
HIGH PRESSURE LAMINATE BUILDING-INTEGRATED 
PHOTOVOLTAICS FACADE SYSTEM



TITLE
High Pressure Laminate Building-Integrated 
PhotoVoltaics Facade System

UNIVERSITY
Technical University of Delft
Faculty of Architecture & the Built Environment
Master Building Technology

TUTORS
Dr. ing. Marcel Bilow
 Facade & Product Design
 Main mentor 

Ir. Ate Snijder
 Structural design
 Second mentor 

BOARD OF EXAMINERS DELEGATE
Dr. Tuuli Jylhä

STUDENT
Dion van Vlerken

STUDENT NUMBER 
4976541

CONTACT
dionvanvlerken@hotmail.com

DATE
24-06-2021

 

This graduation research would not have been possible 
without the guidance and support of several people. 
First of all, I would like to thank my main mentor Dr. Ing. 
Marcel Bilow. During the Bucky Lab course in the first 
semester of the Master track Building Technology, of 
which Marcel is a teacher, I developed a new mounting 
system for High Pressure Laminate facade cladding to-
gether with my group mates. I really enjoyed the course 
and when Marcel later asked me to do my graduation 
research on a new facade system for High Pressure La-
minate Building-Integrated PhotoVoltaics panels, I did 
not hesitate for a moment. Marcel’s guidance was very 
educational but also very enjoyable. This has ensured 
that I have learned a lot during the entire process with 
the result that the research has improved more and 
more over time.

I would like to thank my second mentor Ir. Ate Snijder 
for guiding me through the process and introducing me 
to the finite element analysis. Thanks to his tips and 
tricks, the facade system has been completely optimi-
sed on a structural level. 

I would also like to thank Dr. ir. Fred Veer for supervising 
the structural testing of the facade system in the labo-
ratory. 

Finally, I would like to thank my parents, brother, sister, 
friends, roommates and fellow students for supporting 
me during this journey. 

colophon acknowledgements

Dion van Vlerken
       Rotterdam, June 2021



  summary                                                                                          

In the National Climate Agreement, the Dutch govern-
ment has set the goal of reducing Netherlands’ green-
house gas emissions by 49% in 2030 compared to 1990 
levels. By 2050, this number should even have risen to 
95%. Part of the greenhouse gas emissions is the gene-
ration of electricity by means of coal and natural gas. In 
order to contribute to the reduction of greenhouse gas 
emissions, the Dutch government has set a target that 
70% of electricity must be generated from renewable 
sources by 2030. Last year, 18% of electricity was gene-
rated from renewable sources. 24% of this was genera-
ted by solar power. 

Solar power can be generated through solar panels on 
roofs, on the ground, and on the facade. Solar panels on 
the roof are often sufficient for a single-family dwelling 
to generate enough energy for their own use. However, 
there are many buildings where the roof surface is limi-
ted in relation to the user surface. The facade surface is 
often larger than the roof surface.

In order to make optimal use of the energy potential 
of facades, new facade claddings are needed that make 
it possible to generate energy through the facade. One 
of the possibilities is the integration of PhotoVoltaics in 
a High Pressure Laminate (HPL) facade panel. However, 
this has an impact on the installation of the product and 
has other requirements. 

In this master thesis, research has been done into the 
requirements, design and development of an easy-to-
use facade system for mounting High Pressure Lamina-
te facade panels with integrated PhotoVoltaics on the 
facade. 

The research is divided into several phases. In the first 
phase, the requirements for the High Pressure Lami-
nate Building-Integrated facade system are researched 
trough literature research. This included the properties 
of the material High Pressure Laminate and the relevant 
aspects of solar panels, but also the regulations for fa-
cade claddings. Furthermore, research has been done 
into comparable systems for mounting High Pressure 
Laminate and solar panels. 

The program of requirements has been formulated ba-
sed on the result of the literature research. First, the 
systems from the literature research were evaluated 
against the program of requirements. However, none of 
the systems met all the requirements. Additions were 
made to the program of requirements and these were 
used as a guideline for the development of the new sys-
tem. 

In the second phase, the concept for the facade system 
has been developed. The design problems of the facade 
system are subdivided into different aspects. For each 
aspect different designs were made that were tested 
against the different criteria of the program of require-
ments. For each aspect, a design got the highest score 
and combined the designs with the highest score form 
the concept proposal. 

In the third phase of the research, prototypes were 
made for each aspect of the concept development.
These prototypes were made with a 3D printer.  This al-
lowed the prototypes to be analysed in terms of their 
functionality. Because this method was very accessible, 
there was the possibility to make many prototypes. 

Next, a material analysis was made to determine the 
most suitable materials for the facade system. The ma-
terial PLA, used to develop the prototypes, did not meet 
all the durability properties. In the material analysis, 
only materials that satisfied the durability properties 
were analysed.The mechanical characteristics of these 
materials were then compared with those of PLA, and 
the materials with approximately the same characteris-
tics as PLA were selected to be used in the facade sys-
tem. 

After that, the prototypes were structurally tested. This 
was done by means of a Finite Element Analysis. The first 
analysis was with the final prototype from the chapter 
'prototyping'. Next, several iterations were made until 
the design met all the requirements. The last iteration 
was used to do a practical test. This practical test gave 
a good insight into the actual structural strength of the 
design. With the information from the practical test, the 
design was adjusted again and analysed by means of a 
Finite Element Analysis. 

After all parts met the functional and structural requi-
rements, they were combined into the final design of 
the High Pressure Laminate Building-Integrated Photo-
Voltaics facade system. The system is functioning, the 
tolerances have been taken into account and there are 
technical drawings of all components of the high pres-
sure laminate building integrated photovoltaics facade 
system.
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  list of definitions                                                                                          

BIPV – Building-integrated photovoltaics
Compliant mechanism – Is a flexible mechanism that 
achieves force and motion transmission through elastic 
body deformation.
Eurocode – Are the ten European standards specifying 
how structural design should be conducted within the 
European Union (EU).
FEA – Finite element analysis
HPL – High pressure laminate
Linear elastic isotropic composite – A material that 
has the same properties in every direction.
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  1  introduction                                                                                         

In the National Climate Agreement, the Dutch govern-
ment has set the goal of reducing Netherlands’ green-
house gas emissions by 49% in 2030 compared to 1990 
levels. By 2050, this number should even have risen to 
95% (Ministerie van Economische Zaken en Klimaat, 
2019). Part of the greenhouse gas emissions is the ge-
neration of electricity by means of coal and natural gas. 
In order to contribute to the reduction of greenhouse 
gas emissions, the Dutch government has set a target 
that 70% of electricity must be generated from rene-
wable sources by 2030. Last year, 18% of electricity was 
generated from renewable sources. 24% of this was ge-
nerated by solar power (CBS, 2020). 

Solar power can be generated through solar panels on 
roofs, on the ground, and on the facade. Solar panels on 
the roof are often sufficient for a single-family dwelling 
to generate enough energy for their own use. However, 
there are many buildings where the roof surface is limi-
ted in relation to the user surface (Zonatlas, 2020). The 
facade surface is often larger than the roof surface. 

Research shows that in the city of Senne in Germany, 
the solar energy potential in the facade is even twice as 
high as on the roofs. Despite the barriers and obstacles, 
roughly 20% of the facades are suitable for the installa-
tion of solar panels (Tetraeder, 2020).

In order to make optimal use of the energy potential 
of facades, new facade claddings are needed that make 
it possible to generate energy through the facade. One 
of the possibilities is the integration of PhotoVoltaics in 
a High Pressure Laminate (HPL) facade panel. However, 
this has an impact on the installation of the product and 
has other requirements. The system should be easy to 
use, so the panels should be easy to mount on the fa-
cade and to connect and conceal the electrical cables 
of the BIPV system. It is also not possible to saw or drill 
into the product after it has been manufactured. It must 
be possible to carry out maintenance behind the panels 
and in order to prevent theft, a hidden system will be 
better. A traditional facade system will not be able to 
meet these requirements.
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1.1 problem statement                                 

1.3 research question                                 
What are the requirements for a High Pressure Lami-
nate Building-Integrated PhotoVoltaics facade system 
and how can these requirements be satisfied in the de-
sign and development of an easy-to-use facade system 
for mounting High Pressure Laminate Building-
Integrated Photovoltaics to the facade?

1.4 literature questions                            

1.2 goal of the research                              
It is clear that there is a lot of potential in generating 
electricity via the facade. The aim of this graduation 
project is to develop an easy-to-use facade system that 
makes it possible to mount the High Pressure Laminate 
facade panels with integrated PhotoVoltaics (BIPV) on 
the facade. 

Before developing a new facade system, research must 
be done into the design of the system. Research must 
also be carried out into which materials will be used 
for the system. The strength, fire safety and production 
process are important for this.

1.5 methodology                                         
The research is divided into different phases. In the first 
phase, literature research will take place on all aspects 
of HPL facade cladding and solar panels. The purpose of 
this literature research is to gain insights into the men-
tioned topics and to build a framework for the research 
from here. Based on the conclusions of the literature 
research, the design criteria for the design of the new 
facade system can be formulated.

Concept development is planned in the second phase. 
Various designs have been made on every aspect of the 
facade system, which will be tested against the design 
criteria resulting from the literature research and some 
additions to it. The design criteria were compared with 
each other and given a certain weighting. Next, various 
designs per aspect were tested against these design cri-
teria and the scores were summed up. For each aspect, 
one design received the highest score and together the-
se designs form the concept proposal.

The design will be developed in the third phase. First, 
various prototypes will be developed based on the con-
cept proposal. The prototype with the most potential 
will then be used further in the research.   
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•  What is High Pressure Laminate?
•  What is the process from raw material to 
     facade cladding?
•  Which aspects of solar panels are relevant for  
     the facade system?
•  What are the regulations regarding the 
     installation of facade cladding?
•  Which mounting systems are currently used   
     to mount PV and BIPV?
•  Which mounting systems are currently used   
     to mount HPL to the facade?
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A material analysis will be done for the prototype and 
the prototype will be tested for structural strength. This 
will be done by means of simulations and 3D printing. 
The prototype will be optimized to create the final de-
sign. 

In the fourth and final phase, the research will be evalu-
ated and conclusions will be made. Recommendations 
will also be made for further research into HPL facade 
systems with integrated solar cells.

Figure 1: Flowchart
(Own)
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High Pressure Laminate is a sheet material that can be 
used both indoors and outdoors. Well-known manufac-
turers include Trespa, Plastica and Duropal. The panel 
is built up of a core and a top layer. The core is made of 
wood fibres or paper impregnated with thermosetting 
resin, which are pressed together under high pressure. 
The top layer is located on both outer sides of the core. 
This is necessary because otherwise the panel may 
warp. The top layer ensures that the panel is resistant 
to UV radiation and moisture. The panel is also dura-
ble, wear-resistant and highly impact-resistant (Plastica, 
2021). 

The most common thicknesses of HPL panels are 6 and 
8 millimeters. There are also HPL panels with a thickness 
of 10 and 13 millimeters. The HPL panel with a thickness 
of 6 millimeters has a weight of 8.4 kg per square me-
ter, a panel of 8 millimeters 11,2 kg per square meter, 
a panel of 10 millimeters 14 kg per square meter and a 
panel of 13 millimeters 18,2 kg per square meter. More 
material properties can be found in appendix I.

The maximum span of the HPL panels depends on the 
thickness of the panels, the wind load and whether it 
is a single or multiple span. See appendix II. It must be 
noted that from top to bottom, only single span is possi-
ble. This is due to the limitations of the system.

The assembly of the HPL panels is normally done by two 
people. Dutch Health and Safety legislation states that 
the maximum weight that can be moved by hand is 50 
kg (Ministerie van Sociale Zaken en Werkgelegenheid, 
2021). This means that the maximum weight of the HPL 
BIPV panels may not exceed 50 kg. 

Combining solar cells with the High Pressure Laminate 
facade panel creates a High Pressure Laminate Building 
Integrated PhotoVoltaics facade panel.

Figure 2: Process
(Own)
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2.1 high pressure laminate                         2.2 raw material to facade cladding        
The process starts with the request of a customer who 
has a project where a new facade must be designed and 
built. The architect makes a design and the customer 
contacts a facade builder to make the facade.

The facade builder needs the facade panels to make the 
facade. The panels will be ordered from a manufacturer 
of HPL cladding. The panels are made from various raw 
materials and delivered to the facade builder in stan-
dard sizes. The facade builder still has to cut the panels 
to size themselves.

For mounting the facade panels on the facade, the fa-
cade builder must purchase a mounting system from a 
mounting system manufacturer. The correct mounting 
system is selected based on the wishes of the customer. 
The facade builder then mounts the facade panels using 
the mounting system on the facade.

The development of the facade system is best left to the 
mounting system manufacturer. They have all the know-
ledge to design and develop the facade system. The HPL 
manufacturer is less familiar with this and it is not part 
of their field of expertise. However, it is advisable for 
HPL manufacturers to cooperate with a mounting sys-
tem manufacturer in order to contribute to the deve-
lopment of the final product.

The way in which solar panels are connected has an in-
fluence on the space required for the cavity behind the 
facade cladding. This is because the thickness of the ca-
bles can change or that additional equipment may have 
to be placed behind the facade cladding. The number 
of solar panels also influences this. It is also important 
to know the reliability of the system. This affects how 
dismountable the system must be.

2.3 relevant aspects of solar panels        

series, parallel or optimizers?
There are various options for connecting the solar pa-
nels, each with its advantages and disadvantages. The 
most common option is to connect the panels in series. 
The panels are connected one after the other. This is 
also referred to as a string. A solar panel usually supplies 
between 30 and 40 volts. 10 solar panels in series there-
fore deliver 300 to 400 volts. The Amperage remains the 
same. Through the central inverter, the electricity from 
the solar panels, which is in DC voltage, is converted to 
230 Volt AC. A disadvantage of series connection is that 
when one panel is shaded and the voltage is only 10 
volts, the other panels that are in the sun also only have 
a maximum voltage of 10 volts (Borrias, 2019). Another 
disadvantage is that the central inverter has a lifespan 
of 10 to 15 years, which means that the lifespan of the 
central inverter is shorter than the panels themselves 
(Solar bouwmarkt, 2020).

Another option is to connect the solar panels in paral-
lel. The panels are not connected one after the other 
like the series connection, but next to each other. The 
pluses are connected to the pluses and the minuses to 
the minuses. Due to the high currents that are released, 
micro-inverters are used in a parallel circuit. A micro-in-
verter converts the DC voltage to AC voltage per panel 
(Borrias, 2019). Furthermore, a micro-inverter is about 
the size of an A5 and has a thickness of about 30 milli-
meters. The advantage of a micro-inverter is that if one 
panel produces less power, it has no effect on the yield 
of the other panels. Another advantage is that the sys-
tem does not need a central inverter and that the yield 
can be analyzed per panel. Possible poorly performing 
panels will surface. Also, the life of the micro-inverters is 
about as long as the panels, namely 25 years. The disad-
vantage of a parallel connection is that the cables often 
have to be made thicker. This is because with a paral-
lel connection not the voltage but the current strength 
(Ampere) per panel increases. Another disadvantage is 
that because each panel has its own micro-inverter, the 
system is more expensive than a series connection (So-
lar bouwmarkt, 2020).

