 200 ml:

x = 200 ml = 200 cm3

∂V = 200 ∙ 10-6 m3

∂M = 1,206 ∙ 200 ∙ 10-6 kg

∂M = 241,2 ∙ 10-6 kg

The cavity mass load is calculated and applied per 
infl atable chamber (cavity). Each cavity mass load is 
applied to the corresponding cavity, labelled by a row 
number and a column letter, e.g 1A. When there is 
increase or decrease in volume of air, the cavity is marked 
as a closed cavity. 

Loadcases

Each simulation is a new loadcase, consisting of 
the  boundary conditions. The loadcase time is set to 1 
second, in 50 steps. 

Jobs

A job is made to simulate the behaviour of the infl atable 
mould under the specifi c loadcase. 
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 □ Simulation of 3x1 Infl atable Air Chambers 

Input data of the simulation of the 3x1 infl atable air 
chambers can be found in Table C2, appendix three.

The fi rst simulation with FEA-software concerns 
an infl atable mould of three adjacent air chambers 
(see Figure 89). This simulation is a test in order to defi ne 
the feasibility of modelling the fi nal design of the infl atable 
mould. 

The infl atable air chambers are infl ated according to 
the schematic top view of Figure 90. The left air chamber 
is infl ated with +900 ml, the middle air chamber is not 
infl ated, and the right air chamber is infl ated with +500 ml. 

In relation to the actual performance, see Figure 91-I, 
the simulation of the three infl atable air chambers shows 
a good physical correlation. Although the values of the 
maximum deviation does not correspond, the physical 
geometry between the two infl ated chambers is in 
proportion. 

The same is true for the simulation of the strain values,  
see Figure 89-II and Figure 89-III, the strain values are 
higher in the walls than in the top layer. 

It can be concluded that the model is working properly, 
however, the correct material properties have to be 
applied in order to obtain a full accurate simulation. 

  

Figure 90.  Schematic top view of the infl atable air chambers that are 
infl ated.

Figure 91.  Actual performance of the infl atable mould. 
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Figure 89.  Simulation of 3x1 infl atable air chambers in Marc Mentat. 
I: Simulation of the deviation of the infl atable air chambers; II: Simulation 
of the strain values of the infl atable air chambers; III: Inside view 
of simulation of the strain values of the infl atable air chambers. (In 
cooperation with Winters, 2015)
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 □ Simulation One of 6x6 Infl atable Air Chambers 

Input data of simulation one of the 6x6 infl atable air 
chambers can be found in Table C3, appendix three.

Simulation one of the 6x6 infl atable air chambers 
shows a result of an anticlastic surface. The surface 
is deformed and obtains two principle curvatures with 
opposite directions. The yellow colour defi nes the 
elevated regions of the surface (see Figure 92). Although 
the deformation is minimal according to the simulation, 
the result with the appropriate material properties will 
increase the maximum deviation obtainable. 

This simulation shows that the infl atable mould is 
capable of producing the same type of manipulations 
of the surface in comparison with tensioned membrane 
moulding techniques.

Figure 92-II and Figure 92-III show that the deformation 
of the surface is obtained by stretching the walls instead 
of bending of the surface. Only the walls show an increase 
in strain-value.  

Figure 93. Schematic top view of the infl atable air chambers that are 
infl ated.

121

0 ml6 +400 ml +800 ml +1200 ml +1600 ml +2000 ml

+700 ml5 +720 ml +880 ml +1120 ml +1300 ml +1300 ml

+1300 ml4 +1000 ml +960 ml +1040 ml +1000 ml +700 ml

+1700 ml3 +1240 ml +1040 ml +960 ml +760 ml +300 ml

X

-Z

+1900 ml2 +1440 ml +1120 ml +880 ml +560 ml +100 ml

+2000 ml1

A

+1600 ml

B

+1200 ml

C

+800 ml

D

+400 ml

E

0 ml

F

120

Figure 92.  Simulation one of 6x6 infl atable air chambers in 
Marc Mentat. I: Simulation of the deviation of the infl atable air 
chambers; II: Simulation of the strain values of the infl atable air 
chambers; III: Inside view of simulation of the strain values of the 
infl atable air chambers. (In cooperation with Winters, 2015)
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 □ Simulation Two of 6x6 Infl atable Air Chambers 

Input data of simulation two of the 6x6 infl atable air 
chambers can be found in Table C4, appendix three.

The second simulation contains the infl ation of 
the outer edges and two of the middle air chambers  
(see Figure 94). This simulation shows that the outer edges 
can be manipulated, as well as in surface manipulations. 
This is a feature that cannot be obtained by the tensioned 
membrane moulding techniques. 

Again, the simulation shows that the walls of 
the infl atable air chambers are containing elevated 
strain-values (see Figure 94-II and Figure 94-III). 

Figure 95. Schematic top view of the infl atable air chambers that are 
infl ated.
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Figure 94.  Simulation two of 6x6 infl atable air chambers in 
Marc Mentat. I: Simulation of the deviation of the infl atable air chambers; 
II: Simulation of the strain values of the infl atable air chambers; 
III: Inside view of simulation of the strain values of the infl atable air 
chambers. (In cooperation with Winters, 2015)
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Figure 97. Schematic top view of the infl atable air chambers that are 
infl ated.

Figure 98. Actual performance of the infl atable mould. The actual 
performance shows much bigger deviations of the surface. 

 □ Simulation Three of 6x6 Infl atable Air Chambers 

Input data of simulation three of the 6x6 infl atable air 
chambers can be found in Table C5, appendix three.

Simulation three of the 6x6 infl atable air chambers 
consists the load case of the infl atable mould used to 
produce the fi bre composite element. Of the 36 infl atable 
air chambers, 9 infl atable air chambers are infl ated.

Figure 96-I shows that the maximum deviation of 
the surface is 16 mm. The actual performance of the 
mould reaches much bigger deviations, in the order of 
45 mm. This shows that the material properties of the 
FEA-model does not compare to the actual material 
properties. However, the FEA-model physically shows the 
deformations of the infl atable mould well. 

Figure 96-II and Figure 96-III show that the strains in 
the walls are higher than in the top layer, which is relating 
to the design of the infl atable chamber where deformation 
should be obtained by stretching the walls instead of 
bending of the top layer. 
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Figure 96.  Simulation three of 6x6 infl atable air chambers in 
Marc Mentat. I: Simulation of the deviation of the infl atable air chambers; 
II: Simulation of the strain values of the infl atable air chambers; 
III: Inside view of simulation of the strain values of the infl atable air 
chambers. (In cooperation with Winters, 2015)
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 □ Performance of the Mould Surface and Edges

The simulations of the infl atable mould by Marc Mentat 
clearly show that deformation of the surface is obtained 
by the use of elongation of the walls instead of bending 
of the top layer of the individual infl atable chambers. The 
strain energy is much higher in the walls than in the top 
layer. However, the material properties are not correct, 
which means that the FEA-simulation gives distorted 
strain values. 

However, the FEA-model is capable of visualising 
the deformations that the infl atable mould is capable 
to produce. It can be concluded that the infl atable 
mould can produce promising results regarding locally 
deformed panels. The infl atable mould is able to perform 
deformations at the edges, but also over the whole 
surface. This result is also verifi ed by the proof of concept. 
The geometry of the simulation and of the experiment of 
the three infl atable air chambers shows a high correlation, 
disregarding the differences in deviation due to different 
material properties. However, there is one signifi cant 
difference between both. The simulation of the infl atable 
mould results in a smooth surface, where the proof of 
concept shows a little imprint of the walls. This can be 
due to the improper material properties of the FEA-model 
as well.

The strength of the infl atable mould is that the surface 
of the mould has the same level of adjustability as the 
edges of the mould (see Figure 102 to Figure 105 on 
page 141 and further). Because of visibility reasons, the 
edge confi guration is used for showing the geometrical 
performance of the infl atable mould. The mould is able to 
produce concave as well as convex shapes, which can 
lead to anticlastic and synclastic shapes over the whole 
surface (see Figure 99 on page 135 and Figure 100 on 
page 137). The interpolating layer ensures a smooth 
transition between the infl atable chambers. 

 ■ Performance of infl atable mould
This section analyses the actual performance of the 

mould. First, the general performance of the mould, the 
infl ation, and the mould surface and edges are described. 
Thereafter, the performance of the infl atable mould is 
valuated according to the thirteen parameters used in 
the analysis of existing moulding techniques in part two 
(see Analysis of Moulding Techniques on page 33). 

 □ General Performance of the Mould

The infl atable mould, consisting of 6x6 individually 
infl atable air chambers, is manually activated by the 
use of a syringe. The internal pressure of the infl atable 
chambers reaches a change in internal pressure level of 
30 kPa (0,3 bar), in case of infl ation of a single infl atable 
chamber by 800 ml of volume. 30 kPa of change in internal 
pressure shows that the internal forces required to deform 
the surface are very low.  

 □ Performance of the Infl ation

The casting of the mould in two cycles, one for the 
bottom layer and one for the top layer with the walls, 
causes problems to occur with the connection between 
both. The adhesive bond used to connect both parts of the 
silicone rubber does not ensure full airtightness. The lack 
of air tightness results in the defl ation of certain infl atable 
chambers. The individual air chamber distributes the 
applied volume of air to the surrounding air chambers that 
share the same air leak. The allocation of the air volume 
over the surrounding air chambers eliminates the ability 
of controlling every infl atable chamber individually. A 
high quality consistency is required in order to obtain the 
performance control as intended. 

Because the proof of concept makes use of individual 
air chambers actuated by volume, air leakage is disastrous 
for formfi nding. Air leakage of the infl atable chamber 

directly infl uences the geometry of the infl atable mould. 
Though, developing this proof of concept into an industrial 
moulding technique, it is likely that the individual infl atable 
air chambers are going to be controlled on pressure. As 
mentioned before, air leakage can then be counteracted 
by control of the infl atable mould on pressure.

One aspect of the infl ation of the air chambers is of 
high importance, regarding the behaviour of the infl atable 
chamber. Because of the closed air circuit of the infl atable 
air chambers, infl ation of one air chamber directly affects 
the performance of the adjacent air chambers. 

Considering two adjacent infl atable air chambers 
which contain one shared wall, are both infl ated after 
each other. When infl atable air chamber one is infl ated by 
a positive pressure, the internal pressure of infl atable air 
chamber one increases. Due to the increase in internal 
pressure, the infl atable air chamber starts to deform the 
walls and the top layer. This includes also the deformation 
of the shared wall by bending in the direction of infl atable 
air chamber two. At the time infl atable air chamber one 
is deforming, the deformation of the shared wall towards 
infl atable air chamber two causes the internal pressure of 
infl atable chamber two to increase. Because the volume 
of infl atable air chamber two decreases, internal pressure 
increases. The increase in internal pressure causes 
infl atable air chamber two to deform in the direction of 
the path of least resistance. Meaning that infl ation of one 
single air chamber causes the adjacent air chambers 
to interact. This feature can be complex in the case of 
accurately setting and/or adjusting the geometry of the 
infl atable mould. Computerised infl ation can control this 
problem. 

In addition, the 5-degree surface also shows that 
the infl atable mould is able to form M- and S-curves 
(see Figure 101 on page 139). The maximum deviation 
that can be obtained by the infl atable mould is in the order 
of 45mm. Due to the infl atable nature of the mould, the 
infl atable mould is not able to produce sharp edges. The 
transition between adjacent air chambers will always 
be smooth. At the same time, the smooth transition is a 
valuable property for the production of smooth double 
curved panels.

Focussing on the control of the infl atable mould, it is 
at this part of the research to early to accurately control 
the infl ation of the infl atable chambers and, therefore, 
accurately control the deformations of the surface. The 
development into an automated infl atable mould which is 
controlled by software will defi nitely enhance performance 
control.
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10) Surface quality before post-processing

The interpolating layer preserves a very smooth 
fi nishing of the produced panel before post-processing.  

Valuation: ++

 □ Costs

11) Low labour intensity involved

In the proof of concept, the infl atable mould can easily 
be set into a geometry by the use of the control board with 
check valves.

In an automated setting, the labour intensity is very 
low. The computer will control the infl ation. 

Valuation: +

12) Less labour skills required

In order to set the infl atable mould into the required 
geometry, a lot of effort is required in the proof of concept. 
At this part of the research, high labour skills are required 
to set and adjust the mould, because of the complex 
behaviour of the silicone rubber mould.

As mentioned before, when a software control program 
is developed, low labour skills can set and adjust the 
infl atable mould for processing. 

Valuation: 0

13) Low cost of moulding technique

The high costs involved with the silicone rubber drive 
up the costs of the moulding technique. Though, the 
actuation technique itself is relatively cheap. Air is an gas 
that is highly available and easy to handle.  

Valuation: –

Development of the infl atable mould into an automated 
process with the assistance of control software will 
defi nitely enhance the accuracy of the moulding technique.  

Valuation: – –

 ▫ Processing

7) Freedom of material choice

The infl atable mould can process a variety of 
materials. The silicone rubber can withstand high 
elevated temperatures and the low surface energy of 
silicone rubber allows the processed material to become 
easily demoulded. However, the focus is on plastics and 
fi bre composites, or in other words, lightweight panels. 
Thin concrete panels can be produced on the infl atable 
mould. Though, thick concrete panels can interfere the 
set geometry, because of air compression due to the high 
load of concrete. Besides, the rough structure of concrete 
can affect the quality of the silicone rubber by abrasion. 

Valuation: +

8) Suitable for processing fi bre composites

The infl atable mould is highly suitable for processing 
fi bre composite panels. The processing of fi bre composite 
is shown in the next part, part six. The most suitable 
types of processing are the hand lay-up and the vacuum 
injection. However, as part six will elaborate further on, an 
extra plastic layer is required over the silicone rubber. The 
resin cannot be directly processed on the silicone rubber 
mould, because of its low surface energy.   

Valuation: ++

9) No contra mould and/or substructure required

There is no contra mould and substructure required in 
order to process the required materials.  

Valuation: ++

 □ Valuation of the Infl atable Mould

The valuation of the performance of the infl atable 
mould is depicted in Table 7, together with the valuation 
of the existing moulding techniques.

 ▫ Geometry

1) Freedom of geometry

The individual control of the infl atable chambers all 
over the surface provides the infl atable mould a lot of 
freedom in geometry. The individual controlled infl atable 
chambers can produce local deformabilities in the surface 
as well as at the edges. Therefore, the infl atable mould 
can produce monoclastic, synclastic, as well as anticlastic 
shapes. The 5-degree surface enables the mould to 
produce M- and S-shaped surfaces. 

The fl exibility of the infl atable mould allows large 
deformations, >45mm, between the lowest and highest 
infl ated air chamber.

Valuation: ++

2) Dimensions

The dimensions of the infl atable mould are intermediate. 
Looking at competitor fl exible moulding techniques, the 
tensioned membrane can obtain greater dimensions 
because of its low cost edge actuators. However, when 
looking at fl exible moulding techniques that are able to 
produce local surface deformations, e.g. pin-bed surface 
and the supported membranes, the infl atable mould has 
an equivalent or greater size.

The infl atable mould can be scaled up to a greater 
size. However, costs will signifi cantly increase and the 
curing time of the silicone rubber is of infl uence on the 
mould size. Curing of the silicone rubber before the whole 
mould is cast can lead to material failures. 

Valuation: 0

 ▫ Adjustability

3) Reusability of the mould

The adjustability of the infl atable mould makes the 
infl atable mould highly suitable as a reusable moulding 
technique in the production of unique panels.

The curring time of the fi bre composite panel has to 
be taken into account, during curing the infl atable mould 
is occupied. 

Valuation: ++

4) High level of adjustability of the mould surface 
and edges

The small size of the infl atable chambers provide a 
very high level of adjustability that can be obtained. 
Therefore, the mould is able to provide details which 
cannot be provided by competitive moulding techniques, 
except the pin-bed mould. 

Valuation: ++

5) Low adjustment time

The adjustment time is high in the proof of concept, due 
to the manual infl ation. In case the process is automated, 
the adjustment time is very low. Because air has low 
friction, the time to set the mould can be within seconds.

Valuation: +

6) Accuracy of moulding technique

At this stage of the research, the proof of concept can 
only be set by hand. The adjustment by hand involves 
inaccurate geometries, because control of the infl atable 
mould is complex due to the behaviour of the silicone 
rubber. 

Besides, the adhesive bond used for the infl atable 
chamber is not 100% reliable at this moment. Although 
early experiments give very promising results.
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Flexible Moulds Direct Production

Pin-bed surface Supported 
membranes

Tensioned 
membranes

Pressurized 
membranes

Infl atable 
Mould

Full-scale 
3D-printing

Anti-gravity 
printing

++ + + + ++ ++ ++

– – 0 + ++ 0 ++ +

++ ++ + + ++ ++ ++

++ + 0 + ++ ++ ++

0 + + + + ++ ++

++ + 0 0 – – ++ +

0 + 0 + + 0 –

0 ++ ++ ++ ++ – –

++ ++ ++ – ++ – ++

– + 0 – ++ – –

+ + + + + + +

+ + + + 0 + +

– – – + ++ – – – – –

Rigid Moulds Reusable Moulds

Wooden formwork Metal formwork CNC-milled 
formwork

Clay and Sand 
moulds

Infl atable moulds Fabric formwork
G

eo
m

et
ry 1 Freedom of 

geometry + 0 ++ + 0 ++

2 Dimensions ++ ++ ++ + ++ ++

A
dj

us
ta

bi
lit

y

3 Reusability of 
the mould – – – – – – – – -

4

High level of 
adjustability 
of the mould 
surface and 

edges

– – – – – – – – – 0

5
Low 

adjustment 
time

X X X – – X +

6
Accuracy 

of moulding 
technique

0 ++ ++ 0 0 0

P
ro

ce
ss

in
g

7
Freedom 

of material 
choice

0 ++ ++ 0 0 0

8
Suitable 
for fi bre 

composites
0 ++ ++ – – – –

9

No contra 
mould and/or 
substructure 

required

– – – 0 – – + –

10

Surface 
quality 

before post-
processing

+ ++ 0 0 + 0

C
os

ts

11
Low labour 

intensity 
involved

– – – – – – – 0

12 Less labour 
skills required – – + + – ++ +

13
Low cost of 
moulding 
technique

– – – – – – – – – 0

Table 7.  Valuation and comparison of the infl atable moulding technique with existing moulding techniques.
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 ■ Conclusion
The drawbacks of current fl exible moulding 

techniques are, as described in Conclusion and Concept 
on page 43, the lack of local deformability of the surface 
while preserving surface smoothness at reasonable cost. 
Where the pin-bed surface provides high local deformability 
against extreme high costs and a non-smooth surface, 
the supported and tensioned membranes provide more 
feasible moulding methods but at the concession of local 
deformability. Including the performance valuation of the 
new infl atable moulding technique in the valuation of the 
existing moulding techniques, see Table 7 on page 130, 
it can be concluded that the infl atable moulding technique 
provides promising results on the parameters adjustability 
and smoothness of the surface. 

The individual control of the infl atable chambers over 
the whole surface provides a useful technique to produce 
complex shaped façade panels. At the same time, the 
interpolating layer ensures a totally smooth surface. 

Though, the high costs involved with silicone rubber 
makes the infl atable moulding technique a more expensive 
alternative than the tensioned membrane mould, costs 
involved with automation left out of consideration.

This means that two of the three focus points in this 
research are fulfi lled. However, another key parameter 
regarding the feasibility of a fl exible moulding technique 
is the accuracy and control of the fl exible mould. The 
accuracy and control of the infl atable mould is at this part 
of the research, as Table 7 shows, a major drawback of 
the prototype. High accuracy of the geometry set by the 
infl atable mould, and especially the edge confi guration, 
is one of the key-drivers of success of the mould.In order 
to be feasible, the accuracy and control of the infl atable 
mould should be developed further.  
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Figure 99.  Infl atable mould is able to produce convex shapes.

The infl atable mould is able to produce convex 
shapes by applying a higher volume of air to the 
middle air chambers than to the air chambers closer 
to the left and right side. 
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Figure 100.  Concave shaped surface by drawing a vacuum in the 
middle air chambers. 

In the opposite direction, the infl atable mould 
enables the production of a concave shaped panel. 
In the middle air chambers a vacuum is drawn and 
the outer air chambers are loaded by a positive 
internal pressure. The loads on top of the interpolator 
are applied to conform the interpolating layer to 
the surface, in order to enhance the visibility of the 
deformation of the surface. 
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Figure 101.  Infl atable mould can perform M- and S-shaped 
deformations of the surface.

The 5-degree surface enables the infl atable mould 
to perform M-shaped and S-shaped deformations. 
This deformation can be applied in both directions 
over the surface. 
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View of the infl atable mould with the control board 
in front. The infl atable mould is able to perform local 
deformations of the surface. 

Figure 102.  Local deformations of the surface performed by infl ation of 
selected air chamber using the control board with check valves.  
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Close-up of the locally deformed surface of the 
infl atable mould. 

Figure 103. Close-up of locally deformed surface.
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Figure 104. Side view of the activated infl atable mould. 
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Side view of the activated infl atable mould. Local 
deformations are clearly visible. The infl atable mould 
is able to perform the same type of deformations 
over the whole surface. 
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Corner view of the activated infl atable mould. 
Besides the deformations of the top layer, the 
bending of the walls is clearly visible. 

Figure 105.  Corner view of activated infl atable mould.
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 ▫ Hand Lay-up

Hand lay-up is one of the manufacturing techniques 
that is part of the wet layup technique. The wet lay-up 
technique refers to processes where the resin is applied 
in liquid form and the reinforcement is impregnated during 
the lay-up. Wet hand lay-up is the simplest technique 
that is used for producing fi bre composite panels. The 
technique is simple and requires low initial investment 
costs. It is especially effi cient for prototypes and low batch 
productions (Åström, 1997). Though, knowledge of the 
technique is required for producing high quality products. 

With a roller the surface of the mould is wet with resin 
before the reinforcement layers are placed. Each time a 
reinforcement layer is applied, the reinforcement layer is 
wet with resin by using the roller (see Figure 106). When a 
thick stack of reinforcement is used, it could be necessary 
to roll out air entrapments. 

The technique is able to be used on any geometry of 
any size. Because of an open process, air entrapments 
are likely to occur. Therefore, quality consistency could 
be hard to obtain. Labour costs are high and the cycle 
time is long.

 ▫ Spray-up

The spray-up manufacturing technique is nearly 
the same technique as the hand lay-up. However, to 
accelerate the production process, the fi bres and resin 
are sprayed onto the surface with a spray-gun. Though, 
the sprayed reinforcement and resin needs to be pressed 
to the mould by a roller (see Figure 107). 

