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Abstract  
 

In the automotive industry, there is nowadays a constant need to make vehicles lighter. This is 

no exemption for bus manufacturers, especially for the Swiss company Carrosserie HESS AG, which 

specialises in the production of electric buses. The patented CO-BOLT system, that they have been using 

for more than thirty years to make the body of their buses, has so far been able to meet all the 

necessary requirements regarding the strength and the weight of the structure. This allows for high 

loads on the roof, especially considering the weight of the high-performance batteries that are 

positioned on top of the body of their buses to maximise the interior space and thus, the comfort of 

the passengers.  

However, as the need to save energy and produce the vehicles quickly becomes more present, 

HESS engineers are constantly looking for ways to improve their buses, especially by making the body 

lighter, stronger and faster to assemble. The aim of this thesis is to design a new CO-BOLT 2.0 model 

that could be used for HESS buses, by investigating the current CO-BOLT structure and finding 

innovative ways to optimise all these parameters in a way that keep the assembly cost efficient for the 

company. 

After having identified that the main area for improvement in the current CO-BOLT system lies 

in the way in which the aluminium profiles that make up the bus body are connected to each other, a 

study of different concepts for new connections, inspired by existing ways of connecting aluminium 

profiles, was undertaken. Following this study, one solution was selected. With new connection parts 

made in aluminium and manufactured with CNC machining, this new way of connecting profiles saves 

assembly time and weight in the body and it also limits excessive displacement of the profiles when 

they are subjected to high loads due to the weight on the roof of the bus. These qualities make the use 

of these connections for the CO-BOLT 2.0 model a starting point for a possible evolution of HESS bus 

bodies and in the improvement of their qualities. However, it would require a little more research than 

what is studied in this thesis to create a new body design that is fully exploitable for the company. 
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List of abbreviations and nomenclature  
 

Abbreviations  
 

CAD: Computer Aided Design  

CFRP: Carbon Fiber Reinforced Polymer 

CHF: Swiss Francs (1 CHF = 1.15 $ = 25.19 CZK in 2023) 

CNC: Computer Numerical Control 

DFA: Design for Assembly 

DFM: Design for Manufacture 

DFMA: Design for Assembly and Manufacture 

DFX: Design for Excellence 

FEA: Finite Element Analysis  

 

Nomenclature 
 

Symbol Variable Unit 

𝐸 Young modulus  𝑀𝑝𝑎 

𝜌 Density 𝑔/𝑐𝑚3 
𝜎𝑦 Yield strength 𝑀𝑝𝑎 

𝐺 Shear modulus 𝑀𝑝𝑎 

𝜎 Stress (by default the Von Mises stresses) 𝑁/𝑚𝑚2 
𝛿 Displacement  𝑚𝑚 

𝐼𝑥, 𝐼𝑦 Area moment of inertia 𝑚𝑚4 
𝐾 Torsional stiffness 𝑚𝑚4 
𝜃 Angle of twist 𝑅𝑎𝑑 

𝐹 Applied force 𝑁 

𝑇 Applied torque 𝑁𝑚 

𝐿 Length of the profiles 𝑚 

𝑎 Cross section height of the profiles 𝑚 

𝑏 Cross section width of the profiles 𝑚 

𝑀 Weight of the roof  𝑘𝑔 

𝛼 Coefficient of thermal expansion 10−6𝐾−1 
𝜎𝑡𝑢 Ultimate tensile strength of sheet material 𝑀𝑝𝑎 

𝜎𝑏𝑟 Bearing strength of sheet material 𝑀𝑝𝑎 

𝜎𝑠𝑢 Ultimate shear strength of sheet material 𝑀𝑝𝑎 

𝜎𝑏𝑟 Ultimate shear strength of bolt material 𝑀𝑝𝑎 

𝑡 Thickness of the sheet 𝑚𝑚 

𝑑 Diameter of the holes in the sheet 𝑚𝑚 

𝑊 Width of the sheet 𝑚𝑚 

𝑎𝑚𝑎𝑥 Critical acceleration 𝑚/𝑠2 
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1) Introduction 
 

1.1) Background 
 

Energy consumption and environmental pollution has greatly increased recently, raising global 
concern because of the consequences on global warming. The road transport sector is one of most 
important sources of pollution, influencing both the environment and human health. Europe and many 
other countries in the world are adopting new laws or regulations governing the development and sale 
of all vehicles, to reduce CO2 emissions.  

With these new regulations, the development of sustainable vehicles, especially electric buses, 
has greatly increased in numerous cities thanks to their characteristics of zero emissions and lower 
pollution noise which always contribute to the sustainable development of the cities, as buses tend to 
be now one of the most popular means of transportation. However, to allow electric buses to drive 
sufficiently long distances without charging, it is necessary for the buses to have batteries which can 
provide enough energy between the charging stations. Engineers are constantly researching ways to 
increase the battery capacity to extend the range of the electric vehicles. However, such batteries 
often take up a lot of space and greatly increase the whole weight of the vehicle which ends up 
increasing the energy consumption and thus compensating the benefits of these batteries by lowering 
the range of the vehicle. The solution, to avoid this problem, is to find other ways to reduce the weight 
of the whole vehicle so that more powerful and potentially heavier batteries can be installed without 
adding too much weight to the vehicle. Indeed, this problematic of the optimization of energy 
consumption is correlated to another problematic of making vehicles lighter for increasing energy 
efficiency as well as reducing production costs. Most particularly for buses, the reduction of weight 
often implies a detailed engineering study about its body, as it is estimated that the body frame 
accounts for 30% of the total weight of the bus in its overall frame structure.  

The Swiss bus manufacturer Carrosserie HESS AG has needed to address these issues for many 
years, as they aim to establish themselves as a leading manufacturer of electric buses in Switzerland 
and abroad. Their patented CO-BOLT body model is an innovative solution to face these problems as 
the strength and the light weight of this body made with aluminium makes it possible to carry high 
loads on the roof with the batteries, which makes the whole bus a popular choice for city operators 
who are willing to extend the use of electric buses in their city.  

Until now, HESS has used the same CO-BOLT model for the body of their buses for more than 
thirty years, which is proof of its great performance which stills holds up to this day. However, HESS 
engineers agree that this model nevertheless has the potential for further improvement. With new 
regulations on the safety demands and new environmental legislations, the demand for increased 
weight and strength for the bus body is a great engineering challenge that takes more and more 
importance today for all bus manufacturers. This would be no exception for HESS, as a further study in 
that field could bring a lot of benefits for the company. In addition, the growing success of HESS over 
the last few years, now delivering buses in all over the world, makes it even more challenging for the 
production team to ensure the construction and the delivery of all the buses in due time. Therefore, 
there is also a need for the buses to be faster and easier to assemble so that the production team can 
work more efficiently, and so that HESS can guarantee the production of all the buses without 
overworking the production team members. In conclusion, even though the CO-BOLT system of the 
HESS buses still has numerous qualities. There is both a desire and a necessity at HESS to look at the 
many ways in which this model could be optimized to make the bus both lighter, stronger, and faster 
to produce. If this study is successful, this would enable the company to maintain its position as a 
leader in the production of sustainable buses for the years to come. 
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1.2) Aim of the thesis 
 