The last option is a system with optimizers. Basically this 
system is the same as a series connection. The differen-
ce is that with this system each panel has an optimizer. 
Just like with a parallel connection with micro-inverters, 
this optimizer ensures that if one panel produces less 
power, it does not affect the yield of the other panels 
(Borrias, 2019). However, an optimizer works differently 
then a microinverter. Where a micro-inverter converts 
the DC voltage to AC voltage, an optimizer ensures that 
the power of the panels remains the same by playing 
with the voltage. An optimizer is about the size of an 
A6 paper and a thickness of 25 mm. The advantage of 
this system is that, just like the parallel connection, it is 
possible to monitor the yield per panel. Also, the cables 
do not need to be made thicker because the Amperage 
is the same as a normal series connection. Furthermo-
re, the power optimizers, just like the micro-inverters, 
have a lifespan of about 25 years. A disadvantage of this 
system is that a central inverter is still required (Solar 
bouwmarkt, 2020).

Figure 3: Series or parallel connection with inverter
(Own)

Figure 4: Micro-inverter
(Own)

Figure 5: Optimizers
(Own)



literature researchliterature research

The amount of panels that can be connect per group de-
pends on the maximum number of Amps of the group 
in question. The standard main fuse in a house has a 
current maximum of 25 Amps. However, it is possible to 
install a larger main fuse up to 80 Amps. For companies 
it is even possible to have a main fuse up to 250 Amps 
(Stedin, 2020). According to the rule of thumb, the fuse 
in the group fuse box must be 1,6 times smaller than 
the main fuse (Zonnepanelen.net, 2020). This means 
that for a standard connection in the fuse box, the cur-
rent can be a maximum of 16 Amps per group. With a 
connection of 80 or 250 Amps, this is a maximum of 50 
or 156 Amps per group. 

The inverter converts the electricity generated by the 
panels from direct current to 230 Volt alternating cur-
rent. The formula for calculating the maximum power 
(Watt) is the voltage (Volts) times the amperage (Am-
pere) (Rijnberk, 2020). This means that for a standard 
home connection, the voltage of the current (230 Volt) 
times the current of the group (16 Amps) must be done 
to calculate the maximum allowable power of the solar 
panel installation. In this case, the maximum power of 
the solar panel installation is 3680 Watt peak. 

Figure 6: Dimensions solar panel
(Own)
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If the facade cladding is installed, it must be certain that 
it is structurally strong enough. Therefore, the facade 
must be strong enough to withstand the load of the 
wind, and safety factors are taken into account in order 
to build in extra security. There are also regulations on 
the fire safety of the facades.

2.4 regulations facade claddings           

concequence classes
The consequence classes are described in the NEN-EN 
1990. This describes that a structure must be designed 
and built in such a way that it is sufficiently reliable du-
ring the specified design life that it meets the criteria 
of safety and usability, without excessive maintenance. 
The consequence classes are divided into 3 categories 
(NEN, 2019). See table 1. 

amount of panels per group

loss of yield & defects
Despite the fact that solar panels benefit from a high 
amount of sunshine, it is important that the temperatu-
re does not exceed 25 degrees Celsius. For each degree 
that it is warmer, the panel’s power output decreases 
by 0,35%. It also turns out that 5% of the panels have 
defects. Even if they have just been installed. This is cau-
sed by poor welds, and bird droppings can also cause 
damage to the panels (Claes, 2010).

It is important for the efficiency of the solar panels that 
the cavity behind the panels is ventilated. If solar panels 
are fixed vertically to the facade without ventilation, the 
yield loss can be as much as about 10% (Kooning & De-
preeuw, 2010). 

size & weight of the panels
A standard solar panel consists of 6 solar cells in one 
direction and 10 solar cells in the other. In total, the-
re are 60 solar cells per panel. These solar cells have a 
dimension of 156 by 156 millimeters. With the space 
between the solar cells and the space at the edges, a 
standard solar panel measures approximately 1650 by 
1000 millimeters. The weight of a panel is around 18 
kg. This converts to 0,3 kg per solar cell (Matasci, 2020). 

Consequences class Discription Examples of buildings and civil engineering 
works

CC3 High consequence for loss of human life, 
or economic, social or environmental con-
sequences very great

Grandstands, public buildings where consequen-
ces of failure are high (e.g. a concert hall)

CC2 Medium consequence for loss of human 
life, economic, social or environmental 
consequences considerable

Residential and office buildings, public buildings 
where consequences of failure are medium (e.g. 
an office building)

CC1 Low consequence for loss of human life, 
and economic social or environmental 
consequences small or negligible

Agricultural buildings where people do not nor-
mally enter (e.g. storage buldings), greenhouses

Table 1: Consequences classes
(NEN, 2019)

For each consequence class there are corresponding sa-
fety factors (NEN, 2019), see table 2.

Consequences class Safety factor permanent actions Safety factor variable actions
CC3 1,10 1,35

CC2 1,20 1,50

CC1 1,30 1,65

Table 2: Safety factors consequences classes
(NEN, 2019)

fire safety
NEN-EN 13501-1 (Fire classification of construction pro-
ducts and building elements) describes the minimum 
fire classification to be met by the exterior of the faca-
de. The minimum fire classification that applies to faca-
des is fire classification B. The material has a very limi-
ted contribution to the development of the fire (NEN, 
2019). The fire classification of HPL is even better with 
fire classification A2. In this case, the material has hard-
ly any contribution to the development of the fire.

However, the fire classification does not only apply to 
the facade cladding, but to the entire facade constructi-
on. As a result, the mounting system must also meet at 
least fire classification B.

wind load 
A Eurocode has been drawn up for the maximum wind 
load on the facades, namely the NEN-EN 1991, Wind 
actions. This describes the calculation method used to 
calculate the wind load for each individual country. In 
this report the wind zones in the Netherlands will be 
used. In the Netherlands three wind zones have been 
designated. In wind area I, the most stringent require-
ments apply. This area is situated on the coast and has 
the highest wind speeds in the Netherlands. Wind area 

II is also situated on the coast, but here the wind speeds 
are less high. Wind area III is inland and has the lowest 
wind speeds (NEN, 2020).

Figure 7: Wind areas in the Netherlands
(NEN, 2020)
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These areas are divided into three terrain categories. 
Namely whether the building is in a sea or coastal area, 
a built-up area or an undeveloped area. The height of 
the building is also important for the wind load per 
square meter. See table 3.
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Height
m

Area I
Coast     Undeveloped      Built-up

Area II
Coast      Undeveloped      Built-up 

Area III
Undeveloped      Built-up

1 0,93                          0,71                              0,69 0,78                          0,60                             0,58 0,49                             0,48                            

2 1,11                          0,71                              0,69 0,93                          0,60                              0,58 0,49                             0,48          

3 1,22                          0,71                              0,69 1,02                          0,60                              0,58 0,49                             0,48          

4 1,30                          0,71                              0,69 1,09                          0,60                              0,58 0,49                             0,48           

5 1,37                          0,78                              0,69 1,14                          0,66                              0,58 0,54                             0,48          

6 1,42                          0,84                              0,69 1,19                          0,71                              0,58 0,58                             0,48          

7 1,47                          0,89                              0,69 1,23                          0,75                              0,58 0,62                             0,48          

8 1,51                          0,94                              0,73 1,26                          0,79                              0,62 0,65                             0,51          

9 1,55                          0,98                              0,77 1,29                          0,82                              0,65 0,68                             0,55          

10 1,58                          1,02                              0,81 1,32                          0,85                              0,68 0,70                             0,56          

15 1,71                          1,16                              0,96 1,43                          0,98                              0,80 0,80                             0,66          

20 1,80                          1,27                              1,07 1,51                          1,07                              0,90 0,88                             0,74          

25 1,88                          1,36                              1,16 1,57                          1,14                              0,97 0,94                             0,80          

30 1,94                          1,43                              1,23 1,63                          1,20                              1,03 0,99                             0,85          

35 2,00                          1,50                              1,30 1,67                          1,25                              1,09 1,03                             0,89          

40 2,04                          1,55                              1,35 1,71                          1,30                              1,13 1,07                             0,93          

45 2,09                          1,60                              1,40 1,75                          1,34                              1,17 1,11                             0,97          

50 2,12                          1,65                              1,45 1,78                         1,38                              1,21 1,14                             1,00          

55 2,16                         1,69                              1,49 1,81                          1,42                              1,25 1,17                             1,03          

60 2,19                          1,73                              1,53 1,83                          1,45                              1,28 1,19                             1,05          

65 2,22                          1,76                              1,57 1,86                          1,48                              1,31 1,22                             1,08          

70 2,25                          1,80                              1,60 1,88                          1,50                              1,34 1,24                             1,10          

75 2,27                          1,83                              1,63 1,90                          1,53                              1,37 1,26                             1,13          

80 2,30                          1,86                              1,66 1,92                          1,55                              1,39 1,28                             1,15          

85 2,32                          1,88                              1,69 1,94                          1,58                              1,42 1,30                             1,17          

90 2,34                          1,91                              1,72 1,96                          1,60                              1,44 1,32                             1,18          

95 2,36                          1,93                              1,74 1,98                          1,62                              1,46 1,33                             1,20          

100 2,38                          1,96                              1,77 1,99                          1,64                              1,48 1,35                             1,22          

110 2,42                          2,00                              1,81 2,03                          1,68                              1,52 1,38                             1,25          

120 2,45                          2,04                              1,85 2,05                          1,71                              1,55 1,41                             1,28          

130 2,48                          2,08                              1,89 2,08                          1,74                              1,59 1,44                             1,31          

140 2,51                          2,12                              1,93 2,10                          1,77                              1,62 1,46                             1,33          

150 2,54                          2,15                              1,96 2,13                          1,80                              1,65 1,48                             1,35          

160 2,56                          2,18                              2,00 2,15                          1,83                              1,67 1,50                             1,38          

170 2,59                          2,21                              2,03 2,17                          1,85                              1,70 1,52                             1,40          

180 2,61                          2,24                              2,06 2,19                          1,88                              1,72 1,54                             1,42          

190 2,63                          2,27                              2,08 2,20                          1,90                              1,75 1,56                             1,44          

200 2,65                          2,29                              2,11 2,22                          1,92                              1,77 1,58                             1,46          

225 2,70                          2,35                              2,17 2,26                          1,97                              1,82 1,62                             1,50          

250 2,74                          2,40                              2,23 2,30                          2,01                              1,86 1,66                             1,54          

275 2,78                          2,45                              2,28 2,33                          2,05                              1,91 1,69                             1,57          

300 2,82                          2,50                              2,32 2,36                          2,09                              1,95 1,72                             1,60          

Table 3: Wind load per square meter
(NEN, 2020)

2.5 current mounting systems pv/bipv                           

There are various systems on the market for mounting 
normal PhotoVoltaics (PV) panels and Building Integra-
ted PhotoVoltaics (BIPV). Standard PV panels are usually 
placed on roofs using clamps on a rail system, as shown 
in figure 8.

Figure 8: PV panels mounted with clamps on a rail
system
(Zonnepanelen-Voordelig, 2020)

For the mounting of BIPV there is more variation. This is 
because BIPV is a collective name for various products 
in which solar cells are integrated. A good example of 
this are solar cells integrated in roof tiles, as shown in fi-
gure 9 and figure 10. The roof tiles with integrated solar 
cells are mounted in the same way as normal roof tiles.

Figure 9: Monier V90 – integrated PV-system         
(Monier, 2021) 

Figure 10: Tesla Solar Roof
(Tesla, 2020)

Another example are these BIPV panels (figure 11) in 
the facade of a building. The BIPV panels are fixed to the 
facade using clamps.

Figure 11: BIPV facade
(Hanjin, 2013)

The last example are solar cells integrated in glass, 
which can be seen on figure 12. The great thing about 
this system is that daylight still comes in and electricity 
is generated. The glass with the integrated solar cells is 
placed in a frame just like normal glass panels.

Figure 12: Solar cells integrated in glass
(Mashriq energy, sd)
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The most commonly used methods of mounting HPL 
facade panels are by mechanical and chemical moun-
ting methods. Mechanical mounting methods are both 
visible and invisible on the outside of the facade. Che-
mical mounting methods are not visible. Manufacturers 
of HPL facade systems include ECO Cladding, GIP GmbH, 
Ipex Group and NVELOPE Rainscreen Systems.

These mounting methods are all attached to a sub-struc-
ture. The sub-structure is made of wood or aluminium. 
The depth of the sub-structure depends on whether the 
wall still needs to be insulated or not.  

Figure 14: Clamp with brackets    
(Ipex Group, 2020)
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2.6 current mounting systems hpl                        
With this mounting method, the panels are fastened by 
means of a clamp with hooks. First, the clamp is atta-
ched to the bottom of the sub-structure. Subsequently, 
the panel is first placed with the bottom in the clamp. 
Next, the clamp is placed at the top of the panel and 
then attached to the sub-structure. There is a compo-
nent in the clamp to prevent it from moving horizon-
tally. The panels are connected to each other using the 
fastening method. As a result, maintenance on a single 
panel is not possible.

In this mounting method, the panels are fixed to the 
sub-structure by means of metal springs. A groove must 
be milled on all sides of the panel. The panels are then 
fixed to the sub-structure by means of the metal springs. 
Furthermore, a countersunk hole must be drilled in the 
panel to fix the panel. Because the panels are connec-
ted to each other by means of the metal springs, it is 
not possible to carry out maintenance on a single panel.

With this method of mounting, plate hooks are atta-
ched to the back of the panel. The horizontal rails are 
attached to the sub-structure, into which the panels 
are hung by using the plate hooks. The panel hooks are 
then attached to the rails with a screw. This ensures that 
the panel is directly fixed and no horizontal movement 
can occur. Despite the fact that the panels are installed 
separately from each other, it is not possible to detach a 
single panel for maintenance purposes. It is not possible 
to unscrew the screw that attaches the panel hook to 
the rails when there is a panel on top.

mechanical mounting methods
screws & blind rivets
With these mounting methods, the panels are fixed to 
the sub-structure by means of screws or blind rivets. Be-
fore the panels can be fixed to the sub-structure, they 
must first be pre-drilled. This must be measured in ad-
vance. The panels are then fixed to the sub-structure 
using spacers. Because the panels are fastened with 
screws or blind rivets, the panels are fixed immediately 
and therefore cannot move horizontally. The panels are 
mounted separately from each other, so that mainte-
nance can be carried out per panel if necessary.

Figure 13: Screws and blind rivets
(Ipex Group, 2020) 

clamp with brackets metal tongues with profiled edges

Figure 15: Metal tongues with profiled edges
(Own)

hangers on horizontal profile

Figure 16: Hangers on horizontale profile
(Ipex Group, 2020)
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Figure 18: Adhesive
(Ipex Group, 2020)
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profiled edges
In this method, a groove is milled locally or complete-
ly at the top and bottom of the panel. The panels are 
then fastened by using hooks in the horizontal rails or 
through continuous horizontal profiles where the pa-
nels are retracted and glued. Because there are local 
grooves in the case of the hooks, the panels cannot 
move horizontally. The other system does not allow ho-
rizontal movement either, as the panels are glued to-
gether. With both systems it is not possible to separate 
a panel for maintenance.

Figure 17: Profiled edges
(Ipex Group, 2020) 

chemical mounting methods
adhesive
With this mounting method, the panels are glued di-
rectly to the sub-structure. Double-sided foam tape is 
used to ensure that the panels remain in position during 
the curing process. The panels are fixed automatically 
because they are glued. It is not possible to perform 
maintenance behind the panels.  

mechanical & chemical combined
glued on a profile
In this method, a profile is glued to the back of the pa-
nel. The panel is then attached with the profile to the 
horizontal rails of the sub-frame. As the fixing is done by 
using a screw, the panels are fixed in place. It is not pos-
sible to carry out maintenance behind a single panel.