Where hand lay-up can process continuous 
reinforcement layers, the spray-gun chops the 
reinforcement into small particles. Because of the 
chopped reinforcement, mechanical properties of the 
fi bre composite panel are poor. 

 ▫ Vacuum Injection

Vacuum injection uses an open mould and covers 
the stack of reinforcement with a vacuum bag. The 
vacuum bag is connected to a vacuum pump and to a 
resin container. When a vacuum is applied on the bag, 
the vacuum draws the resin from the container into 
the vacuum bag and impregnates the reinforcement 
(see Figure 108). The higher the fi bre content, the longer 
it takes to fully impregnate the stack of fi bres.

The advantage of vacuum injection over the other two 
techniques is the quality consistency of the fi nal product. 
Air entrapment is less likely to occur. Though, only one 
side of the panel has a high quality fi nish, because the 
vacuum bag can cause a wrinkled surface. 

 □  Manufacturing Technique for Proof of Concept

Although vacuum injection could provide an end result 
with a higher quality, hand lay-up is chosen for producing 
the fi bre composite panel. The main reason to choose hand 
lay-up is to lower the risk of problems. With hand lay-up 
the process of impregnation of the reinforcement layer can 
be controlled precisely. This is ideal for a fi rst prototype.

Even though hand lay-up is used, a vacuum bag is used 
to create a working surface. Because the infl atable mould 
is made from silicone rubber, the low surface energy of the 
silicone rubber disables a good wetting of the surface and 
the applied resin will form droplets instead of a fl uid wet 
surface, as explained in Connection of Top- and Bottom-
layer (on page 82). This leads to improper hardening of 
the fi bre composite panel. Besides, the tacky-tape used 
for vacuum injection does not adhere to silicone rubber.  

Proceeding to a vacuum injection process is a small 
step. Only an extra plastic layer on top of the stack of fi bre 
reinforcement is required and the additional equipment 
for vacuum injection.

Roving

Resin

Roller

Spray-gun

Mould

 ■ Manufacturing Technique
In order to provide a deliberate solution to the minor 

question: Which manufacturing technique is most 
suitable for production of fi bre composite panels 
on the infl atable mould?, available manufacturing 
techniques are analysed before a decision is made.

Before going further into detail on the manufacturing 
techniques for producing fi bre composite panels, a 
distinction is made between the terms moulding technique 
and manufacturing technique. In this research, moulding 
technique refers to the technique that defi nes the shape of 
the produced parts. The manufacturing technique refers 
to the additional technique that is required to actually 
produce the fi bre composite part on the chosen moulding 
technique. The moulding technique considered in this 
research is the infl atable mould.

There are a lot of different manufacturing techniques 
developed for producing fi bre composite panels. However, 
not every manufacturing technique is suitable to be used 
with the infl atable mould developed in this research. The 
characteristics of the infl atable mould defi ne whether or 
not a manufacturing technique can be applied. 

Because of the fl exible nature of the mould, each 
production cycle can contain a unique geometry. This 
means that, besides the fl exible moulding technique, 
the manufacturing technique should be fl exible too. The 
remaining manufacturing techniques that are  suitable to 
be used with a fl exible mould are hand lay-up, spray-up 
and vacuum injection. 

 □ Manufacturing Techniques

Before the manufacturing technique is chosen for the 
production of a fi bre composite panel on the infl atable 
mould, the characteristics of the three remaining 
manufacturing techniques are shortly discussed.
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Figure 106.  Schematic overview of hand lay-up manufacturing process. 
Redrawn from (Core Molding Technologies, 2014)

Figure 107.  Schematic overview of spray-up manufacturing process. 
Redrawn from (Core Molding Technologies, 2014).

Figure 108.  Schematic overview of vacuum injection manufacturing 
process.
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 ■ Production of Fibre Composite Panel
This paragraph shows the process of the 

production of a fi bre composite panel on the infl atable 
mould. The process is described using pictures of 
the most important steps of the production process.

The infl atable mould and its MDF casing is placed 
on a plastic sheet, which fi nally acts as a vacuum 
bag. The vacuum bag is used as a working surface 
for the production of the fi nal fi bre composite panel. 
The surface energy of the silicone rubber is too low 
to process the resin of the fi bre composite panel 
directly on the silicone rubber mould. 

The plastic upper layer of the vacuum bag is 
placed in a later stadium of the production process. 
In order to obtain a smooth surface of the plastic 
bag, a vacuum is drawn in the bag. To draw the 
vacuum, an air tight bag is required. Because the 
edges of the MDF casing are sharp, the edges are 
covered with foam in order to prevent puncturing of 
the vacuum bag. 

Figure 109. Sharp edges of MDF casing are covered by foam, in order 
to prevent puncturing of the vacuum bag.
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The corners of the MDF casing should receive 
extra attention in covering the sharp edges. 
Otherwise, the plastic bag can easily be ruptured 
around the corner points by the tensioning of the 
plastic due to the drawn vacuum. 

Figure 110. Sharp corner points of the MDF casing should receive extra 
attention in covering with foam. 
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When all the sharp edges of the MDF casing are 
protected, the next step in the process is to apply a 
tape. The tape connects the two layers of the plastic 
vacuum bag and provides an air seal. 

Figure 111. The next step in the process is to apply a tape which 
connects the two layers of the plastic vacuum bag.
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Tacky tape is applied to the bottom layer of 
the plastic vacuum bag in order to provide an air 
tight connection with the plastic upper layer of the 
vacuum bag. All the 36 air tubes, which preserves 
the air supply of the infl atable chambers, should 
be carefully embedded in the tacky tape in order 
to fully seal off the connection of the vacuum bag. 
Because of the high number of air tubes, the risk 
of air leakage is high, therefore, attention should be 
paid to the sealing of the air tubes, 

159

Figure 112. Attention should be paid to the sealing of the 36 air tubes 
because every air tube is a risk of air leakage.
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To minimise the risk of air leakage of an individual 
air tube, the air tubes are individually enclosed by 
tacky tape. The tacky tape is applied to the air tubes 
before they are embedded into the strip of tacky tape 
on the plastic bottom layer of the vacuum bag. 

Figure 113. Air tubes are individually enclosed by tacky tape to minimise 
the risk of air leakage of an individual air tube.
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When the air tubes are individually enclosed by 
tacky tape, they are embedded in the tacky tape 
strip on the plastic bottom layer of the vacuum bag.  
When the air tubes and tacky tape are embedded, 
another strip of tacky tape is applied on top. In this 
case, the air tubes are totally sealed off. 

Figure 114. The air tubes are embedded in the strip of tacky tape on the 
plastic bottom layer and an additional strip of tacky tape is applied on 
top, as an extra safety measure.
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Before the plastic upper layer is applied to 
complete the vacuum bag, the infl atable chambers 
of the infl atable mould are set to their intended 
position. The infl atable chambers are set to their 
position by the use of a syringe and the check valves 
on the control board. The air chambers are infl ated 
by air.  

Figure 115. Infl atable air chambers are set to their intended position by 
the use of air, which is applied by a syringe and check valves on the 
control board.
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When the infl atable mould is set to its intended 
geometry the next steps in the process can carried 
out. The local deformations of the surface by infl ating 
the individual chambers are clearly visible. 

Figure 116. The infl atable mould is set to its intended geometry and 
ready for the next steps in the process.
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To obtain a smooth surface, an interpolating layer 
is placed on top of the infl atable mould. Because 
the interpolator is not physically attached to the 
infl atable mould, the interpolator only roughly follows 
the geometry set by the infl atable mould.

Figure 117. The interpolator preserves a smooth surface. However, the 
interpolator only roughly follows the set geometry because there is no 
physical attachment to the infl atable mould.
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The side view of the infl atable mould clearly 
defi nes the lack of conformability of the interpolator 
to the set geometry of the infl atable mould. A lack of 
own weight of the interpolator and no attachment  to 
the infl atable mould results in a loss of conformability. 
However, the problem of a lack of conformability will 
be solved by the use of the vacuum bag in a later 
stadium of the process. 

Figure 118. Side view of the infl atable mould clearly defi nes the lack of 
conformability of the interpolator to the infl atable mould.
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In order to combine both plastic layers of the 
vacuum bag, tacky tape is applied around the 
infl atable mould to obtain an air tight seal. The 
plastic protection of the tacky tape will be removed 
at the time the plastic upper layer is applied. In this 
way, the tacky tape will not be contaminated by dust 
and other pollutants. 

Figure 119. Tacky tape is applied to provide an air tight seal of the 
vacuum bag.
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At the corners it is of importance to put the strips 
of tacky tape over each other. This will prevent 
air leakage at the connection of the two strips of 
tacky tape.

Figure 120. At the corners the tacky tape should be put over each other 
to prevent air leakage.
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When the tacky tape is applied, the plastic upper 
layer of the vacuum bag can be applied. The plastic 
upper layer is oversized, so that the bag has enough 
space to freely move at the time the vacuum is 
drawn. When the plastic upper layer is placed on 
top, the protection of the tacky tape is removed. The 
plastic upper layer is then squeezed onto the tacky 
tape to provide an air tight seal. At the time the whole 
bag is sealed of a vacuum can be drawn in the bag.

Figure 121. Plastic upper layer is placed and sealed off in order to draw 
a vacuum in the bag.
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At the corners, the folds caused by the excessive 
material of the plastic upper layer of the vacuum 
bag has to be sealed off. The folds are sealed off 
by the use of tacky tape. In order to have an evenly 
distributed vacuum, the folds are at the same 
distance from the corner points at every corner. 
Otherwise, the vacuum produces lots of wrinkles in 
the plastic upper layer on the surface of the infl atable 
mould due to uneven tensioning. 

Figure 122. Sealing off the folds caused by the excessive material of the 
plastic upper layer of the vacuum bag.
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To draw a vacuum in the plastic bag, the plastic 
bag needs to be connected to a vacuum pump. The 
air tube is, again, individually enclosed with tacky tape 
prior to embedding the air tube in the tacky tape of 
the plastic bottom and upper layer of the vacuum 
bag. At the end of the air tube a tee is placed. The tee 
is placed in a coremat. This coremat, which contains 
holes, prevents the tee from sealing of by the plastic 
vacuum bag when drawing a vacuum.

Figure 123. Connection of vacuum pump with the vacuum bag. Coremat 
prevents the vacuum pump from sealing off. 
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When the vacuum bag is completely sealed, the 
vacuum can be drawn. There is only a small vacuum 
drawn on the vacuum bag, because it is only to 
tension the plastic foil at the top surface. The vacuum 
pressure is 20 kPa under atmospheric pressure (0,2 
bar under atmospheric pressure). The vacuum also 
conforms the interpolating layer to the set geometry 
by the infl atable chambers.  

Figure 124. Vacuum is drawn on the vacuum bag, resulting in 
conformation of the interpolator to the set geometry by the infl atable 
chambers.
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Side view of the infl atable mould wit a vacuum 
drawn in the plastic bag. It can be clearly seen that 
the vacuum bag conforms the interpolating layer to 
the set geometry of the infl atable mould. 

Figure 125. Interpolator conforms to the set geometry by the infl atable 
mould.
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Because the fl at surface of the infl atable mould is 
transformed into a double curved surface, the plastic  
vacuum bag needs to conform the set geometry. A 
lack of fl exibility of the plastic vacuum bag results 
in the formation of wrinkles. A more fl exible type of 
plastic will resolve this problem in future production. 

Figure 126. Wrinkles in the plastic vacuum bag occurs due to a lack of 
fl exibility that is required of the plastic.
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Most of the wrinkles occurring on the working 
surface can be smoothened by rubbing the plastic. 

Figure 127. Wrinkles are smoothned by rubbing the plastic. 
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The fl exible mould is now ready to process the 
manufacturing of a fi bre composite panel. The 
plastic vacuum bag has created a suitable working 
surface and conformed the interpolating layer to the 
set geometry by the infl atable mould.  

Figure 128. Infl atable mould is ready to produce a fi bre composite panel 
on.
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The resin used to wet the fi bre reinforcement is 
a polyester resin. The polyester resin contains a 3% 
harder. The harder is Butanox M-50. 

I:  The polyester resin is mixed with the 
Butanox M-50 and is very liquid. In this phase of 
the curing cycle, the resin can be applied on the 
moulding surface to wet the reinforcement. 

II:   The resin starts to cure. The resin becomes 
a thick paste which is still though and fl exible. The 
time consumed from initial mixing is at least 30 
minutes. 

III: The resin cures further and becomes more 
gum-like but tears easily. The time consumed from 
initial mixing is at least 35 minutes.

IV: Finally, the resin is cured and became hard 
and brittle. The colour transformed from translucent 
green to translucent brown. The time consumed 
from initial mixing is at least 50 minutes. At this 
stage, the cross-linking of the polyester resin has 
risen the temperature of the polyester to a point that 
the resin starts to smoke. Because the smoke could 
be harmful to the health of a person, the resin is 
covered with water.

The chemical reaction (cross-linking) between 
the molecules in the resin produces heat. Because 
the resin present in the disposable cup has a 
compact and large volume, the heat is accumulated 
and accelerates the chemical reaction. This cycle 
will repeats itself and continue further and further. 
Therefore, the resin in the disposable cup reaches 
temperatures many times higher than the thin fi bre 
composite panel produced on the infl atable mould. 
The curing time of the resin of the fi bre composite 
panel will, therefore,  take a longer time.

Figure 129. Resin transformation from liquid to hard and brittle. IVI II III
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The fi bre composite panel is made by using the 
hand lay-up technique. The fi rst layer that is applied 
to the working surface of the infl atable mould is a 
thin chopped strand mat. These glass fi bres provide 
a smooth and clear fi nishing of the fi bre composite 
panel.  

The chopped glass fi bres are bonded with a 
binder and forming a mat for easy processing. The 
styrene in the polyester resin dissolves the binder. 
When the binder is dissolved, the glass fi bres 
become very fl exible and can easily be conformed 
to the intended geometry. The chopped strand mat 
is wet with the polyester resin with a roller. Suffi cient 
resin is used to wet the fi rst layer in order to obtain 
a smooth fi nishing and for protection of the woven 
carbon fi bre mats that still has to be applied.    

Figure 130. Chopped strand mat is applied as fi rst layer and provided 
with a suffi cient amount of resin with a roller.
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Because the chopped strand mat is suffi ciently 
wet, the plastic of the vacuum bag becomes a little 
bit soft. The softening of the plastic bag makes the 
wrinkles more visible.  

Figure 131. Wrinkles become more visible when the plastic vacuum bag 
is softened by the resin.
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The chopped strand mat is fully wet with resin 
and is given time to cure. The layers of carbon fi bre 
will be applied when the chopped strand mat is fully 
cured. Otherwise, the different layers can be mixed 
and the carbon fi bre sheets will not have a thick 
enough protection layer. 

The wrinkles that are visible will show up in the 
surface of the produced fi bre composite panel. 
In future production cycles, the wrinkles can be 
eliminated by the use of a more fl exible plastic 
vacuum bag. 

Figure 132. Chopped strand mat is left to dry before next processing 
steps are carried out.
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It can be seen that the chopped strand mat 
follows the curvatures of the infl atable mould 
accurately. At the edges, there are a lot of wrinkles. 
This is mainly due to the abrupt change in angle 
of the plastic vacuum bag. However, the edges of 
the fi bre composite element shall be sawn and the 
wrinkles will be cut off.

Figure 133. Edges will be post-processed with a saw, this will cut off 
most of the wrinkled at the edges of the fi bre composite panel. 
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When the chopped strand mat layer is cured, it 
can be wet again with the same type of polyester 
resin. When the layer is fully wet, a layer of carbon 
fi bre can be placed on the cured layer of chopped 
strand mat. The carbon fi bre layer is then conformed 
to the set geometry and wet by the use of a roller. 
The same process is repeated for the other two 
carbon fi bre layers. 

The carbon fi bre reinforcement layers are 
225 gr/m2 and contain a twill weave. The twill weave 
and the low weight per squared meter enhances 
the fl exibility of the reinforcement to conform to 
the double curved surface. Though, other types of 
reinforcement layers could be applied instead of 
the carbon fi bre twill weave. However, for aesthetic 
reasons is chosen for carbon fi bre. 

Figure 134. Three carbon fi bre reinforcement layers are applied on the 
cured chopped strand mat. 
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The carbon fi bre reinforcement layers are more 
than suffi ciently wet and left to dry. During the curing 
process, the temperature of the panel is measured. 
The fi bre composite panel measures a temperature 
of 28,5°C. the surrounding temperature is 21°C. The 
elevated temperature indicated that the  curing 
process has started already. However, because of 
the thin layer setup there is not much heat that can 
be accumulated. Therefore, the process of curing 
will take longer than was the case of the resin in the 
disposable container. 

The misalignment of the carbon fi bre layers will 
be cut off during post processing. 

Figure 135. Carbon fi bre reinforcement layers are left to dry before 
being post processed.
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At the time the fi bre composite panel is curing, 
the glossy look of the wet resin turns into a matt 
coated fi nishing of the fi bre composite panel. 

Figure 136. During curing the glossy wet resin turns in a matt coated 
dry fi bre composite panel.
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Because the air side of the fi bre composite panel 
has a slightly rough and satin fi nish when fully cured, 
the air side of the fi bre composite panel is post 
processed. 

The air side is fi rst sanded with sand paper, 
grit 100, to obtain a smoother surface in general. On 
a macroscopic level, the abraded surface is more 
rough, which enhances the adherence of the high 
gloss coating that is going to be applied. The sanded 
surface is cleaned with air and then degreased with 
acetone before the coating is applied. 

Figure 137. Air side of the fi bre composite panel is sanded before 
being coated with a high gloss fi nish.

209208



The high gloss resin is applied with a paint brush.  
The resin contains 4% volume fraction of paraffi n. 
The paraffi n prevents the coating to be sticky when 
fully cured. 

The curing of the coating is enhanced by placing 
the fi bre composite panel in an oven for 30 minutes 
at 50°C.

Figure 138. Air side of the fi bre composite panel is provided with a 
high gloss fi nish.
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Final result of fi bre composite panel. The local 
deformations caused by the infl atable mould are 
clearly visible. The mould side of the fi bre composite 
panel has a glossy fi nish and smooth surface. As 
mentioned earlier, the glossy fi nish is obtained by 
the used thin layer of chopped strand mat.

 

Figure 139. Final produced fi bre composite panel. The panel has a 
glossy fi nish on the side that was in contact with the infl atable mould.
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The deformations of the fi bre composite panel 
are clearly visible in the presented side views. The 
infl atable mould is able to perform deformations at 
the edges of the panel as well as local deformations 
of the surface. 

Figure 140. Side views of fi nal produced fi bre composite panel. The 
deformations of the fi bre composite panel are clearly visible.

214



217

I: Because of the hand lay-up techniques that 
is used to produce the fi bre composite panel, there is 
a chance of inclusion of air bubbles. There are some 
minor air bubbles visible, however, the amount of air 
bubbles is very minimal. It can be concluded that the 
physical quality of the fi bre composite panel is high. 

II:   The wrinkles caused by the plastic are 
clearly visible in the end result.  

III: The misalignment of the reinforcement 
layers are easily cut off with a circular saw wit a 
diamond blade during post processing. 

Figure 141. Optical quality of the fi bre composite panel.IIII II
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The air side of the fi bre composite panel before 
post processing with a high gloss fi nish. The air side 
of the fi bre composite panel has a satin fi nish and is 
slightly rough due to the structure of the carbon fi bre 
reinforcement layers.

Figure 142. Satin fi nish of the air side of the fi bre composite panel 
before post processing.
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The air side of the fi bre composite panel after 
post processing with a high gloss fi nish. The air side 
of the fi bre composite panel has a smooth and high 
gloss fi nish.

Figure 143. High gloss fi nish of the air side of the fi bre composite 
panel after post processing.
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performed. Meaning that the error can differ in case of 
other scans of objects.

When a 3D model is created out of the 2D photos, the 
3D mesh can be exported to the validation software. The 
validation software used is an open source 3D point cloud 
processing software application, called ‘CloudCompare’. 
This software allows to align two (scanned) objects and 
compute distances between both aligned objects. The 
distance is a measure of the deviation between both 
objects. 

The next paragraphs elaborates further on the 
scanning and validation process.

 ■ Validation Method
This chapter proposes a feasible solution to the minor 

question: How can the performance of the infl atable 
mould be validated? Actual validation of the simulation 
of the mould, the mould surface, and the produced fi bre 
composite panel is at this stage of the research process 
not possible because the performance of the infl atable 
mould is not yet under control.

In order to be sure that the infl atable mould is 
performing accurately and producing free-formed façade 
elements as they were designed, performance of the 
mould should be measured.

Performance control of the mould can be measured 
in multiple ways. Measurement can be conducted by 
using mechanical measurement, like callipers, which can 
be really hard with complex and/or huge products, or by 
using laser measurement which brings high investment 
cost along with a minimal deviation of the measurement 
results. Another possibility is the use of software which 
combines 2D photos into a 3D model, which is known 
as ‘photogrammetry’. This is software to carry out 
photogrammetric measurement. This method has a low 
threshold, because only a photo camera and software is 
needed to analyse the imagery data. 

There are different types of photogrammetry software 
available, for example Agisoft PhotoScan, Autodesk 123D 
Catch, and ScannerKiller. All of the different software 
packages have their pros and cons, however, the 
Autodesk 123D Catch is in favour because it is an open 
source application which can be downloaded for free. 
Besides, the software uses web based servers to process 
the information required, therefore there is no powerful 
system required in order to use photogrammetry software. 
The other software packages require professional and 
powerful system requirements in order to run the software. 

Autodesk 123D Catch is an open source software 
package which creates 3D meshes from 2D digital 
photographs. A minimum of three to a maximum of 
70 images of an object, which are taken from several 
viewpoints, has to be provided and are then uploaded to 
a server for processing.   

Exact details of the software are not provided by 
Autodesk. However, Chandler and Fryer, 2013, states 
that the processing undoubtedly involves SfM (Structure 
from Motion) methods, which initially involves identifying 
common image features across images using a freely 
available algorithm called SIFT (scale invariant feature 
transform) or perhaps the more robust version ASIFT. 
ASIFT uses a bundle adjustment to compute parameters 
to represent the inner and exterior camera geometry, 
combined with a dense point cloud to represent the object 
(James and Robson, 2012) .