The aim of this project is to develop a new concept for HESS bus body which can keep all the 
advantages of the current CO-BOLT system, especially its possibility to carry heavy batteries on the 
roof, while optimizing the weight, the strength (and stiffness), and the assembly time of the whole bus 
body. This report will provide a study of the current bus body, both from the point of view of a member 
of the engineering team (studying the mechanical properties of the body) and from the point of view 
of a member of the production team (studying the assembly itself). The objective is to first generate 
different new concepts based on these observations and on the current solutions used by other bus 
manufacturers who must deal with the same issues. One of these concepts will then be chosen and 
will be the starting point to the development of the new body model, which will be called the CO-BOLT 
2.0. Of course, even though it is not the main objective of this thesis, this project will have to be carried 
out in the way an engineer from HESS would do, considering its added value, especially regarding the 
costs so that the CO-BOLT 2.0 stays profitable overall for the company. 
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2) HESS and the CO-BOLT system 

 

2.1) Presentation of HESS 
 

HESS is a bus manufacturer based in Bellach, in Switzerland and founded in 1882 with 

production sites in Switzerland and Portugal.  Their buses are widely used in Switzerland in all the major 

cities (Zurich, Geneva, Bern, Basel…) and in numerous countries of the world as well, especially France 

(Nantes, Lyon…) and Australia (Brisbane). HESS buses are electric driven using different body length, 

batteries, and charging concepts according to the needs of their clients. HESS also gives importance to 

the longevity of the vehicles they provide, with their lifecycle service contracts which make sure their 

buses remain functional during the contract by offering repair services in the case of collisions or even 

regular refurbishments.    

As mentioned in the introduction, the body structure of the buses is made by the patented CO-

BOLT system which is the source of many of the advantages of their buses, and which makes this 

company attractive in the bus manufacturing market, especially in Switzerland.  Here is a summary of 

the best and most unique advantages their bus can offer according to the figure 1 below that can be 

found on the HESS website. [1] 

 

Figure 1 : Summary of the main advantages offered by HESS buses 
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2.2) Presentation of the CO-BOLT system 

 

2.2.1) The advantages of the CO-BOLT 
 

The CO-BOLT system is an assembly of extruded aluminium profiles connected with aluminium 
corner pieces. The first main advantage of the assembly is that all the parts are joined together using 
mechanical fasteners instead of using adhesives or welding. This allows for a much easier reparability 
so that HESS can easily fulfil all the demands of their clients regarding the repair services. Also, using 
aluminium for almost all the parts, especially instead of steel, greatly reduces the whole mass of the 
vehicle and thus the energy consumption. The design of the profiles also contributes to the lightweight 
of the vehicle, each of the profiles having a hollow section which guaranties sufficient level of strength 
for the whole bus while greatly reducing the weight of the bus.  Indeed, the whole assembly have been 
precisely engineered to keep the body strong and durable despite using a weaker material compared 
to steel, so that all the batteries, as well as air conditioning, break resistors and other high voltage 
components can be kept on the roof without generating big stresses and thus without risking damaging 
the body. Positioning the batteries on the roof instead of placing them closer to the chassis frees up 
an incredible amount of space in the bus, which brings a lot of comfort to the passengers by increasing 
the capacity of the bus, without increasing its overall size. This is also a great advantage regarding 
safety, as all the critical components are kept away from the parts of the vehicles which are more likely 
to be damaged in an accident. Here is a summary in the figure 2 below of all the advantages offered 
by the CO-BOLT system. 
 
  

 
Figure 2: Illustration of the assembly of a HESS bus with all the qualities of its CO-BOLT body 
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Today, more than 20 000 buses around the world are using this CO-BOLT system. The bus 
comes in different models (2-axle, 3-axle, or 4-axle) according to the desired size of the bus by the 
operators. HESS is also constantly working in relation with these operators to ensure that the vehicles 
they provide meet their specific needs. They can adapt easily to the demands of their customers thanks 
to the great modularity of the system. The modularity is also one of the main qualities of the CO-BOLT. 
Indeed, the engineers from HESS always develop their product with parts that are independent to each 
other, each part “module” having their own features of functionality, which can be easily assembled 
to the other parts to create the bus body that will perfectly meet the needs of HESS customers. This 
also helps reduce product complexity and manufacturing costs.  
 
 

2.2.2) The modelling of the CO-BOLT 
 
 

All the parts making up the entire CO-BOLT system, as well as the assembly itself for the three 
different bus sizes (2-axle, 3-axle, and 4-axle) are stored as 3D files in SolidWorks. For the rest of the 
study consisting just of the optimization of the body, this body can be considered only as an assembly 
of the aluminium profiles and the connecting parts. The 3D model of the CO-BOLT (for the case of a 2-
axle bus) that will be used for this project is shown in the figure 3 below. 
 

 

Figure 3: The CO-BOLT system modeled in 3D on SolidWorks 
The materials are also specified in SolidWorks. Almost all the parts use aluminum but under 

different alloys that can affect the mechanical and physical properties of the parts. The whole bus body 

will be subjected to a few loads during the studies. These loads come from the acceleration and the 

deceleration of the bus in the three directions of space. These accelerations can generate huge loads 

because of the mass present on the roof of the bus with the batteries, as well as all the electrical 

equipment. Here is on the figure 4 below, a summary of the sources of weight that can be found on the 

roof of the buses.   

 

Figure 4: Details of the sources of weight on the roof of the bus 
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In the end, it can be considered that the total weight on the roof is about 4500kg. Three sources 

of acceleration can be considered. First is a vertical acceleration when the bus faces a bump at high 

speed which can be considered equal, in the most extreme cases, to 0,8g. This acceleration adds up to 

the gravitational acceleration to create a whole critical vertical acceleration of 1,8g. Then, there is the 

acceleration in the direction of the bus in case of an emergency braking which can be considered equal 

to 0,7g for the rest of the study. And finally, an acceleration perpendicular to the direction of the bus 

in case of an emergency steering can be considered equal to 0,5g. All these sources of acceleration will 

have to be considered together when making some dynamic simulation to ensure that the whole bus 

body will meet the strength requirements. 
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3) State of the art  
 

Before diving into the study of the CO-BOLT system and of how it can be improved, it is 

necessary to have a full understanding of the design of a bus body made in aluminium and observe 

how other bus manufacturers managed to solve these problems of weight and strength. Indeed, 

various strategies have been used by different companies and can give some interesting ideas that will 

possibly be used later for this project. 

 

3.1) The use and the choice of materials  
 

3.1.1) The main materials used in the automotive industry 
 

The first solution that is used in the automotive industry to make vehicles lighter and stronger 

is by choosing the right materials to make the body of the vehicle. Indeed, even though HESS almost 

only uses aluminium for to make the body of their buses. Various other materials can be used to 

manufacture the vehicles, each having their own advantages and drawbacks. Here is a quick 

presentation of the three most common materials that are found in the automotive industry: 

-Steel: Various types of steel (mild steels, high-strength steels…) are used to manufacture structural 

components like chassis and body panels. It is a common choice of material for such parts thanks to 

the strength, durability, and cost effectiveness of all steel variations. This material is already used by 

HESS to produce the chassis of the bus, as the strength requirements are even more important in this 

area of the vehicle. 