Figure 19: Glued on a profile
(Ipex Group, 2020)
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•  The system should not be visible from the 
     outside
•  The system must allow the panels to be 
     disassembled separately for maintenance
•  The system should have as few parts as possible
•  No adjustments on site
•  Multi-step assembly
•  Installation space behind the panels

program of requirements

3.2 matrix                                                        
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The program of requirements has been formulated ba-
sed on the results of the literature research. It also in-
corporates certain preferences.

3.1 requirements                                         

Invisible

1

Separately demountable 
for maintenance

3

Amount 
of parts

1

No adjustments 
on site

2

Multi-step 
assembly

3

Installation 
space

2

Result

Screws & 
blind rivets

- + + - - + 0

Clamp with 
brackets

- - + + + + 4

Metal ton-
gues

0 - + - - + -5

Hangers on 
horizontal 

profile
+ - 0 - - + -5

Profiled 
edges

+ - 0 - + + 1

Adhesive + - + + - + 0

Glued on a 
profile

+ - 0 - + + 1

Table 4: Matrix mounting systems
(Own)
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The results from the matrix show that none of the faca-
de systems examined meets all the requirements of the 
program of requirements. All systems have their weak-
nesses and strengths. For the new design it is necessary 
to merge the strengths of the existing systems in order 
to meet the program of requirements.
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conclusion

3.3 additions program of requirements
In addition to the program of requirements, there are 
some additional requirements for the new facade sys-
tem to be developed.

•  It should be easy to mount the panels. With as  
     few actions as possible; 
•  Easy production method;
•  Risk of errors in production and the resulting 
     residual waste; 
•  The structure of the system should be safe; 
•  Possibility of adding additional components;
•  Adjustment possibility to compensate for 
     tolerances;
•  The possibility of changing parts;
•  Easy to disassemble and reuse. 

For the structural calculations of the system, it is im-
portant that structural assumptions are made. For the 
maximum wind load, a building with a height of 20 me-
ters has been taken into account which is located at the 
coast in wind area I. This results in a wind load of 1,8 kN/
m2. The system will be mainly intended for residential, 
office and public use where the consequences of failure 
are medium. The corresponding consequence class is 
CC2. Furthermore, the facade system is only suitable for 
vertical installation of the HPL panels. 

The HPL BIPV facade panels are made of an HPL panel 
with integrated solar cells. The dimensions of the HPL 
BIPV panels are derived from the dimensions of the so-
lar cells, which have a size of 156 by 156 millimeters. 
In order to have a space between the solar cells, the 
dimensions of the solar cells are rounded off to 160 by 
160 millimeters. The dimensions of an HPL BIPV faca-
de panel are a multiple of 160 millimeters. However, a 
joint of at least 10 millimeters wide between the panels 
must also be taken into account. Therefore, the width 
and height of the panel will be a multiple of 160 mil-
limeters minus a joint thickness of 10 millimeters. The 
centre-to-centre distance between the joints is a multi-
ple of 160 millimeters.

In addition to the size of the solar cells, the thickness 
and weight of the facade panels also influence the 

maximum size of the facade panels. The panel thickness 
affects the maximum free span between the support 
points of the panel. This free span also depends on the 
wind load on the facade. Furthermore, the panel must 
not weight more than 50 kilograms in order to make it 
is possible to install the panel with 2 people. Figure 20 
shows the optimum size per panel thickness. The calcu-
lations can be found in appendix III.

In order to achieve the highest possible yield from the 
system, it is important that the system is placed some-
where where there are no shadow obstructions. Since 
this can in principle always be assumed, a series con-
nection of the panels will be taken into account in the 
remainder of the research.

Optimal size 6 & 8mm thick HPL  panel (630x310mm)

Optimal size 10mm thick HPL  panel (950x470mm)

Optimal size 13mm thick HPL  panel (1270x630mm)
Figure 20: Panel sizes
(Own)

A panel with a thickness of 13 millimeters was used for 
the further development of the system. 
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Assembly
In the aspect of assembly, the various sequences for 
mounting the panels on the facade are assessed against 
the established criteria.

Sub-structure
The sub-structure is the connection between the wall 
and the cladding.

Panel 
In this aspect, various modifications to the panel for 
connecting to the sub-structure are assessed.

Top & bottom connection
This aspect is the connection of the panel to the 
sub-structure at the top and bottom of the panel.

Cable management
The cable management ensures that the cables of the 
BIPV system can be concealed in an organized manner.

concept development
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This chapter describes the development of the con-
cept for the facade system. First, the design problems 
of the facade system are divided into different aspects. 
Different designs will be made for each aspect and will 
then be tested against different criteria arising from the 
program of requirements. These criteria are subdivided 
into ‘boundary conditions’ and ‘other criteria’. The de-
signs must in any case satisfy the boundary conditions 
and for the other criteria, a distinction is made between 
important and less important criteria with the aid of a 
matrix. The criteria are also explained in more detail. All 
design solutions were then tested against the criteria 
that were relevant to the design solution in a multi-cri-
teria analysis.

4.1 aspects                                                    

In order to decide which design will be used for each 
aspect, various criteria have been formulated to assess 
the designs. There are boundary conditions that the 
design must satisfy in any case. These come from the 
program of requirements. There are also specific crite-
ria for each aspect.

In order to distinguish between important and less im-
portant criteria, each criterion has been given a certain 
weighting. The important criteria are given a weighting 
of 3, while the less important criteria are given a weigh-
ting of 1 or 2. The weight valuation method is used to 
determine this value. The score matrix on the next page 
is used to compare all criteria one by one. If one criteri-
on is more important than the other, it gets the value of 
1. If the criteria are less important, it gets the value of 0.

4.2 weight                                                       
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The criteria with a score between 0 and 3 are given a 
weighting of 1. The criteria with a score between 4 and 
7 are given a weighting of 2 and the criteria with a score 
between 8 and 10 are given a weighting of 3. Green me-
ans that the design is satisfactory, orange means that 
the design is average and red means that the design is 
unsatisfactory. 

Table 5: Score matrix
(Own)
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Boundary conditions:
•  Visibility 

•  Demountability

•  No adjustments on building site

• Structural safety 

Production:
• Production method

• Risk of errors

• Amount of parts

Assembly:

• Easy to mount

• Multi-step assembly

• Expandable

• Resilience to tolerance

• Physical ergonomics

Use:
• Maintenance

• Adaptability

End-of-life:
• Disassembly

4.3 explanation criteria  

O O O

O O

O O

O O O

O

O

O

OOO

OOO

OOO

OOO

OO

OO

O

OO

The visibility of the mounting system on the 
outside of the facade.

The system must allow the panels to be 
disassembled separately for maintenance.

The panels must not be adjusted on the building 
site.

The structure of the system should be safe. 

Using simple production techniques.

Minimize residual waste in production.

Minimize human labour, thus assembly errors.

Easy and quick handling methods.

Multi-step assembly ensures that there is one 
step between the assembly of the bottom and 
top profile. This allows the wiring of the BIPV 
system to be connected.

Possibility of adding additional components.

Adjustment possibility to compensate for 
tolerances.

Minimize use of heavy equipment

The possibility of doing maintenance.

The possibility of replacing the panels.

Easy to disassemble and reuse.
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Not all criteria and boundary conditions are relevant to 
every aspect. Therefore, each aspect has been assigned 
the applicable criteria and boundary conditions.  

Assembly:                
•  Structural safety   
•  Easy to mount    
•  Multi-step assembly              
•  Physical ergonomics               
•  Maintenance                
•  Adaptability 

Sub-structure:
•  Structural safety               
•  Risk of errors 
•  Amount of parts
•  Easy to mount
•  Resilience to tolerance
•  Physical ergonomics
•  Maintenance
•  Adaptability
•  Disassembly

Panel: 
•  Visibility 
•  No adjustments on site               
•  Structural safety
•  Production method             
•  Risk of errors
•  Easy to mount               
•  Resilience to tolerance              
•  Maintenance                
•  Adaptability                           
•  Disassembly 
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4.4 criteria & aspects

Top & bottom connection:
•  Visibility                 
•  Demountability
•  Structural safety               
•  Production method               
•  Risk of errors                
•  Easy to mount               
•  Resilience to tolerance           
•  Physical ergonomics
•  Maintenance
•  Adaptability
•  Disassembly           

Cable management:
•  Visibility 
•  Demountability
•  Production method
•  Risk of errors
•  Easy to mount
•  Expandable
•  Maintenance               
•  Adaptability
•  Disassembly

For each aspect, different design solutions have been 
developed. Some design solutions are based on existing 
solutions, while other design solutions are self-genera-
ted. The solutions are not discussed in depth, but on a 
conceptual level to speed up the process. Subsequently, 
the solutions of the various aspects are assessed accor-
ding to the criteria drawn up. In addition to the weigh-
ting of the criteria, a score of 1 to 3 can be achieved. In 
appendix IV the explanation of the score per criteria can 
be found. If the criteria is not applicable in the design 
solution, a dash is added. By adding up the scores of the 
criteria, the best design solution per aspect emerges.

assembly

Structural safety O O O O O O
Easy to mount OOO 1 2 3

Multi-step assembly OOO - 3 3

Physical ergonomics OO 2 3 3

Maintenance OO 1 3 3

Adaptability O 3 3 3

Total: 12 30 33

1     2           3

1. Simultaneously
In this design solution, there is no multi-step assembly 
and the top and bottom of the panel are installed simul-
taneously. Assembly is quite difficult, as both top and 
bottom must be in the right position at the same time. 
From an ergonomic point of view, installation is fairly 
easy to do. Maintenance is difficult because the panel 
has to be loosened at both the top and the bottom. The 
panel must be completely removed from the facade. In 
case of a defect or something similar, it is easy to chan-
ge the panels.

2. Bottom first
This design first mounts the panel at the bottom. Then 
the weight of the panel is already supported and the 
panel must be held to connect the cabling of the BIPV 
system. This can be done from the side of the panel. If 
the cabling is connected, the panel can also be connec-
ted from the top. By loosening the connection at the 
top and holding the panel up, maintenance of the sys-
tem can be carried out. It is also possible to remove the 
panel in this way.

3. Top first
The panel is first hung on the top. The cabling can then 
be connected through the side of the panel. The panel 
is then mounted to the wall at the bottom. Because the 
panel is suspended, it already hangs in the right position 
and does not need to be held back. Maintenance can 
easily be done by loosening the bottom panel. The pa-
nels can be replaced if necessary by loosening the bot-
tom panel and then also loosening the top panel.
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sub-structure

Structural safety O O O O O O
Risk of errors O 3 3 3

Amount of parts O 3 3 1

Easy to mount OOO 1 1 2

Resilience to tolerance OOO 1 1 3

Physical ergonomics OO 3 3 3

Maintenance OO 3 3 3

Adaptability O 3 3 3

Disassembly OO 3 3 3

Total: 33 33 40

1     2           3

1. Vertical
The vertical sub-structure is not easy to mount. This is 
because it is difficult to precisely measure the distance 
between the sub-structures. This also affects the resili-
ence of tolerance, because it is not possible to eliminate 
any unevenness. The vertical sub-structure also meets 
the other criteria.

2. Horizontal
The same applies to the horizontal sub-structure as to 
the vertical sub-structure. It is difficult to get the inter-
mediate distances right and the adjustment possibilities 
are limited. Apart from that, it meets the other criteria.

3. Vertical/horizontal
With this method, first the vertical profiles are mounted 
on the structure behind. Then, the horizontal profiles 
are attached to the vertical profiles. This connection 
makes it possible to make adjustments if necessary, and 
therefore it is resilient of tolerance. A disadvantage of 
the system is that it consists of several parts. Otherwise, 
it meets the other criteria. 

panel

Visibility O O O O O O O O O O
No adjustments on site O O O O O O O O O
Structural safety O O O O O O O O O O
Production method O 3 3 2 2 2 1 1

Risk of errors O 3 3 2 2 2 2 2

Amount of parts O 3 3 3 3 3 1 1

Easy to mount OOO 1 1 2 2 3 2 1

Resilience to tolerance OOO 3 3 1 1 1 3 2

Maintenance OO 1 2 3 3 3 3 2

Adaptability O 1 3 3 3 3 3 3

Disassembly OO 1 2 3 3 3 1 2

Total: 26 30 31 31 34 30 24

1          2           3                 4       5            6                 7

1. Without adjustments
The first design solution is the panel without adjust-
ments. The advantages are that the mounting system 
is not visible and no adjustments have to be made on 
site. What is more difficult is to check whether the che-
mical fixing at the back has reached the right strength. 
The production method is simple and the risk of errors 
is low. Mounting the panel on the facade is quite diffi-
cult. This is because the cables must first be connected 
before the panel can be attached to the facade. Main-
tenance of the system is not possible because it is fixed 
to the sub-structure by the chemical fixation. This also 
makes it difficult to change panels as damage may occur 
to the panel itself and the sub-structure. This makes it 
impossible to reuse the system.

2. Drilled holes
In the second design solution, holes are drilled in the 
panel at the building site. There is no risk of errors oc-
curring. Installation is difficult because the cabling must 
first be connected before the panel can be attached to 
the sub-structure with screws. Because the holes are 

only made at the construction site, they can be drilled 
in exactly the right place. However, care must be taken 
not to drill into the solar cells. It is possible to carry out 
maintenance, but it is necessary to remove the entire 
panel from the facade. Swapping panels is easy and it is 
possible to reuse the panels. The ‘’damage’’ of the holes 
will, however, be visible.

3. Ends milled locally (even)
With this design, a hole is milled locally at the top and 
bottom of the panel. The ends are even. This makes the 
mounting system semi-invisible. Milling is a reasonably 
simple production method, with a small risk of errors. 
Mounting this design is done by first mounting the bot-
tom, then connecting the cabling and then connecting 
the panel on top. Because the holes are already milled 
in the factory, the resilience of tolerance depends on 
the sub-structure. Furthermore, maintenance is easy 
by loosening the top of the panel and the panels can 
be exchanged in the same way. The panels can also be 
easily reused.
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top & bottom connection

Visibility O O O O O O O 
Demountability O O O O O O
Structural safety O O O O O O O
Production method O 3 3 1 3

Risk of errors O 1 3 1 3

Easy to mount OOO 1 3 2 2

Multi-step assembly OOO 1 1 2 1

Resilience to tolerance OOO 3 3 3 2

Physical ergonomics OO 3 2 3 3

Maintenance OO 1 1 3 2

Adaptability O 1 3 3 3

Disassembly OO 1 3 3 3

Total: 30 42 44 40

1. Glued
The first option is to attach the panel to the sub-struc-
ture by means of glue. The disadvantage of this method 
is that it is impossible to check whether the glue has 
hardened correctly and is still strong enough after some 
time. The assembly is quite tricky as preparations have 
to be made. Both the plate and the sub-structure must 
be degreased. Furthermore, foam tape must be applied 
to temporarily support the panel until the adhesive is 
strong enough to support the panel. Since the panel is 
attached to the sub-structure from all sides at the same 
time, multi-step assembly is not possible. Furthermore, 
maintenance is not possible because the panel cannot 
be removed from the facade without damaging it.

2. Screwed
In this design, the panel is fixed to the facade by screws. 
The panels can be removed from the facade indepen-
dently to carry out maintenance. However, all screws 
must be unscrewed in order to be able to work behind 
the panel. A screw machine is required to mount the pa-
nels to the facade. Multi-step assembly is not possible, 
and because of the screwdriver, the physical ergonomi-
cs are slightly less good.