Using photogrammetry as a validation technique 
includes the possibility of inaccuracies of the validations. 
Inaccuracies can occur in:

 – exchange of data between various software 
applications;

 – Simplifi ed simulation model;

 – Production process of the infl atable mould;

 – Actuation setting of the infl atable mould;

 – Carrying out the 3D-scan;

 – Validation method. 

From tests performed to verify the inaccuracies of 
the 123D Catch software, Van Rijbroek and Verboord 
(2015) concluded that the error in x and y-direction 
varies between 0,2 and 1,6mm with an average error of 
0,8mm. In the z-direction the error varies betwen 0,2 and 
1,6mm with an average error of 0,9mm. These are small 
errors, however, these errors are only for the specifi c test 
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 ■ Scan of the Mould
To perform an accurate scan of the surface of the 

infl atable mould or the produced fi bre composite element, 
the surface of the object cannot be transparent, refl ective 
or glossy. Refl ections can interfere the process of creating 
a 3D model and result in gaps in the generated mesh. 
Therefore, the surface of the infl atable mould is covered 
with tape (see Figure 144 and Figure 145) . Another point 
of interest are the red, green, and blue reference points 
used in the corners of the scanning setup. By these 
reference points the software can calculate the position of 
the individual photo in the 3D model. A second measure of 
reference is the grid 100x100mm projected on the ground 
surface, the lines of this pattern displays the depth of the 
scanning setup. 

During scanning, 70 photos were taken around the 
object from two different heights, for every height 35 
photos maximum (see Figure 146 and Figure 147). After 
uploading the the photos to 123D catch, 3D meshes are 
automatically generated (see Figure 148 and Figure 149). 
The generated meshes can then be exported to the 
validation software package CloudCompare. 

 

Figure 144.  Surface of the infl atable mould is covered with tape to 
prevent the forming of gaps in the 3D model due to refl ections. 

Figure 146.  70 photos in total are taken from the infl atable mould and 
uploaded to Autodesk 123D Catch to built a 3D model.

Figure 148.  A mesh is automatically generated by Autodesk 123D 
Catch. The mesh is now ready to be exported to CloudCompare.

Figure 149.  A mesh is automatically generated by Autodesk 123D 
Catch. The mesh is now ready to be exported to CloudCompare.

Figure 145.  Edges of the produced fi bre composite panel are covered 
with tape to as an extra reference. 

Figure 147.  70 photos in total are taken from the fi bre composite panel 
and uploaded to Autodesk 123D Catch to built a 3D model.
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 ■ Validation of Mould and Panel
After performing the 3D scan, the 3D mesh models are 

exported from Autodesk 123D catch to CloudCompare in 
order to validate the surface of the infl atable mould with 
the fi bre composite panel. 

The two meshes are aligned and translated so that 
the mean square errors between the two geometries 
are minimal (see Figure 150). Finally CloudCompare 
computes the distance between the two geometries. The 
deviations between both objects are visualised by using 
surface colours on the object and a histogram with values 
(see Figure 151).   

The histogram gives a maximum positive deviation of 
+23,53mm between the surface of the infl atable mould 
and the fi bre composite panel. The maximum negative 
deviation is -15,63mm.  

228

Figure 150.  Alignment of both objects in CloudCompare.

Figure 151.  Computed distances of the two objects. The maximum 
positive distance is +23,53mm (red) and maximum negative distance 
is -15,63mm (blue). 
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 ■ Conclusion
The results obtained from CloudCompare give large 

deviations, but the values are not relevant. Because the 
infl atable mould cannot be accurately controlled during 
actuation and because of air leakage, the produced fi bre 
composite panel does not conform to the set geometry 
from the mould. Besides, the geometry of the infl atable 
mould is not scanned during production of the fi bre 
composite part. This was because the production of the 
fi bre composite panel was at a different place then where 
the scan setup was located. Therefore, the geometry of 
the infl atable mould is set another time in order to scan 
the geometry of the mould surface. Because of a lack of 
control of the infl atable mould, it is very hard to obtain the 
same surface settings at the time of scanning. In addition, 
during the production process of the fi bre composite 
panel, the interpolating layer was conformed to the set 
geometry by the use of a vacuum bag. At the time of 
scanning, the vacuum bag was removed and thus the 
interpolating layer could not conform to the set geometry 
of the mould. Therefore, the interpolating layer is removed 
at the time of scanning. The removal of the interpolating 
layer immediately involves a distortion of the validation 
with the fi bre composite panel.

The ideal performance validation setup would be an 
automated actuation of the infl atable mould. When the 
infl atable mould is set in the correct geometry, the set 
geometry is validated using the photogrammetry software 
and CloudCompare. The deviations that are noticed 
by the software is feedback for the actuation of the 
infl atable mould. The computer translates this feedback 
into adjustment setting and this provide the input for the 
automated adjustment of the infl atable air chambers. This 
step can be repeated until a geometry is obtained within 
acceptable boundaries. 

123D Catch
Cloud 

Compare
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Figure 152. Ideal performance validation setup. Creating a loop 
between the automated actuation of the infl atable mould and the 
validation method using Autodesk 123D Catch and CloudCompare.
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The main purpose of this research was to develop 
a moulding technique that is able to produce locally 
deformed panels for the use in free-form design. The 
previous chapters have shown the potential of the infl atable 
mould in relation to performing local deformations. To end 
this fi rst research into an infl atable moulding technique 
with the ability to perform local deformations and to point 
out interesting aspects for further research, the infl atable 
mould is subjected to a SWOT-analysis before the 
conclusion and recommendations are treated.

 ■ SWOT-analysis
The infl atable moulding technique is subjected to 

a SWOT-analysis, which evaluates the Strengths & 
Weaknesses (internal factors), and the Opportunities & 
Threats (external factors) in order to have a clear picture 
of the infl atable moulding technique prior to drawing 
the conclusions and proposing recommendations. The 
SWOT-analysis is depicted in Table 8. 

Table 8.  SWOT-analysis of the infl atable moulding technique.

Helpful Harmful
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e Strengths: Weaknesses:

 ▫ Able to produce local deformations
 ▫ Smooth surface of produced panel
 ▫ Low-cost actuation technique compared to other local 

deformation techniques
 ▫ Little extra equipment required for direct production
 ▫ Suitable for a variety of materials
 ▫ Reusable moulding technique for unique panels
 ▫ Resistant to high elevated temperatures, >250°C
 ▫ Little adjustment required to be used on existing moulding 

techniques as an local deformation technique

 ▫ High material costs of silicone rubber
 ▫ Reliability of airtightness of infl atable air chambers
 ▫ Highly sensitive to damage, not vandal-proof
 ▫ Manual confi guration
 ▫ Complex measurement control of the infl atable mould
 ▫ Maximum deviation is limited to ±45 mm
 ▫ Slow production cycle 
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Opportunities: Threats:
 ▫ Trends in free-form design
 ▫ High costs of current moulding techniques
 ▫ Implementation of infl atable moulding technique with current 

moulding techniques
 ▫ Multiple layer confi guration for increasing maximum deviation 

of the mould surface
 ▫ Industrialisation of production process
 ▫ Automatic control of actuation by software
 ▫ Automatic measurement control of actuation by software
 ▫ Loop between actuation of the mould and validation by 

software 
 ▫ Elimination of interpolating layer by optimisation of ratio 

between top-layer and walls

 ▫ Cost of material in case of scale up of the infl atable moulding 
technique

 ▫ Curing time of silicone rubber in case of scale up of the 
infl atable moulding technique

 ▫ Rapid evolution of the 3D-printer
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 ■ Conclusion
The focus of this research was exploring the possibilities 

to develop a feasible fl exible moulding technique that 
is able to perform local deformations on a surface while 
preserving surface smoothness at reasonable cost for 
production of non-repetitive double-curved fi bre composite 
panels. Based on the extensive analysis of existing 
(fl exible) moulding techniques, it could be concluded 
that the existing moulding techniques lack in terms of 
local deformability, surface smoothness, and low costs. 
Focusing on these three parameters, the literature study 
has shown that the theory of pneumatic networks from 
soft robotics was a promising technique which has never 
been used before as an approach in the development of a 
fl exible moulding technique. The related research question 
was:

In what manner can a fl exible moulding technique 
based on an infl atable polymer layer be used as a local 
deformation technique in order to produce double-curved 
fi bre composite panels?

Based on the three critical parameters (local 
deformability, surface smoothness, and low cost) the 
following can be concluded:

Local deformability

The result of this study is a working prototype of 6x6 
infl atable air chambers, produced from PS8510 silicone 
rubber, that can be controlled individually. The individual 
control of the infl atable air chambers enables the mould 
to perform local deformations over the whole surface of 
the mould. Resulting in the ability to produce monoclastic, 
synclastic, anticlastic, as well as M- and S-shaped panels. 
The softness and high fl exibility of the silicone rubber 
(elastomers) allows the infl atable mould to perform large 
deviations. The maximum deviation that is obtained by 
one single infl atable air chamber is 45mm, which is a 

large deviation considering one single façade panel. The 
maximum deviation is limited by the embedded thin steel-
mesh reinforcement in the top layer, which was required in 
order to obtain surface smoothness.  

Surface smoothness

The thickness and stiffness ratio between the top layer 
and the walls plays a big role in obtaining a smooth surface. 
Deformation of the infl atable mould with a smooth surface 
is obtained by bending and stretching of the walls instead 
of bending of the top layer. This is achieved by embedding 
a thin steel-mesh reinforcement in the top layer, to ensure 
that the path of least resistance against the internal 
pressure is in the direction of the walls. Defi ning this ratio 
has had a major infl uence on the surface smoothness of 
the produced panels. The top layer of 10mm thick silicone 
rubber with embedded thin steel-mesh reinforcement 
provides a nearly smooth surface. Little imprints of the 
walls were tangible. This problem was tackled with the use 
of a sandwich interpolating layer, consisting of 20mm SG-
30 medium polyether foam with on both sides a fi nishing of 
the same silicone rubber. The interpolating layer smoothly 
followed the set geometry by the infl atable mould.

Low cost

Although the approach with the pneumatic networks 
from the soft robotics provided a cheap deformation 
technique on small scale, the low costs involved does not 
apply when considering a larger scale. The high material 
costs involved with silicone rubber causes the costs of the 
infl atable moulding technique to be high. Especially when 
taken into account that the durability of silicone rubber is 
low in an industrial environment as the building industry. 
Silicone rubber is not vandal-proof.  

From the three parameters that could provide an 
advantage of the infl atable mould over existing fl exible 
moulds, it can be concluded that two of the three 

parameters are fulfi lled. The infl atable mould is one of 
the few moulding techniques that is able to locally deform 
a surface with signifi cant dimensions while preserving  
surface smoothness. The costs of the silicone rubber are a 
drawback of the design. 

In addition, a very critical parameter, which has not been 
valued as a critical factor in many of the existing moulding 
techniques, is the control accuracy of the infl atable mould. 
The control of the infl atable mould is diffi cult because of 
the nonlinear behaviour of the silicone rubber. Therefore, 
the use of FEA-software is required, which makes control 
of the infl atable mould complex. Although the whole 
surface can be controlled by the individual air chambers, 
accurately setting the height of the air chambers is diffi cult. 
Besides, the reliability of the infl atable air chamber is quite 
low. The low surface energy of the silicone rubber makes 
an adhesive bond between the upper and lower cast parts 
diffi cult. This caused a major setback to occur during the 
production of the prototype. In the fi nal prototype, not every 
wall obtained a good adhesive bond with the bottom layer. 
Therefore, it cannot be 100% guaranteed that the infl atable 
air chamber is air tight, resulting in a loss of control. 

Furthermore, a fi bre composite panel is produced on 
the infl atable mould by the use the hand lay-up technique. 
The low surface energy of silicone rubber requires that the 
whole infl atable mould has to be covered by a vacuum 
bag. On the vacuum bag a smooth fi bre composite panel 
with local deformations is produced. Little post-processing 
was required, only cutting the edges with a saw. To obtain 
a smooth mould interface of the produced fi bre composite 
panel, a higher fl exible vacuum bag is required. The used 
plastic vacuum bag was not fl exible enough to prevent the 
forming of wrinkles. These wrinkles were transferred to the 
fi bre composite panel. The solution is replacing the vacuum 
bag for one with a higher fl exibility. However, this type of 
vacuum bag was not available at the time of processing.  

Finally, a technique is proposed for the control and 
validation of the infl atable mould and the produced fi bre 
composite panels. The behaviour of the mould is simulated 
with the FEA-software ‘Marc Mentat’ using hyperelastic 
models. The validation of the mould surface, produced 
fi bre composite panel, and simulation in Marc Mentat is 
performed by using photogrammetry with 123D catch 
and CloudCompare. The validation of all three does not 
provide much correlation. The main reason for the lack 
of correlation is the reliability of the infl atable mould 
and the material parameters of the silicone rubber used 
in the simulation in Marc Mentat. The lack of control 
of the infl atable chamber and lack of air tightness does 
not provide reliable input for the validation. The material 
parameters, C01 and C10, should be defi ned by laboratory 
tests for reliable simulation. Further development of the 
infl atable moulding technique will provide a more reliable 
control and validation.

The infl atable moulding technique with individual 
controlled air chambers providing the ability to perform 
local deformations over the whole surface has proven 
to be a promising technique in the production of locally 
deformed double-curved panels. It has an advantage over 
existing moulding techniques in terms of local deformability 
and surface smoothness. However, there is a lot of further 
development required before the infl atable moulding 
technique can compete with competitive fl exible moulding 
techniques. Especially the control of the behaviour of 
the infl atable mould is a critical point of attention for the 
feasibility of the infl atable moulding technique. Because 
the accuracy of the edge confi guration is very important 
for a smooth transition between adjacent façade panels, 
it could be more valuable to combine the tensioned 
membrane mould with accurate edge confi guration with 
the infl atable mould as a local deformation layer instead of 
using the infl atable mould as an individual technique.
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 ■ Recommendations
As this research into an infl atable moulding technique 

based on the theories of soft robotics has produced its 
fi rst prototype, there is still lots of room for improvement. 
There are a lot of aspects of the infl atable moulding 
technique that are necessary to develop further, in order 
to compete with competitive fl exible moulding techniques. 
Two of the most critical points of attention are, fi rst, the 
development of a reliable infl atable mould and, secondly, 
the development of a control technique for the behaviour 
of the infl atable mould. 

Reliability of the infl atable air chambers is the base for 
further developing. This research has shown that the low 
surface energy is a critical factor in the performance of the 
adhesive bonding of the two cast silicone rubber parts. 
Therefore, possibilities should be explored to cast the 
whole infl atable chamber in one cycle. Another possibility 
is to clamp the bottom layer with steel plates to the walls, 
so that the clamping of the steel plates with the silicone 
rubber provides an air tight seal.

The feasibility of the infl atable mould technique 
could also be enhanced by decoupling the infl atable air 
chambers from the grid. By providing single infl atable 
chambers that can be coupled, damaged infl atable air 
chambers can be replaced by a new one. In this case, air 
leakage of one single air chamber does not lead to the 
disposal of the whole infl atable mould, saving material and 
costs. Besides, the single infl atable air chambers could 
be placed in different confi gurations, providing different 
sizes of geometries, for example square or rectangular 
confi gurations.

Besides, the infl uence of air leakage could be 
neglected when control of the infl atable air chambers is 
on pressure. Therefore, automatic pressure controlled 
actuation is required instead of the manual infl ation by 
volume of the proof of concept. In an industrial processing 
environment the actuation should also be automated to 
enhance quality reliability and lowering adjustment time.

When a reliable infl atable moulding technique is 
obtained, a control technique should be developed in 
order to control the behaviour of the infl atable mould. The 
following could be considered: 

 – The use of FEA-software simulations combined with 
a parametric model which are serving as the input for 
the connected automated pressure check-valves. The 
input data can be in the form of an amount of volume a 
particular infl atable air chamber requires or in the form 
of an internal pressure level.

 – Using photogrammetry software in a loop with the 
digital design in the computer and the control of the 
automated pressure check valves. The infl atable 
chambers are automatically infl ated according to 
the required geometry. Photogrammetry validates 
the set geometry and the feedback sent from the 
photogrammetry back to the computer can be used to 
adjust the infl atable mould if necessary.   

To enhance the maximum deviation of the infl atable 
mould, multi-layer confi gurations of the infl atable air 
chambers should be explored. Where the lower layers 
consist of infl atable air chambers of greater size than 
the layer above. The lower layers could roughly set the 
geometry and the top layer with the smallest air chambers 
can precisely manipulate the surface.

Optimising the thickness to stiffness ratio between the 
top layer and walls can eventually lead to the elimination 
of the interpolating layer. Elimination of the interpolating 
layer makes the infl atable mould better to control. This 
optimisation procedure could be carried out using FEA-
software with the correct material properties.

The last recommendation is one of the most promising 
regarding the feasibility of the infl atable moulding 
technique. It could be valuable to investigate the possibility 
of combining this local surface deformation technique 
with the tensioned layer mould with its high accurate edge 
confi guration. The combination of both techniques into 
one technique will eliminate the disadvantages of the one 
technique with the advantages of the other technique.
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 ■ Introduction
Appendix one shows the detailed analysis behind the valuation of 

the existing moulding techniques described in part two, the literature 
study. 

The existing moulding techniques per category described are:

 ▫ Rigid Moulds

Wooden formwork

Metal formwork

CNC-milled formwork

 ▫ Reusable Moulds

Clay and sand moulds

Infl atable moulds

Fabric formwork

 ▫ Flexible Moulds

Pin-bed surface

Supported membranes

Pressurized membranes

 ▫ Direct Production

Full-scale 3D-printing

Anti-gravity printing 

analysis of analysis of 
moulding techniquesmoulding techniques appendix one
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Figure A1.  Wooden formwork for the construction of Capilla de Abierta 
Palmira in Cuernavaca by Felix Candela. (Quijada, 2014)

Figure A2.  Wooden formwork for the construction of Restaurante 
Florante Submarino in Valencia by Felix Candela. (PERI, 2001)

5) Low adjustment time

Because of the static nature of wooden moulds, there is no 
adjustability of the mould surface and edges possible. Therefore, there 
is no adjustment time valued for adjusting the mould surface or surface 
edges. 

Valuation: X

6) Accuracy of moulding technique

It is diffi cult to precisely obtain the required geometry. Multiple 
variables infl uences the accuracy of the mould. Like the quality of the 
wood, the craftsmanship of the construction workers and the behaviour 
of the wood under loading during processing. Besides, the open nature 
of the mould can cause varying element thicknesses because there will 
be made use of the technique of viscosity-fl ow of the material. Therefore, 
it is hard to obtain a constant thickness over the whole element.

Valuation: 0

 ▫ Processing

7) Freedom of material choice

Wood is perfectly suited to process a wide variety of materials. 
However, in many cases the wood needs to be pre-treated before 
processing. 

Valuation: 0

8) Suitable for processing fi bre composites

The smooth surface makes a wooden mould perfectly suitable for 
processing fi bre composites. With the appropriate release agent, many 
different fi bre composite processing techniques could be applied; from 
hand lay-up and spray-up to vacuum injection. 

Valuation: 0

9) No contra mould and/or substructure required

In order to build the wooden mould, there has to be a substructure 
where the wooden top-surface can be mounted on. 

Valuation: –

10) Surface quality before post-processing

The surface quality and fi nishing of the wood determines the surface 
quality of the produced element. In general, smooth surfaces can be 
obtained from a wooden mould.

 Valuation: +

 ▫ Costs

11) Low labour intensity involved

Wooden moulds require high labour intensity on site in order to 
fabricate the formwork for the desired geometry, especially when double 
curved formwork is required. 

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as high labour intensive because of a new wooden 
mould for every unique element.

Valuation: – –

12) Less labour skills required

In order to produce an accurate wooden mould, highly skilled 
craftsmen are required. 

Valuation: – –

13) Low cost of moulding technique

Wooden formwork can be a feasible solution in the case of small size 
batch production or one of a kind production of big structures. However, 
the high amount of labour involved in constructing a wooden formwork 
drives up costs signifi cantly. The static nature of the mould increases 
also the cost, because every unique geometry requires another mould. 

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as a high cost moulding technique. 

Valuation: – –

 ■ Rigid Moulds
 □ Wooden Formwork

 ▫ Geometry

1) Freedom of geometry

Wooden moulds are very effective for zero-clastic geometries. 
However, it is (very) complex to produce zero-, syn-, or anti-clastic 
surfaces with wooden moulds. A lack of fl exibility of wood limits the 
geometry to have a moderate curvature resulting in moderate height 
deviations. Undercuts are possible to produce. 

Valuation: +

2) Dimensions

Wooden moulds are custom made moulds. Therefore, there are 
(almost) no limitations to the dimensions of the mould. Wooden moulds 
are normally constructed on site and covering the whole geometry that 
needs to be processed. 

Valuation: ++

 ▫ Adjustability

3) Reusability of the mould

Because the wooden mould is custom made at the construction site, 
the wooden mould could be damaged in order to be demounted from 
the produced product. Besides, the custom made nature of the mould 
makes it hard to reuse the mould elsewhere. 

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as not reusable.  

Valuation: – –

4) High level of adjustability of the mould surface and edges

Because of the static nature of wooden moulds, there is no 
adjustability of the mould surface and edges possible.

 Valuation: – –
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Figure A3. Metal formwork for the construction of Arnhem Central 
Station by UNStudio. (SkyscraperCity, 2013)

Figure A4.  Metal formwork. ((ULMA Construction, 2014))

6) Accuracy of moulding technique

To obtain a steel mould for complex geometries, steel moulds are 
cast on CNC-milled moulds or are CNC-milled by themselves. Therefore, 
steel moulds can be of high accuracy. Due to the robustness of steel, 
the accuracy of the mould after many cycle times will still be very high. 
When a closed mould is used, the thickness variation can be of high 
accuracy. When an open mould technique is used with the viscosity-fl ow 
principle, it is hard to obtain a constant thicknes over the whole element. 

 Valuation: ++

 ▫ Processing

7) Freedom of material choice

Steel is perfectly suited to process a wide variety of materials, even 
processing of hot liquid materials. 

Valuation: ++

8) Suitable for processing fi bre composites

The smooth surface and high temperature resistance of steel 
moulds makes the steel mould perfectly suitable for processing fi bre 
composites. With the appropriate release agent, many different fi bre 
composite processing techniques could be applied; from hand lay-up 
and spray-up to vacuum injection. Steel moulds are the pre-eminent 
moulds for resin transfer moulding (RTM). 

Valuation: ++

9) No contra mould and/or substructure required

Steel moulds need to be cast on a contra-mould, like a CNC-milled 
mould. 