-Aluminium: This material is also often used for making structural components as an alternative to steel 

to reduce the weight of the vehicles thanks to its low density, improving the performance and the fuel 

economy of the vehicles. In addition to HESS, Nova Bus, a subsidiary of Volvo Group, has for example 

also used aluminium in the construction of the bus bodies to make their buses as sustainable as 

possible. Given the importance of the study of aluminium structures for this project, more details about 

this material will be given in a next part of this report. [2] 

 

Figure 5: Picture of the body of the bus used by the company Nova Bus 
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-Polymer and composite materials: When there is a requirement for both a low weight and a high 

strength and durability, composite materials are used, especially carbon fibre-reinforced polymers 

(CFRP). This material is especially used more and more in the automotive industry as some bus 

manufacturers are even producing their buses only with carbon fibres. As an example, the bus 

manufacturer Ebusco now produces electric buses exclusively made from composite materials, which 

reduce the mass of the whole bus by 27% (9500kg) compared to a regular bus made of steel. This 

guarantees the bus's autonomy of up to 700km, making it extremely attractive on the market. [3] 

 

 

Figure 6: Picture of the Ebusco 3.0, a bus model made with composite materials by the company Ebusco 

As it can be seen on the figure 7 below detailing the composition of a car in the United States 

at different years, steel is now less and less used over the years in favour of aluminium and composite 

materials. This is due to the ever-increasing need to reduce vehicle mass to optimize energy 

consumption, while vehicles, particularly buses, are gradually moving towards zero-emission vehicles, 

using for a lot of bus manufacturers now, electric buses. In addition, as the automotive industry 

continues to evolve, there is ongoing research and development aimed at finding new innovative 

materials or making already existing sustainable material cheaper and thus more accessible to all the 

vehicle manufacturers. [4] 

 

Figure 7: Diagram detailing the proportions of the materials used in the automotive industry at three different years 
(including a prediction for the year 2035) 
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3.1.2) Methodology for material selection 
 

In automotive engineering, like in any other industry, material selection can be impacted by 

different parameters: weight, strength, stiffness, assembly methods, corrosion resistance, etc.  Most of 

the time, the material is chosen to optimize both the weight and the mechanicals properties of the 

designed product. When having this requirement in mind, it is common to represent two of the most 

important properties of some different materials in a diagram, and to use an index to make the 

decision. One of the most common indices used is  
𝐸1/2

𝜌
 , where 𝐸 is the young modulus of the material, 

characterising its elasticity and 𝜌 is the density of the material, characterizing its weight. Some 

variations also include  
𝐸1/3

𝜌
 and  

𝐸

𝜌
. These indices give the best material option when the stiffness is 

prescribed, and the weight must be minimized. This is represented in the figure 8 below, where the 

three previously studied materials (steel, aluminium, and CFRP) are shown. In this case, when only 

looking at the material with the highest value of  
𝐸1/2

𝜌
 , CFRP is the best material out of the three.  

 

Figure 8: Diagram that illustrate the performance of different materials in terms of stiffness and density 

In the last case, only the stiffness of the material is considered, but it is also possible to optimize 

the weight only according to the strength of the material. Here, the index that is mostly used is 
𝜎𝑦

2/3

𝜌
 

(as well as 
𝜎𝑦

1/2

𝜌
 and 

𝜎𝑦

𝜌
) with 𝜎𝑦 being the yield strength of the material, characterizing its strength. The 

graph representing the yield strength of the most common materials according to their density is 

shown in the figure 9 below. 
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Figure 9: Diagram that illustrate the performance of different materials in terms of strength and density 

In this case too, choosing a material according to the data on this graph gives the conclusion 

that CFRP is the best performing material. However, most of the materials have a wide range of values 

for the yield strength of the material.  That is because the yield strength varies depending on the 

variation of materials chosen. For the case of aluminium for example, different aluminium alloys can 

have very distinct yield strength values. However, the alloy of an aluminium is not chosen exclusively 

based on its mechanical properties but also based on the manufacturing processes for example. That 

is one of the challenges of the choice of the right material, which must consider every parameter that 

can influence the choice at once. If only a choice according to the mechanical properties is desired by 

an engineer, it is possible however, to make the choice based on the value of 
𝐸1/2

𝜌
, as it is still the most 

precise way to find out the most performing material among some possible solutions, just based on 

the mechanical properties. [5] 

When choosing other materials than aluminium (the material that HESS is currently using for 

the bus bodies), there are some important details that must be taken into consideration in addition to 

the strength and the weight. The first problem comes from the corrosion. For example, it could be the 

base of a concept to use carbon fibre to manufacture some parts for the body (thanks to the great 

mechanical properties of that material as seen above). However, if carbon fibre and aluminium are 

used together, there is potential for a type of corrosion known as galvanic corrosion or galvanic 

coupling. Galvanic corrosion occurs when two dissimilar metals or materials come into contact in the 

presence of an electrolyte (such as water), creating an electrochemical reaction that leads to 

accelerated corrosion of one or both materials. Carbon fibre is not a metal, but a composite material 

made from carbon fibres embedded in a polymer matrix. Aluminium, on the other hand, is a metal. 

When these two materials are in direct contact, an electrolytic environment can lead to galvanic 

corrosion due to the difference in their electrical potentials. A quick detail of these chemical reactions 

is shown in the figure 10 below. [6] 
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Figure 10: Illustrative diagram of the corrosion process when two different materials are in contact (in this case aluminium 
and carbon fibre). 

To prevent galvanic corrosion when using aluminium and another material, it is necessary, 

either to isolate the material by avoiding direct contact between the two materials or by applying 

protective coatings or other corrosion-resistant finishes, to the aluminium surfaces. These coatings can 

act as a barrier to the electrolyte and reduce the likelihood of galvanic corrosion. Also, when choosing 

to use a new material like carbon fibre, the company must ensure that this material fits all the 

regulations, especially fire-smoke regulations (to ensure the fire resistance properties of the material). 

In the end, these are all parameters that must be considered when choosing a material for some parts 

in the bus body, in addition to the already known parameters related to the mechanical properties of 

the materials.  

 

3.2) Aluminium 

 

3.2.1) generalities about the material 
 

This part of the report will focus on aluminium, detailing its main properties. Even though some 

explanation about the use of aluminium have already been given in the previous parts, some additional 

knowledge about aluminium assemblies is necessary to get, as it is currently what makes the entirety 

of the HESS current bus bodies. 