3. Compliant mechanism
The third option is to fix the panel with a compliant me-
chanism. A compliant mechanism consists of one com-
ponent in which movements are possible. The produc-
tion of this is very precise and there is a risk of errors. 
The assembly is reasonably simple by pressing the panel 
against the compliant mechanism. The mechanism then 
‘clicks’ shut. No further tools are required to attach the 
panel and maintenance is simple. The compliant me-
chanism can also be ‘clicked’ open again.

4. Fixed profile
The last option is to mount the panel on a fixed profi-
le. This is easy to produce and the risk of errors is low. 
Mounting the panel is fairly simple. First, the cabling 
must be connected before the panel is attached to the 
top and bottom simultaneously. This means that a mul-
ti-step assembly is not possible. Any deviations must be 
compensated for by means of the sub-structure. When 
carrying out maintenance, the panel must first be remo-
ved from the top and bottom.

4. End milled locally (uneven)
For design 4, the same applies as for design 3, except 
for one criterion. In this design, the ends are uneven. 
Because of this, the mounting system will become in-
visible.

5. Undercut locally
This design has local undercuts on the back of the pa-
nel. This is done in the factory and has little risk of er-
rors. The attachment is mechanical, so the structural 
safety can be checked. The design is suitable for fixati-
on in different ways. The panel can be attached to the 
sub-structure either from the bottom or the top. The 
advantage of attaching the panel at the top is that the 
weight of the panel is already taken care of, which ma-
kes it easy to connect the cables on the bottom of the 
panel. Next, the panel is attached to the sub-structure 
with its underside. Because the holes are already milled 
in the factory, the resilience of tolerance depends on 
the sub-structure. Furthermore, maintenance is easy by 
loosening the top of bottom of the panel and the panels 
can be exchanged in the same way. The panels can also 
be easily reused.

6. Profile glued on panel
Design 6 has a profile glued to the back of the panel. 
The profile is applied in the factory and requires several 
actions. Although the gluing is done in the factory, it is 
not possible to guarantee structural safety because it 
cannot be checked when it is attached to the facade. 
Another disadvantage is that it consists of several parts. 
The assembly is carried out by first attaching the bottom 
to the sub-structure, then the cabling, and then the top. 
The slotted hole at the top provides the resilience of to-
lerance. By detaching the top side, maintenance can be 
carried out and the panels can be replaced if necessary. 
Reusing the panels is difficult due to the presence of the 
profile. 

7. Plate hook
The last design solution has plate hooks on the back of 
the panel. These are attached to the panel using an un-
dercut anchor. The production process involves several 
operations with little risk of error. The system consists of 
several parts and the cabling must be connected before 
the panel can be attached to the facade. The adjustment 
possibilities of the design solution are limited and are 
mainly in the sub-structure. When carrying out mainte-
nance, the entire panel must be dismantled. Changing 
the panels is easy and the panels can be reused. Howe-
ver, the panel hooks would then have to be removed.

1                    2                 3                           4    
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cable management

Visibility O O O O O O
Demountability O O O O O
Production method O 3 3 3

Risk of errors O 3 3 3

Easy to mount OOO 2 3 3

Expandable OOO 2 1 3

Maintenance OO 3 3 3

Adaptability O 2 1 3

Disassembly OO 3 1 3

Total: 32 27 39

1     2           3

1. Cable tray
The first option is to place a cable tray against the 
sub-structure. The cable tray can be easily extruded, 
and the risk of errors is low. The cable tray is installed 
by means of screws against the sub-structure. There is a 
possibility to add additional cable trays if required. The 
cable tray is open at the top, so any maintenance of the 
system can be done. It is possible to replace the cable 
tray. But because the cable tray is attached by screws 
and runs behind all the panels, all the panels will have 
to be detached to replace the cable tray. Reusing the 
cable tray is simple.

2. Cable tray integrated with sub-structure
With this option, the cable duct is integrated with the 
sub-structure. This ensures that the cable tray cannot 
be dismantled separately. It is also not possible to ex-
tend or replace the system. Re-use of only the cable tray 
is therefore not possible. Production is simple with little 
risk of errors. The cable tray is open at the top, so doing 
maintenance is not a problem.

3. Cable clamp
The last option is a cable clamp. It can be easily clicked 
onto the sub-structure at any position and is easily ex-
pandable due to the male-female connection. This is an 
existing system and therefore the production method 
is reliable and there is no risk of errors. Maintenance 
is possible and the clamping bracket can be dismantled 
separately.  

4.5 concept proposal
The designs that achieved the highest score per aspect 
in the multi-criteria analysis together form the concept 
proposal.

Assembly Sub-structure Panel

Figure 21: Top first
(Own)

Figure 22: Vertical/horizontal
(Own)

Figure 23: Undercut locally
(Own)

Connection bottom/top Cable management

Figure 24: Fixed profile/compliant mechanism
(Own)

Figure 25: Cable clamp
(Own)



Figure 23: Undercut locally
(Own)
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In the previous chapter, choices were made for each aspect in terms of design 
solutions on the basis of a multi-criteria analysis. In this chapter, these design 
solutions are translated into prototypes that together will form the facade 
system. To give a better idea of the facade system, first an overview is given of 
the final prototype.Then it focuses on how the system works and finally, the 
development of the prototypes are discussed and represented.
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5.1 overview facade system                                                    

Figure 34: Overview facade system
(Own)

Figure 26: Undercut locally
(Own)

Figure 27: Wall bracket
(Hilti, 2021)

Figure 28: L-profile
(Hilti, 2021)

Figure 29: Cable clamp
(Own)

Figure 30: Horizontale profile
(Own)

Figure 31: Compliant mechanism
(Own)

Figure 32: Hammerhead bolt
(Own)

Figure 33: Hook
(Own)
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Step 1:  Turn the hook into the   
 horizontal profile.   
               

42 43

5.2 explanation of the system                         assembly of the hpl bipv panel

installation of parts in horizontal profile

Step 2: Use a hammer head bolt to mount                 
 the hook to the horizontal profile.

Step 3: Insert the compliant mechanism  
              into the rear side of the horizontal 
              profile and turn it into the 
              front side of the horizontal profile.

Step 4: Result step 3

Step 5: Place the cable clamp with one side  
              in the horizontal profile and turn it 
              in the other side of the horizontal 
              profile.

Final step: Result

Step 1: Place the panel with the top on  
the hook.              

Step 2: Connect the cables of the HPL BIPV 
 panel and turn the panel towards the 
 compliant mechanism.

Step 3:  Press the panel against the compliant 
 mechanism. The compliant mechanism will 
 rotate into the panel and lock system. 

Final step: Result
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Step 1: Press against the panel. The compliant  
 mechanism will continue to rotate and the  
 lock system will open.   
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disassembly of the hpl bipv panel

 Step 2: Press against the arm of the lock 
 system will open.   

Step 3:  Release the panel. The panel and  
 compliant mechanism will return to its  
 original position.   

Step 4:  Pull the panel out of the compliant 
 mechanism and remove it from the 
 hook.

5.3 sub-structure                                         
From the multi-criteria analysis of the concept deve-
lopment, the sub-structure with horizontal and verti-
cal profiles combined emerged as the best. Prototypes 
were made for both profiles. However, for the vertical 
profile, there are already solutions on the market that 
are fully optimized. These will therefore be used for the 
facade system. For the horizontal profile, a completely 
new profile has been developed that has been optimi-
zed for the facade system.

vertical profile
The vertical profile is the connection between the wall 
construction and the facade system. It consists of a wall 
bracket and an L-profile.

prototype 1
Prototype 1 is based on the existing system that was 
also chosen as the final prototype. The idea of this pro-
totype is that by inserting slotted holes, a measuring 
principle is created and there are many adjustment pos-
sibilities. This is important because there are no adjus-
ting possibilities in the compliant mechanism. However, 
the operation of this prototype is highly dependent on 
the straightness of the wall construction and the preci-
sion of the placement. If the slotted holes are not in the 
right location, the entire system has to be dismantled 
and reinstalled.

 Figure 35: Wall bracket
(Own) 

 Figure 36: L-profile
(Own) 
 

final prototype
The final prototype is an existing system from the ma-
nufacturer Hilti. They have a wide range of wall brackets 
and L-profiles. Figure 37 and Figure 38 are examples of 
this. The reason for choosing an existing system over 
the self-developed prototype is because the self-deve-
loped prototype had too many limitations. The system 
from Hilti is fully optimized and has already proven that 
it works.

 Figure 37: Hilti MFT-MF 060 M 11
(Hilti, 2021) 

 Figure 38: Hilti MFT-L 60x40x2
(Hilti, 2021) 
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horizontal profile
The basic shape of the horizontal profile is a C-profile 
and is mounted against the vertical L-profile. It is de-
signed so that the compliant mechanism, the hook and 
the cable management can be attached to it. This was 
tested by 3D printing the various prototypes.

prototype 1
On the top of the prototype there are two slots whe-
re the cable management can be clicked in. There is 
also a notch on the top and a moving part where the 
compliant mechanism is clicked into the C-profile. The 
standard shape of a C-profile is applied to the bottom. 
An extra gripping point has been added to prevent the 
hook from rotating.

 Figure 39: Prototype 1 isometrics
(Own) 

 Figure 40: Prototype 1 cross section
(Own) 

prototype 2
Prototype 2 is basically the same as prototype 1. Howe-
ver, at the bottom a moving part has been added so the 
hook can be clicked in so that it cannot be detached. In 
this prototype is tried to create a measuring principle 
and adjustment possibilities with slotted holes and re-
cesses, just like prototype 1 of the vertical profile. Ho-
wever, the same problems arise here. If the parts does 
not fit, the entire system must be dismantled and rein-
stalled.

 Figure 41: Prototype 2 isometrics
(Own) 

 Figure 42: Prototype 2 cross section
(Own) 

final prototype
In the final prototype, the measuring principle has been 
removed due to its disadvantages. The moving parts 
have been replaced by static parts. This was done to 
make the horizontal profile as clean as possible. To at-
tach the hook at the bottom of the profile, a nut track 
was added. The hook is attached to the horizontal profi-
le with a hammerhead bolt.  

 Figure 43: Final prototype isometrics
(Own) 

 Figure 44: Final prototype cross section
(Own) 

concept 1: tensed position
In this concept, the compliant mechanism is in the relax 
position at the starting position. By pushing the panel 
against the compliant mechanism, a movement takes 
place in the compliant mechanism and the compliant 
mechanism ‘clicks’ into its end position. The compliant 
mechanism is under tension in its end position.    

prototype 1.1
The first prototype is based on the compliant mecha-
nism developed during the Bucky Lab. The design of 
the Bucky Lab can be found in Appendix V. What has 
changed in this prototype is that the design is reversed. 
This is because in the Bucky Lab design, the connection 
of the HPL panel with the compliant mechanism was at 
the top. While the connection for the BIPV HPL panel 
with the compliant mechanism is at the bottom. Fu-
rthermore, 2 fixed connection points were used for the 
connection with the horizontal profile.

5.4 compliant mechanism                                        
For the compliant mechanism, prototypes were made 
for two different concepts and tested for the movement 
of the compliant mechanism. This was done by printing 
the prototypes with a 3D printer. The first concept is 
based on a compliant mechanism that is under tension 
in the end position. The second concept is based on a 
compliant mechanism that is relaxed in the end posi-
tion.

For the development of the concepts, many prototypes 
were made. Some prototypes had a development in the 
design of the compliant mechanism. While in some pro-
totypes, only minor adjustments were made in terms 
of dimensions. Therefore, only the most important pro-
totypes are shown below with the biggest steps in the 
development where the design was changed.  

 Figure 45: Prototype 1.1 starting position
(Own) 
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 Figure 46: Prototype 1.1 end position
(Own) 

prototype 1.2
In this prototype, the end stop that ensures that the 
compliant mechanism cannot deform too much has 
been moved to the top of the pressure point that en-
sures that the compliant mechanism can rotate. This 
ensures that the forces of the wind load are passed on 
to the underlying structure in a more efficient manner. 
Also, the bending part has been extended so that the 
compliant mechanism can rotate more easily.

 Figure 47: Prototype 1.2 starting position
(Own) 

 Figure 48: Prototype 1.2 end position
(Own) 

prototype 1.3
In prototype 1.3, the arm of the lock system has been 
added so that the panel can be removed from the com-
pliant mechanism. This can be done by pushing the pa-
nel through and then pressing the hook at the bottom. 
The unlock system is designed in such a way that it is not 
easy for thieves to remove the panel from the facade. It 
should always be done by two people.

 Figure 49: Prototype 1.3 start position
(Own) 

 Figure 50: Prototype 1.3 end position
(Own) 

prototype 1.4
In prototype 1.4, the end stop that prevents the com-
pliant mechanism from rotating too far has been thic-
kened to make it stronger. 

 Figure 51: Prototype 1.4 start position
(Own) 

 Figure 52: Prototype 1.4 end position
(Own) 

prototype 1.5
In the last prototype of concept 1, a cantilever snap-fit 
has been added so the compliant mechanism can be 
clicked into the horizontal profile. The bending part is 
thickened, the arm of the lock system has been made 
longer, and the hook has been made longer too. The 
lock system has also been restyled.

 Figure 53: Prototype 1.5 start position
(Own) 

 Figure 54: Prototype 1.5 end position
(Own) 
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prototype 2.1
The design of this prototype is based on prototype 1.1. 
The prototype is produced in the end position. By ro-
tating the compliant mechanism, the prototype will be 
locked in the starting position. Then, by pushing the 
panel against the pressure point, the compliant mecha-
nism will be released and go back to the end position.

 Figure 55: Prototype 2.1 starting position
(Own) 

 Figure 56: Prototype 2.1 end position
(Own) 

prototype 2.2
In this prototype, the end stop that prevents the com-
pliant mechanism from rotating too far is moved to 
the pressure point so that the horizontal forces can be 
transferred more efficiently.  

 Figure 57: Prototype 2.2 start position
(Own) 

 Figure 58: Prototype 2.2 end position
(Own) 

prototype 2.3
In prototype 2.3, the bending part has been moved up-
wards so that the panel in the end position is less likely 
to slip out of the hook.

 Figure 59: Prototype 2.3 start position
(Own) 

 Figure 60: Prototype 2.3 end position
(Own) 

prototype 2.4
Practical tests showed that the panel still slip out in pro-
totype 2.3. By placing the bending part a little further 
up, an attempt was made to prevent this from happe-
ning.

 Figure 61: Prototype 2.4 start position
(Own) 

 Figure 62: Prototype 2.4 end position
(Own) 

concept 2: relaxed position
In concept 2, the compliant mechanism is under tension 
in the starting position. By pushing the panel against the 
compliant mechanism, a movement takes place in the 
compliant mechanism and the compliant mechanism 
‘clicks’ into its end position. The compliant mechanism 
is relaxed in its end position.    
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prototype 2.5
In this prototype, the part that ensures that the com-
pliant mechanism is locked in the starting position has 
been moved to the top of the prototype. The old part 
that provides the lock is used in this prototype to better 
resist tensile forces. However, practical tests show that 
the prototype does not work properly, and the panel 
can still click out of the hook. 