Valuation: – –

10) Surface quality before post-processing

Steel moulds contain a very smooth surface of their own, because of 
the prefabrication of the moulds under ideal circumstances. 

 Valuation: ++

 ▫ Costs

11) Low labour intensity involved

Steel moulds are produced in a factory and only need to be installed 
at the building site. The prefabrication process of the mould itself 
requires the most time, especially when a contra mould is required to 
produce the steel mould.

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as high labour intensive because of a new steel 
mould for every unique element.

 Valuation: –

12) Less labour skills required

Steel moulds only have to be installed on site, this means that there 
are relatively less labour skills required. 

Valuation: +

13) Low cost of moulding technique

In terms of material use, the costs are very high due to the static 
nature of the mould. Every singly geometry that differs from another 
requires a new mould, meaning a signifi cant increase in costs. Repeated 
use of the mould can signifi cantly lower costs.  

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as a high cost moulding technique. 

Valuation: – –

 ■ Rigid Moulds
 □ Metal Formwork

 ▫ Geometry

1) Freedom of geometry

Steel moulds are very effective for zero-clastic geometries. However, 
it is very complex to produce zero-, syn-, or anti-clastic surfaces with 
steel moulds. With steel, extreme curvatures can be realised. However, 
in order to obtain geometries with extreme curvatures the steel has to 
be cast on a contra mould like the CNC-milled mould. Undercuts are 
possible to produce. 

Valuation: 0 

2) Dimensions

Steel moulds are custom made moulds. Therefore, there are 
(almost) no limitations on the dimensions of the mould. In the case steel 
moulds are pre-fabricated and then transported to the construction site, 
transportation limitations are the only constraints regarding the steel 
moulds. 

Valuation: ++ 

 ▫ Adjustability

3) Reusability of the mould

In case of repeated use of a geometry, a steel mould is perfectly 
suited because of its dimensional reliability.

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as not reusable. 

Valuation: – –

4) High level of adjustability of the mould surface and edges

Because of the static nature of steel moulds, there is no adjustability 
of the mould surface and edges possible. 

 Valuation: – –

5) Low adjustment time

Because of the static nature of steel moulds, there is no adjustability 
of the mould surface and edges possible. Therefore, there is no 
adjustment time valued for adjusting the mould surface or surface edges. 

Valuation: X



one
VII

5) Low adjustment time

Because of the static nature of CNC-milled moulds, there is no 
adjustability of the mould surface and edges possible. Therefore, there 
is no adjustment time for adjusting the mould surface or surface edges.

Valuation: X

6) Accuracy of moulding technique

The computer controlled nature of the wooden CNC-milled moulds 
offers the mould and the resulting product of the mould to be of very 
high accuracy.  

 Valuation: ++

 ▫ Processing

7) Freedom of material choice

A CNC-milled wooden mould is perfectly suited to process a 
wide variety of materials. However, preparation of the mould with, for 
example, a release agent could be required. Pre-treatment depends on 
the material to be processed. 

Valuation: ++

8) Suitable for processing fi bre composites

The smooth surface, after post-processing, makes CNC-milled 
moulds perfectly suitable for processing fi bre composites. With the 
appropriate release agent, many different fi bre composite processing 
techniques could be applied; from hand lay-up and spray-up to vacuum 
injection. 

Valuation: ++

9) No contra mould and/or substructure required

The fi nal mould is obtained by milling a block of wood into its 
fi nal shape. This means that there is no contra mould or substructure 
required.

 Valuation: 0

10) Surface quality before post-processing

The surface quality and fi nishing of the CNC-milled moulds 
depends on the size of the milling head. The technique leaves traces 
of consecutive milling paths on the wood depending on the size of the 
chisel and the number of axes the CNC-cutter has. Post-processing is 
required to obtain a perfectly smooth surface.  

 Valuation: 0

 ▫ Costs

11) Low labour intensity involved

The labour intensity of CNC-milled moulds is quite high when 
looked at the amount of time that is required to obtain one single mould. 
The amount of time that is required is infl uenced by the speed of the 
CNC-cutter, the complexity of the geometry and the size of the mould. 
When a huge variety of moulds with different geometries is required, the 
total fte’s required will be high.

Based on the set criteria that the moulding technique should be 
able to produce a sequence of unique double curved elements, this 
moulding technique is valued as high labour intensive because of a new 
CNC-milled mould for every unique element.

 Valuation: –

12) Less labour skills required

The computer controlled nature of the CNC-cutter replaces the need 
for craftsmanship. There is only a person required who can operate the 
CNC-cutter.

Valuation: +

13) Low cost of moulding technique

First of all, the initial cost of a CNC-cutter is high, especially the 
5-axis CNC-cutter. In terms of material use, the costs are very high 
due to the static nature of the milled moulds. Every singly geometry 
that differs from another requires a new mould, meaning a signifi cant 
increase in costs. In the third place, storage costs of the milled moulds 
for future use can be of signifi cant magnitude.

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as a high cost moulding technique. 

Valuation: – –

Figure A5. CNC-milled formwork from wood, with a 3-axis CNC-cutter, 
for the production of a boat deck. (Nedcam, 2014)

Figure A6.  CNC-milled formwork from wood, with a 5-axis CNC-cutter, 
for the production of a boat deck. (Nedcam, 2014)

 ■ Rigid Moulds
 □ CNC-milled Formwork

 ▫ Geometry

1) Freedom of geometry

CNC-milled formwork offers a huge freedom in terms of geometry. 
Very complex three-dimensional shapes can be obtained, especially for 
anti-clastic surfaces is this technique widely used. The only constraints 
are set by the type of CNC-cutter. 3-axis CNC-cutters do have the 
limitation that they cannot provide geometries with undercuts. However, 
the more sophisticated and more expensive 5-axis CNC-cutter is able 
to perform these undercuts. The control of the chisel by a computer 
enables to mill and obtain extreme curvatures and local deformations of 
the mould surface.

Valuation: ++ 

2) Dimensions

The maximum size of the CNC-milled formwork depends on the 
maximum range of the CNC-cutter. In the maritime sector, for example, 
complete yacht-moulds are milled with CNC-cutters. Moulds can, 
therefore, be of several meters in length and width. 

Valuation: ++ 

 ▫ Adjustability

3) Reusability of the mould

In case of repeated use of a geometry, a wooden CNC-milled mould 
can be reused several times because of its dimensional reliability. 

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as not reusable. 

Valuation: – 

4) High level of adjustability of the mould surface and edges

Because of the static nature of CNC-milled moulds, there is no 
adjustability of the mould surface possible. 

 Valuation: – 
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6) Accuracy of moulding technique

It is diffi cult to precisely obtain the required geometry with a clay or 
sand mould. Multiple variables infl uences the accuracy of the mould. 
Like the quality of the substructure, the smoothness of the surface and 
most importantly the craftsmanship of the construction workers. 

 Valuation: 0

 ▫ Processing

7) Freedom of material choice

This technique is mainly used for casting of concrete. 

Valuation: 0

8) Suitable for processing fi bre composites

The granular nature of clay and sand moulds is not suitable for 
processing fi bre composites. 

Valuation: – –

9) No contra mould and/or substructure required

The substructure of clay and sand moulds are of great importance. 
For example, sand moulds require a stabilised pile of sand for producing 
elements. 

 Valuation: – –

10) Surface quality before post-processing

The granular structure of clay and sand causes the surface quality to 
be not totally smooth. The granular structure will stand out of the surface 
of the processed product. 

 Valuation: 0

 ▫ Costs

11) Low labour intensity involved

Shaping clay and sand moulds in the required geometry involves a 
huge amount of labour. Therefore, the labour intensity is very high. 

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as high labour intensive.

 Valuation: – –

12) Less labour skills required

Clay and sand have to be shaped by hand, in order to obtain an 
accurate mould there is a high level of craftsmanship necessary. This 
technique requires a high level of labour skills. 

Valuation: –

13) Low cost of moulding technique

The labour intensity and labour skills required for this technique 
made the clay and sand moulds not feasible any more. 

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as a high cost moulding technique. 

Valuation: – –

Figure A7. Sand mould for the production of elements for the Philips 
Pavillion at the Brussels Expo 1958 by Le corbusier. (McGill, 2011)

 ■ Reusable Moulds
 □ Clay and Sand Moulds

 ▫ Geometry

1) Freedom of geometry

With the appropriate amount of labour and suitable substructure, 
complex geometries (mono-, syn- and anti-clastic geometries) could 
be obtained with clay or sand moulds.  Although complex geometries 
are possible, producing complex geometries with clay or sand moulds 
is very cumbersome. Undercuts are not possible to produce. Small 
curvatures can cause problems due to the fl ow of the sand. 

Valuation: + 

2) Dimensions

Clay or sand moulds are custom made moulds. They can be of total 
project size, however, there is a lot of supporting material required to 
support the whole structure. The supporting structure can be a limitation 
on the size of the mould. 

Valuation: +

 ▫ Adjustability

3) Reusability of the mould

Sand and clay moulds can be reused. Although, the sand and clay 
itself can be reused in different setups of the mould. In order to obtain 
a different geometry, a lot of labour is involved in adjusting the mould. 

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as not reusable. 

Valuation: – 

4) High level of adjustability of the mould surface and edges

The surface and edges of the clay and sand moulds can be adjusted, 
however, adjustability of the surface is complex and involves a huge 
amount of labour. 

 Valuation: – –

5) Low adjustment time

The adjustment time for clay and sand moulds is very high, because 
of the huge amount of labour that is required for adjusting the mould. 

Valuation: – –
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6) Accuracy of moulding technique

The custom made mould defi nes the geometry obtained. In case of 
a non-stretchable material, the maximum infl ation of the mould defi nes 
the fi nal geometry. This geometry can be accurately prefabricated. 
When the mould material is a bit stretchable, the internal pressure tend 
to stretch the material into a convex shape. In this case, the accuracy of 
the mould is hard to control.  

 Valuation: 0

 ▫ Processing

7) Freedom of material choice

Infl atable moulds are primarily used to build with concrete. Due to 
the convex shape, most liquid materials will fl ow of or result in products 
with uneven thickness. The material to be processed should have  
properties with a high viscosity. 

Valuation: 0

8) Suitable for processing fi bre composites

Infl atable moulds are complex to use for processing fi bre composites. 
Only spray-up of fi bre composites can be a suitable processing method 
for fi bre composites.

Valuation: –

9) No contra mould and/or substructure required

There is no need for a contra mould or substructure, because the 
geometry and stiffness is obtained by internal pressure. 

 Valuation: +

10) Surface quality before post-processing

The surface quality of infl atable moulds are usually very good. 
Though, every irregularity of the surface will be, due to the internal 
pressure, visible in the surface of the processed product. Where 
stiffening of the infl atable geometry is required, dimples can occur in 
the surface. In the case of infl ated spheres, the surface can be totally 
smooth. 

 Valuation: +

 ▫ Costs

11) Low labour intensity involved

An infl atable mould does only need an air-supply in order to infl ate. 
When the mould is infl ated, the mould is ready for use. Labour intensity 
is low for a single infl atable mould. 

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as moderate labour intensive because of a new 
infl atable mould for every unique element.

 Valuation: –

12) Less labour skills required

There is only a person needed which is able to control the air supply 
for infl ation of the mould. There are no skills required. 

Valuation: ++

13) Low cost of moulding technique

The easy technique and use of a highly available source as air 
makes this technique low-cost when particularly looked at the technique 
itself. 

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as a moderate cost moulding technique. 

Valuation: – 

Figure A8. Infl atable mould by BetonBallon. (BetonBallon, 2014)

Figure A9.  Infl atable mould for BLOB production by Pronk (Buitink 
Technology, 2014)

 ■ Reusable Moulds
 □ Infl atable Mould

 ▫ Geometry

1) Freedom of geometry

Infl atable moulds are restricted to mainly convex surfaces. Because 
of the evenly distributed pressure on a fl exible surface, the surface tend 
to shape convex. 

Valuation: 0

2) Dimensions

Infl atable moulds can be thin, light and easily infl ated by air. 
Therefore, the moulds can be of great dimensions. 

Valuation: ++ 

 ▫ Adjustability

3) Reusability of the mould

The infl atable mould can, with the appropriate release material, be 
reused for producing more products of the same geometry. However, it 
is not possible to use the same mould for other geometries. 

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as not reusable. 

Valuation: – –

4) High level of adjustability of the mould surface and edges

In order to obtain a different geometry, a whole new infl atable mould 
needs to be produced. Infl atable moulds are, therefore, considered as 
not adjustable.

 Valuation: – –

5) Low adjustment time

Because the infl atable mould cannot be adjusted, there is no 
adjustment time. 

Valuation: X
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6) Accuracy of moulding technique

Because of the fl exibility of the fabric formwork, the accuracy of the 
mould is very complex to control. The formwork is controlled by tension.   

 Valuation: 0

 ▫ Processing

7) Freedom of material choice

The use of the fabric formwork defi nes the type of material that can be 
used. In general, mainly concrete is used with fabric formwork. Concrete 
casting can be used with closed fabric moulds, but also shotcrete in 
open vertical moulds. Spray-up of fi bre composite is also possible, other 
materials could be complex to process with fabric formwork. 

Valuation: 0

8) Suitable for processing fi bre composites

Due to the fl exible nature of the fabric formwork, only spray-up 
processing of fi bre composites could be applied. 

Valuation: –

9) No contra mould and/or substructure required

Fabric formwork need a substructure in order to support the fabric 
or to clamp and stretch the fabric. The substructure also defi nes the 
geometry of the mould.

 Valuation: –

10) Surface quality before post-processing

The surface quality of the fabric defi nes the surface quality of the 
produced product. If the fabric is built from fi bres, the fi bres will be 
refl ected on the surface of the processed element. Care must be taken 
on the type of fabric used and its resulting surface fi nish. Though, the 
structure of the fabric could also be a desirable effect.

 Valuation: 0

 ▫ Costs

11) Low labour intensity involved

Fabric formwork can easily be clamped and stretched on a 
substructure. Though, obtaining high accuracy of geometry is labour 
intensive. 

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as moderate labour intensive because of the need 
of a new fabric mould setup for every unique element.

 Valuation: 0

12) Less labour skills required

Fabric formwork can easily be processed, there is no high level of 
labour skills required. When a high accuracy of the geometry is required, 
craftsmanship is preferable. 

Valuation: +

13) Low cost of moulding technique

The low cost of fabrics causing this technique to be very cheap on 
itself. 

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as a moderate cost moulding technique. 

Valuation: 0

Figure A10. Fabric formwork by CAST. (The Centre for Architectural 
Structures and Technology, 2008)

Figure A11. Fabric formwork by CAST. (The Centre for Architectural 
Structures and Technology, 2008)

Figure A12. Fabric formwork of Crushed Wall by Walter Jack Studio.  
(Burt, 2012)

 ■ Reusable Moulds
 □ Flexible Formwork

 ▫ Geometry

1) Freedom of geometry

The fl exibility of the fabric defi nes the freedom of geometry. 
Very smooth and fl uid surfaces can be obtained; however, control of 
the surface is complex. Complex geometries are obtained by the 
substructure that is required. Undercuts are not possible to produce. 

Valuation: ++ 

2) Dimensions

Fabrics are relatively light and cheap; therefore, fabric formworks 
can have big dimensions. 

Valuation: ++ 

 ▫ Adjustability

3) Reusability of the mould

Fabric formwork can be reused many times, however a changing 
geometry is relying on the substructure of the fabric formwork.

Based on the set criteria that the moulding technique should be able 
to produce a sequence of unique double curved elements, this moulding 
technique is valued as not reusable. 

Valuation: – 

4) High level of adjustability of the mould surface and edges

Fabric formworks are easy to form and to adjust; however, control 
of the adjustments is complex. Only the edges are able to be adjusted. 
Surface manipulation is done by surface tension. The fl exibility of the 
fabric formwork does allow to press solid objects into the formwork. 
Pressing solid objects can, however, be controlled. 

 Valuation: 0

5) Low adjustment time

Adjustment time of the fabric formwork can be very fast. If a high 
accuracy of the adjusted geometry is required, adjusting time can 
signifi cantly increase.

Valuation: +
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6) Accuracy of moulding technique

The accuracy of the surface and surface edges can be really high, 
because all the pins can be controlled on a small scale. However, in 
order to obtain a smooth surface, an interpolator is required. Meaning 
that the accuracy of the pin-bed surface depends on the quality of the 
interpolator. A too fl exible interpolator causes the surface to hang over 
the pins, dimpling occurs. An interpolator which is too stiff will not follow 
the required geometry.    

 Valuation: ++

 ▫ Processing

7) Freedom of material choice

The surface of this technique are the pins of the actuators. Although 
the pins are closely packed, the technique is still an open system. 
Therefore, not all materials can be processed, in order to prevent leakage 
of the material between the moving pins. Mainly sheet materials, which 
can be processed into the required form by heating, are processed on 
this technique.  

Valuation: 0

8) Suitable for processing fi bre composites

The interpolator material on top of the pin-bed surface can make 
this technique suitable for resin transfer moulding of fi bre composites. 
Although, the membrane surface has to be sealed so that a vacuum can 
be drawn and no resin runs through. 

Valuation: 0

9) No contra mould and/or substructure required

There is no need for a contra mould or substructure in the case of 
a pin-bed surface. 

 Valuation: ++

10) Surface quality before post-processing

The surface quality of the pin-bed surface itself is very bad. The 
processing of sheet material directly on the pins results in a dimpled 
surface with imprint of the pins. In order to obtain a smooth surface, an 
interpolator is required. 

 Valuation: –

 ▫ Costs

11) Low labour intensity involved

Because of the computer controlled nature of the actuators of the 
pin-bed surface, there is only a person required who controls the mould 
and provides the mould with material. 

 Valuation: +

12) Less labour skills required

The computer controlled nature of the pin-bed surface replaces 
the need for craftsmanship. There is only a person required who can 
operate the pin-bed surface. 

Valuation: +

13) Low cost of moulding technique

The spacing of the actuators defi nes the amount of actuators and 
thus the cost of the mould. Because of the close packed nature with a 
large amount of actuators, the cost of this technique is very high.

Valuation: – –

Figure A13.  FlexiMould pin-bed surface by Sebastiaan Boers. (Boers, 
2013)

 ■ Flexible Moulds
 □ Pin-bed Surface

 ▫ Geometry

1) Freedom of geometry

The closely packed actuators allowing this technique to perform a 
wide range of geometries. Because the actuators are closely packed, 
extreme curvatures can be obtained. Relatively high deviations can be 
obtained, but undercuts are not possible to produce. 

Valuation: ++ 

2) Dimensions

The size of the closely packed pin-bed surface is (very) small. 
Because every actuator (pin) increases the costs of the mould, large 
moulds are economically not feasible (yet). 

Valuation: – –

 ▫ Adjustability

3) Reusability of the mould

The adjustability of the actuators (pins) makes the pin-bed surface 
suitable for reusability in order to produce different geometries. 

Valuation: ++ 

4) High level of adjustability of the mould surface and edges

The closely packed nature of the pin-bed surface results in a very 
high level of adjustability of the surface and edges. Even the smallest 
curvatures and local deformations are obtainable with the pin-bed 
surface.

 Valuation: ++

5) Low adjustment time

The closely packed nature of the mould also involves a large amount 
of actuators. In order to set all these actuators, a signifi cant amount of 
time is required before another geometry is obtained.

Valuation: 0
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5) Low adjustment time

Supported membranes can be adjusted relatively quick. In general 
the adjustment time of supported membranes is faster than the pin-bed 
surface but slower than the tensioned membrane moulds. 

Valuation: +

6) Accuracy of moulding technique

The accuracy of the supported membrane mould depends on the 
quality of the interpolator. A too fl exible interpolator causes the surface 
to hang between the actuators. An interpolator which is too stiff will 
not follow the required geometry. Besides, the spacing between the 
actuators defi nes the accuracy of the surface, because the membrane 
needs to interpolate between the actuators. In general, the accuracy of 
the surface and surface edges is good.    

 Valuation: +

 ▫ Processing

7) Freedom of material choice

Supported membranes are able to process a wide variety of 
materials. Heavy materials, like concrete, are also possible with the 
appropriate membrane and because of the support of the actuators over 
the whole surface. 

Valuation: +

8) Suitable for processing fi bre composites

The membrane surface of the supported membrane moulds makes 
this technique suitable for resin transfer moulding of fi bre composites. 
Although, the membrane surface has to be sealed so that a vacuum can 
be drawn and no resin runs through. 

Valuation: ++

9) No contra mould and/or substructure required

There is no need for a contra mould or substructure in the case of a 
supported membrane. 

 Valuation: ++

10) Surface quality before post-processing

The surface quality of the produced product is heavily depending 
on the type of interpolator of the supported membrane. When the 
interpolator is too fl exible, dimples occur in the surface of the produced 
product. When the interpolator is too stiff, the produced geometry does 
not match the required geometry. Besides, the material of the interpolator 
defi nes the fi nish of the produced element.

 Valuation: +

 ▫ Costs

11) Low labour intensity involved

Because of the computer controlled nature of the actuators of the 
supported membrane mould, there is only a person needed who controls 
the mould and provides the mould with material. 

 Valuation: +

12) Less labour skills required

The computer controlled nature of the supported membrane mould 
replaces the need for craftsmanship. There is only a person required 
who can operate the supported membrane mould. 

Valuation: +

13) Low cost of moulding technique

The spacing of the actuators defi nes the cost of the mould. In 
general the cost of the supported membrane moulds is lower than that 
of the pin-bed mould but higher than that of a tensioned membrane.

Valuation: –

 ■ Flexible Moulds
 □ Supported Membranes

 ▫ Geometry

1) Freedom of geometry

Due to the support of the membrane by spaced actuators over 
the whole surface, this technique is able to control a huge variety of 
geometries. The distance between the actuators defi nes the amount of 
interpolation of the geometry between the control points. The minimum 
and maximum amplitude of the actuators defi nes the minimum and 
maximum curvature that is possible. In general, supported membranes 
offers a huge freedom of geometry. Undercuts cannot be produced by 
the supported membranes.

Valuation: + 

2) Dimensions

The size of a mould based on the supported membrane technique 
is usually of moderate size. Large moulds are economically not justifi ed 
because of the signifi cant increase of costs per extra actuator. A larger 
mould with the same amount of actuators means a wider spacing of the 
actuators, resulting in a loss of controllability. The size of the mould is 
normally a consolidation between costs and controllability. 

Valuation: 0

 ▫ Adjustability

3) Reusability of the mould

The adjustability of the supported membrane makes the technique 
suitable for reusability in order to produce different geometries. 