Aluminium is one of the most used materials in mechanical engineering, as it is the most 

abundant metal in the earth’s crust. With a density three times lower compared to steel (2.7g/cm3 for 

aluminium and 7.83 g/cm3 for steel), this metal is especially famous for its light weight, as well as its 

resistance to corrosion and thermal conductivity (which is three times greater than steel), these 

combination of characteristics makes aluminium one of the most versatile material for a broad range 

of uses, especially in the transport industry where lightweight have become a major requirement for 

the vehicles as explained previously in this report. Indeed, there are huge environmental benefits to 

use this material, first for energy saving and because nearly 90% of automotive aluminium scrap is 

collected for recycling. Although materials like steel have better mechanical properties than pure 

aluminium, its strength can be increased with alloys. When choosing the right aluminium alloy, it is 

even possible to exceed the strength of the structural steels, even though it often requires high 

contents of alloying elements and thus cause a significant price increase because of the difficulty to 

manufacture. The most common alloying elements include Silicon, Iron, Magnesium, Zinc or Copper. 

The alloys are divided into two categories: wrought compositions and cast compositions. For both, 
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nomenclatures have been developed. A four-digit system for wrought alloys and a three-digit system 

for cast alloys is used to produce a list of composition families as follows. [7] 

 

Figure 11: Table detailing the different types of aluminium alloys 

Especially, Magnesium and Silicon highly increase mechanical properties of the aluminium. 

Hence the alloys of the 6xxx family are the most common, especially for transport uses. This family is 

the most versatile family of alloy and can also be heat treated to enhance the mechanical properties. 

The most used alloy among this family is the aluminium 6082 which is the strongest alloy with the 

highest corrosion resistance. It is indeed used in the CO-BOLT system to produce the connecting parts 

like the brackets. The aluminium profiles of the body also use wrought aluminium from the 6xxx series 

(aluminium 6005 and aluminium 6106). Here, on the figure 12 below are all the properties offered by 

all the different alloying elements and their uses. Silicon is especially a popular alloy element for uses 

in the automotive industry. [8] 

 

Figure 12: List of the possible uses for aluminium alloy, depending on the choice of the alloying element 
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3.2.2) Manufacturing Processes 
 

Aluminium parts can be manufactured using various processes, each suited to a different type 

of parts with different requirements. Here are some common manufacturing processes for aluminium 

parts with examples for the uses of these processes in the automotive industry. [9] 

 

Aluminium extrusion: 

This process is specifically used to produce aluminium profiles such as rods, bars, and tubing. 

This is the process used to create the profiles of the CO-BOLT system. In this process, a bar of aluminium 

is heated to the deforming temperature of about 700 °C and then forced through a die with a specific 

cross-sectional profile depending on the desired cross-section of the profile. A ram then presses the 

aluminium through this die to create the aluminium profile as shown in the figure 13 below. The piece 

is then cut to the desired length. This process has a relatively low production cost and can create 

profiles of any length with any complex shape for the cross-section of the profiles. [10] 

 

 

Figure 13: Illustration of the manufacturing process of aluminium extrusion 

Aluminium machining: 

The machining of aluminium involves the use of manual machining tools and equipment to 

shape the part into the desired form. Manual machining of aluminium is often used for small-scale 

production or prototyping. For bigger productions, CNC machining is mostly used where machines 

controlled by computers are used instead of using manual tools. During this process, the aluminum 

part is mounted on a machine and a cutting tool removes the material from the outer surface. The 

removal process is done according to the instructions given by the computer program. The machine 

follows theses instructions to perform the machining operations with great precision and consistency, 

until the aluminum parts acquire the required shape. Despite relatively high production costs (mostly 

due to a waste of material that can be important for certain parts), this allows for higher production 

speed and better product precision and finish. It is also a suitable production method when the part 

has a complex geometry that cannot be made efficiently with other manufacturing methods. [11] 

 

Aluminium casting: 

The casting process can be the most optimal way of production for certain parts with a specific 

geometry. It is done by injecting melting aluminium under high pressure into a steel mold. This process 

is illustrated in the figure 14 below. When the plunger is pushed upwards, it sucks the material into the 
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chamber and is then pushed with high pressure through the goose neck when the plunger goes down. 

The metal fills the empty cavity where it cools and hardens to make an aluminium piece with the shape 

of the mold. After separating the die halves, a product is obtained which is precisely formed with a 

smooth surface and generally requires minimal machining process afterwards. This whole process is 

called high-pressure die casting and is used by 70% of die casting manufacturers. Other die casting 

processes includes low-pressure die casting which can manufacture much larger and stronger parts, 

but on the other hand, the process is much slower, making it inappropriate when there is a high 

production demand.  

 

Figure 14: Illustration of the manufacturing process of high-pressure die casting 

Overall, die casting is one of the most used manufacturing processes in the automotive industry 

and is suitable for producing large quantities as the production cost per unit decreases with larger 

orders. It can also easily produce complex shapes, hence its use in the automotive industry to produce 

engine parts for example. The main disadvantage with this process, however, is the limited use of 

materials. Indeed, only certain alloys can be used for this process (the ones that are called cast alloys, 

as seen in the previous part of this report) which are generally weaker than other wrought aluminium 

alloys and can, in consequence, result in a weaker structure. Some alternatives to die casting also exist 

like sand casting and investment casting (using a different type of mold), which can make the parts 

either cheaper or stronger, but they also have huge disadvantages when it comes to producing a high 

quantity of parts. [12] [13] 

 

Aluminium forging: 

Finally, aluminium parts can be forged using a hammer or a press to form the metal into a 

desired shape with mechanical force. Compared to the other processes, the finished parts are stronger 

and more durable because it exposes the metal to intense pressure, which straightens the grains and 

improves the mechanical properties. However, forging aluminium parts is often a time-consuming and 

costly process, especially for large production runs and when it comes to producing parts with complex 

geometries. One advantage, however, is that unlike machining, there is no waste of material which can 

be beneficial for the manufacturing cost of certain parts. This process is especially suitable in the 

automotive industry to produce pistons or wheels. The detailed process of a production of a car wheel 

with forging is shown in the figure 15 below. [14] 



22 
 

 

 

Figure 15: Illustration of the manufacturing process of a car wheel by forging 

Regardless of the manufacturing process, it is common, for aluminium parts to apply surface 

treatment to make them corrosion resistant. It is often done by anodization. Type II anodizing (with 

sulfuric acid) is used to coat the surface of a part with an oxide layer to protect it from corrosion). Type 

III anodizing (or hard anodizing) produces a thicker oxide layer on the surface, adding wear resistance 

to the corrosion resistance achieved with Type II anodizing. It is sometimes important to precise that 

an anodized part is not an electrical conductor but that is not an issue for HESS buses bodies. 

 

3.3) Aluminium profiles  
 

In addition to the choice of the right materials and manufacturing processes, the solution for 

making a bus body stronger and lighter is sometimes simply to optimize the design of the assembly. 

Advanced computer-aided design (CAD) software like SolidWorks allows manufacturers to optimize the 

structural design of bus bodies, ensuring that the materials are used efficiently. This can involve using 

simulation tools to finds some points of improvement in the parts and make them stronger. For the 

case of the design of the CO-BOLT, the design of the profiles plays a huge role in the performances of 

the whole body and can affect its strength and its weight. To evaluate the strength and the weight of a 

single profile, there are some parameters that can be measured and then optimized to improve the 

design of the profiles. For the weight, the parameter is the area of the cross section of the profile. 