 Figure 63: Prototype 2.5 starting position
(Own) 

 Figure 64: Prototype 2.5 end position
(Own) 

final prototype
After both concepts have been extensively tested with 
3D printed prototypes, prototype 1.5 of concept 1 co-
mes out on top. The reason that concept 1 works bet-
ter than concept 2 is mainly due to the fact that the 
compliant mechanism in concept 1 is locked in the end 
position. Because of this the panel cannot slip out of 
the compliant mechanism without any action. Where-
as in concept 2, the compliant mechanism is not locked 
and can therefore be loosened more quickly under, for 
example, wind load. 

 Figure 65: Final prototype start position
(Own) 

 Figure 66: Final prototype end position
(Own) 

prototype 1
The hook has a pressure point just like the compliant 
mechanism. This ensures that the panel cannot simply 
shift. The hook is first inserted at the rear into the hori-
zontal profile and then rotated over the lip of the hori-
zontal profile.

5.5 hook                                                          
The hook is mounted in the horizontal profile and then 
the HPL panel can be hung on the hook from the top.

 Figure 67: Prototype 1 hook
(Own) 

prototype 2
The hook is modified on prototype 2 of the horizontal 
profile. This allows the hook to be clicked onto the ho-
rizontal profile.

 Figure 68: Prototype 2 hook
(Own) 

final prototype
The final prototype of the hook is also adapted to the 
final prototype of the horizontal profile. By using a ham-
merhead bolt, the hook is mounted in the nut track of 
the horizontal profile.

 Figure 69: Final prototype hook
(Own) 

prototype 1
In this prototype, space has been made for 4 cables 
with a maximum diameter of 5 millimeters.

5.6 cable management                                                           
For cable management, a cable clamp has been desig-
ned that can be mounted on the horizontal profile.

 Figure 70: Prototype 1 cable management
(Own) 

final prototype
Since only two cables with a maximum diameter of 9 
millimeters are required for a BIPV system, the cable 
clamp has been adapted to this.

 Figure 71: Final prototype cable management
(Own) 

final prototype
The undercut is made using a milling machine. It makes 
a hole to reach the right depth in the panel and then 
mills a slot in it.

5.7 panel                                                                
The panel treatment that scored the highest in the con-
cept development was the undercut locally. The under-
cut is always modified according to the dimensions of 
the compliant mechanism and the hook. The principle 
remained the same, so only one prototype was made. 

 Figure 72: Final prototype panel
(Own) 
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 Figure 74: Prototypes
(Own) 

 Figure 73: 3D printer
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The material PLA is used to make the prototypes of the 
facade system, because it is extremely suitable for 3D 
printing. However, this material does not meet all the 
established properties rquired for a facade system. The-
refore, with the help of the computer program CES Edu-
Pack 2019, a material analysis has been made in which 
a material has been determined that meets the establis-
hed properties.

The material analysis applies to the compliant mecha-
nism, the hook and the cable clamp. For the horizontal 
profile, a material that is always used for this type of 
sub-structures, aluminium, is used. Further research 
can be done to find out which alloy of aluminium suits 
best.

Since the prototypes were made with PLA plastic and 
this material has proven to work, it is important that 
the mechanical properties of the material are similar to 
those of PLA. For this reason is searched for a material 
in the material family ‘plastics’. Other material families, 
such as metals, will not be suitable because of the high 
rigidity of the materials in this material family.

In terms of durability, there are various requirements. 
The material must be able to resist both fresh and salt 
water. The material must also be resistant to UV radia-
tion. Furthermore, it is important that the material is 
suitable for the high temperatures that can occur in the 
cavity and that the material meets the fire regulations. 

The properties:
•  Material family: Plastics;               
•  Water (fresh): Acceptable or excellent;             
•  Water (Salt): Acceptable or excellent;           
•  Flammability: Self-extinguishing or 
    non-flammable;
•  UV radiation: good or excellent;
•  Maximum service temperature at least 80 °C.

The material must comply with the above-mentioned 
properties in all cases. Materials that do not meet these 
requirements have been excluded from the analysis. In 
addition to the various mechanical properties, proper-
ties such as embodied energy, recyclability and price 
per kg were also included in the analysis. Furthermore, 
it is important that the material is suitable for the pro-
duction method polymer injection molding or polymer 
extrusion, so the various parts of the system can actual-
ly be produced.

The matrix on the next page shows all the materials that 
meet the specified properties. The data from PLA have 
also been added so that the materials that resulted 

from the analysis can be compared with the mechanical 
properties of PLA. 

The analysis revealed three materials whose mechani-
cal properties are more or less in line with PLA. These 
materials are PC+PBT, PEI and PPSU. All three materi-
als meet the specified properties and are recyclable. 
However, the embodied energy and also the price per 
kg of both PEI and PPSU are considerably higher than 
PC+PBT. Also, in terms of production method, PC+PBT 
scores better than the other two. This is why PC+PBT is 
determined as the material for the compliant mecha-
nism and the cable clamp. PEI was determined for the 
hook, because the structural analysis showed that the 
properties of PC+PBT were not sufficient.

 Figure 75: PC+PBT
(AZ Reptec, 2021) 

 Figure 76: PEI
(Eriks, 2021) 

 Although this analysis has been done with due care and 
the materials meet the requirements on paper, the ac-
tual production of facade systems requires cooperation 
with the industry. They can further help to determine 
the right production method and material.
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Table 6: Material analysis
(Own) 
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In this chapter the prototypes of the compliant mecha-
nism and the hook are structurally optimized so that 
they will be able to withstand the wind- and permanent 
loads. This has been done by means of a structural ana-
lysis in DIANA FEA and a practical test has been done for 
the compliant mechanism.

7.1 hand calculations                                           
For the hand calculation, the data set out in the program 
of requirements was used. These requirements are the 
following. The height of the building may not exceed 20 
meters and is located on the coast in wind area I. The 
wind load in that case is 1,8 kN/m2. The consequence 
class is CC2 and the panel has a thickness of 13 millime-
ters and a dimension of 1270 by 630 millimeters. 

The panel, measuring 1270 by 630 millimeters, has 3 
hooks at the top and 3 compliant mechanisms at the 
bottom. Redundancy is included to ensure that if one 
of the connections fails, the panel does not fall off the 
facade. This means that the horizontal wind load on the 
panel will be divided by 5 connections instead of 6. The 
vertical loads will be divided by 2 instead of 3.

The compliant mechanism will only have variable loads 
in the form of wind loads. These are only horizontal. In 
addition to the variable wind load, the hook will be loa-
ded with the permanent load of the panel. This will be 
in the vertical direction.

Table 7: Hand calculation connections
(Own) 
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compliant mechanism
The designs are in 2D and were created in the program 
Rhinoceros and exported as STEP-file. These files were 
imported into DIANA. A material is assigned to the im-
ported geometry. In this case the material PLA, as this 
was also used in the development of the prototypes. 
This material is a linear elastic isotropic composite and 
has a Young’s modulus of 2300 N/mm2, a Poisson’s ratio 
of 0.4 and a density of 1224 kg/m3. Next, the loads and 
supports are linked to the geometry. The loads are taken 
from the manual calculation. Also, a depth must be gi-
ven to the geometry. For this analysis, the depths of 15, 
30 and 50 millimeters were used. Then the geometry is 
converted to meshes with a mesh size of 0,5 millime-
ters. Next, a structural linear static analysis is made, re-
sulting in the displacement, normal stresses and shear 
stresses. For the normal stresses and shear stresses, the 
maximum compressive and tensile strength of PLA has 
been taken into account in the colour scale. 

The results of the analyses in which the geometry has 
a depth of 30 millimeters were ultimately leading. This 
was determined because this depth is an excellent 
compromise between depth and strength. Appendix VI 
shows the other results of the analyses.

7.2 finite element analysis                                            
In order to structurally optimize the compliant mecha-
nism and the hook, a finite element analysis has been 
made in the program DIANA FEA. In this analysis the 
compliant mechanism and the hook are tested on both 
pressure and tensile forces. Several iterations of both 
parts were made and further optimized to obtain the 
strongest possible design.   

analysis 1: prototype 1.4
The first analysis made of the compliant mechanism is 
prototype 1.4 from the prototyping chapter. What is 
notable from the results is that the maximum displace-
ment in the case of the tensile test is enormous. The 
displacement in the compression test is relatively small 
and already meets expectations. Also, in the geometry 
there are too high tensile stresses present, which the 
material cannot withstand. This can be seen in figure 
78. 

Tensile

Thickness Maximum displacement

15 mm 48,07 mm

30 mm 24,03 mm

50 mm 14,42 mm

 Figure 77: Geometry prototype 1.4
(Own) 

Compression

Thickness Maximum displacement

15 mm 2,07 mm

30 mm 1,04 mm

50 mm 0,62 mm

 Figure 78: Stresses tensile test prototype 1.4 30mm
(Own) 

analysis 2: iteration 1
In the first iteration, a strut was placed in the fixed part 
of the geometry. This creates an extra triangle that pro-
vides more stiffness in the geometry. This is also reflec-
ted in the maximum displacement. This was reduced by 
almost 40% in the tensile test. Also, the tensile stresses 
in the fixed part are now within the norms. However, 
the tensile stresses in the hook and the bending part 
are still too high.

Tensile

Thickness Maximum displacement

15 mm 28,66 mm

30 mm 14,33 mm

50 mm 8,6 mm

 Figure 79: Geometry iteration 1
(Own) 

Compression

Thickness Maximum displacement

15 mm 1,75 mm

30 mm 0,87 mm

50 mm 0,52 mm

 Figure 80: Stresses tensile test iteration 1 30mm
(Own) 

analysis 3: iteration 2
In the second iteration, reinforcement was added to the 
hook. This reduces the maximum displacement by 25% 
in the tensile test compared to iteration 1. However, the 
tensile stresses at the hook and bending part are still 
too high.

Tensile

Thickness Maximum displacement

15 mm 21,22 mm

30 mm 10,61 mm

50 mm 6,36 mm

 Figure 81: Geometry iteration 2
(Own) 

Compression

Thickness Maximum displacement

15 mm 1,9 mm

30 mm 0,95 mm

50 mm 0,57 mm

 Figure 82: Stresses tensile test iteration 2 30mm
(Own) 
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analysis 5: iteration 4
Iteration 4 is a variant in which the bending part is made 
10 millimeters longer and 0,5 millimeters thicker. Unfor-
tunately, this did not have the desired result. The maxi-
mum displacement in the tensile test is actually a lot 
larger than in iteration 3. There is also no improvement 
in terms of the tensile stresses in the geometry.  

Tensile

Thickness Maximum displacement

15 mm 29,34 mm

30 mm 14,67 mm

50 mm 8,8 mm

 Figure 85: Geometry iteration 4
(Own) 

Compression

Thickness Maximum displacement

15 mm 2,06 mm

30 mm 1,03 mm

50 mm 0,62 mm

 Figure 86: Stresses tensile test iteration 4 30mm
(Own) 

analysis 6: iteration 5
In iteration 5 the bending part is produced with an arc. 
As soon as the compliant mechanism is rotated into its 
end position, the bending part becomes straight. Becau-
se of this, the maximum displacement has become less. 
Also, the tensile stresses in the geometry are reduced.

Tensile

Thickness Maximum displacement

15 mm 15,17 mm

30 mm 7,63 mm

50 mm 4,58 mm

 Figure 87: Geometry iteration 5
(Own) 

Compression

Thickness Maximum displacement

15 mm 1,86 mm

30 mm 0,93 mm

50 mm 0,56 mm

 Figure 88: Stresses tensile test iteration 5 30mm
(Own) 

analysis 7: iteration 6
In iteration 6, the hook has been strengthened. As a re-
sult, the displacement in the tensile test was reduced 
by almost 50% compared to iteration 5. The displace-
ment in the compression test has remained the same. 
Furthermore, the tensile stresses have been reduced 
compared to iteration 5.  

Tensile

Thickness Maximum displacement

15 mm 7,55 mm

30 mm 3,77 mm

50 mm 2,26 mm

 Figure 89: Geometry iteration 6
(Own) 

Compression

Thickness Maximum displacement

15 mm 1,86 mm

30 mm 0,93 mm

50 mm 0,56 mm

 Figure 90: Stresses tensile test iteration 6 30mm
(Own) 

analysis 4: iteration 3
In iteration 3, the new mounting system from the final 
prototype was integrated into the design. An extra strut 
has been added for more rigidity. In terms of displace-
ment, there is only a small difference with iteration 2. 
Also, the tensile stresses are more or less the same.

Tensile

Thickness Maximum displacement

15 mm 20,94 mm

30 mm 10,47 mm

50 mm 6,28 mm

 Figure 83: Geometry iteration 3
(Own) 

Compression

Thickness Maximum displacement

15 mm 1,96 mm

30 mm 0,98 mm

50 mm 0,59 mm

 Figure 84: Stresses tensile test iteration 3 30mm
(Own) 



structural analysisstructural analysis

66 67

analysis 9: iteration 8
In iteration 8, another strut is added in the fixed part to 
generate more stiffness. This gives a negligible differen-
ce in the maximum displacement in the tensile test. The 
maximum displacement in the compression test is redu-
ced by almost 25% compared to iteration 7. The tensile 
stresses in the geometry remain almost the same.

Tensile

Thickness Maximum displacement

15 mm 6,76 mm

30 mm 3,38 mm

50 mm 2,03 mm

 Figure 93: Geometry iteration 8
(Own) 

Compression

Thickness Maximum displacement

15 mm 2,02 mm

30 mm 1,01 mm

50 mm 0,61 mm

 Figure 94: Stresses tensile test iteration 8 30mm
(Own) 

analysis 1: final prototype
The first analysis of the hook is from the final prototype 
in the prototyping section. The maximum displacement 
is large and also the tensile forces in the geometry are 
much higher than the material can handle.

Tensile

Thickness Maximum displacement

30 mm 15,99 mm

 Figure 95: Geometry final prototype
(Own) 

 Figure 96: Stresses tensile test final prototype 30mm
(Own) 

analysis 8: iteration 7
Iteration 7 has the new mounting system of the final 
prototype of the chapter prototyping. This has a small 
impact on the maximum displacement in the tensile 
test. In the compression test the maximum displace-
ment has increased relatively much but is still within 
the norms. The tensile stresses in the geometry remain 
almost the same.

Tensile

Thickness Maximum displacement

15 mm 6,9 mm

30 mm 3,45 mm

50 mm 2,07 mm

 Figure 91: Geometry iteration 7
(Own) 

Compression

Thickness Maximum displacement

15 mm 2,69 mm

30 mm 1,35 mm

50 mm 0,81 mm

 Figure 92: Stresses tensile test iteration 7 30mm
(Own) 

hook
For the first analysis the same settings were used in 
DIANA FEA as for the analysis of the compliant mecha-
nisms. For the second and third analysis other settings 
were used as the first analysis showed that the materi-
al properties of PLA were not sufficient for the hook. It 
was replaced by PEI. PEI is also a linear elastic isotropic 
composite and has a Young’s modulus of 2890 N/mm2, 
a Poisson’s ratio of 0.4 and a density of 1260 kg/m3. 
PEI mainly has a high tensile strength and compressive 
strength compared to PLA.

Since the depth of 30 millimeters was used in the analy-
sis of the compliant mechanism, the depth used in the 
analyses of the hook is only 30 millimeters.  

analysis 2: iteration 1
The geometry of iteration 1 was completely changed 
from the final prototype. Knowledge gained during the 
analysis of the iterations of the compliant mechanisms 
was used to change the geometry of the hook. The ma-
terial of the hook has also been changed, since the for-
ces were so high that they could not be absorbed with 
the material properties of PLA. The maximum displace-
ment of 4,63 millimeters in the tensile test is still slightly 
too much. No compressive test was carried out because 
virtually no displacement can take place in this design. 
The new material PEI has a positive effect on the ab-
sorption of stresses in the geometry. 