Valuation: ++ 

4) High level of adjustability of the mould surface and edges

Because the supported membrane consists of controllable actuators 
all over the surface, the adjustability of the mould surface and surface 
edges is high. However, the adjustability does depend on the spacing 
between the actuators. The greater the spacing between the actuators, 
the lower the degree of local adjustability of the surface. 

 Valuation: +

Figure A14.  Supported membrane by Karel Vollers and Daan 
Rietbergen. (Schipper, 2013)

Figure A15.  Reconfi gurable mould for double curved panels by Barazi, 
Bitsianis, Carroll, & Kabbara. (Architectural Association School of 
Architecture, 2014)

Figure A16.  Adaptive mould by ADAPA ApS. (ADAPA ApS, 2014)
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5) Low adjustment time

Tensioned membranes can be adjusted very quick, because there 
are only controllable actuators at the edges of the surface. Therefore, 
the adjustment time of tensioned membrane mould is faster than that of 
the pin-bed surface and the supported membrane moulds. 

Valuation: +

6) Accuracy of moulding technique

The accuracy of the surface itself is not controllable. The surface is 
formed by interpolation. This means a low accuracy of the surface. The 
controllable surface edges makes the technique interesting because 
the edge transition between different elements can be controlled. Small 
deviations, in the magnitude of several millimetres, in the surface are 
not noticeable for the human eye. Deviations between adjacent surface 
edges, however, are noticeable. Therefore, this technique is focussing 
on the accuracy of the surface edges.    

 Valuation: 0

 ▫ Processing

7) Freedom of material choice

Tensioned membranes are able to process a wide variety of 
materials. However, heavy materials can deform the membrane because 
the membrane is not supported on the surface. 

Valuation: 0

8) Suitable for processing fi bre composites

The membrane surface of the tensioned membrane mould makes 
this technique suitable for resin transfer moulding of fi bre composites. 
Although, the membrane surface has to be sealed, in order to draw a 
vacuum and to prevent resin from running through.

Valuation: ++

9) No contra mould and/or substructure required

There is no need for a contra mould or substructure in the case 
of a tensioned membrane. However, for local surface manipulation a 
secondary structure or pushing element is required.

 Valuation: ++

10) Surface quality before post-processing

The surface quality of the mould is quite good, the smoothness of 
the tensioned membranes defi nes the quality. At the transition between 
the actuators to the tensioned membrane, it is possible that there will be 
an imprint in the processed material due to defl ection of the membrane. 
This imprint is not desired. 

 Valuation: 0

 ▫ Costs

11) Low labour intensity involved

Although the control actuators are adjusted by hand, the labour 
intensity of the tensioned membrane mould is quite low. 

 Valuation: +

12) Less labour skills required

There is only insight in the control of the actuators required. 
Therefore, the labour skills required are quite low. 

Valuation: +

13) Low cost of moulding technique

The low amount of actuators, only at the edges of the surface, 
lowers the costs of the mould signifi cantly. In general, the cost of the 
tensioned membrane moulds is lower than that of the pin-bed mould and 
the supported membrane moulds.

Valuation: +

Figure A17.  Tensioned membrane by Ivo van Rooy and Pieter 
Schinkel. (van Rooy and Schinkel, 2009)

 ■ Flexible Moulds
 □ Supported Membranes

 ▫ Geometry

1) Freedom of geometry

Tensioned membranes are only controllable at the edges of the 
surface. Therefore, synclastic curvatures are not possible. Other 
geometries defi ned by deformation of the edges of a surface are 
possible. Because there is no control of the surface, besides the edge 
control, there is no ability for local deformation of the surface. Undercuts 
are not possible to produce. 

Valuation: + 

2) Dimensions

The size of the tensioned membranes moulding technique can be 
greater than that of a supported membrane. Because there are only 
actuators at the edge of the surface, costs are signifi cantly lower. 
However, the greater the size of the mould, the less controllable the 
surface of the mould. 

Valuation: +

 ▫ Adjustability

3) Reusability of the mould

The adjustability of the surface edges of the tensioned membrane 
makes the technique suitable for reusability in order to produce different 
geometries. Except for synclastic curvatures.

Valuation: + 

4) High level of adjustability of the mould surface and edges

Because the tensioned membrane only consists of controllable 
actuators at the edges of the mould, the adjustability of the mould is 
lower than that of the supported membrane. The surface of the mould 
can only be controlled by interpolation of the membrane surface 
between the control points at the edges. This also means that there is 
no possibility for local surface deformations. 

 Valuation: 0
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Figure A18.  Vacuumatics by Frank Huijben. (Huijben, 2014)

Figure A19.  Vacuumatics by Frank Huijben. (Huijben, 2014)

6) Accuracy of moulding technique

When the vacuum is released, the pressurized membrane can 
accurately follow the required geometry of the supporting structure. 
However, when the vacuum is drawn in order to solidify the fl exible layer, 
the pressurized membrane tend to shrink. The air between the granular 
material is sucked out, causing the granular material to be rearranged in 
a more compact fashion. This rearrangement causes the layer to shrink. 
This will decrease the accuracy of this technique.     

 Valuation: 0

 ▫ Processing

7) Freedom of material choice

The materials that can be processed on the pressurized membranes 
are depending on the type of plastic used for the vacuum bag. In general 
concrete can be cast on the pressurized membranes. If the properties 
of the plastic allows elevated temperatures, sheet materials can also be 
processed. 

Valuation: +

8) Suitable for processing fi bre composites

The plastic surface of the pressurized membrane is suitable for 
processing fi bre composites. With the appropriate release agent, many 
different fi bre composite processing techniques could be applied; from 
hand lay-up and spray-up to vacuum injection.

Valuation: ++

9) No contra mould and/or substructure required

Contra moulds or other shaping techniques are required to shape 
the pressurized membrane. 

 Valuation: –

10) Surface quality before post-processing

The required vacuum that has to be drawn in order to obtain a rigid 
surface results in an imprint of the granular material in the processed 
surface. To overcome the imprint of the granular material, an interpolator 
could be applied to obtain a smooth surface. 

 Valuation: –

 ▫ Costs

11) Low labour intensity involved

Because releasing and applying a vacuum is a simple operation, 
the pressurized membrane can easily be shaped and controlled. Labour 
intensity is, therefore, low.

 Valuation: +

12) Less labour skills required

Shaping and control of the pressurized membrane is relatively easy, 
meaning that the labour skills required are low. 

Valuation: +

13) Low cost of moulding technique

The simple control of the pressurized membranes and low cost 
materials used, makes this technique low cost.

Valuation: ++

 ■ Flexible Moulds
 □ Vacuumatics

 ▫ Geometry

1) Freedom of geometry

Pressurized membranes are very fl exible when there is no vacuum 
drawn. The fl exible layer can be formed into a wide variety of complex 
forms, from mono-clastic to anti-clastic geometries. Complex geometries 
need to be formed by hand or a substructure is required.

Valuation: + 

2) Dimensions

The low cost of the pressurized membranes enables this technique 
to have moderate to large dimensions. 

Valuation: ++

 ▫ Adjustability

3) Reusability of the mould

Release of the drawn vacuum results in a fl exible layer which can 
be formed into another geometry to be processed after the vacuum is 
drawn again. This cycle can be repeated many times. 

Valuation: + 

4) High level of adjustability of the mould surface and edges

When the vacuum is released, the pressurized membrane technique 
is a very fl exible layer. The surface and edges can be easily adjusted. 

 Valuation: +

5) Low adjustment time

To reshape the geometry, only the vacuum needs to be released.  
However, reshaping could take time if there is a new geometry for the 
substructure required.

Valuation: +
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Figure A20.  Full-scale 3D-printing by Contour Crafting. (Khoshnevis, 
2014)

Figure A21.  Full-scale 3D-printing by Contour Crafting. (Contour 
Crafting, 2014)

Figure A22.  Full-scale 3D-printing by Contour Crafting. (Contour 
Crafting, 2014)

6) Accuracy of moulding technique

The computer controlled nature of the 3D-printer results in a printed 
object of very high accuracy. Only minor deviations of exchange of 
information between the different types of software required in order to 
start printing and tolerances of the 3D-printer itself can cause deviations 
in the accuracy. However, these deviations are considered to be very 
small and not visible for the human eye.     

 Valuation: ++

 ▫ Processing

7) Freedom of material choice

Although a 3D-printer is still a premature construction technique, a 
wide variety of materials is available to be processed by a 3D-printer. 
From starch and plastic to concrete and steel.

Valuation: 0

8) Suitable for processing fi bre composites

Fibre reinforced plastics can already be printed by a 3D-printer. 
In addition, with the fast pace of innovation of today’s techniques, the 
quality of printed fi bre reinforced composites will increase.

Valuation: –

9) No contra mould and/or substructure required

In the case of a geometry where it is required to ‘print in the air’, 
like double curved geometries, a support material is required to print 
the material on. This supporting material is provided by the 3D-printer 
itself. Although this supporting material can be recycled, printing these 
supporting layers takes time. 

 Valuation: –

10) Surface quality before post-processing

The nozzle of the 3D-printer leaves traces of consecutive printing 
paths on the processed material. In the case of exposed surfaces, the 
surface should be post-processed in order to obtain a smooth surface. 

 Valuation: –

 ▫ Costs

11) Low labour intensity involved

The fte’s required for the 3D-printer to complete a printing job is 
depending on the size, geometry and type of material of the required 
product and the speed of the 3D-printer. However, it is claimed by the 
developers of one type of 3D-printer that the shell structure of a two 
story house can be printed within one day (Contour Crafting, 2014). This 
implies that this technique is quite fast and the 3D-printer does all the 
work. Labour intensity can therefore be considered as low.  

Valuation: +

12) Less labour skills required

The computer controlled nature of the 3D-printer replaces the need 
for craftsmanship. There is only a person required who can operate the 
3D-printer. 

Valuation: +

13) Low cost of moulding technique

First of all, the initial cost of a 3D-printer is high, especially because 
the technique is still in its premature phase. However, the freedom in 
geometry relating to a reduction in the need for expensive supporting 
materials and labour costs will eventually lower the overall costs of the 
3D-printing technique. 

Valuation: – –

 ■ Direct Production
 □ Full-scale 3D-Printing

 ▫ Geometry

1) Freedom of geometry

A 3D-printer can print almost every geometry imaginable. However, 
the movement of the printing nozzle is determined by the XYZ-axis. The 
layer by layer printing can cause some limitations on the printing area 
because of a limited movability of the printing nozzle. This is similar to 
the differences between the 3-axis and 5-axis CNC-cutter. Nonetheless, 
double curved surfaces are perfectly producible with a 3D- printer. 

Valuation: ++

2) Dimensions

In the case of a full-scale 3D-printer, complete shells of a two story 
house can be printed. This means a construction height of six meters 
up to now. 

Valuation: ++

 ▫ Adjustability

3) Reusability of the mould

Because of the fact that the 3D-printer prints directly the fi nal 
element, there is no mould required. The 3D-printer itself can be reused 
by replacing the digital fi le of the required geometry for another. In case 
there is supporting material required, this supporting material can be 
recycled most of the time. 

Valuation: ++

4) High level of adjustability of the mould surface and edges

Because the fi nal product is directly produced, there is no mould 
required. In the case of a changing geometry, the 3D-printer is adjusted 
by loading another printing fi le into the control system of the 3D-printer.  

 Valuation: ++

5) Low adjustment time

Another type of geometry is easily adjusted by loading a different 
printing fi le into the control system of the 3D-printer.

Valuation: ++
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6) Accuracy of moulding technique

The computer controlled nature of the anti-gravity printer results in a 
printed object of high accuracy. However, when looking at the promotion 
video of Mataerial (2013), it can be seen that during printing the thread 
of printed material stays a bit fl exible. Therefore, the printed material 
can still move in space, in the order of millimetres. This is causing the 
accuracy of the anti-gravity printer to decrease.    

 Valuation: +

 ▫ Processing

7) Freedom of material choice

The anti-gravity printer is still in its development phase. Up to now, 
the anti-gravity printer can only print polymers.

Valuation: –

8) Suitable for processing fi bre composites

The anti-gravity printer is still in development. At this moment, 
the anti-gravity printer prints a thermoset polymer. However, with the 
fast pace of innovation of today’s techniques, the ability of anti-gravity 
printing of fi bre composites will be near future.

Valuation: –

9) No contra mould and/or substructure required

The strength of this technique is the ability to print in the ‘air’. There 
is no supporting material required at all. Because the nozzle hardens the 
polymer material at the time it is printed, the material can support itself, 
even in the air. 

 Valuation: ++

10) Surface quality before post-processing

The anti-gravity printer prints its material by extrusion. Therefore, 
the printed object consists of threads of consecutive printing paths. In 
the case of exposed surfaces, the surface should be post-processed in 
order to obtain a smooth surface.  

 Valuation: –

 ▫ Costs

11) Low labour intensity involved

Labour intensity of the anti-gravity printer can be considered as 
low because the only requirement before production can start is the 
digital printing fi le. There is no need for support materials and only one 
construction worker is needed to control the anti-gravity printer. 

Valuation: +

12) Less labour skills required

The computer controlled nature of the anti-gravity printer replaces 
the need for craftsmanship. There is only a person required who is able 
to operate the anti-gravity printer. 

Valuation: +

13) Low cost of moulding technique

The anti-gravity printer is still in development. Initial costs of the 
anti-gravity printer will be very high. However, the freedom in geometry 
relating to a reduction in the need for expensive supporting materials 
and labour costs will eventually lower the overall costs of the 3D-printing 
technique.  

Valuation: – –

Figure A23.  Mataerial, anti-gravity 3D-printer by Petr Novikov and 
Saša Jokić. (Mataerial, 2013)

 ■ Direct Production
 □ Anti-gravity Printing

 ▫ Geometry

1) Freedom of geometry

Where the full-scale 3D-printer is dependent on the XYZ-axis 
movement, the antigravity printer is a printing nozzle on a 5-axis moving 
robotic arm. Because the printing nozzle can move around 5-axes, every 
thinkable geometry can be produced, including undercuts and even the 
use of different materials within one print job. 

Valuation: ++

2) Dimensions

There are almost no limitations on the dimensions of the produced 
elements by the anti-gravity printer. The reach of the arm of the robotic 
is the only limitation. However, this can be easily solved by placing the 
anti-gravity printer on a movable base.

Valuation: +

 ▫ Adjustability

3) Reusability of the mould

Because of the fact that the anti-gravity printer directly prints the 
fi nal element, there is no mould required. The anti-gravity printer itself 
can be reused by replacing the digital fi le of the required geometry for 
another. 

Valuation: ++

4) High level of adjustability of the mould surface and edges

Because the fi nal product is directly produced, there is no mould 
required. In the case of a changing geometry, the anti-gravity printer is 
adjusted by loading another printing fi le into the control system of the 
anti-gravity printer.  

 Valuation: ++

5) Low adjustment time

Another type of geometry is easily adjusted by loading a different 
printing fi le into the control system of the anti-gravity printer.

Valuation: ++
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 ■ Introduction
This appendix gives a detailed overview of the experiments 

performed in this research. The general information of the experiments is 
tagged by the code of the morphological design matrix of part four of the 
main text, see Table 1. In case there are no changes in the parameters 
of the morphological design matrix between consecutive experiments, 
the tagged code is written in grey. 

Before going further into the details of the experiments, an 
overview of the preparation of the experiments is shown. The overview 
of the preparation of the experiments is based on experiment 18. 
Experiment 18, is the most representative experiment regarding the 
fi nal mould.

analysis ofanalysis of
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 □ Preparing Contra Mould

In order to produce the infl atable mould, the silicone rubber needs 
to be cast into a contra mould. The contra mould is made of medium 
density fi breboard (MDF). MDF is chosen because of its relatively 
smooth surface and easy processing. The MDF is treated with a clear 
varnish for ultimate release properties of the cast silicone rubber. 
Especially the sides which are sawn have to be pre-treated very well. 
Due to slight porosity of the sawn sides of the MDF, the uncured silicone 
rubber can impregnate the MDF and causing the cured silicone rubber 
to adhere to the contra-mould.

The upper part of the contra mould provides the casting of the 
walls of the air chambers and the top surface. The mould contains 
three times three blocks of MDF, size 95mm x 95mm, representing 
the air-chambers. Spacing of the blocks is 4mm, representing the wall 
thickness (see Figure B4). The MDF blocks are sanded before casting, 
to prevent tearing of the cured silicone rubber walls due to jagged or 
sharp edges. 

The lower part of the contra mould is used for casting the bottom 
surface of the infl atable mould. The contra mould consists of a fl at 
surface of MDF. Elevated edges prevent outfl ow of silicone rubber 
(see Figure B5).

The MDF is not treated with Vaseline for ultimate release properties. 
Because the Vaseline creates a thin fi lm on the contact surface of the 
upper and lower part of the mould. Even after thoroughly cleaning of the 
silicone rubber, a thin fi lm of Vaseline remains on the contact surfaces. 
The Vaseline also impregnates the silicone rubber because of the slight 
permeability of the silicone rubber. The Vaseline layer prevents the 
uncured silicone rubber to establish a proper adhesive bond between 
the contact surfaces of the upper and lower part of the infl atable mould.   
Resulting in a lack of adhesion of the two combined parts of the infl atable 
mould. 

 

Figure B4.  Preparing contra mould, upper part. Three times three 
blocks of MDF, size 95mm x 95mm with spacing of 4mm.

Figure B5.  Preparing contra mould, lower part. Flat surface of MDF 
with edges. 
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 ■ Preparation of Experiments
 □ Silicone Rubber

The elastomer used in this experiment is silicone rubber. The 
silicone rubber used in experiments one to fi ve is Smooth-On Ecofl ex 
(see Figure B1) and Smooth-On Dragon Skin (see Figure B2), 
purchased at FormX. The silicone rubber from FormX has a translucent 
white colour. The shore hardness of Ecofl ex 00-30 is 00-30, the 
shore hardness of Ecofl ex 00-50 is 00-50, and the shore hardness of 
Dragon Skin 10 medium is A10. 

 The silicone rubber used in experiments seven to twenty is PS8510 
(shore hardness A10) (see Figure B3), purchased at Poly-Service. The 
silicone rubber from Poly-Service has an orange colour. Both silicone 
rubbers, from FormX and from Poly-Service, are basically the same 
products. Change of supplier was due to logistic reasons.

The silicone rubbers used are a very strong casting and brushable 
silicone rubber which cures at room temperature by addition. The 
silicone rubber comes in a package of two cans, part A is the silicone 
rubber and part B is the harder.

Figure B1.  Silicone rubber Smooth-On Ecofl ex 00-30 
(shore hardness 00-30) and Ecofl ex 00-50 (shore hardness 00-50), 
part A and B. Purchased at FormX.

Figure B2.  Silicone rubber Smooth-On Dragon Skin 
(shore hardness A10), part A and B. Purchased at FormX.

Figure B3.  Silicone rubber PS8510 (shore hardness A10), part A and 
part B. Purchased at Poly-Service. 



Figure B9.  Casting silicone rubber into upper contra mould. Casting of 
silicone rubber from one spot with a constant fl ow. 

Figure B11.  Possible appearing air bubbles can be removed by 
puncturing with a sharp object.

Figure B10.  Pressing steel mesh into silicone rubber on lower contra 
mould. Orange dots visible on the surface are the punctured holes for 
air supply.

 □ Casting Silicone Rubber

When the silicone rubber is mixed into a uniform coloured liquid, the 
pot life is half an hour. After 30 minutes, the silicone rubber starts curing 
and the viscosity will increase. 

During casting of the uncured silicone rubber, it is important to 
cast with a constant fl ow from one spot of the contra mould and let the 
silicone rubber fl ow to fi ll the whole mould (see Figure B9). Casting from 
one spot prevents the entrapment of air. The uncured silicone rubber 
levels itself, therefore, a horizontal work surface is recommended. 

After the upper and lower part of the contra mould are fi lled with 
silicone rubber, a steel mesh is pressed into the silicone rubber on both 
sides of the contra mould (see Figure B10). To obtain a good end result, 
it is required that the steel mesh is entirely covered with silicone rubber. 
The steel mesh for the bottom layer of the infl atable mould is, before 
pressing into the uncured silicone rubber, punched with holes for the 
connection of the air supply.

 After casting the silicone rubber, possible appearing air bubbles can 
be removed by puncturing with a sharp object while the silicone rubber 
is still viscous (see Figure B11). 

two
V

 □ Preparing Silicone Rubber

In order to mix part A and part B correctly, both parts do have 
different colours (see Figure B6 and Figure B7). Part A has the colour 
off-white and part B has the colour orange. The mixing ratio of part A and 
part B is 1:1 by volume and is correctly mixed when part A and part B 
obtain a uniform colour (see Figure B8).

The best results are obtained when the plastic mixing container is 
degassed in a vacuum chamber to remove the air bubbles. 

Part A and part B are best mixed by making use of the plastic mixing 
containers with graduated markings for accurate measurement of the 
materials by volume. Part A and part B are mixed by using wooden 
stirring sticks.

It is recommended to prepare and cast uncured silicone rubber at 
room temperature (20°C) and preferably at 25°C for ultimate viscosity 
and curing properties. 

Figure B6.  Preparing silicone rubber. Part A and Part B consisting of 
two different colours. 

Figure B7.  Preparing silicone rubber. Part A and Part B consisting of 
two different colours. 

Figure B8.  Preparing silicone rubber. Mixing two components, part A 
and part B, into one until a uniform colour is obtained. 



The upper part of the mould is released by removing the wooden 
edges (see Figure B15). Once the wooden edges are removed, the 
cured silicone rubber upper part of the mould can be lifted off from the 
contra mould by slightly pulling the silicone rubber (see Figure B16). 
Because the silicone rubber can extend to six times its initial dimensions 
and has very good tear strength, there is no need to be afraid to pull the 
silicone rubber into pieces during demoulding. 

When the parts are demoulded, the upper and lower part of the 
infl atable mould are ready to be processed further (see Figure B13 and 
Figure B17). 

Figure B15.  Removing the edges of the contra mould for demoulding 
the cured silicone rubber. 

Figure B17.  The demoulded silicone rubber upper part of the infl atable 
mould.

Figure B16.  When the wooden edges are removed, the silicone rubber 
upper part can be demoulded by slightly pulling the silicone rubber.
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 □ Demoulding Silicone Rubber

After two hours of curing the silicone rubber parts are ready to be 
demoulded. The silicone rubber is dry and no longer sticky, if the correct 
mix ratio is applied. The air side of the silicone rubber has a high gloss 
fi nishing, the mould side of the silicone rubber has a satin gloss fi nishing 
due to the satin fi nish of the MDF (see Figure B12 and Figure B13). 
The appearance of the silicone rubber surface must be taken into 
consideration for further processing of the infl atable mould surface. 