Indeed, with this area, it is possible to get the weight of any profile by multiply this value to the length 

of the profile and then to the density of aluminium (2,7 𝑔/𝑐𝑚3). To measure the strength of a profile 

however, there are more than one parameter to consider. All these parameters are connected to the 

moments of inertia of the cross section of the profiles. In fact, when a profile is subjected to a bending 

and a twisting load, the resulting displacement values will depend on the moments of inertia of the 

profile. For the case of bending (if the profile is fixed to one end and the force is applied right at the 

other end, as shown on the figure below), the maximum Von Mises stresses in a profile, as well as the 

maximum displacement when the profile is subjected to a force in one direction of space (in the 

direction of the x-axis for example which is perpendicular to the direction of the profile oriented in the 

same direction as the z-axis) are given by the formulas below. 
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Figure 16: Illustration of the different parameters used to calculate the stresses and the displacement of a profile 

𝜎𝑚𝑎𝑥 =
𝐹𝑥 𝐿 𝑏

2 𝐼𝑥
         𝛿𝑚𝑎𝑥 =

𝐹𝑥 𝐿3

3 𝐸 𝐼𝑥
 

These formulas remained unchanged if the force is in the direction of the y-axis (apart from 𝐹𝑥 

and 𝐼𝑥 that become respectively 𝐹𝑦 and 𝐼𝑦). For the case of twisting when applying a torque 𝑇, there 

are also some formulas giving the angle of twist 𝜃 of the profile:  

𝜃 =
𝑇𝐿

𝐾𝐺
 

 All these formulas depend mainly on three parameters: 𝐼𝑥 and 𝐼𝑦 the two moments of inertia 

and 𝐾 the torsional stiffness which is related to the polar monet of inertia. When some simple profiles 

shapes are studied (like rectangles or circles), some formulas are given to calculate the value of these 

three parameters based on the geometrical parameters of the profiles. However, because the cross-

sectional shapes of the profiles used for the CO-BOLT system are quite complex, there are no simple 

formulas to calculate the moment of inertia. However, these values can quickly be found with CAD 

software like SolidWorks. That is the method that will be used to obtain the values of these three 

parameters. In the end, the objective when trying to optimize the performances of the profiles of the 

CO-BOLT is to maximise the value of the two moments of inertia, the torsional stiffness and to minimize 

the value of the cross-section area. With the right geometry, good values can be obtained for these 

profiles, which in the end will make the whole body even stronger and lighter. [15] 

 

3.4) Aluminium assembly 
 

For the case of an assembly of aluminium profiles, the choice of the material and the 

optimization of the profiles are not the only way of improving the performances of the structure. 

Indeed, many vehicles manufactures focused their study on creating innovative joining methods. There 

are many way profiles can be connected: from adhesive bounding to fastening methods, finding 

efficient methods of joining can also improve the structural integrity of the assembly and reduce 

weight. 
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3.4.1) Permanent joining 
 

To begin with, it is important to know that, in addition the mechanical fasteners that HESS bus 

bodies are currently using, it is also possible to use welding, brazing, soldering and adhesives to 

combine profiles permanently. It will however be difficult afterwards to separate the components if 

there is a need for repair for example. That is why lots of manufacturer still prefer joining methods that 

offer customizability, using mechanical fasteners such as nuts, bolts, screws, and rivets to have a better 

degree of versatility when joining aluminium extrusions and for the possibility of disassembling. The 

advantages and disadvantages of joining methods with adhesives and mechanical fasteners are 

summarized in the following table. Given the importance of some off the requirements for the CO-

BOLT system (especially its need for repairability), it justifies the choice of using only screws and bolts 

to assemble HESS bus bodies. [16] [17] 

Requirements Mechanical fasteners Adhesives 

Create a strong bond  YES YES 

The application process can 
damage the structural integrity 
of the material bonded 

YES NO 

Require surface preparation  YES NO 

Is ready to use straight after 
application 

YES NO (curing time required) 

Can offer fire resistance NO YES 

Can require extensive training 
to apply 

NO YES 

Is the most suitable to dampen 
vibrations 

NO YES 

Is the most suitable to 
distribute strength 

NO YES 

Can join dissimilar materials  YES YES 

Can result in excess waste 
which requires cleaning 

NO YES 

Can corrode over time YES NO 

Possibility to remove and 
replace easily  

YES NO 

Low and Cost-effective method 
of bonding 

YES YES 

Table 1: Summary of the advantages and drawbacks of mechanical fasteners (screws, rivets...) compared to adhesive 
bounding 

 

Figure 17: Picture of three profiles permanently connected with welding 
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3.4.2) Non-permanent joining  
 

Now, all the different ways in which mechanical fasteners can be used to connect aluminium 

profiles will be detailed in this part of the report. The first and most common type of connection is the 

use of brackets parts. This is the most basic method meant for 90 degrees connection. It is a simple 

and cost-effective connection in the way that it does not require any additional machining of the 

profiles. Another advantage with this type of connection is the flexibility and the adaptability, as these 

brackets can easily be placed anywhere on the profiles and moved to another location. This is especially 

convenient when there is a need for a modular assembly, like it is the case with the CO-BOLT. One of 

the disadvantages which is often mentioned with brackets is the aesthetic appearance, but it is not an 

issue if there are used in the CO-BOLT as the body is not a visible part of the bus and doesn’t affect the 

customer appreciation. They can, however, take some assembly space. Of course, the bigger the part 

is, the stronger it will be, and the higher will be the maximum loads allowed on the connecting profiles. 

[18] 

 

Figure 18: Picture of two aluminium profiles connected together with a bracket part 

One common alternative method to the use of bracket parts is the use of connector sets. This 

is also a relatively basic joining method, as it limits the number of parts that must be produced and 

used to make a connection. Indeed, multiples bracket parts generally must be used for a simple 

connection with the bracket joining method whereas only one connecting part is necessary with this 

method. There is also the advantage that this part stays hidden in the assembly, which makes the 

connection more aesthetically pleasing and that they require no additional space. It is also compatible 

with both mechanical fasteners and adhesives, hence the popularity of this method of joining. 

Especially, developing connector parts is now quite common for bus manufacturers to make bus bodies, 

like it is the case for Mercedes who have already undertaken some research about the use of such 

connector for bus bodies. The figure 20 below shows how to adapt this method of joining to an 

assembly of profiles on a bus body. This method has also already been used by bike manufacturers like 

Bastion Cycle to connect the profiles of the bikes as shown on the figure 20 below (here the profiles 

are made with carbon fibre instead of aluminium however) to make the structure stronger and more 

durable. This could then be adapted to bus bodies as well, to have the same positive impact on the 

structure of HESS buses. [15] [19] 
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Figure 19: Picture of two aluminium profiles connected together with a connector set 

  

Figure 20: Two systems using the connector set solution to connect some profiles. The Mercedes bus body on the left and the 
Bastion Cycle bike on the right 

When researching joining methods for aluminium profiles, other different methods can also be 

found. For example, there is the method of using connector cubes. This takes inspiration from the 

connector parts that have been discussed above but adapt this solution so that the profiles connect to 

the node part only by means of a single screw as illustrated on the figure 21 below. Even though this 

connection only requires the use of one screw, it is still a great type of connection to withstand the 

forces exerted on the profiles, especially torsional loads. Of course, this connection also has the 

advantage of using a minimal number of parts (including the screws), which is a great solution to reduce 

the manufacturing time of the assembly. However, the main disadvantage is that it is necessary to form 

a thread inside the profiles with a thread forming tap. This method of joining would then not be 

possible to be use with HESS current body profiles. [20] [21] 

     

Figure 21: Illustration of how these connector cubes can be used when using threaded profiles 

If there is a necessity for the connection parts to stay invisible, then some methods of joining 

already exist and use very small and simple parts that connects to the profiles with screws and nuts as 

shown in the figure 22 below. Even though this is great to reduce the weight of the connection, it is not 
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an ideal solution when there are some important requirements regarding the strength of the assembly. 