Tensile

Thickness Maximum displacement

30 mm 4,63 mm

 Figure 97: Geometry iteration 1
(Own) 

 Figure 98: Stresses tensile test iteration 1 30mm
(Own) 
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analysis 3: iteration 2
Iteration 2 has a slight modification compared to itera-
tion 1. The thickness at the back of the hook has been 
changed from 2 to 3 millimeters in order to create more 
rigidity in the geometry. As a result, the maximum dis-
placement has been reduced by about 40% to 2,7 mil-
limeters. The tensile forces in the geometry have been 
significantly reduced.

Tensile

Thickness Maximum displacement

30 mm 2,7 mm

 Figure 99: Geometry iteration 2
(Own) 

 Figure 100: Stresses tensile test iteration 2 30mm
(Own)

7.3 practical test                                              
In order to verify the results of the analysis in DIANA, 
several practical tests were done with the compliant 
mechanism. The designs of iteration 3 and iteration 8 
were used for this. A normal tensile test was done, a 
tensile test where the compliant mechanism was out of 
the lock system and a compression test.

The samples were made using a 3D printer and all have 
a depth of 30 millimeters. The material used to make 
the samples is PLA Signal White from MakerPoint. The 
attachments were also made using a 3D printer and the 
material is PLA Orange from the brand REAL. A dogbone 
tensile test was used to compare the properties of the-
se materials.

test 1: dogbone tensile test
The dogbone test was done to find out how much dif-
ference there is in the properties of PLA from different 
manufacturers. The gauge length of the dogbone is 60 
millimeters and the width and thickness are 4 millime-
ters. The results show that REAL PLA has a higher ul-
timate stress than MakerPoint PLA. The failure stress 
of the MakerPoint PLA is much higher than the failure 
stress of the REAL PLA. It can also be seen that the REAL 
PLA stretches a lot more than the PLA from MakerPoint 
in both the ultimate stress and the failure stress. The 
strain is calculated with the formula ΔL/L (change in 
length/original length). It can be concluded that Maker-
Point’s PLA is much more brittle than REAL’s PLA. While 
the PLA from REAL is a lot tougher than the PLA from 
MakerPoint. 

Test Material Ultimate stress Strain Failure stress Strain

Specimen 1 PLA MakerPoint 37,7 N/mm2 1,04 35,0 N/mm2 1,05

Specimen 2 PLA MakerPoint 38,2 N/mm2 1,04 34,1 N/mm2 1,05

Specimen 3 PLA MakerPoint 35,5 N/mm2 1,05 34,5 N/mm2 1,05

Specimen 4 PLA REAL 51,7 N/mm2 1,08 10,3 N/mm2 1,15

Specimen 5 PLA REAL 52,1 N/mm2 1,05 10,4 N/mm2 1,13

Specimen 6 PLA REAL 51,6 N/mm2 1,06 10,3 N/mm2 1,12

 Figure 102: Geometry - test set up
(Own) 

 Figure 101: Specimen 2 - Specimen 5
(Own) 

table 8: Results dogbone tensile test
(Own) 
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table 9: Results tensile tests
(Own) 

test 2: tensile tests compliant mechanism

Figure 103: Test set up, specimen 7 & 8 - specimen 9 & 10 - specimen 11 - specimen 12
(Own) 

To find out how much tensile strength the compliant 
mechanisms can withstand, a tensile test was perfor-
med. A tensile test was performed of iteration 3 and 
iteration 8 with the compliant mechanism in the lock 
system and a tensile test was also performed of both 
designs with the compliant mechanism out of the lock 
system. The results in table 9 show that the ultimate 
strength of the specimens from iteration 8 is considera-
bly higher than the ultimate strength of the specimens 
from iteration 3. It is also noticeable that the ultimate 
strength almost corresponds to the failure stress. This 
is because the specimen shot out of the attachment al-
most every time, see figure 104. In the one test in which 
the ultimate strength does not correspond with the 

failure strength, the attachment has failed, see figure 
105. The specimens themselves were still intact after 
each test. 

The strain is mainly explained by the deformation of the 
attachments and not by the deformation of the speci-
mens. The only small difference in displacement that 
can be seen between the iterations is because in iterati-
on 3 the bending part is under a curve, while in iteration 
8 the bending part is straight.
Interesting to note is that in the test of specimen 12, 
where the complaining mechanism was out of the lock 
system, the tensile stresses are still higher than the va-
lues from the manual calculation.

Figure 104: Tensile test specimen 11, starting position - ultimate strength - end position
(Own) 

Figure 105: Tensile test specimen 8, starting position - failure attachment
(Own) 

Test Type Ultimate strength Displacement Failure strength Displacement

Specimen 7 Iteration 8
normal

641,7 N 5,50 mm 641,7 N 5,50 mm

Specimen 8 Iteration 8
normal

819,2 N 6,75 mm 263,9 N 9,10 mm

Specimen 9 Iteration 3
normal

576,9 N 7,11 mm 573,9 N 7,12 mm

Specimen 10 Iteration 3 
normal

436,3 N 5,60 mm 419,9 N 5,61 mm

Specimen 11 Iteration 3 out of 
the lock system

291,5 N 3,81 mm 291,5 N 3,81 mm

Specimen 12 Iteration 8 out of 
the lock system

587,2 N 7,55 mm 586,6 N 7,57 mm

test 3: compression tests compliant mechanism

 Figure 106: Test set up, iteration 3 - iteration 8
(Own) 

The last test done was the compression test. Three spe-
cimens of iteration 8 and two specimens of iteration 3 
were tested. Because it was not easy to determine from 
the test results when exactly the specimens failed, only 
the ultimate strength is shown in table 9. Appendix VII 
contains all the graphs of the tests. The displacement is 
shown, but cannot be compared 1 to 1. This is because 
the two pressure points of the compression machine 
first had to drop quite a bit before there was real pres-
sure on the specimens.

The ultimate strengths of all iterations are fairly simi-
lar. This can be explained by the fact that the fixed part 
of iteration 3 and iteration 8 are exactly the same. In 
specimens 13, 15 and 16, it was first the pressure point 
that buckled. Then all the forces were applied to the 
hook and a bigger bending moment developed in the 
compliant mechanism, after which the cantilever snap 
fit failed. The pressure point of specimen 14 even broke 
off completely. In specimen 17 the pressure point also 
buckled, after which the bending part broke off.  

Test Type Ultimate strength Type of failure Displacement

Specimen 13 Iteration 8 782,9 N Pressure point buckled 5,68 mm

Specimen 14 Iteration 8 704,4 N Pressure point broken 5,03 mm

Specimen 15 Iteration 8 753,9 N Pressure point buckled 6,81 mm

Specimen 16 Iteration 3 1051,7 N Pressure point buckled 6,96 mm

Specimen 17 Iteration 3 721,7 N Bending part broken 7,22 mm

Table 10: Results compression test
(Own) 
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 Figure 107: Specimen 13 - specimen 14 - specimen 15
(Own) 

Based on the results of the practical test, final adjust-
ments must be made to the design of the compliant 
mechanism. In the tensile tests, both iteration 3 and 
iteration 8 scored higher than the minimum values from 
the hand calculation. The results do however show that 
iteration 8 is a lot stronger than iteration 3. In terms of 
tensile strength, iteration 8 is sufficient and no improve-
ments need to be made to the design. The only aspect 
in which the design can be improved is the unlocking of 
the lock system. The results show that a force of almost 
600 N is needed per connection to pull the panel out of 
the compliant mechanism. Apart from that, no impro-
vements in the design are necessary with regard to the 
tensile forces.

From the results of the compressive test, it can be con-
cluded that there are still some improvements to be 
made in the design. In every specimen, the problem 
was that the pressure point either started to bend or 
broke off. Although a change was made to the pressure 
point before the practical test, it was still not sufficient. 

In the modified specimen, the load was not centred in 
relation to the end stop. This must be changed in a new 
design. Also, in specimen 17 of iteration 3, the bending 
part broke off. The compressive test shows that in this 
case iteration 8 also is better than iteration 3. Further-
more, the arm of the pressure point must be lengthe-
ned in order to create a larger moment of inertia, which 
makes the compliant mechanism easier to rotate.

The last adjustment to be made to the design is the 
thickness of the cantilever snap fit. In iteration 3 and 
iteration 8 the thickness of the cantilever snap fit was 
1,5 millimeters. However, it turned out that it was not 
possible to click the specimens into the attachments be-
cause the cantilever snap fit was too stiff. This part has 
to be made thinner. 

What is interesting to note is that despite the 3D prin-
ted prototypes not being completely solid, such good 
results have emerged. The production version that is 
completely solid will therefore perform even better.

 Figure 109: Iteration 8 with improved pressure point
(Own) 

The adjustments that were recommended on the basis 
of the results of the practical tests have been applied in 
the final design, see figure 110. The pressure point has 
been changed so that the loads can be better transmit-
ted to the fixed part and the pressure point will bend 
less easily. The lock system has been modified so that 
the compliant mechanism can be more easily rotated 
out of the panel and the thickness of the cantilever snap 
fit has been reduced from 1,5 to 1 millimeter. The arm 
of the pressure point has also been extended by 5 mm, 
resulting also in a change of the fixed part. Furthermo-
re, the hook has been shortened by 2 mm.

For the finite element analysis of the final design, the 
same steps were taken as for the previous finite ele-
ment analysis. The only change is the material of the 
design. This has been changed from PLA to PC+PBT. This 
material is a linear elastic isotropic composite and has 
a Young’s modulus of 2600 N/mm2, a Poisson’s ratio 
of 0,397 and a density of 1250 kg/m3. The maximum 
tensile strength of the material is 59 N/mm2 and the 
maximum compressive strength is 75,6 N/mm2. Since a 
depth of 30 millimeters was chosen for the design, the 
analysis of the final prototype was made with this depth 
only.

The results of the analysis of the final design are very 
good. The values for the maximum displacement in the 
tensile test gives a distorted view, because this displace-
ment is in the arm of the lock system and not in the 
hook as in the other analyses. The displacement in the 
compression test is strongly reduced and, partly becau-
se a different material is used, there are far less stresses 
in the geometry that fall outside the maximum tensile 
strength and compressive strength.

It should be noted that the external pressure coefficient 
has not yet been taken into account in the wind loads 
used for the calculations. These depend on the dimen-
sions of the building and will result in lower wind loads, 
so the maximum displacement will be less. 

recommend improvements

 Figure 108: Compression test specimen 13, starting position - second before failure
(Own) 

7.4 final design finite element analysis                                               

 Figure 110: Final design
(Own) 

Tensile

Thickness Maximum displacement

30 mm 2,54 mm

Compression

Thickness Maximum displacement

30 mm 1,04 mm

Figure 111: Stresses tensile test iteration 4 30mm 
(Own) 
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 Figure 112: Final design 
(Own) 
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Step 1: Install the wall brackets on the wall behind

8.2 assembly                                                       

Figure 121: Overview facade system
(Own)

Figure 113: Undercut locally
(Own)

Figure 114: Wall bracket
(Hilti, 2021)

Figure 115: L-profile
(Hilti, 2021)

Figure 116: Cable clamp
(Own)

Figure 117: Horizontale profile
(Own)

Figure 118: Compliant mechanism
(Own)

Figure 119: Hammerhead bolt
(Own)

Figure 120: Hook
(Own)

8.1 overview facade system                                                        

Step 2: Mount the L-profile to the wall brackets

Step 3: Attach the horizontal profile to the L-profile Step 4: Hang the hooks in the horizontal profile and fas-
ten them with the hammerhead bolt
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Step 5: Click the compliant mechanism into the horizon-
tal profile

Step 6: Click the cable clamp into the horizontal profile

Final step: Hang the panel in the hook, 
connect the cables and click the panel 
into the compliant mechanism

Step 1: Insert the hook into 
the horizontal profile

Step 2: Use a hammerhead-
bolt to mount the hook to 
the horizontal profile

Step 3: Insert the compliant 
mechanism into the rear 
side of the horizontal profile 
and turn it into the front side 
of the horizontal profile

Step 4: Result step 3 Step 5: Place the cable clamp 
with one side in the horizon-
tal profile and turn it in the 
other side of the horizontal 
profile 

Final step: Result

8.3 explanation of the system                                                      
installation of the system
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Step 1: Place the panel with the top on the hook Step 2: Connect the cables of the HPL BIPV panel and 
turn the panel towards the compliant mechanism

Step 4: The compliant mechanism 
will rotate out of the panel

Final step: Pull the panel out 
of the compliant mechanism 
and take it off the hook

Step 3: Press the panel against the compliant 
mechanism. The compliant mechanism will 
rotate into the panel. 

Final step: Result

assembly of the hpl bipv panel disassembly of the hpl bipv panel

Step 1: Press against the panel. The 
compliant mechanism will continue 
to rotate and the lock system will 
open 

Step 2: Press with a screwdriver or 
similar against the arm of the lock 
system

Step 3: Release the panel. Press 
with a screwdriver or similar 
against the other arm of the lock 
system
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The maximum expansion of High Pressure Laminate un-
der the influence of moisture and temperature changes 
is 2,5 mm/m. A HPL panel also has a dimensional tole-
rance of 5 mm in length and 5 mm in width. The thick-
ness of the panel may also contain a small tolerance of 
-0,6 to +0,6 mm (KOMO, 2016).

There are also tolerances in the sub-frame that need to 
be taken into account. This starts with the facade be-
hind. The NEN 2886 states that the maximum allowable 
dimensional deviation of a facade is calculated using the 
formula 1,4 x L. In this report a building with a maximum 
height of 20 meters is assumed. If this value is used in 
the formula it means that the maximum allowable di-
mensional deviation in the facade may be a maximum 
of 28 millimeters (NEN, 1990).

Aluminium is recommended for the horizontal profile, 
PEI for the hook and PC+PBT for the compliant mecha-
nism and cable clamp. The thermal expansion coeffi-
cient of aluminium is 22,5 μm/(m °C), of PEI 84,6 μm/
(m °C) and of PC+PBT 88 μm/(m °C).

horizontal profile8.4 tolerances                                                 

8.4 technical drawings                                                
compliant mechanism

70

65

Figure 122: Technical drawing compliant mechanism
(Own)

Figure 123: Isometric compliant mechanism
(Own)

Figure 124: Isometric horizontal profile
(Own)

Figure 125: Technical drawing horizontal profile
(Own)

cable clamp

Figure 126: Technical drawing cable clamp
(Own)

Figure 127: Isometric cable clamp
(Own

hook

Figure 128: Technical drawing hook
(Own)

Figure 129: Isometric hook
(Own)
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Figure 130: Rear view panel
(Own)

Figure 131: Undercut locally rear view
(Own)

Figure 132: Undercut locally side view
(Own)

Figure 133: Undercut locally
(Own)
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Figure 134: Close-up mock-up
(Own)

Figure 135: Mock-up
(Own)



In this thesis, research was done into the design and de-
velopment of an easy-to-use facade system for moun-
ting high pressure laminate building-integrated pho-
tovoltaics to the facade. The following main research 
question was formulated: 

‘What are the requirements for a High Pressure Lamina-
te Building-Integrated PhotoVoltaics facade system and 
how can these requirements be satisfied in the design 
and development of an easy-to-use facade system for 
mounting High Pressure Laminate Building-Integrated 
Photovoltaics to the facade?’