The silicone rubber part can be released from the contra mould by 
pulling the silicone rubber (see Figure B14). 

Figure B12.  Silicone rubber cast ready for demoulding after two hours 
of curing. Air side of the silicone rubber has a high gloss fi nishing, mould 
side of the silicone rubber has a satin gloss fi nishing. 

Figure B13.  Mould side of the silicone rubber has a satin gloss fi nishing 
due to the satin fi nish of MDF.

Figure B14.  Demoulding the silicone rubber part from the contra mould 
by pulling the silicone rubber. 



 □ Combining Upper and Lower Part of Mould

Because the infl atable air chamber cannot be cast in once, due to the 
air cavity required for infl ation, the upper and lower part of the infl atable 
air chamber have to be combined. Combining the upper and lower part 
of the infl atable air chamber is done by using uncured silicone rubber. 
The uncured silicone rubber is applied to the cured silicone rubber walls 
of the air chamber and on the surface of the lower part of the infl atable 
mould (see Figure B22 and Figure B23). The uncured silicone rubber 
is acting as a glue. When the connecting surfaces are provided with 
uncured silicone rubber, the upper part can be precisely placed on the 
lower part. As a measure of precaution, extra uncured silicone could be 
applied on the edges of the connection to enhance air tightness. 

After two hours, the connection between the two parts of silicone 
rubber is cured. After 24 hours the silicone rubber reached its full 
mechanical properties and is ready to be loaded by internal pressure 
(see Figure B24). 

An important note is that the upper part of the infl atable mould needs 
to be connected to the MDF cast side of the bottom part. This side of the 
bottom part contains a much higher surface energy than the air side of 
the cast bottom layer. The MDF mould side has a satin fi nish and the air 
side a glossy fi nish. It is important that the satin side is used to combine 
upper and lower part of the infl atable mould. 

Figure B22.  Uncured silicone rubber is poured on the lower surface of 
the infl atable mould. The uncured silicone rubber is acting as a glue for 
connection with the upper part of the infl atable mould.

Figure B23.  Uncured silicone rubber is poured at the walls of the upper 
part of the infl atable mould. The uncured silicone rubber is acting as a 
glue for connection with the lower part of the infl atable mould.

Figure B24.  Upper and lower part of the infl atable mould combined 
together. Infl atable mould is ready for loading by internal pressure.
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 □ Preparing Air Supply

In order to obtain an air tight connection between the air supply and 
the infl atable silicone rubber air chamber, push-in bulkhead connectors 
are used. Because silicone rubber has the property to not adhere to 
any other material than silicone rubber itself, the air supply has to be 
clamped to the silicone rubber. At the place of the cutouts in the steel 
mesh, there are holes punched in the silicone rubber in order to mount 
the bulkhead connectors (see Figure B19). 

Clamping of the bulkhead connector is done by using body rings and 
nuts on both sides of the silicone rubber surface (see Figure B20). The 
nuts push the body rings into the silicone rubber, applying an air seal. 

The bulkhead connector is then connected with a push in air tube to 
the (manual) air supply (see Figure B21). 

Figure B19.  Holes are punched in the silicone rubber at the place of 
the cutouts in the steel mesh, in order to mount the bulkhead connectors.

Figure B20.  Clamping of the bulkhead connector to the silicone rubber 
by making use of a body rings and nuts.

Figure B21.  Connecting of the bulkhead connector to the air supply by 
making use of push-in air tubes and a manual air bulb.
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 □ Findings of the Experiment

Experiment one shows that little infl ation of the air chambers causes 
the top layer to expand and form convex shapes (see Figure B25). The 
internal pressure, increased by infl ation, seeks the path of the least 
resistance.  Because of a homogeneous material usage and a uniformly 
distributed load, i.e. internal pressure, deformation is in the direction of 
the path of the least resistance. Because the top layer is thinner than the 
thickness of the walls, the top layer deforms.  

Due to the partitioning of the infl atable chambers, the deformation 
of the top layer results in a heavily dimpled surface (see Figure B26 and 
Figure B27). Deformation of the bottom layer is blocked by the wooden 
bottom layer. The dimpled surface leads to a non-smooth surface of the 
fi nal produced element with an imprint of the dimples visible. 

The very soft and fl exible silicone rubber, shore hardness 00-30, 
allows for large deformations. Therefore, high deviations can be obtained, 
disregarding surface smoothness (see Figure B28 and Figure B29).

The connection of the air tubes is air tight due to surrounding silicone 
rubber and the lateral support of the wooden bottom layer. 

 □ Recommendations Further Research

 – Behaviour of the infl atable mould without lateral support;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Size of the air chambers;

 – Height of the air chambers.

 ■ Experiment One
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-2] Smooth-On Ecofl ex shore hardness 00-30;

[C1-1]  Squared infl atable chambers;

[C2-1]  40x40mm infl atable chambers;

[C3-1]  1 infl atable layer;

[C4-2]  4x4 confi guration of infl atable chambers; 

[C5-1]  2mm thick top layer;

[C6-1]  No reinforcement of top layer;

[C7-2]  3mm thick walls, with outside lateral support; 

[C8-4]  40mm height of the walls;

[C9-1] No reinforcement of walls;

[C10] Embedded in wooden bottom layer;

[C11] Wooden bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-1] Embedded air supply;

[E1-1] No interpolating layer.

Figure B25.  Experiment one; infl atable mould with actuated infl atable 
chambers.

Figure B26.  Close-up of heavily dimpled top layer.

Figure B27.  Plaster cast result of experiment one. The imprint of the 
dimpled surface is clearly marked in the cast plaster.

Figure B28.  Side view of mould with increased internal pressure. High 
deviations are obtainable, regardless of surface smoothness.

Figure B29.  Top view of mould with increased internal pressure. High 
deviations are obtainable, regardless of surface smoothness.
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 □ Findings of the Experiment

In order to diminish the imprint of the dimples in the fi nal produced 
panel, a silicone rubber interpolator is stretched over the infl atable 
chambers (see Figure B30). Increasing the internal pressure of the air 
chamber expands the top layer. The space arising between the convex 
shaped top layer is bridged by the interpolating layer (see Figure B31). 
The interpolating layer diminishes the imprint of the dimpled surface in 
the fi nal produced product. However, because of a very thin interpolating 
layer the convex shaped deformation of the top layer pulls through the 
surface of the interpolating layer and leaving an imprint of the dimples in 
the top layer (see Figure B32). 

The deformation of the interpolating layer by the infl atable chambers 
shows that the interpolating layer lacks rigidity. An interpolating layer 
with a greater stiffness or thickness will eliminate the imprint and 
smoothly interpolates between the infl atable chambers. A higher 
stiffness of the interpolating layer is especially required when an external 
load, e.g. material for fi nal produced panel, is applied to the interpolating 
layer. Otherwise, the imprint will be far greater.  

 □ Recommendations Further Research

 – Behaviour of the infl atable mould without lateral support;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Size of the air chambers;

 – Height of the air chambers;

 – Stiffness of the interpolator, when applied.

 ■ Experiment Two
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-2] Smooth-On Ecofl ex shore hardness 00-30;

[C1-1]  Squared infl atable chambers;

[C2-1]  40x40mm infl atable chambers;

[C3-1]  1 infl atable layer;

[C4-2]  4x4 confi guration of infl atable chambers; 

[C5-1]  2mm thick top layer;

[C6-1]  No reinforcement of top layer;

[C7-2]  3mm thick walls, with outside lateral support; 

[C8-4]  40mm height of the walls;

[C9-1] No reinforcement of walls;

[C10] Embedded in wooden bottom layer;

[C11] Wooden bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-1] Embedded air supply;

[E1] 1mm thick interpolating layer;

[E2] Silcone rubber interpolating layer;

[E3-1] No reinforcement of interpolating layer;

[E4-1] No attachment of interpolating layer to infl atable mould.

Figure B30.  Experiment two; same infl atable mould as experiment 
one, however, with an additional interpolating layer on top.

Figure B31.  Close-up of interpolator on top of dimpled top layer. 
Interpolator bridges the gap between adjacent infl atable chambers, 
though, the interpolator is too fl exible and thin.

Figure B32.  Plaster cast result of experiment two. Interpolator reduces 
the imprint of the dimples, however the dimples are still clearly marked.
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 □ Findings of the Experiment

Compared to previous experiments, the use of a silicone rubber 
with a higher shore hardness does not immediately improve surface 
smoothness. 

Besides, the lower height of the walls does not improve surface 
smoothness either. The lower height of the walls also decreases the 
maximum deviation of the infl atable cushions. The walls are acting as 
a pulling support to the top layer. This means that the force required for 
bending of the top layer is still lower than the force required to stretch 
the walls. 

Actuation of the infl atable chambers is provided by an embedded 
air supply. The air tubes are punctured trough the bottom layer and 
embedded in excessive silicone rubber. Due to the nature of silicone 
rubber to not adhere to any type of material, the embedded air tube 
loosens itself from the silicone rubber in case of increased internal 
pressure levels. This results in air leakage of the air chambers 
(see Figure B33 and Figure B34).

The removal of the wooden support from the bottom layer, referring 
to experiment one and two, causes the bottom layer of experiment three 
to deform upon infl ation (see Figure B35). 

 □ Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Size of the air chambers;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber.

 ■ Experiment Three
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-2+3+4] Smooth-On Ecofl ex shore hardness 00-30 and 

 00-50, and Dragon Skin 10 medium; 

[C1-1]  Squared infl atable chambers;

[C2-1]  40x40mm infl atable chambers;

[C3-1]  1 infl atable layer;

[C4-2]  4x4 confi guration of infl atable chambers; 

[C5-1]  2mm thick top layer;

[C6-1]  No reinforcement of top layer;

[C7-1]  2mm thick walls;

[C8-2]  2mm height of the walls;

[C9-1] No reinforcement of walls;

[C10-1] 2mm thick bottom layer;

[C11-1] No reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-1] Embedded air supply;

[E1-1] No interpolating layer.

Figure B33.  Experiment three; infl atable layer without lateral support.

Figure B34.  Infl ation of air chamber by the use of embedded air supply. 
Air chamber is sealed by air valve.

Figure B35.  Deformation of top layer as well as the bottom layer, 
resulting in a dimpled top layer.   
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 ■ Experiment Four
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-3]  Smooth-On Ecofl ex shore hardness 00-50;

[C1-1]  Squared infl atable chambers;

[C2-1]  40x40mm infl atable chambers;

[C3-2]  2 infl atable layers;

[C4-2]  4x4 confi guration of infl atable chambers; 

[C5-1]  2mm thick top layer;

[C6-1]  No reinforcement of top layer;

[C7-1]  2mm thick walls;

[C8-2]  2mm height of the walls;

[C9-1] No reinforcement of walls;

[C10-1] 2mm thick bottom layer;

[C11-1] No reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-1] Embedded air supply;

[E1-1] No interpolating layer.

 □ Findings of the Experiment

In order to prevent dimples from occurring, experiment four contains 
two infl atable layers with a staggered placement of the infl atable 
chambers (see Figure B36 and Figure B37). The staggered infl atable 
chambers of the second layer should eliminate the deviation between the 
infl ated top layer and the walls of the infl ated top layer. However, due to 
an evenly distributed air pressure, the lower layer does not only elevate 
the walls of the top layer. Therefore, the multiple layer confi guration still 
results in a dimpled surface of the top layer. 

Besides, the multiple layer confi guration causes problems to the air 
tightness of the infl atable chambers. In order to supply the air chambers 
of the top layer with air, the air tubes need to penetrate the air chambers 
of the lower situated layer. The lack of adherence between the air 
tube and the silicone rubber causes air leakage. In addition, the high 
amount of air tubes used in the multiple layer confi guration means a 
high probability of failure in air leakage (see Figure B38). The lack of 
adhesion between the silicone rubber and the air tube results in a pull 
out of the air tube (see Figure B39). 

 □ Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Size of the air chambers;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber.

Figure B36.  Experiment four; multiple infl atable layer confi guration.     

Figure B37.  Close-up of infl atable layer with staggered design of the 
walls of the infl atable chambers.

Figure B38.  High number of air tubes for the air supply of the infl atable 
air chambers of both layers.   

Figure B39.  Close-up of pull out of air tube from an infl atable chamber 
due to a lack of adhesion between air tube and silicone rubber.   
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 ■ Experiment Five
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-3]  Smooth-On Ecofl ex shore hardness 00-50;

[C1-1]  Squared infl atable chambers;

[C2-1]  40x40mm infl atable chambers;

[C3-1]  1 infl atable layer;

[C4-2]  4x4 confi guration of infl atable chambers; 

[C5-1]  2mm thick top layer;

[C6-1]  No reinforcement of top layer;

[C7-1]  2mm thick walls;

[C8-1]  No initial height of the walls;

[C9-1] No reinforcement of walls;

[C10-1] 2mm thick bottom layer;

[C11-1] No reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-1] Embedded air supply;

[E1-1] No interpolating layer.

 □ Findings of the Experiment

To explore the impact of the height of the walls on the smoothness 
of the top layer, the height of the walls is eliminated in experiment fi ve. 
This means that the top layer and bottom layer are directly connected 
to each other by the use of uncured silicone rubber (see Figure B40). 

As can be seen in Figure B41 the elimination of the wall height does 
not result in a smoother surface than earlier experiments. The top layer 
is still deformed by bending of the top layer of the infl atable chamber and 
constraint by the connection of the top and bottom layer. 

Besides, the low viscosity of the silicone rubber causes the uncured 
silicone rubber to fl ow out. Although the uncured silicone rubber is applied 
as a string of 1 to 2 mm thick, the low viscosity causes the uncured 
silicone rubber to fl ow out. This results in a very thick connection between 
the top and bottom layer and an irregular uncontrolled geometry of the 
air chambers (see Figure B43). All the air chambers are of different size, 
resulting in a decrease in performance control. 

However, in case of automatic casting of uncured silicone rubber 
the spray nozzle can be precisely adjusted so that the uncured silicone 
rubber does not fl ow out and the wall thickness is precisely 1 mm thick.  
This is not possible with manual casting. 

As Figure B42 shows, there is still deformation of the bottom layer 
and the embedded air supply is not air tight.     

 □ Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Size of the air chambers;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Geometrical control of the air chambers.

Figure B40.  Experiment fi ve; single infl atable layer without wall height. 

Figure B41.  Close-up of irregular shaped air chambers.   

Figure B42.  Close-up of irregular shaped infl atable chamber without 
wall height. Elimination of wall height still results in a dimpled surface. 
There is still deformation of the bottom layer.  

Figure B43.  Bottom layer view with irregular shaped air chambers and 
their air supply.    
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 ■ Experiment Six
 □ General Properties of the Experiment

[B1] Polyether foam;

[B3]  Foam quality SG-30;

[C1]  Infl atable balloons;

[C3]  3 infl atable layers;

[C5]  10mm thick layers;

[D1-1] Actuation with air;

[D2-1] Manual actuation.

 □ Findings of the Experiment

Experiment six involves a totally different testing setup. This 
experiment focuses on the smoothness of the top layer. The testing 
setup is built up from different layers of Polyether foam with infl atable 
water balloons between the four foam layers (see Figure B44).

Manual infl ation of the water balloons result in local deformation of 
the Polyether foam. Due to the perfect forming capacity of Polyether 
foam, the top layer has a very smooth surface. Though, the open cel 
structure of the Polyether foam needs to be covered by a smooth and 
closed fi nishing.

The Polyether foam interpolates perfect between the infl ated water 
balloons (see Figure B45, Figure B46 and Figure B47). Although the 
geometry is very smooth, the rigidity of the top surface is very weak. 
When the Polyether foam is used as a moulding surface, the foam tends 
to compress under external loading. Compression of the Polyether foam 
leads to a direct set of the Polyether foam around the infl atable water 
balloons. Therefore, the foam will not interpolate anymore between 
different elevated points. 

In order to interpolate between different elevated positions on the 
surface, the interpolator requires fl exibility and stiffness at the same 
time. However, this experiments shows that the use of a foam as an 
interpolator minimises the occurring of dimples and imprints. 

 □ Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Size of the air chambers;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Use of Polyether foam with silicone rubber infl atable mould;

 – Stiffness of the interpolating foam layer. 

Figure B44.  Experiment six; Polyether foam layer with integrated 
infl atable water balloons.    

Figure B45.  Orthogonal structure on the top layer improves the visibility 
of the deformation of the Polyether foam layer by the water balloons.

Figure B46.  Polyether foam interpolates between different elevated 
points on the surface. 

Figure B47.  Deformation of the bottom Polyether foam layer by the 
infl ated water balloons. 
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 ■ Experiment Seven
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-4]  Poly-Service PS8510 shore hardness A10;

[C1-1]  Squared infl atable chambers;

[C2-3]  100x100mm infl atable chambers;

[C3-1]  1 infl atable layer;

[C4-1]  3x3 confi guration of infl atable chambers; 

[C5-1]  2mm thick top layer;

[C6-1]  No reinforcement of top layer;

[C7-1]  2mm thick walls;

[C8-2]  2mm height of the walls;

[C9-1] No reinforcement of walls;

[C10-1] 2mm thick bottom layer with 20mm polyether foam SG-35;

[C11-1] No reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-1] Embedded air supply;

[E1-2] 5mm thick interpolating layer;

[E2-1] SG-17 interpolating layer;

[E3-1] No reinforcement of interpolating layer;

[E4-4] Full attachment of interpolating layer to infl atable mould;

[E5-1] Attachment by two-component silicone rubber.

 □ Findings of the Experiment

The confi gurations of former experiments are combined into 
experiment seven. This experiment uses silicone rubber from 
Poly-Service with a shore hardness A10. 

The experiment shows that the small height of the walls still pulls the 
top layer down. Although there is foam used in the top layer, a dimpled 
surface is the result (see Figure B48 and Figure B50). Because the foam 
which is used as an interpolator is fully attached to the silicone rubber 
top layer, the foam interpolator does not have the freedom to interpolate 
around the dimpled surface. The interpolator is also pulled down by the 
walls. 

To obtain a smooth surface with the interpolator, the interpolator 
should not be fully attached to the infl atable chambers. Besides, the 
stiffness and thickness of the interpolating layer are of great infl uence on 
the smoothness of the surface. A thicker and stiffer interpolator can more 
easily bridge the gap formed by the pulling force of the walls.  

At the bottom, a thick foam layer prevents the bottom layer more or 
less from deforming. However, a slight deformation of the bottom layer 
can be noticed (see Figure B49).  

Although the air tube of the air supply is fully embedded in silicone 
rubber, the internal air pressure peels off the silicone rubber from the 
air tube. Therefore, the infl atable air chambers defl ate by the lack of air 
tightness (see Figure B50, Figure B51 and Figure B52).  

 □ Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Stiffness of the interpolating foam layer. 

Figure B48.  Experiment seven; 3x3 confi guration of infl atable 
chambers with Polyether foam on bottom and top layer.

Figure B49.  Small deformation of bottom layer, thick Polyether foam 
prevents the bottom layer from deformation.

Figure B50.  Close-up of the forming of dimples. Also visible are the air 
chambers that are not infl ated due to air leakage of the air connection.

Figure B51.  View of the bottom layer with the embedded air connection 
in the holes in the Polyether foam fi lled with silicone rubber.

Figure B52.  Although the holes in the Polyether foam are fi lled with 
silicone rubber, the plastic air tube comes loose from the silicone rubber 
by the peel force of the internal air pressure. This results in air leakage.
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 ■  Experiment Eight
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-4]  Poly-Service PS8510 shore hardness A10;

[C1-1]  Squared infl atable chamber;

[C2-3]  100x100mm infl atable chamber;

[C3-1]  1 infl atable layer;

[C4]  1x1 confi guration of infl atable chamber; 

[C5-4]  10mm thick top layer;

[C6-1]  No reinforcement of top layer;

[C7-3]  4mm thick walls;

[C8-3]  20mm height of the walls;

[C9-1] No reinforcement of walls;

[C10-4] 10mm thick bottom layer;

[C11-1] No reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-2] Air supply by push-in bulkhead connector;

[E1-1] No interpolating layer.

 □ Findings of the Experiment

The infl atable chamber in this experiment is supplied with air by the 
use of a push-in bulkhead connector. The push-in bulkhead connector 
is pulled through the silicone rubber surface of the bottom layer and 
clamped by the use of body rings and nuts. The clamping of the silicone 
rubber bottom layer with the bulkhead connector results in an air-tight 
connection of the air supply.

This experiment shows two different situations, fi rst situation is the 
case of a positive internal pressure, Δ P = +, and in the second situation 
there is a negative internal pressure in the air chamber, Δ P = –. 

In the case of infl ation of the air chamber by positive internal 
pressure, the top and bottom layer of the air chamber forming a convex 
shape. The internal pressure also stretches the walls. However, the 
deformation of the top and bottom layer are much bigger than the 
stretching of the walls. This is due to the fact that the force required to 
deform the top and bottom layer is much lower than the force required to 
stretch the walls, as earlier experiments indicated.

The increase in wall height, from 2mm to 20mm, enables the air 
chamber to make better use of the elastic properties of the silicone 
rubber. Therefore, the volume of the air chamber can increase 
signifi cantly under pressure, resulting in much bigger deviations that can 
be obtained by the infl atable mould (see Figure B53 and Figure B54). 

When a vacuum is drawn by negative internal pressure, the air 
chamber is able to form concave shapes (see Figure B55). However, 
the maximum concave shape that can be obtained is directly depending 
on the height of the air chamber. At a certain negative pressure level the 
top layer will hit the bottom layer and the bulkhead connector will give an 
imprint in the top layer, which is not desirable. 

 □ Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Stiffness of the interpolating foam layer. 

Figure B53.  Experiment eight; single infl atable chamber at atmospheric 
pressure, Δ P = 0, with walls of 20mm height.

Figure B54.  Single infl atable chamber with positive internal pressure, 
Δ P = +. Large increase of volume and signifi cant deformation of the 
bottom layer is visible.

Figure B55.  Single infl atable chamber with negative internal pressure, 
Δ P = –. With a negative pressure concave geometries can be obtained.
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 ■ Experiment Nine
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-4]  Poly-Service PS8510 shore hardness A10;

[C1-1]  Squared infl atable chamber;

[C2-3]  100x100mm infl atable chamber;

[C3-1]  1 infl atable layer;

[C4]  1x1 confi guration of infl atable chamber; 

[C5-4]  10mm thick top layer;

[C6-1]  No reinforcement of top layer;

[C7-3]  4mm thick walls;

[C8-3]  20mm height of the walls;

[C9] Lateral support of the walls by Plexiglas;

[C10-4] 10mm thick bottom layer;

[C11] Top support of the bottom layer by Plexiglas;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-2] Air supply by push-in bulkhead connector;

[E1-1] No interpolating layer.