Finally, connecting plates are also used sometimes as an alternative to brackets, the advantages and 

disadvantages of such connections are overall the same as for the connection with brackets. The use 

of either one of these two solutions depends on the rest of the assembly, as for example for the case 

of the CO-BOLT, some other parts like reinforcement plates are assembled on the side of the profiles, 

making this type of connection not optimal. [20] 

     

Figure 22: Picture of two other alternatives way to connect the profiles: one with a minimum number of big parts on the left 
and the other on the right with connecting plates 

 

3.4.3) Assemblies with screws or rivets 
 

Whatever the method is, when assembling some parts with mechanical fasteners (like 

connections between some profiles), it must always be checked that that the connection is strong 

enough to resist the high loads of the structure. An assembly of two parts tied with screws or rivets can 

generate stresses causing failure modes in four different ways. For each mode of failure, formulas can 

be found to estimate the highest load 𝐹 acceptable depending on the parameters of the assembled 

parts (thickness, length, etc). That will be something to consider for future studies when designing a 

connection with screws or rivets. [22] 

 

Net section failure:  
 

Bearing failure:  
 

  
𝐹𝑁𝑆𝑇 = 𝐴𝑛𝑒𝑡 ×  𝜎𝑡𝑢      
With 𝜎𝑡𝑢 the ultimate tensile strength of the 
material 
𝐴𝑛𝑒𝑡 = 𝑡(𝑊 − 𝑛 × 𝑑) with 𝑛 the number of 
fasteners along net section.  
 
 

𝐹𝑏𝑟 = 𝐴𝑏𝑟 ×  𝜎𝑏𝑟 
With 𝜎𝑏𝑟 the bearing strength of the sheet 
material  
𝐴𝑏𝑟 = 𝑡 × 𝑑 
 



28 
 

Shear tear out failure:  Bolt shear failure:  
 

  
𝐹𝑆𝑇𝑂 = 𝐴𝑆𝑇𝑂 ×  𝜎𝑠𝑢 
With 𝜎𝑠𝑢 the ultimate shear strength of the 
material  
𝐴𝑆𝑇𝑂 = 2 × 𝑡 × 𝑏  
 

𝐹𝐵𝑆 = 𝐴𝐵𝑆 × 𝜎𝑠,𝑏𝑜𝑙𝑡 
With 𝜎𝑠,𝑏𝑜𝑙𝑡 the ultimate shear strength of bolt 
material  

𝐴𝑛𝑒𝑡 = 𝑛 ×
𝜋

4
× 𝑑2 

 
Table 2: Formulas detailing the maximum load admissible for all four modes of failure 
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4) The project 
 

4.1) Analysis of the weaknesses of the current CO-BOLT system  
 

The first step in improving the design for the CO-BOLT body is to identify the weaknesses of the 

current system to find some points for improvement. Because the objective is mainly to make the bus 

body resistant and simple to assemble for the production, this analysis can be divided into a mechanical 

analysis, based on the observations made along with the engineering team and an analysis of the 

production of the bus based on the observation of the full assembly process of the body with the 

production team. 

 

4.1.1) Mechanical analysis of the CO-BOLT 
  

 The objective in this section of the report is to analyze where are the weak points in the bus 

body to find ways to improve its strength. The best way to do so is by doing FEA simulations (Finite 

Element Analysis). Simulating the whole bus body at the same time, however, is a complicated and 

time-consuming task. To keep the study simple, the simulations will be done only for small sections of 

the body. The profiles which are subjected to the most important loads are the vertical ones on the 

side panels, as they must support the load of the heavy weight on the roof. These are the one that will 

be tested. The following simulation will be made: two vertical profiles will be connected to one big 

horizontal profile like it is done for the CO-BOLT with the same bracket connection parts. The big 

horizontal profile will be fixed on its two ends. One of the vertical profiles (the one at the bottom) will 

also be fixed on its end. This fixation represents how this profile is normally fixed to the chassis of the 

bus. Finally, a load will be applied to the end of the last vertical profile to represent the load due to the 

weight of the roof. Based on the known values of the acceleration that generate the loads on the 

profiles (1.8g vertically, 0.7g in the direction of the bus and 0.5g perpendicular to the direction of the 

roof) the simulations can be done applying the loads shown in the figure 23 below. 

 

Figure 23: Explanatory diagram of the simulation, with the location and the values of the applied loads 
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Even though the values for the loads are not the same as the real ones. They still give an idea 

about how the structure behaves when it is subjected to proportional loads. Here are, in the figure 24 

below, the results of this simulation, made with SolidWorks. 

 

 

Figure 24: Results of the simulation including a zoom on the connection between the profiles 

The first observation that can be made is that the stresses on the top vertical profile are getting 

higher the closer it is to the connection. In the figure 25 below is shown the evolution of the stresses 

along that profile.  
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Figure 25: Evolution of the stresses along the top vertical profile 

It can be observed that the Von Mises stresses increase proportionally along the profile until 

they reach the bracket parts where they change location and move to the brackets. This results in a 

high concentration of stresses close to the connection parts. A more detailed simulation done with 

other engineers at HESS show the consequences on these stresses on the deformations of the parts 

and eventually the rupture of those. In fact, the brackets used to make the connections are fixed to the 

profiles with screws and nuts. Because there are no holes in the profiles to avoid having to drill 

anything, the connection relies on the shape of the profiles to fix the parts with the strength of the 

screws. The figure 26 below illustrates how two brackets on the side are fixed to one profile in the 

centre of the picture below. 

 

 

Figure 26: Pictures of a connection between the profiles of the body 



32 
 

In the figure 27 below, it is possible to see that when the assembly is subjected to high loads, 

some high deformations are generated on the profiles, which rips off the inside nuts that are used to 

fix the brackets parts to the profiles. These deformations are the consequence of the path of the load 

which have been highlighted in the previous simulation. Indeed, when a load is applied on the end of 

a profile, this load follows the path of this profile, creating stresses that increase the closer they get to 

the connection. When the load reaches the connection, it eventually goes into weaker areas, 

generating the huge displacement values that are found in these simulations. 

 

Figure 27: Location of the highest strain values in the connection itself and the effect of the high loads in the deformation of 
the profile 

Finally, the conclusion can be drawn that the problem behind these high stresses comes from 

the way the profiles are connected to each other. Finding a better solution for the connection that can 

allow better paths of the loads and thus, distribute the strength in a better way could without any 

doubt be beneficial for the strength of the whole structure. 