To find an answer to the main research question, the 
thesis was divided into several phases. In the first pha-
se of the thesis, literature research was done on all as-
pects of HPL facade cladding and solar panels. This was 
done to set up guidelines for the new facade system. 
The maximum dimensions of the HPL BIPV panels were 
investigated and it was determined that a series con-
nection is used for connecting the panels. The literature 
research also established the regulations for wind loads, 
consequence classes and fire safety. All guidelines can 
be found in the program of requirements.

In the second phase of the thesis, the concept for the 
facade system was developed. This was done by means 
of a multi-criteria analysis in which the facade system 
was split up in different aspects. For each aspect dif-
ferent designs were made. These designs were tested 
against the various criteria set out in the schedule of re-
quirements. In the end, for each aspect there was a de-
sign with the highest score and together these aspects 
formed the concept proposal. This method has made it 
possible to make decisions in a structured way.

In phase three, the designs of each aspect from the 
concept proposal were used to develop prototypes. 
The development of these prototypes was done by 3D 
printing. This was a very useful method for the entire 
process. But especially for the development of the com-
pliant mechanism. Because there is a certain movement 
in a compliant mechanism, the 3D printed prototypes 
ensured that this movement could be optimized.

The material PLA was used for 3D printing the prototy-
pes. However, this material does not meet the require-
ments for a facade system. Therefore, a material ana-
lysis was done for the compliant mechanism, the hook 
and the cable clamp. Various requirements were set for 
the material. The most important thing was that the 
material had to have approximately the same flexibility 
as PLA, to ensure that the movements of the prototypes 
with the new material were still possible. The material 
that will be used for the compliant mechanism and the 
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cable clamp is PC+PBT, for the hook PEI and for the hori-
zontal profile aluminium has been chosen because this 
material is usually used for these kinds of applications.

The compliant mechanism and hook have been subjec-
ted to finite element analysis. This analysis was a linear 
static analysis and the prototypes were analyzed and 
optimized to ensure that they were structurally strong 
enough to meet the requirements of the facade system. 
A practical test was also carried out for the compliant 
mechanism. For this practical test, two prototypes were 
tested for compressive and tensile strength. The proto-
types were made of PLA material and were produced 
using a 3D printer. The results of the practical test were 
very good. On both compressive and tensile strength, 
the prototypes scored better than in the finite element 
analysis. By analyzing the results, some further impro-
vements to the design were proposed. These improve-
ments have been implemented in the design and have 
been subject to a second finite element analysis. The 
material from the material analysis was also taken into 
account in this analysis. The results of the finite ele-
ment analysis of the final design showed that the design 
meets the requirements.   
The method used in this thesis for the structural deve-
lopment of the compliant mechanism has been very 
useful. By first making designs and 3D printing them, 
followed by a finite element analysis and finally a prac-
tical test, the prototypes were completely optimised. In 
the finite element analysis, big steps have been made 
in the development of the compliant mechanism. The 
results of the two designs in the practical test verify the 
results of the finite element analysis and show that the 
finite element analysis has had an added value.

In the final chapter, all prototypes are brought together 
and form the final design of the High Pressure Lamina-
ted Building-Integrated PhotoVoltaics facade system. 
The system is functioning, the tolerances have been 
taken into account and there are technical drawings of 
all components of the high pressure laminate building 
integrated photovoltaics facade system.

conclusion



In this thesis, much has already become clear about the 
development of a high pressure laminate building-inte-
grated photovoltaics facade system. However, there are 
still elements that require additional research.

The first recommendation is to do more research on the 
materials and production methods resulting from the 
material analysis. This involves the manufacturability of 
the designs. It will also be an added value to produce 
the prototypes in the material resulting from the ma-
terial analysis. This allows the design to be developed 
even better.

A limitation in the system is the maximum height of the 
panels. This is due to the maximum free span that is 
possible between the connection points of the panel. 
Further research could be done into how these panels 
can be strengthened in such way that the maximum 
height of the panels can be increased significantly. This 
would also increase the design freedom of the system.

The system has now only been developed for the ap-
plication of high pressure laminate building-integrated 
photovoltaics facade panels. However, there are many 
more facade claddings on the market and it would be 
interesting to investigate whether this system could also 
be applied to other facade claddings.  10  recommendations                                                                                         
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Appendix I: Material properties high pressure laminate 
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Appendix II: Span graphs 
 
Single span 

 
(Trespa, 2020) 
 
Multiple span 

 
(Trespa, 2020) 



Appendix III: Calculations weight & size panel 
 
Wind area I, maximum height 20 meters at the coast 

            
maximum windload: 1,8 kN/m2               
                
6mm panel                               

Weight HPL: 8,4 kg/m2             
Weight cell: 0,3 kg/cell  (0,16 x 0,16m)          
maximum weight: 50 kg              
                
size panel maximum (single-span) minimum (multiple span) optimal       maximum (multispan) 
x-direction: 2 cells  2 cells  4 cells  48 cells 
y-direction (maximum): 2 cells  2 cells  2 cells  2 cells 
Weight cells: 1,2 kg   1,2 kg   2,4 kg    28,8 kg  
Weight panel: 0,86 kg     0,86 kg    1,72 kg      20,64 kg  
Total weight: 2,06 kg    2,06 kg   4,12 kg    49,44 kg  
size panel (m): 0,32 x 0,32  0,32 x 0,32  0,64 x 0,32  7,68 x 0,32 

 X  Y  X  Y  X  Y  X  Y 

                
8mm panel                               

Weight HPL: 11,2 kg/m2             
Weight cell: 0,3 kg/cell  (0,16 x 0,16m)          
maximum weight: 50 kg              
                
size panel maximum (single-span) minimum (multiple span) optimal       maximum (multispan) 
x-direction: 2 cells  3 cells  4 cells  42 cells 
y-direction (maximum): 2 cells  2 cells  2 cells  2 cells 
Weight cells: 1,2 kg   1,8 kg   2,4 kg    25,2 kg  
Weight panel: 1,15 kg     1,72 kg    2,29 kg      24,08 kg  
Total weight: 2,35 kg    3,52 kg   4,69 kg    49,28 kg  
size panel (m): 0,32 x 0,32  0,48 x 0,32  0,64 x 0,32  6,72 x 0,32 

 X  Y  X  Y  X  Y  X  Y 

                
10mm panel                               

Weight HPL: 14 kg/m2             
Weight cell: 0,3 kg/cell  (0,16 x 0,16m)          
maximum weight: 50 kg              
                
size panel maximum (single-span) minimum (multiple span) optimal       maximum (multispan) 
x-direction: 3 cells  4 cells  6 cells  25 cells 
y-direction (maximum): 3 cells  3 cells  3 cells  3 cells 
Weight cells: 2,7 kg   3,6 kg   5,4 kg    22,5 kg  
Weight panel: 3,23 kg     4,30 kg    6,45 kg      26,88 kg  
Total weight: 5,93 kg    7,90 kg   11,85 kg    49,38 kg  
size panel (m): 0,48 x 0,48  0,64 x 0,48  0,96 x 0,48  4 x 0,48 

 X  Y  X  Y  X  Y  X  Y 

                
13mm panel                               

Weight HPL: 18,2 kg/m2             
Weight cell: 0,3 kg/cell  (0,16 x 0,16m)          
maximum weight: 50 kg              
                
size panel maximum (single-span) minimum (multiple span) optimal       maximum (multispan) 
x-direction: 4 cells  5 cells  8 cells  16 cells 
y-direction (maximum): 4 cells  4 cells  4 cells  4 cells 
Weight cells: 4,8 kg   6 kg   9,6 kg    19,2 kg  
Weight panel: 7,45 kg     9,32 kg    14,91 kg      29,82 kg  
Total weight: 12,25 kg    15,32 kg   24,51 kg    49,02 kg  
size panel(m): 0,64 x 0,64  0,8 x 0,64  1,28 x 0,64  2,56 x 0,64 

 X  Y  X  Y  X  Y  X  Y 
 
 
 



Wind area III, maximum height 20 metres at the coast 

            
maximum windload: 0,74 kN/m2               

                
6mm panel                               

Weight HPL: 8,4 kg/m2             
Weight cell: 0,3 kg/cell  (0,16 x 0,16m)          
maximum weight: 50 kg              

                
size panel maximum (single-span) minimum (multiple span) optimal       maximum (multispan) 
x-direction: 2 cells  3 cells  4 cells  48 cells 
y-direction (maximum): 2 cells  2 cells  2 cells  2 cells 
Weight cells: 1,2 kg   1,8 kg   2,4 kg    28,8 kg  
Weight panel: 0,86 kg     1,29 kg    1,72 kg      20,64 kg  
Total weight: 2,06 kg    3,09 kg   4,12 kg    49,44 kg  
size panel: 0,32 x 0,32  0,48 x 0,32  0,64 x 0,32  7,68 x 0,32 

 X  Y  X  Y  X  Y  X  Y 

                
8mm panel                               

Weight HPL: 11,2 kg/m2             
Weight cell: 0,3 kg/cell  (0,16 x 0,16m)          
maximum weight: 50 kg              

                
size panel maximum (single-span) minimum (multiple span) optimal       maximum (multispan) 
x-direction: 3 cells  4 cells  6 cells  28 cells 
y-direction (maximum): 3 cells  3 cells  3 cells  3 cells 
Weight cells: 2,7 kg   3,6 kg   5,4 kg    25,2 kg  
Weight panel: 2,58 kg     3,44 kg    5,16 kg      24,08 kg  
Total weight: 5,28 kg    7,04 kg   10,56 kg    49,28 kg  
size panel: 0,48 x 0,48  0,64 x 0,48  0,96 x 0,48  4,48 x 0,48 

 X  Y  X  Y  X  Y  X  Y 

                
10mm panel                               

Weight HPL: 14 kg/m2             
Weight cell: 0,3 kg/cell  (0,16 x 0,16m)          
maximum weight: 50 kg              

                
size panel maximum (single-span) minimum (multiple span) optimal       maximum (multispan) 
x-direction: 4 cells  5 cells  8 cells  18 cells 
y-direction (maximum): 4 cells  4 cells  4 cells  4 cells 
Weight cells: 4,8 kg   6 kg   9,6 kg    21,6 kg  
Weight panel: 5,73 kg     7,17 kg    11,47 kg      25,80 kg  
Total weight: 10,53 kg    13,17 kg   21,07 kg    47,40 kg  
size panel: 0,64 x 0,64  0,8 x 0,64  1,28 x 0,64  2,88 x 0,64 

 X  Y  X  Y  X  Y  X  Y 

                
13mm panel                               

Weight HPL: 18,2 kg/m2             
Weight cell: 0,3 kg/cell  (0,16 x 0,16m)          
maximum weight: 50 kg              

                
size panel maximum (single-span) minimum (multiple span) optimal       maximum (multispan) 
x-direction: 5 cells  6 cells  10 cells  13 cells 
y-direction (maximum): 5 cells  5 cells  5 cells  5 cells 
Weight cells: 7,5 kg   9 kg   15 kg    19,5 kg  
Weight panel: 11,65 kg     13,98 kg    23,30 kg      30,28 kg  
Total weight: 19,15 kg    22,98 kg   38,30 kg    49,78 kg  
size panel: 0,8 x 0,8  0,96 x 0,8  1,6 x 0,8  2,08 x 0,8 

 X  Y  X  Y  X  Y  X  Y 
 



Appendix IV: Criteria score explanation 

 
Boundary conditions 
 
Visibility 
The visibility of the mounting system on the outside of the façade. 

             
         o  Invisible           o  Semi-invisible      o  Visible 
 
 
Demountability 
The demountability of the panels for maintenance purposes.  
o  Separately demountable 
o  Not separately demountable 
 
 
No adjustments on building site 
The panels must not be adjusted on the building site. 
o  No adjustments 
o  Adjustments 
 
 
Structural safety 
The construction of the system should be (visible) safe.   
o  Mechanically fixed 
o  Mechanical and chemical fixing combined 
o  Chemically fixed 
 
 
 
 
 
 
 
 
 
 
 



Production 
 
Production method  
The difficulty of the production method. 
 
Complicated •–––––––––––––––•–––––––––––––––• Easy 

         1    2         3 
 
 
Risk of errors 
Risk of errors in production and the resulting residual waste. 
 
High •–––––––––––––––•–––––––––––––––• Low 
         1    2         3 
 
 
Amount of parts 
The amount of parts affects the number of production lines and the costs. 
 
A lot •–––––––––––––––•–––––––––––––––• One 
         1    2         3 
 
 
Assembly 
 
Easy to mount 
Easy and quick handling methods.  
 
Complicated •–––––––––––––––•–––––––––––––––• Easy 

         1    2         3 
 
 
 
Multi-step assembly 
Multi-step assembly ensures that there is one step between the assembly of the bottom and top profile. 
This allows the wiring of the BIPV system to be connected.  
 
Single-step •–––––––––––––––•–––––––––––––––• Multi-step 
               1                     2             3 
 
 
Expandable 
Possibility of adding additional components. 
 
Not possible •–––––––––––––––•–––––––––––––––• Possible 
            1                 2         3 
 



 
Resilience of tolerance 
Adjustment possibility to compensate for tolerances.  
 
Non-adjustable •–––––––––––––––•–––––––––––––––• Adjustable 
                 1        2              3 
 
 
Physical ergonomics 
The weight of the product must not exceed 50 kilograms. No heavy tools. Enough space to manoeuvre. 
 
Difficult •–––––––––––––––•–––––––––––––––• Easy 
               1         2               3 
 
 
 
Use 
 
Maintenance 
The possibility of doing maintenance. 
 
Hard •–––––––––––––––•–––––––––––––––• Easy 
         1                  2                       3 
 
 
Adaptability 
The possibility of changing parts. 
 
Hard •–––––––––––––––•–––––––––––––––• Easy 
         1                  2                       3 
 
 
 
End-of-life 
 
Disassembly 
Easy to disassemble and reuse. 
 