 □ Findings of the Experiment

Experiment nine tests the same air chamber confi guration as used in 
experiment eight but with the addition of lateral support of the walls and 
top support to prevent deformation of the bottom layer (see Figure B56). 

Because of the lateral support of the infl atable chamber by the 
Plexiglas, deformation of the infl atable chamber can only be in upwards 
direction. Therefore, the fi rst deformation of the air chamber visible is 
bending and extension of the top layer. The top layer forms a convex 
shape. At the moment that the force required to bend and extend the 
top layer is the same as the force required to stretch the walls, the walls 
start to extend. Because the walls are countered from bending by the 
Plexiglas, the extension of the walls is signifi cant (see Figure B57). The 
Plexiglas is lubricated with soft soap to minimise friction of the silicone 
rubber with the Plexiglas. 

Extension of the walls is preferred over bending and extension 
of the top layer, in order to keep the top layer as smooth as possible. 
With lateral support extension of the walls can be enhanced. Lateral 
support of the walls can be realised by the pressure of the surrounding 
air chambers in the fi nal infl atable mould setup. However, the top layer 
has still a strong convex shaping, resulting in a dimpled surface when 
combined with surrounding air chambers (see Figure B58). 

The bottom layer remains fl at by the downward pressure of the 
Plexiglas casing with the gluing clamps. Though, Plexiglas with gluing 
clamps cannot be used in the fi nal design of the infl atable mould.  

 □ Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Stiffness of the interpolating foam layer. 

Figure B56.  Experiment nine; single infl atable chamber at atmospheric 
pressure, Δ P = 0, with walls of 20mm height with lateral support.

Figure B57.   Single infl atable chamber with positive internal pressure, 
Δ P = +, and lateral support. Large extension of the walls and bending of 
the top layer are visible. 

Figure B58.  Close-up of top layer which is formed into a convex shape.
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 ■  Experiment Ten
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-4]  Poly-Service PS8510 shore hardness A10;

[C1-1]  Squared infl atable chamber;

[C2-3]  100x100mm infl atable chamber;

[C3-1]  1 infl atable layer;

[C4]  1x1 confi guration of infl atable chamber; 

[C5-4]  10mm thick top layer;

[C6-1]  No reinforcement of top layer;

[C7-3]  4mm thick walls;

[C8-4]  40mm height of the walls;

[C9-1] No reinforcement of walls;

[C10-4] 10mm thick bottom layer;

[C11-1] No reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-2] Air supply by push-in bulkhead connector;

[E1-1] No interpolating layer.

 □ Findings of the Experiment

In general, experiment ten has the same test confi guration as 
experiment eight. The only difference is the wall height, which is 
increased from 20mm to 40mm (see Figure B59). 

The same results as in experiment eight are obtained, however, 
the maximum deviation of the confi guration with walls of 40mm is much 
bigger (see Figure B60). 

Because the height of the walls is increased, the ratio of the height 
and thickness of the walls compared to the thickness of the top layer is 
changed. Due to the increase in wall height, the walls tend to deform 
earlier than in experiment eight. However, the top layer still tends to 
deform before deformation of the walls start. The result is that the 
deformation of the top layer is less, compared to the deformation of the 
top layer in case of walls with a height of 20mm (see Experiment Eight). 
Though, there is still deformation of the top layer visible. 

In case of a negative pressure, the air chamber is able to form 
concave shapes. The lack of rigidity of the walls result in folding of the 
walls, instead of forming a more extreme concave shape. When the 
negative pressure level is too high, the imprint of the push-in bulkhead 
connector is clearly visible (see Figure B61).   

 □ Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Stiffness of the interpolating foam layer. 

Figure B59.  Experiment ten; single infl atable chamber at atmospheric 
pressure, Δ P = 0, with walls of 40mm height.

Figure B60.  Single infl atable chamber with positive internal pressure, 
Δ P = +, and lateral support. Large extension of the walls and bending of 
the top layer are visible.

Figure B61.  Single infl atable chamber with negative internal pressure, 
Δ P = –. Imprint of push-in bulkhead connector clearly visible.
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 ■ Experiment Eleven
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-4]  Poly-Service PS8510 shore hardness A10;

[C1-1]  Squared infl atable chamber;

[C2-3]  100x100mm infl atable chamber;

[C3-1]  1 infl atable layer;

[C4]  1x1 confi guration of infl atable chamber; 

[C5-4]  10mm thick top layer;

[C6-1]  No reinforcement of top layer;

[C7-3]  4mm thick walls;

[C8-4]  40mm height of the walls;

[C9] Lateral support of the walls by Plexiglas;

[C10-4] 10mm thick bottom layer;

[C11] Top support of the bottom layer by Plexiglas;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-2] Air supply by push-in bulkhead connector;

[E1-1] No interpolating layer.

 □ Findings of the Experiment

Again the same incremental steps used for experiment eleven 
as for experiments eight and nine. Experiment eleven has the same 
confi guration as experiment ten but in this case there is lateral support 
of the walls and a top support which prevents the bottom layer from 
deformation.

Compared to previous experiment (see Experiment Ten), experiment 
eleven shows that lateral support of the walls enhances the use of the 
stretching properties of silicone rubber. Instead of bending of the walls, 
deformation of the air chamber is in vertical direction by stretching of the 
walls. Comparing initial position and end position of the air chamber, it 
can be concluded that stretching of the walls is a useful feature in order 
to obtain great deviations of the infl atable mould surface (see Figure B62 
and Figure B64).  

Increasing the internal pressure level of the air chamber signifi cantly 
increases the height of the air chamber (see Figure B63 and Figure 
B64). However, the deformation of the top layer increases at the same 
time. Deformation of the top layer results in a more dimpled surface. 
Though, it can be concluded that in order to obtain a smooth surface 
deviations should be obtained by stretching the walls instead of bending 
the top layer.

 □ Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Stiffness of the interpolating foam layer. 

Figure B62.  Experiment eleven; single infl atable chamber at 
atmospheric pressure, Δ P = 0, with walls of 40mm height with lateral 
support.

Figure B63.   Single infl atable chamber with positive internal pressure, 
Δ P = +, and lateral support. Pressure level is intermediate.

Figure B64.   Single infl atable chamber with positive internal pressure, 
Δ P = +, and lateral support. Pressure level is high. Large extension of 
the walls and bending of the top layer are visible. 
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 ■ Experiment Twelve
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-4]  Poly-Service PS8510 shore hardness A10;

[C1-1]  Squared infl atable chamber;

[C2-3]  100x100mm infl atable chamber;

[C3-1]  1 infl atable layer;

[C4]  1x1 confi guration of infl atable chamber; 

[C5-4]  10mm thick top layer;

[C6-1]  No reinforcement of top layer;

[C7-3]  4mm thick walls;

[C8-4]  40mm height of the walls;

[C9-1] No reinforcement of walls;

[C10-4] 10mm thick bottom layer;

[C11-3] Medium steel-mesh reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-2] Air supply by push-in bulkhead connector;

[E1-1] No interpolating layer.

 □ Findings of the Experiment

Experiment twelve tests the effect of an embedded thick steel mesh 
in the bottom layer of the air chamber. Instead of top support by the use 
of a Plexiglas casing, the deformation of the bottom layer should be 
counteracted by the use of an embedded steel mesh. A Plexiglas casing 
cannot be used in the fi nal infl atable mould. 

Increasing the internal pressure results in expansion of the infl atable 
chamber as described in previous experiments (see Figure B65, 
Figure B66 and Figure B67). The embedded steel mesh prevents 
the bottom layer from deforming. The bottom layer nearly remains 
fl at, which is contributing to the performance control of the infl atable 
chamber. When the bottom layer can be assumed as rigid, one variable 
regarding the prediction of the behaviour of the infl atable chamber can 
be eliminated.

The steel mesh reinforcement is embedded in the silicone rubber 
bottom layer (see Figure B68 and Figure B69). Although the steel 
mesh reinforces the silicone rubber bottom layer, the bottom layer 
remains fl exible in general (see Figure B70). The fl exibility of the bottom 
layer is useful in case the whole infl atable mould is roughly set into a 
predetermined double curved geometry. However, the steel mesh 
reinforcement is stiff enough to counteract the bending force of the 
internal pressure acting on the bottom layer.

 □ Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Stiffness of the interpolating foam layer. 

Figure B65.    Experiment twelve; single infl atable chamber at 
atmospheric pressure, Δ P = 0, with walls of 40mm height and a medium 
thick steel mesh in bottom layer.

Figure B66.     Single infl atable chamber with positive internal pressure, 
Δ P = +, and bottom layer reinforcement. Pressure level is intermediate.

Figure B67.     Single infl atable chamber with positive internal pressure, 
Δ P = +, and bottom layer reinforcement. Pressure level is high. Minimal 
deformation of bottom layer is visible. 

Figure B68.   Medium thick steel mesh reinforcement for bottom layer.

Figure B69.  Medium thick steel mesh reinforcement layer cast in 
silicone rubber bottom layer.

Figure B70.   Bottom layer with medium thick steel mesh reinforcement 
is still fl exible in case the bottom layer is roughly set into a predetermined 
starting geometry. 



two
XXXV

 ■ Experiment Thirteen
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-4]  Poly-Service PS8510 shore hardness A10;

[C1-1]  Squared infl atable chambers;

[C2-3]  100x100mm infl atable chambers;

[C3-1]  1 infl atable layer;

[C4]  1x3 confi guration of infl atable chambers; 

[C5-4]  10mm thick top layer;

[C6-1]  No reinforcement of top layer;

[C7-3]  4mm thick walls;

[C8-4]  40mm height of the walls;

[C9-1] No reinforcement of walls;

[C10-4] 10mm thick bottom layer;

[C11-2] Thin steel-mesh reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-2] Air supply by push-in bulkhead connector;

[E1-1] No interpolating layer.

 □ Findings of the Experiment

Three adjacent infl atable chambers are tested in experiment thirteen, 
in order to test the behaviour of the infl atable chambers and the top layer 
in a multiple infl atable chamber confi guration. The infl atable chambers 
are similar to the infl atable chamber of previous experiment, however, 
the bottom layer is embedded with a thin steel mesh reinforcement. 

In case infl atable chambers 1 and 3 are infl ated, the bottom layer 
deforms by the force of the internal pressure (see Figure B71-II). 
Besides, infl atable chamber 2 is lifted by the adjacent infl ated chambers. 
The embedded thin steel mesh reinforcement does not provide enough 
stiffness to prevent deformation of the bottom layer. The ideal situation 
is that the bottom layer of the infl atable chamber that is not infl ated 
remains at the same level as the bottom layer of the adjacent infl ated 
air chambers. Therefore, the thickness of the steel mesh needs to be 
increased.

When the infl atable chambers are infl ated by a positive pressure, 
Δ P = +, the walls of the air chamber leave an imprint in the top layer. 
The connection of the walls to the top layer forms a more rigid region in 
the silicone rubber, this more rigid region cannot extend at the same rate 
as the less rigid surrounding regions. Therefore, the rigid region leaves 
an imprint in the top layer. The same could be seen at the outer edges 
of the infl atable chamber. The connection of the top layer to the outer 
walls provides a rigid bar surrounding the outer edges of the top layer 
(see Figure B71-II).

The imprint of the walls become more apparent when a vacuum 
is drawn in infl atable chamber 2. Due to the vacuum, the top layer of 
infl atable chamber 2 is pulled down between the walls. Because the 
walls show more rigidity, the walls are not pulled down at the same rate 
as the top layer. Leaving a more extreme imprint of the walls in the 
top layer (see Figure B71-IV). The vacuum drawn in infl atable chamber 
2 contracts the air chamber which results in rotation of infl atable 
chamber 1 and 3 towards infl atable chamber 2 (see Figure B72-III).

Although there are still some imprints of the walls in the top layer, 
the smoothness of the top layer signifi cantly increased over the past 
experiments. The imprints show that there is still some progress to 
make in using the stretching properties of the walls instead of bending 
of the top layer. Therefore, the top layer should be more stiff or the walls 
should be thinner. The top layer can be stiffened by the use of more of 
the same material, or by the use of reinforcement. To avoid excessive 
use of material, the top layer should be stiffened by other means than 
using more material. Therefore, the relationship of the ratio between 
thickness of the top layer and thickness and height of the walls is defi ned 
as suffi cient for this proof of concept. The thickness of the top layer of 
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Infl atable 
chamber 1

Imprint of 
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Infl atable 
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Figure B71.  Experiment thirteen; three infl atable air chambers with an 
embedded thin steel mesh reinforcement. I: Infl atable chambers are not 
infl ated; II: Infl atable chambers 1 and 3 infl ated, ΔP = +; III: Infl atable 
chambers 1 and 3 unchanged, infl atable chamber 2 defl ated, ΔP = –; IV: 
Close-up of imprint of walls. 

Figure B72.  Schematic view of transformation of 
infl atable chambers. I: Infl atable chambers are not infl ated; 
II: Infl atable chambers 1 and 3 infl ated, ΔP = +; III: Infl atable chambers 
1 and 3 unchanged, infl atable chamber 2 defl ated, ΔP = –; IV: Close-up 
of imprint of walls. 
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 ■ Experiment Thirteen (continued)
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-4]  Poly-Service PS8510 shore hardness A10;

[C1-1]  Squared infl atable chambers;

[C2-3]  100x100mm infl atable chambers;

[C3-1]  1 infl atable layer;

[C4]  1x3 confi guration of infl atable chambers; 

[C5-4]  10mm thick top layer;

[C6-1]  No reinforcement of top layer;

[C7-3]  4mm thick walls;

[C8-4]  40mm height of the walls;

[C9-1] No reinforcement of walls;

[C10-4] 10mm thick bottom layer;

[C11-2] Thin steel-mesh reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-2] Air supply by push-in bulkhead connector;

[E1-1] No interpolating layer.

the proof of concept is set to 10mm and the walls do have a height of 
40mm and a thickness of 4mm.

The confi guration of multiple air chambers offers the possibility to 
obtain different types of shapes. In case infl atable chamber 1 and 3 are 
infl ated, concave shapes can be obtained. When a vacuum is drawn in 
infl atable chamber 2, the concave shape can be more extreme. Besides, 
this confi guration also allows cosine curves (see Figure B73).

In case infl atable chamber 2 is infl ated to a higher level than 
its surrounding chambers, a more convex shape can be obtained 
(see Figure B74). 

The orthogonal pattern drawn on the top layer clearly shows the 
deformation of the top layer by extension of the silicone rubber due to 
the internal pressure.  

 □ Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Stiffness of the interpolating foam layer. 

Figure B73.  Confi guration of three infl atable chambers. Pressure level 
of infl atable chambers relative to each other; infl atable chamber 1: ΔP = +, 
infl atable chamber 2: ΔP = 0, infl atable chamber 3: ΔP = ++. I: Top 
view with orthogonal structure, infl atable chambers are not infl ated; 
II: Top view when infl atable chambers are infl ated; III: Top and side view; 
IV: Side view. 

Figure B74.  Confi guration of three infl atable chambers. Pressure level 
of infl atable chambers relative to each other; infl atable chamber 1: ΔP = +, 
infl atable chamber 2: ΔP = ++, infl atable chamber 3: ΔP = +. I: Top view 
with orthogonal structure, infl atable chambers are not infl ated; II: Top view 
when infl atable chambers are infl ated; III: Top and side view; IV: Side view. 
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 ■ Experiment Fourteen
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-4]  Poly-Service PS8510 shore hardness A10;

[C1-1]  Squared infl atable chambers;

[C2-3]  100x100mm infl atable chambers;

[C3-1]  1 infl atable layer;

[C4]  1x3 confi guration of infl atable chambers; 

[C5-4]  10mm thick top layer;

[C6-1]  No reinforcement of top layer;

[C7-3]  4mm thick walls;

[C8-4]  40mm height of the walls;

[C9-1] No reinforcement of walls;

[C10-4] 10mm thick bottom layer;

[C11-2] Thin steel-mesh reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-2] Air supply by push-in bulkhead connector;

[E1-2] 10mm thick interpolating layer;

[E2-1] SG-30 soft interpolating layer;

[E3-1] No reinforcement of interpolating layer;

[E4-3] Local attachment of interpolating layer to infl atable mould;

[E5-1] Attachment by two-component silicone rubber.

 □ Findings of the Experiment

In order to improve the surface smoothness of the top layer, an 
experiment is carried out that uses an interpolating layer on top of the 
top layer (see Figure B75-I). 

The use of an interpolator on top results in smooth surfaces, in most 
cases. The foam layer, with on both sides a silicone rubber fi nishing, 
eliminates the irregularities owing to the imprint of the walls. The foam 
is fl exible enough to follow the curvature set by the infl atable chambers 
while being stiff enough to level the irregularities in the top layer caused 
by the imprint of the walls.

As discussed in experiment seven, the interpolator should not be 
fully attached to the top layer. Otherwise, the interpolator will follow the 
irregularities of the top layer and transfer these irregularities directly to 
the top of the interpolator. Therefore, the interpolator is locally attached 
to the centre of the top layer of the infl atable chambers. 

A drawback of local attachment of the interpolating layer to the top 
layer is the slight lack of conformability of the interpolating layer to the 
set curvature by the infl atable chambers. As the experiment shows, the 
interpolating layer does not exactly follow the set curvature everywhere 
(see Figure B75-II). In particular, the lack of conformability is the case 
when a concave shape is required. The interpolating layer does not 
conform to concave shapes because of a lack of own weight. Besides, 
the interpolating layer does not follow the horizontal extension of the 
infl atable chambers (see Figure B76-II and Figure B76-III). This results 
in a lack of accuracy. 

Though, the surface of the produced part does not contain any 
imprints of the walls. However, when a vacuum is drawn in an infl atable 
chamber, the interpolating layer tend to buckle in case of extreme 
curvatures (see Figure B75-III). The buckling effect of the foam layer, 
with on both sides a silicone rubber fi nishing, is owing to a lack of rigidity 
of the interpolating layer.  

 □ Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Stiffness of the interpolating foam layer. 

Figure B75.  Experiment fourteen; confi guration of three infl atable 
chambers with an interpolating layer. I: Interpolating layer follows 
curvature of infl atable chambers; II: Interpolating layer does not follow 
curvature of infl atable chamber accurately; III: Interpolating layer tend to 
buckle in case of extreme curvatures due to a negative pressure in the 
infl atable chamber.

Figure B76.  Interpolator does not follow horizontal expansion of the 
infl atable chamber. I: Infl atable chambers are not infl ated, interpolating 
layer has the same width as the infl atable chambers; II: Top view of 
the interpolating layer which does not follow horizontal expansion of the 
infl atable chamber; III: Side view of the interpolating layer which does 
not follow horizontal expansion of the infl atable chamber.
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 ■ Experiment Fifteen
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-4]  Poly-Service PS8510 shore hardness A10;

[C1-1]  Squared infl atable chambers;

[C2-3]  100x100mm infl atable chambers;

[C3-1]  1 infl atable layer;

[C4]  1x3 confi guration of infl atable chambers; 

[C5-4]  10mm thick top layer;

[C6-1]  No reinforcement of top layer;

[C7-3]  4mm thick walls;

[C8-4]  40mm height of the walls;

[C9-1] No reinforcement of walls;

[C10-4] 10mm thick bottom layer;

[C11-2] Thin steel-mesh reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-2] Air supply by push-in bulkhead connector;

[E1-2] 10mm thick interpolating layer;

[E2-1] SG-30 soft interpolating layer;

[E3-2] Thin steel-mesh reinforcement of interpolating layer;

[E4-3] Local attachment of interpolating layer to infl atable mould;

[E5-1] Attachment by two-component silicone rubber.

 □ Findings of the Experiment

This experiment test interpolators with different stiffnesses 
(see Figure B77). The different degrees of stiffness are obtained by a 
different type of silicone rubber or by an extra reinforcement layer. The 
type of foam remains the same in all tests.    

The fi rst interpolator is foam with a silicone rubber fi nishing with a 
shore hardness of A10. When a point load is applied to the interpolator, 
the interpolator shows a local deformation (see Figure B77-I). The same 
result is obtained when silicone rubber with a shore hardness of A50 
is  used (see Figure B77-II). The increase in shore hardness primarily 
increases the force required to extend a unit of silicone rubber. With such 
a thin layer of silicone rubber used as a fi nishing layer of the interpolator, 
an increase in shore hardness does not provide better resistance to a 
point load. 

However, an embedded thin steel-mesh reinforcement layer 
provides more resistance to a point load. The point load is absorbed by 
a much wider area. The reinforcement layer fl uently deforms the surface 
around the point load (see Figure B77-III). Although the reinforcement 
layer interpolates more gradually, the intepolator becomes to stiff. 
Instead of conforming to the curvature set by the infl atable chambers, 
the interpolator pulls the surface of the top layer. Meaning that the 
interpolator is too stiff (see Figure B78-II and Figure B78-III).    

To obtain a smooth surface, the interpolator should be at the 
same time stiff and fl exible. Stiffness is required in order to interpolate 
smoothly over possible gaps and fl exibility is required to conform to the 
required curvature set by the infl atable chamber. Being stiff and fl exible 
at the same time is a contradiction. Therefore, a consesion on one or the 
other has to be made.  

 □ Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Stiffness of the interpolating foam layer. 
Figure B77.  Experiment fi fteen; interpolating layer with different 
stiffnesses. I: Interpolator with silicone rubber fi nishing with a shore 
hardness of A10; II: Interpolator with a silicone rubber fi nishing with 
a shore hardness of A50; III: Interpolator with an embedded thin 
steel-mesh reinforcement. 

Figure B78.  Interpolating layer with embedded thin steel-mesh 
reinforcement. I: Infl atable chambers are not infl ated; II: Interpolating 
layer does not follow curvature of infl ated chambers; III: Close-up of 
local attachment of interpolating layer to the top layer of the infl atable 
chamber.
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 ■ Experiment Sixteen
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-4]  Poly-Service PS8510 shore hardness A10;

[C1-1]  Squared infl atable chambers;

[C2-3]  100x100mm infl atable chambers;

[C3-1]  1 infl atable layer;

[C4]  1x3 confi guration of infl atable chambers; 

[C5-4]  10mm thick top layer;

[C6-2]  Thin steel-mesh reinforcement of top layer;

[C7-3]  4mm thick walls;

[C8-4]  40mm height of the walls;

[C9-1] No reinforcement of walls;

[C10-4] 10mm thick bottom layer;

[C11-4] Thick steel-mesh reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-2] Air supply by push-in bulkhead connector;

[E1-1] No interpolating layer.