 

4.1.2) Analysis of the manufacturing of the CO-BOLT 
 

When observing the full assembly process of the CO-BOLT system, some issues can also be 

identified. In the assembly of a bus body, the entirety of the roof, as well as the entirety of one side 

panel is assembled only by one operator which is responsible for positioning all the profiles correctly 

according to the drawings. The first difficulty comes from the fact that to perfectly respect the way the 

profiles are positioned, the workers at HESS must precisely measure the distance between the profiles 

with a tolerance of a millimetre. The angles between two perpendicular profiles must also be exactly 

of 90°, with a tolerance of 1°. This can be the source of long assembly times as it can sometimes be 
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difficult to position exactly these profiles to each other. Getting a bus body concept which could allow 

the production team to position instantly the profile without the need of precise measurement would 

then be a huge advantage as it could reduce the assembly time and the probability of errors. The long 

assembly time of the CO-BOLT also comes from method of connection itself. On average, to connect 

three profiles together like on the two pictures below, sixteen screws are necessary. Much of the time 

spent assembling the body therefore goes into screwing all these screws needed to guarantee a solid 

connection. 

 

Figure 28: Picture of a connection between aluminium profiles of the body under different angles 

There is, in conclusion, a lot of time that can potentially be saved in the assembly of the bus 

body by changing the way the profiles are connected. Such changes could become necessary for HESS 

as when demand of buses constantly increase, waste of time and errors are less and less tolerated. 

 

4.1.3) General conclusion  
 

According to both analyses, the conclusion can be drawn that the biggest point of 

improvements in the current CO-BOLT body lies in the connections. They can generate huge stresses 

values and longer production time. This is even more of a problem as the connections are present in 

high numbers in the whole body, so these disadvantages take on even greater importance for the body 

as a whole. Another global disadvantage of these connections is the excessive number of parts required 

to make one connection. For example, to make the same cross connections between three profiles as 

seen above, not only it can require up to sixteen screws but also sixteen nuts as well and more 

importantly, four bracket parts which makes a total of thirty-six parts just to make a single connection. 

Then if the whole bus body is considered, a really large number of parts are required to make the 

connections. The figure 29 below shows all brackets parts that are present in a 2-Axle bus body. 
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Figure 29: Illustration detailing the location of all the bracket parts in the whole bus body 

In total, HESS bus bodies contain between 4000 and 8000 parts. When designing a product, it 

is never a good idea to have too many parts in the assembly as it makes it more complex and generate 

more disadvantages, especially for the production. Finding a simpler way to connect the profiles seems 

to be the best solution to make some great improvements to the bus body. This will be the focus of this 

project from now on. 

 

4.2) The design phases 

 

In mechanical engineering, product design involves going through a few phases to turn some 

ideas into a finalized product. What have been studied in the previous parts of this report serves above 

all to get the necessaries ideas and knowledge to perform the project. Now, is indeed the most critical 

part, so to ensure that no mistakes are made and that the requirements of the project are respected, 

it is necessary to follow the steps of product design in the right order. Here are these main steps: 

-Conceptualization: First, all the ideas are gathered to generate some concept designs according to the 

requirements of the project. The design of the concepts doesn’t have to be detailed for now, as most 

of them will not be used afterwards. 

-Feasibility analysis: All the concept are then evaluated according to some specific criteria to check 

which are the designs that better meet the requirements of the project. The objective is to narrow 

down all the options and identify the most promising concept.  

-Design: The preliminary design of the concept chosen during the feasibility analysis, is now further 

detailed. Some detailed CAD designs are also created with exact dimensions, materials, and 

manufacturing processes. 
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-Prototyping/Testing and validation: These are the last phases of the design of a product before general 

production. Some prototypes are made (generally with machining or 3D printing) and undergo various 

tests to precisely measure the performances. Based on the results of the testing, the design is then 

refined if necessary to optimize its quality. That is when the design is truly finalized, and the production 

can start. 

For this project, the objective is only to advance to the stage of a detailed design of the solution. 

Creating some prototypes could be possible afterwards and should be a necessary step for the 

company, but for this will not be done in this thesis. 

 

4.3) The different concept ideas 

 

As explained in the previous part of the report, the first step in creating a new concept is to 

explore all the possible solutions which could help improve the CO-BOLT body. The conclusion has been 

made in the previous part of the report that the biggest improvements could be made in the 

connections between the profiles. When studying the different ways that the connections between 

aluminium profiles are made in various industries, different concept ideas of connections between the 

profiles can be generated by adapting this solution to a potential use for the body of HESS buses to 

create the CO-BOLT 2.0. It is important to explore all the different ideas to make a better comparison 

afterwards and justify the use of the future solution. The performances of the different solutions will 

all be compared to the performances of the CO-BOLT. To simplify the study, only three profiles of the 

body from the side panels will be considered, making a cross connection as shown in the picture 30 

below. 

       

Figure 30: Picture of one connection between three aluminium profiles on SolidWorks. The current version used in HESS 
buses is shown on the left and the simplified version that will be used for this study is shown on the right 

Because only the connection itself is the case of the study, the influence of the profiles will not 

be considered for now. All the profiles will be made approximately the same size and with the same 

mechanical properties for all the different designs. Here are, on the figure 31 below, six different 

designs that have been found as an alternative to the current solution used by HESS to connect the 

profiles. 
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Figure 31: Pictures of all the six concepts of connection between the profiles in SolidWorks 

Here is a brief explanation of the methods used to connect the profiles in all 6 versions:  

-Version 1 uses a simple connector set like the one on figure 21 that uses few connecting parts and 

uses mainly screws to hold the profiles together. This makes the assembly simpler but may results in 

higher stresses. 

-Version 2 uses the solution of the connecting plates like on figure 21 which is put on the side of the 

profiles. 

-Versions 3, 4 and 5 all use connector sets to assemble the profiles. In consequence, the number of 

required profiles rises from three to four as the middle one is split between two smaller ones. In the 

first version, the profiles slide into the connection part whereas the opposite happens in version 4 as 

shown on the pictures. Version 5 is a combination between the previous two as the geometry of both 

the profiles and the connection part makes it possible so that the two parts can fit into each other. In 

the version 3 and 4, either adhesive bonding or fasteners can be used to hold the two parts together. 

The choice of using one or another for a specific version will make it split into two different subversions: 

versions 3.1 and 4.1 using glue and versions 3.2 and 4.2 using screws. In version 5, only mechanical 
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fasteners will be preferred because of the small contact surface which may make it difficult to use glue 

for this connection. 

-Finally, version 6 also uses a connector set like the three previous versions but this time, the part is 

connected to the profiles in the same way as a connector cube where one screw makes the connection 

thanks to a thread created in the centre of the profile. To make the assembly possible, the connection 

part must be split into two separate pieces so that all four profiles can be screwed without any problem. 

Each half is assembled first to two profiles by means of two screws before assembling with the other 

half (connected to the two remaining profiles), either with mechanical fasteners or adhesives to create 

an assembly of four profiles. Here is, in the figure 32 below, a more detailed picture of this whole 

assembly with one of the halves set in transparent to clarify these explanations. 