Hard •–––––––––––––––•–––––––––––––––• Easy 
         1                  2                       3 
 



Appendix V: Bucky Lab project concepts 

 
  Concept 1        Concept 2 
 

 
Concept 1: Functioning of the system 



 
Concept 2: Functioning of the system 
 



Appendix VI: Results finite element analysis 
 
Analysis 1: Prototype 1.4 
 
Results tensile analysis 
 

        
Figure 1: Geometry               Figure 2: Mesh geometry 
 
 

 
Figure 3: Displacement 15mm depth 
 
 
 
 
 

 
 
 
 
 
 

 
Figure 4: Displacement 30mm depth 
 
 

 
Figure 5: 50mm depth 
 



 
Figure 6: Tensile stresses 15mm depth 
 
 

 
Figure 7: Tensile stresses 30mm depth 
 

 
Figure 8: Tensile stresses 50mm depth 
 
 

 
Figure 9: Compressive stresses 15mm depth 
 
 
 
 
 
 
 
 
 
 



 
Figure 10: Compressive stresses 30mm depth 
 
 

 
Figure 11: Compressive stresses 50mm depth 
 

 
Figure 12: Shear stresses 15mm depth 
 
 

 
Figure 13: Shear stresses 30mm depth 
 
 
 
 
 
 
 
 
 
 



 
Figure 14: Shear stresses 50mm depth 
 
 
 
 
 
 
 
 
 
 
 
Results compressive analysis 
 

       
Figure 15: Geometry               Figure 16: Mesh geometry 

 
Figure 17: Displacement 15mm depth 

 
Figure 18: Displacement 30mm depth 

 
Figure 19: Displacement 50mm depth 



 
Figure 20: Tensile stresses 15mm depth 
 
 

 
Figure 21: Tensile stresses 30mm depth 
 
 

 
Figure 22: Tensile stresses 50mm depth 
 
 

 
Figure 23: Compressive stresses 15mm depth 
 



 
Figure 24: Compressive stresses 30mm depth 
 
 

 
Figure 25: Compressive stresses 50mm depth 

 
Figure 26: Shear stresses 15mm depth 
 
 

 
Figure 27: Shear stresses 30mm depth 
 
 
 
 
 
 
 
 
 
 



 

 
Figure 28: Shear stresses 50mm depth 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Analysis 2: Iteration 1 
 
Results tensile analysis 
 

        
Figure 29: Geometry               Figure 30: Mesh geometry 
 
 

 
Figure 331: Displacement 15mm depth 
 



 
Figure 32: Displacement 30mm depth 
 
 

 
Figure 33: 50mm depth 
 

 
Figure 34: Tensile stresses 15mm depth 
 
 

 
Figure 35: Tensile stresses 30mm depth 
 



 
Figure 36: Tensile stresses 50mm depth 
 
 

 
Figure 37: Compressive stresses 15mm depth 
 

 
Figure 38: Compressive stresses 30mm depth 
 
 

 
Figure 39: Compressive stresses 50mm depth 
 



 
Figure 40: Shear stresses 15mm depth 
 
 

 
Figure 41: Shear stresses 30mm depth 
 

 
Figure 42: Shear stresses 50mm depth 
 
 
 
 
 
 
 
 
 
 
 
Results compressive analysis 
 

       
Figure 43: Geometry               Figure 44: Mesh geometry 



 
 

 
Figure 45: Displacement 15mm depth 

 
Figure 46: Displacement 30mm depth 

 
Figure 47: Displacement 50mm depth 

 
Figure 48: Tensile stresses 15mm depth 
 
 



 
Figure 49: Tensile stresses 30mm depth 
 
 

 
Figure 50: Tensile stresses 50mm depth 
 
 

 
Figure 51: Compressive stresses 15mm depth 
 

 
Figure 52: Compressive stresses 30mm depth 
 
 



 
Figure 53: Compressive stresses 50mm depth 
 

 
Figure 54: Shear stresses 15mm depth 
 
 

 
Figure 55: shear stresses 30mm depth 
 
 
 
 
 
 
 
 
 
 

 
Figure 56: shear stresses 50mm depth 
 
 



 
  



Analysis 3: Iteration 2 
 
Results tensile analysis 
        

     
Figure 57: Geometry                   Figure 58: Mesh geometry 
 
 

 
Figure 59: Displacement 15mm depth 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 60: Displacement 30mm depth 
 
 

 
Figure 61: 50mm depth 
 



 
Figure 62: Tensile stresses 15mm depth 
 
 

 
Figure 63: Tensile stresses 30mm depth 
 

 
Figure 64: Tensile stresses 50mm depth 
 
 

 
Figure 65: Compressive stresses 15mm depth 
 
 
 
 
 
 
 
 
 
 



 
Figure 66: Compressive stresses 30mm depth 
 
 

 
Figure 67: Compressive stresses 50mm depth 
 

 
Figure 68: Shear stresses 15mm depth 
 
 

 
Figure 69: Shear stresses 30mm depth 
 
 
 
 
 
 
 
 
 
 



 
Figure 70: Shear stresses 50mm depth 
 
 
 
 
 
 
 
 
 
 
 
Results compressive analysis 
 

       
Figure 71: Geometry               Figure 72: Mesh geometry 

 
Figure 73: Displacement 15mm depth 

 
Figure 74: Displacement 30mm depth 

 
Figure 75: Displacement 50mm depth 



 
Figure 76: Tensile stresses 15mm depth 
 
 

 
Figure 77: Tensile stresses 30mm depth 
 
 

 
Figure 78: Tensile stresses 50mm depth 
 
 

 
Figure 79: Compressive stresses 15mm depth 
 



 
Figure 80: Compressive stresses 30mm depth 
 
 

 
Figure 81: Compressive stresses 50mm depth 
 

 
Figure 82: shear stresses 15mm depth 
 
 

 
Figure 83: shear stresses 30mm depth 



 
Figure 84: shear stresses 50mm depth 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Analysis 4: Iteration 3 
 
Results tensile analysis 
        

  
Figure 85: Geometry 
 
 

 
Figure 86: Mesh geometry 



 
Figure 87: Displacement 15mm depth 

 
Figure 88: Displacement 30mm depth 

 
Figure 89: 50mm depth 

 
Figure 90: Tensile stresses 15mm depth 

 
Figure 91: Tensile stresses 30mm depth 

 
Figure 92: Tensile stresses 50mm depth 



 
Figure 93: Compressive stresses 15mm depth 

 
Figure 94: Compressive stresses 30mm depth 

 
Figure 95: Compressive stresses 50mm depth 

 
Figure 96: Shear stresses 15mm depth 

 
Figure 97: Shear stresses 30mm depth 

 
Figure 98: Shear stresses 50mm depth 



Results compressive analysis 
       

 
Figure 99: Geometry                
 
 

 
Figure 100: Mesh geometry 

 
Figure 101: Displacement 15mm depth 

 
Figure 102: Displacement 30mm depth 

 
Figure 103: Displacement 50mm depth 



 
Figure 104: Tensile stresses 15mm depth 

 
Figure 105: Tensile stresses 30mm depth 

 
Figure 106: Tensile stresses 50mm depth 

 
Figure 107: Compressive stresses 15mm depth 

 
Figure 108: Compressive stresses 30mm depth 

 
Figure 109: Compressive stresses 50mm depth 



 
Figure 110: shear stresses 15mm depth 

 
Figure 111: shear stresses 30mm depth 

 
Figure 112: shear stresses 50mm depth 

Analysis 5: Iteration 4 
 
Results tensile analysis 
 

        
Figure 113: Geometry                       Figure 114: Mesh geometry 
 
 

 
Figure 115: Displacement 15mm depth 
 
 
 
 
 
 
 
 
 



 
Figure 116: Displacement 30mm depth 
 
 

 
Figure 117: 50mm depth 
 

 
Figure 118: Tensile stresses 15mm depth 
 
 

 
Figure 119: Tensile stresses 30mm depth 
 



 
Figure 120: Tensile stresses 50mm depth 
 
 

 
Figure 121: Compressive stresses 15mm depth 
 
 
 
 
 
 
 
 
 
 

 
Figure 122: Compressive stresses 30mm depth 
 
 

 
Figure 123: Compressive stresses 50mm depth 
 



 
Figure 124: Shear stresses 15mm depth 
 
 

 
Figure 125: Shear stresses 30mm depth 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 126: Shear stresses 50mm depth 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Results compressive analysis 
      

 
Figure 127: Geometry  
      
           

Figure 128: Mesh geometry 

 
Figure 129: Displacement 15mm depth 

 
Figure 130: Displacement 30mm depth 

 
Figure 131: Displacement 50mm depth 



 
Figure 132: Tensile stresses 15mm depth 

 
Figure 133: Tensile stresses 30mm depth 

 
Figure 134: Tensile stresses 50mm depth 

 
Figure 135: Compressive stresses 15mm depth 

 
Figure 136: Compressive stresses 30mm depth 

 
Figure 137: Compressive stresses 50mm depth 



 
Figure 138: shear stresses 15mm depth 

 
Figure 139: shear stresses 30mm depth 

 
Figure 140: shear stresses 50mm depth 

Analysis 6: Iteration 5 
 
Results tensile analysis 
 

      
Figure 141: Geometry                     Figure 142: Mesh geometry 
 
 

 
Figure 143: Displacement 15mm depth 
 
 
 
 
 
 
 



 
Figure 144: Displacement 30mm depth 
 
 

 
Figure 145: 50mm depth 
 

 
Figure 146: Tensile stresses 15mm depth 
 
 

 
Figure 147: Tensile stresses 30mm depth 
 



 
Figure 148: Tensile stresses 50mm depth 
 
 

 
Figure 149: Compressive stresses 15mm depth 
 
 
 
 
 
 
 
 
 
 

 
Figure 150: Compressive stresses 30mm depth 
 
 

 
Figure 151: Compressive stresses 50mm depth 
 



 
Figure 152: Shear stresses 15mm depth 
 
 

 
Figure 153: Shear stresses 30mm depth 
 
 
 
 
 
 
 
 
 
 

 
Figure 154: Shear stresses 50mm depth 
 
 
 
 
 
 
 
 
 
 
Results compressive analysis 
       

   
Figure 155: Geometry                 Figure 156: Mesh geometry 
 



Figure 157: Displacement 15mm depth 
 
 

Figure 158: Displacement 30mm depth 

 
Figure 159: Displacement 50mm depth 
 
 

 
Figure 160: Tensile stresses 15mm depth 
 



 
Figure 161: Tensile stresses 30mm depth 
 
 

 
Figure 162: Tensile stresses 50mm depth 
 

 
Figure 163: Compressive stresses 15mm depth 
 
 

 
Figure 164: Compressive stresses 30mm depth 
 



 
Figure 165: Compressive stresses 50mm depth 
 
 

 
Figure 166: shear stresses 15mm depth 
 

 
Figure 167: shear stresses 30mm depth 
 
 

 
Figure 168: shear stresses 50mm depth 
 
 
 
 
 
 
 
 
 
 



 
Analysis 7: Iteration 6 
 
Results tensile analysis 
 

    
Figure 169: Geometry                   Figure 170: Mesh geometry 
 
 

 
Figure 171: Displacement 15mm depth 
 
 
 
 
 
 

 
 
 
 
 

 
Figure 172: Displacement 30mm depth 
 
 

 
Figure 173: 50mm depth 
 



 
Figure 174: Tensile stresses 15mm depth 
 
 

Figure 175: Tensile stresses 30mm depth 
 

 
Figure 176: Tensile stresses 50mm depth 
 
 

 
Figure 177: Compressive stresses 15mm depth 
 
 
 
 
 
 
 
 
 
 



 
Figure 178: Compressive stresses 30mm depth 
 
 

 
Figure 179: Compressive stresses 50mm depth 
 

 
Figure 180: Shear stresses 15mm depth 
 
 

 
Figure 181: Shear stresses 30mm depth 
 
 
 
 
 
 
 
 
 
 



 

 
Figure 182: Shear stresses 50mm depth 
 
 
 
 
 
 
 
 
 
 
 
Results compressive analysis 
       

     

Figure 183: Geometry               Figure 184: Mesh geometry 

 
Figure 185: Displacement 15mm depth 
 
 

Figure 186: Displacement 30mm depth 



 
Figure 187: Displacement 50mm depth 
 
 

 
Figure 188: Tensile stresses 15mm depth 
 

 
Figure 189: Tensile stresses 30mm depth 
 
 

 
Figure 190: Tensile stresses 50mm depth 
 



 
Figure 191: Compressive stresses 15mm depth 
 
 

 
Figure 192: Compressive stresses 30mm depth 
 

 
Figure 193: Compressive stresses 50mm depth 
 
 

 
Figure 194: shear stresses 15mm depth 
 



 
Figure 195: shear stresses 30mm depth 
 
 

Figure 196: shear stresses 50mm depth 
 
 
 
 
 
 
 
 
 
 

 
Analysis 8: Iteration 7 
 
Results tensile analysis 
 

     
Figure 197: Geometry                   Figure 198: Mesh geometry 
 
 

 
Figure 199: Displacement 15mm depth 
 
 
 
 
 
 



 
Figure 200: Displacement 30mm depth 
 
 

Figure 201: 50mm depth 
 

 
Figure 202: Tensile stresses 15mm depth 
 
 

 
Figure 203: Tensile stresses 30mm depth 
 



 
Figure 204: Tensile stresses 50mm depth 
 
 

 
Figure 205: Compressive stresses 15mm depth 
 
 
 
 
 
 
 
 
 
 

 
Figure 206: Compressive stresses 30mm depth 
 
 

 
Figure 207: Compressive stresses 50mm depth 
 



 
Figure 208: Shear stresses 15mm depth 
 
 

 
Figure 209: Shear stresses 30mm depth 
 
 
 
 
 
 
 
 
 
 

 
Figure 210: Shear stresses 50mm depth 
 
 
 
 
 
 
 
 
 
 
Results compressive analysis 
 

    
Figure 211: Geometry                    Figure 212: Mesh geometry 
 



Figure 213: Displacement 15mm depth 
 
 

 
Figure 214: Displacement 30mm depth 

 
Figure 215: Displacement 50mm depth 
 
 

 
Figure 216: Tensile stresses 15mm depth 
 



 
Figure 217: Tensile stresses 30mm depth 
 
 

 
Figure 218: Tensile stresses 50mm depth 
 

 
Figure 219: Compressive stresses 15mm depth 
 
 

 
Figure 220: Compressive stresses 30mm depth 
 



 
Figure 221: Compressive stresses 50mm depth 
 
 

 
Figure 222: shear stresses 15mm depth 
 

 
Figure 223: shear stresses 30mm depth 
 
 

 
Figure 224: shear stresses 50mm depth 
 
 
 
 
 
 
 
 
 
 



Analysis 9: Iteration 8 
 
Results tensile analysis 
        

     
Figure 225: Geometry  
 
            

 
Figure 226: Mesh geometry 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 227: Displacement 15mm depth 

 
Figure 228: Displacement 30mm depth 

 
Figure 229: 50mm depth 



 
Figure 230: Tensile stresses 15mm depth 

 
Figure 231: Tensile stresses 30mm depth 

 
Figure 232: Tensile stresses 50mm depth 

 
Figure 233: Compressive stresses 15mm depth 

 
Figure 234: Compressive stresses 30mm depth 

 
Figure 235: Compressive stresses 50mm depth 



 
Figure 236: Shear stresses 15mm depth 

 
Figure 237: Shear stresses 30mm depth 

 
Figure 238: Shear stresses 50mm depth 

Results compressive analysis 
      

 
Figure 239: Geometry   
 
              

 
Figure 240: Mesh geometry 
 



 
Figure 241: Displacement 15mm depth 

Figure 242: Displacement 30mm depth 

 
Figure 243: Displacement 50mm depth 

 
Figure 244: Tensile stresses 15mm depth 

 
Figure 245: Tensile stresses 30mm depth 

 
Figure 246: Tensile stresses 50mm depth 



 
Figure 247: Compressive stresses 15mm depth 

 
Figure 248: Compressive stresses 30mm depth 

Figure 249: Compressive stresses 50mm depth 

 
Figure 250: shear stresses 15mm depth 

 
Figure 251: shear stresses 30mm depth 

 
Figure 252: shear stresses 50mm depth 



Analysis 10: Final design 
 
Results tensile analysis 
 

        
Figure 225: Geometry                      

 
Figure 226: Mesh geometry 

 

Figure 227: Displacement 30mm depth 

 
Figure 228: Tensile stresses 30mm depth 

 
Figure 229: Compressive stresses 30mm depth 

 
Figure 230: Shear stresses 30mm depth 



Results compressive analysis 
 

       
Figure 231: Geometry                

 
Figure 232: Mesh geometry 

 
Figure 233: Displacement 30mm depth 

 
Figure 234: Tensile stresses 30mm depth 

 
Figure 235: Compressive stresses 30mm depth 

 
Figure 236: Shear stresses 30mm depth 



Appendix VII: Graphs practical test 
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