 □ Findings of the Experiment

Experiment sixteen tests the use of an embedded thin steel-mesh 
reinforcement in the top layer and an embedded thick steel-mesh in the 
bottom layer (see Figure B79). 

The fi rst thing that can be noticed is that the embedded 
thick steel-mesh reinforcement of the bottom layer counteracts the 
deformation of the bottom layer (see Figure B79-II). The steel-mesh 
reinforcement prevents that infl atable chamber 2 is lifted due to infl ation 
of the adjacent infl atable chambers. In case a vacuum is drawn in 
infl atable chamber 2, the infl atable chamber contracts. Contraction 
of infl atable chamber 2 still results in rotation of the outer infl atable 
chambers towards infl atable chamber 2 (see Figure B79-III and 
Figure B80-III). However, the rotation of the infl atable chamber will be 
counteracted when the infl atable chambers are surrounded by other 
infl atable chambers in the fi nal confi guration of the proof of concept.

The thin steel-mesh reinforcement of the top layer signifi cantly 
increases the stiffness of the top layer. The increase in stiffness of 
the top layer results in less extreme curvatures that can be obtained 
by the infl atable mould. However, due to the increased stiffness of the 
top layer, expansion of the infl atable chamber due to infl ation is mainly 
performed by extension of the walls instead of bending of the top layer. 
The walls are acting as the path of least resistance to pressure and tend 
to deform before the top layer deforms. Therefore, the top layer is more 
smooth. Besides, the imprint of the walls in the top layer is reduced 
by the embedded steel-mesh reinforcement. Though, there is still a 
slight imprint of the walls visible in the top layer (see Figure B79-IV and 
Figure B80-IV). 

 □ Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Stiffness of the interpolating foam layer. 
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Figure B79.  Experiment sixteen; three infl atable air chambers with an 
embedded thick steel-mesh reinforcement in bottom layer and thin-steel 
mesh reinforcement in top layer. I: Infl atable chambers are not infl ated; 
II: Infl atable chambers 1 and 3 infl ated, ΔP = +; III: Infl atable chambers 
1 and 3 unchanged, infl atable chamber 2 defl ated, ΔP = –; IV: Close-up 
of imprint of walls. 

Figure B80.  Schematic view of transformation of 
infl atable chambers. I: Infl atable chambers are not infl ated; 
II: Infl atable chambers 1 and 3 infl ated, ΔP = +; III: Infl atable chambers 
1 and 3 unchanged, infl atable chamber 2 defl ated, ΔP = –; IV: Close-up 
of imprint of walls. 
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 ■ Experiment Seventeen
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-4]  Poly-Service PS8510 shore hardness A10;

[C1-1]  Squared infl atable chambers;

[C2-3]  100x100mm infl atable chambers;

[C3-1]  1 infl atable layer;

[C4]  1x3 confi guration of infl atable chambers; 

[C5-4]  10mm thick top layer;

[C6-2]  Thin steel-mesh reinforcement of top layer;

[C7-3]  4mm thick walls;

[C8-4]  40mm height of the walls;

[C9-1] No reinforcement of walls;

[C10-4] 10mm thick bottom layer;

[C11-4] Thick steel-mesh reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-2] Air supply by push-in bulkhead connector;

[E1-2] 10mm thick interpolating layer;

[E2-1] SG-30 soft interpolating layer;

[E3-1] No reinforcement of interpolating layer;

[E4-3] Local attachment of interpolating layer to infl atable mould;

[E5-1] Attachment by two-component silicone rubber.

 □ Findings of the Experiment

To improve the smoothness of the top layer of previous experiment, 
experiment seventeen adds an interpolating layer on top (see Figure B81).

The interpolating layer levels the minor irregularities caused by the 
imprint of the walls (see Figure B81-II and Figure B82-II). The interpolator 
enables to obtain a smooth surface. Though, in the case of extreme 
concave curvatures the interpolator still tends to buckle as described 
in experiment fourteen (see Figure B81-IV and Figure B82-IV). The 
buckling effect of the interpolator results in a small wrinkle in the top 
layer of the interpolator. 

Because the interpolator is only locally attached to the infl atable 
chambers, the interpolating layer does not follow the curvature at the 
outer edges of the infl atable chambers. The stiffness of the interpolating 
layer causes the interpolator to not follow the intended geometry 
when not attached (see Figure B81-II and Figure B81-III). The lack of 
conformability can be solved by attaching the interpolator to the edges 
of the outer infl atable chambers of the infl atable mould.

 Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Stiffness of the interpolating foam layer. 

Figure B81.  Experiment seventeen; three infl atable air 
chambers with an embedded thick steel-mesh reinforcement in 
bottom layer, thin-steel mesh reinforcement in top layer and an 
interpolating layer on top. I: Infl atable chambers are not infl ated; 
II: Infl atable chambers 1 and 3 infl ated, ΔP = +; III: Infl atable chambers 
1 and 3 unchanged, infl atable chamber 2 defl ated, ΔP = –; IV: Close-up 
of wrinkle in top layer of interpolator due to buckling of the interpolator. 
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Figure B82.  Schematic view of transformation of 
infl atable chambers. I: Infl atable chambers are not infl ated; 
II: Infl atable chambers 1 and 3 infl ated, ΔP = +; III: Infl atable chambers 
1 and 3 unchanged, infl atable chamber 2 defl ated, ΔP = –; IV: Close-up 
of wrinkle in top layer of interpolator due to buckling of the interpolator. 
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 ■ Experiment Eighteen
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-4]  Poly-Service PS8510 shore hardness A10;

[C1-1]  Squared infl atable chambers;

[C2-3]  100x100mm infl atable chambers;

[C3-1]  1 infl atable layer;

[C4-1]  3x3 confi guration of infl atable chambers; 

[C5-4]  10mm thick top layer;

[C6-2]  Thin steel-mesh reinforcement of top layer;

[C7-3]  4mm thick walls;

[C8-4]  40mm height of the walls;

[C9-1] No reinforcement of walls;

[C10-4] 10mm thick bottom layer;

[C11-4] Thick steel-mesh reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-2] Air supply by push-in bulkhead connector;

[E1-2] No interpolating layer.

 □ Findings of the Experiment

In order to test the behaviour of the infl atable chambers in a multiple 
row confi guration, experiment eighteen tests a 3x3 confi guration 
(see Figure B83).

Where a single row of infl atable chambers could only produce 
single curved geometries, a 3x3 confi guration can produce double 
curved elements. The 3x3 confi guration of the infl atable chambers can 
produce double curved elements with high deviations (see Figure B84 
and Figure B85). 

Because there are only three infl atable chambers in each direction, 
the possible geometries that can be obtained are limited. Synclastic and 
anticlastic geometries can be obtained to a certain limit. A confi guration 
with more infl atable chambers per row increases the possible geometries 
that can be obtained. 

As discussed in experiment sixteen, the surface of the top layer 
is nearly smooth. A very small imprint of the walls causes minor 
irregularities. The minor irregularities can be eliminated by the use of an 
interpolating layer.  

 Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Stiffness of the interpolating foam layer. 

Figure B83.  Experiment eighteen; 3x3 infl atable chambers with an 
embedded thin steel-mesh reinforcement in top layer and an embedded 
thick steel-mesh reinforcement in bottom layer. Front view of infl ated air 
chambers.

Figure B84.  Corner view of infl atable mould, 3x3 confi guration.

Figure B85.  Top view of infl atable mould, 3x3 confi guration.
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 ■ Experiment Nineteen
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-4]  Poly-Service PS8510 shore hardness A10;

[C1-1]  Squared infl atable chambers;

[C2-3]  100x100mm infl atable chambers;

[C3-1]  1 infl atable layer;

[C4-4]  6x6 confi guration of infl atable chambers; 

[C5-4]  10mm thick top layer;

[C6-2]  Thin steel-mesh reinforcement of top layer;

[C7-3]  4mm thick walls;

[C8-4]  40mm height of the walls;

[C9-1] No reinforcement of walls;

[C10-4] 10mm thick bottom layer;

[C11-4] Thick steel-mesh reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-2] Air supply by push-in bulkhead connector;

[E1-2] No interpolating layer.

 □ Findings of the Experiment

Experiment nineteen increases the 3x3 confi guration to a 
confi guration of 6x6 infl atable chambers (see Figure B86).

The maximum deviation that can be obtained between adjacent 
infl atable chambers does not change, in comparison to the results of 
experiment eighteen. Because the same size of the infl atable chamber 
is used, the maximum deviation does not change. 

However, the 6x6 confi guration allows for a greater variety of 
geometries that can be produced with the infl atable mould. With the 
appropriate setting of the mould, arc, S- and M-curvatures to double 
curved geometries such as anticlastic and synclastic curvatures can be 
obtained. The 6x6 confi guration also easily allows for local deformation 
of the surface (see Figure B87 and Figure B88).

 Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Stiffness of the interpolating foam layer. 

Figure B86.  Experiment nineteen; 6x6 infl atable chambers with an 
embedded thin steel-mesh reinforcement in top layer and an embedded 
thick steel-mesh reinforcement in bottom layer. Front view of infl ated air 
chambers.

Figure B87.  Corner view of infl atable mould, 6x6 confi guration.

Figure B88.  Close-up of infl ated chambers with a smooth surface. 
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 ■ Experiment Twenty
 □ General Properties of the Experiment

[B2-4] Silicone rubber;

[B3-4]  Poly-Service PS8510 shore hardness A10;

[C1-1]  Squared infl atable chambers;

[C2-3]  100x100mm infl atable chambers;

[C3-1]  1 infl atable layer;

[C4-4]  6x6 confi guration of infl atable chambers; 

[C5-4]  10mm thick top layer;

[C6-2]  Thin steel-mesh reinforcement of top layer;

[C7-3]  4mm thick walls;

[C8-4]  40mm height of the walls;

[C9-1] No reinforcement of walls;

[C10-4] 10mm thick bottom layer;

[C11-4] Thick steel-mesh reinforcement of bottom layer;

[C12-2] Adhesive bond;

[C13-1] Two-component silicone rubber;

[D1-1] Actuation with air;

[D2-1] Manual actuation;

[D3-2] Air supply by push-in bulkhead connector;

[E1-4] 20mm thick interpolating layer;

[E2-3] SG-30 medium interpolating layer;

[E3-1] No reinforcement of interpolating layer;

[E4-4] Full attachment of interpolating layer to infl atable mould;

[E5-5] Attachment by drawing a vacuum.

 □ Findings of the Experiment

To enhance surface smoothness of the infl atable mould, experiment 
twenty tests an interpolating layer in a 6x6 infl atable chamber 
confi guration (see Figure B89). 

Because the interpolating layer is not attached physically attached to 
the infl atable air chambers, the interpolating layer only roughly conforms 
to the set curvature by the infl ated air chambers. The interpolating 
layer only conforms to the infl atable air chamber by its own weight 
(see Figure B89 and Figure B90). 

To enhance the conformation of the interpolating layer with the set 
geometry by the infl ated air chambers, the interpolating layer is attached 
to the infl atable air chambers by drawing a vacuum on the interpolating 
layer using a vacuum bag. The interpolating layer smoothly conforms 
to the infl ated air chambers and interpolates gradually between the 
not infl ated air chambers resulting in a smoothly curved surface 
(see Figure B91 and Figure B92). 

 Recommendations Further Research

 – Counteracting deformation of the bottom layer while infl ated;

 – Relationship of the ratio between thickness of the top layer and 

thickness and height of the walls;

 – Dealing with the imprint of dimples to obtain a smooth surface;

 – Height of the air chambers;

 – Increasing maximum deviation of the surface;

 – Air tight connection of air supply to the air chamber;

 – Stiffness of the interpolating foam layer. 

Figure B89.  Experiment nineteen; 6x6 infl atable chambers with an 
embedded thin steel-mesh reinforcement in top layer, an embedded 
thick steel-mesh reinforcement in bottom layer and an interpolating layer 
on top. Corner view of infl ated air chambers with loos interpolator on top.

Figure B90.  Side view of infl atable mould, 6x6 confi guration. 
Interpolator does not follow the curvature set by the infl atable chambers.

Figure B91.  Corner view of infl atable mould, 6x6 confi guration. 
Interpolator is attached to the infl atable mould by drawing a vacuum. 
The interpolator follows the curvature set by the infl atable chambers.

Figure B92.  Side view of infl atable mould, 6x6 confi guration. 
Interpolator is attached to the infl atable mould by drawing a vacuum. 
The interpolator follows the curvature set by the infl atable chambers.
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 ■ Introduction
Appendix three gives the input data used in the FEA-simulations 

of the models of the infl atable mould. The table used to make the 
assumptions for the C10 and C01 parameters of the hyperelastic model 
is depicted on the next page. Thereafter, fi rst the input data of the 3x1 
infl atable mould simulation is shown. Then, simulations one to three of 
the 6x6 infl atale mould are shown. 

input datainput data
fea-analysisfea-analysis appendix three
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 ■ Input Data Simulation of 3x1 Infl atable Air Chambers

Geometry & Mesh: Surface: Table

Elements: Flexible mould

Tables: Blowup of the cavities y = x

Geometric Properties: Structural 3D-solid

Material Properties: Mass Density: 1,12*106 kg/mm3

Type: Mooney Five-term for C10: 0,474

          Top Layer and Walls C01: 0,118

Type: Mooney Five-term for C10: 1,6

          Bottom Layer C01: 0,3

Contact: Geometric: Table

Meshed, deformable: Flexible mould

Cavities: Cavity 1 Ref. Pressure: 0,1015 N/mm2

Cavity 2 Ref. Temperature: 20 °C

Cavity 3 Ref. Density: 1,206*10-9 kg/mm3

Boundary Conditions: Structural fi xed displacement: x : x = 0

z : z = 0

Structural gravity load: y : acceleration : y = -9,81*103 mm/s2

Structural cavity mass load: 1A: 1085*10-6 kg

1B: closed cavity

1C: 603*10-6 kg

Loadcases: Structural static: BC: x, y, z, 1A, 1B, 1C

Total loadcase time: 1 sec

Steps: 50

Jobs: Element type: 157

Table C2.  Input data simulation of 3x1 infl atable air chambers.

 ■ Input Data Mooney-Rivlin Parameters
To run the FEA-software, the parameters C10 and C01 of the 

hyperelastic model by Mooney-Rivlin require data input. The data input 
for the parameters C10 and C01 are retrieved by a set of reference data 
that has been extracted from other tests of rubber. The reference data 
is shown in Table C1. 

In the case of the top layer and bottom layer, the table does not 
provide any reference material which compares to the elastic modulus of 
silicone rubber with an embedded steel mesh reinforcement. Therefore, 
(rough) assumptions are made for C10 and C01 parameters based on the 
stiffness ratio between walls, top layer and bottom layer. 

However, experience has shown that the table is not consistent for 
all grades and all types of hyperelastic materials. The table can only 
be used as a reference. In order to obtain relevant values from the 
FEA-software, laboratory tests should give exact values of the different 
material properties of the top layer, walls, and bottom layer. 

Shore-A
Young’s 
Modulus

Shear 
Modulus (G)

C10 C01

[°] [N/mm²] [N/mm²] [N/mm²] [N/mm²]

35 1.102 0.406 0.162 0.041

40 1.381 0.452 0.181 0.045

45 1.800 0.581 0.232 0.058

50 2.397 0.755 0.302 0.076

55 3.207 0.956 0.382 0.096

60 4.268 1.185 0.474 0.118

65 5.616 1.465 0.586 0.147

70 7.289 1.839 0.736 0.184

Table C1.  Reference data regarding input parameters C10 and C01. 
Redrawn from (Altidis & Warner, 2005)
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3A: 2050*10-6 kg

3B: 1495*10-6 kg

3C: 1254*10-6 kg

3D: 1158*10-6 kg

3E: 917*10-6 kg

3F: 362*10-6 kg

4A: 1568*10-6 kg

4B: 1206*10-6 kg

4C: 1158*10-6 kg

4D: 1254*10-6 kg

4E: 1206*10-6 kg

4F: 844*10-6 kg

5A: 844*10-6 kg

5B: 868*10-6 kg

5C: 1061*10-6 kg

5D: 1351*10-6 kg

5E: 1568*10-6 kg

5F: 1568*10-6 kg

6A: closed cavity

6B: 482*10-6 kg

6C: 965*10-6 kg

6D: 1447*10-6 kg

6E: 1930*10-6 kg

6F: 2412*10-6 kg

Loadcases: Structural static: BC: x, y, z, 1A to 6F

Total loadcase time: 1 sec

Steps: 50

Jobs: Element type: 157

Table C3.  Input data simulation one of 6x6 infl atable air chambers.

 ■ Input Data Simulation One of 6x6 Infl atable Air Chambers

Geometry & Mesh: Surface: Table

Elements: Flexible mould

Tables: Blowup of the cavities y = x

Geometric Properties: Structural 3D-solid

Material Properties: Mass Density: 1,12*106 kg/mm3

Type: Mooney Five-term for C10: 0,474

          Walls C01: 0,118

Type: Mooney Five-term for C10: 1,6

          Top Layer C01: 0,3

Type: Mooney Five-term for C10: 3,0

          Bottom Layer C01: 0,5

Contact: Geometric: Table

Meshed, deformable: Flexible mould

Cavities: Cavity 1 Ref. Pressure: 0,1015 N/mm2

Cavity 2 Ref. Temperature: 20 °C

Cavity 3 Ref. Density: 1,206*10-9 kg/mm3

Boundary Conditions: Structural fi xed displacement: x : x = 0

z : z = 0

Structural gravity load: y : acceleration : y = -9,81*103 mm/s2

Structural cavity mass load: 1A: 2412*10-6 kg

1B: 1930*10-6 kg

1C: 1447*10-6 kg

1D: 965*10-6 kg

1E: 482*10-6 kg

1F: closed cavity

2A: 2291*10-6 kg

2B: 1737*10-6 kg

2C: 1351*10-6 kg

2D: 1061*10-6 kg

2E: 675*10-6 kg

2F: 121*10-6 kg
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3A: 1085*10-6 kg

3B: closed cavity

3C: 1085*10-6 kg

3D: closed cavity

3E: closed cavity

3F: 1085*10-6 kg

4A: 1085*10-6 kg

4B: closed cavity

4C: closed cavity

4D: 1085*10-6 kg

4E: closed cavity

4F: 1085*10-6 kg

5A: 1085*10-6 kg

5B: closed cavity

5C: closed cavity

5D: closed cavity

5E: closed cavity

5F: 1085*10-6 kg

6A: 1085*10-6 kg

6B: 1085*10-6 kg

6C: 1085*10-6 kg

6D: 1085*10-6 kg

6E: 1085*10-6 kg

6F: 1085*10-6 kg

Loadcases: Structural static: BC: x, y, z, 1A to 6F

Total loadcase time: 1 sec

Steps: 50

Jobs: Element type: 157

Table C4.  Input data simulation two of 6x6 infl atable air chambers.

 ■ Input Data Simulation Two of 6x6 Infl atable Air Chambers

Geometry & Mesh: Surface: Table

Elements: Flexible mould

Tables: Blowup of the cavities y = x

Geometric Properties: Structural 3D-solid

Material Properties: Mass Density: 1,12*106 kg/mm3

Type: Mooney Five-term for C10: 0,474

          Walls C01: 0,118

Type: Mooney Five-term for C10: 1,6

          Top Layer C01: 0,3

Type: Mooney Five-term for C10: 3,0

          Bottom Layer C01: 0,5

Contact: Geometric: Table

Meshed, deformable: Flexible mould

Cavities: Cavity 1 Ref. Pressure: 0,1015 N/mm2

Cavity 2 Ref. Temperature: 20 °C

Cavity 3 Ref. Density: 1,206*10-9 kg/mm3

Boundary Conditions: Structural fi xed displacement: x : x = 0

z : z = 0

Structural gravity load: y : acceleration : y = -9,81*103 mm/s2

Structural cavity mass load: 1A: 1085*10-6 kg

1B: 1085*10-6 kg

1C: 1085*10-6 kg

1D: 1085*10-6 kg

1E: 1085*10-6 kg

1F: 1085*10-6 kg

2A: 1085*10-6 kg

2B: closed cavity

2C: closed cavity

2D: closed cavity

2E: closed cavity

2F: 1085*10-6 kg



three
IX

3A: closed cavity

3B: closed cavity

3C: closed cavity

3D: closed cavity

3E: closed cavity

3F: closed cavity

4A: closed cavity

4B: closed cavity

4C: 965*10-6 kg

4D: closed cavity

4E: closed cavity

4F: 844*10-6 kg

5A: closed cavity

5B: closed cavity

5C: closed cavity

5D: closed cavity

5E: closed cavity

5F: closed cavity

6A: 724*10-6 kg

6B: closed cavity

6C: closed cavity

6D: 965*10-6 kg

6E: closed cavity

6F: closed cavity

Loadcases: Structural static: BC: x, y, z, 1A to 6F

Total loadcase time: 1 sec

Steps: 50

Jobs: Element type: 157

Table C5.  Input data simulation three of 6x6 infl atable air chambers.

 ■ Input Data Simulation Three of 6x6 Infl atable Air Chambers

Geometry & Mesh: Surface: Table

Elements: Flexible mould

Tables: Blowup of the cavities y = x

Geometric Properties: Structural 3D-solid

Material Properties: Mass Density: 1,12*106 kg/mm3

Type: Mooney Five-term for C10: 0,474

          Walls C01: 0,118

Type: Mooney Five-term for C10: 1,6

          Top Layer C01: 0,3

Type: Mooney Five-term for C10: 3,0

          Bottom Layer C01: 0,5

Contact: Geometric: Table

Meshed, deformable: Flexible mould

Cavities: Cavity 1 Ref. Pressure: 0,1015 N/mm2

Cavity 2 Ref. Temperature: 20 °C

Cavity 3 Ref. Density: 1,206*10-9 kg/mm3

Boundary Conditions: Structural fi xed displacement: x : x = 0

z : z = 0

Structural gravity load: y : acceleration : y = -9,81*103 mm/s2

Structural cavity mass load: 1A: closed cavity

1B: closed cavity

1C: closed cavity

1D: closed cavity

1E: closed cavity

1F: closed cavity

2A: 965*10-6 kg

2B: closed cavity

2C: closed cavity

2D: closed cavity

2E: 965*10-6 kg

2F: closed cavity
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