 

Figure 32: More details about the sixth concept design, with one of the two halves of the connection put in transparent 

Here, different sub-versions will also be made depending on the way the two halves are fixed 

together. One simple cross connection between four profiles can be assembled in four different ways. 

For these fixations, glue is used in 6.1, rivets in version 6.3 and screws in version 6.2 and 6.4. The 

difference between the last two versions is the position of the screws. Two screws are placed 

horizontally in version 6.2 and one bigger screw is positioned diagonally in version 6.4. 

 

Figure 33: Pictures of the four subversions for the version 6 of the connection 
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It is important to precise that the number of screws or rivets that must be placed was chosen 

using the formulas of the failure mode for mechanical fasteners. Indeed, considering that the highest 

loads come from the weight on the roof when the vertical acceleration is at the highest (1.8g), the 

maximum loads applied on the connections will be the following:  

𝐹𝑚𝑎𝑥 =  𝑎𝑚𝑎𝑥 × 𝑀 

With 𝑎𝑚𝑎𝑥 = 1.8𝑔 (the critical vertical acceleration) and 𝑀 the weight of the roof applied one 

vertical aluminium profile. This weight consists of the weight of all the electrical equipment and the 

batteries, which have already been estimated at 4500 kg, and the weight of the roof itself which is 

approximately 500 kg. Knowing that the right and left side panels consist of maximum of 18 vertical 

profiles, it can now be estimated that 𝑀 =
5000

18
= 280 𝑘𝑔. If a safety coefficient of 2 is also taken in 

consideration, the mass 𝑀 will then be equal to 550 kg. Then the connection must be capable of 

supporting a maximal load: 

𝐹𝑚𝑎𝑥 =  1.8 × 9.81 × 550 = 9,8 𝑘𝑁 

 𝑊 𝑑 𝑡 𝑛 𝑏 

Ver 6.2 40 6 6 2 6 

Ver 6.3 40 5 4 4 6 

Ver 6.4 20 8 10 1 10 
Table 3: Summary of the geometrical parameters for all three subversions of version 6 using mechanical fasteners. All the 

lengths are in millimetres 

Using the parameters in the table above for each version and considering the following 

approximate values, using aluminium for the connection parts and steel for the screws and the bolts:  

𝜎𝑡𝑢 = 300 𝑀𝑝𝑎        𝜎𝑏𝑟 = 300 𝑀𝑝𝑎         𝜎𝑠𝑢 = 180 𝑀𝑝𝑎        𝜎𝑠,𝑏𝑜𝑙𝑡 = 250 𝑀𝑝𝑎         

The following maximum loads are obtained for the connection with each version (Version 6.3 

has the values of the maximum loads multiplied by two, as two rows are rivets are used in the whole 

connection): 

 𝐹𝑁𝑆𝑇 𝐹𝐵𝑅 𝐹𝑆𝑇𝑂 𝐹𝐵𝑆 

Ver 6.2 50.4 10.8 13 14.1 

Ver 6.3 48 12 17.2 19.6 

Ver 6.4 36 24 36 12.6 
Table 4: Maximum admissible loads (in kN) for all three subversions 

In the end, with the chosen parameters for the design, all the values for the critical loads are 

greater than 9.8kN which means that all these versions have no risk of breaking because of the joining 

method. 

 

4.4) The decision matrix 
 

To choose the optimal solution between all the different designs, the pros and the cons must 

be established for all of them. The best way to do so is by using a decision matrix. A decision matrix is 

a common way to make a choice between different options. This is done by selecting a list of 

requirements which are then given a weight depending on how important they are for the project. 

Following this, each option is evaluated so that a score from 0 to 5 can be given to each of them for all 
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the requirement (5 means that the design totally meets that requirement and on the other hand, 0 

means that it doesn’t). In the end, after adding up the score for each requirement, the solution with 

the highest score will be the one chosen for the rest of the project. It is also important to precise that 

the solutions can always be improved regarding a specific requirement. For example, the 

strength/weight ratio for one solution could be made better by precisely optimizing the geometry. 

However, at this stage of the project, only a concept is studied and a detailed analysis of the design to 

make the structure as efficient as possible will follow, but only after choosing one specific concept idea 

among the many designs proposed. Here are, in the following section of the report, all the 

requirements that the different versions listed above will have to meet, the solution that better meet 

all these requirements will be the one which will be chosen. 

 

4.4.1) Detailed description of the requirements: 
 

1) Strength/Weight ratio:  

The first requirement will be one of the most important for the rest of this study: for each 

solution, the weight and the strength will be measured and then be combined as a strength/weight 

ratio. Each solution will then receive a grade depending on how good this ratio is. The weight and the 

strength are measured together as these two parameters often depend on one another:  especially, a 

part can always be made stronger by increasing the value of the geometric parameters like its thickness 

but will result in a greater or lesser increase in mass and therefore potentially a poorer strength/weight 

ratio. The weight can be easily measured on SolidWorks with the Measurement tools. To test the 

strength of the structure however, some dynamic simulation will be made. An assembly of four profiles 

will be considered with a structure and subjected loads similar to the ones used for the simulations 

done during the mechanical analysis of the CO-BOLT. Appling these loads for all concept design will 

provide a comparison for the strength of all the profiles. The measured value for the strength/weight 

ratio will then be the value of the weight of the assembly (in kg) multiplied by the maximum stress 

measured in the dynamic simulations. The lower this value will result, the better the strength/ratio will 

be obtained and so the best grade will be given to the design. For every design concept, even though 

some profiles may have different cross section shapes for assembly reasons, all the profiles will have 

the same moment of inertia and the same torsional stiffness to study only the influence of the different 

types of connections. Moreover, aluminium will be the material used for all the parts as only the design 

of the part is studied for the moment. The choice of the material will be the subject of a future study. 

 

2) Assembly time  

Assembly time is another important requirement to guaranty a fast production of the CO-BOLT 

bus bodies. The main cause of long assembly times is caused either by the curing time when using 

adhesives or the screwing time when using mechanical fasteners like screws. When using mechanical 

fasteners, it can be considered that the assembly time is approximately proportional to the number of 

screws that must be installed. The design versions using glue will receive the lowest score because of 

the curing time which is much longer in comparison to the screwing time of any other design concept. 

It will be considered that no mistake is made by the production team when assembling the parts, the 

probability of mistakes for each part is covered by another requirement. 
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3) Assembly complexity 

The complexity of the assembly is another parameter that can influence the manufacturing 

time of the bus bodies. It means how hard the assembly is to make for the production teal. It is an 

indicator of the variability of assembly time, as a complex assembly may result in more mistakes by the 

production and a lower quality in the final product. Simple parts to assemble also brings more comfort 

to the production team and an overall better general satisfaction, which may in the end, also brings 

motivation for the worker to assemble faster. The evaluation for assembly complexity remains 

subjective as there is no precise indicator to estimate it. However, for each design, it can be possible to 

list the possible defects which can have an impact on the difficulty of assembling the parts together. 

For example, a connection which put the profiles immediately in place with no need of precise 

measurements (which is not the case with the current CO-BOLT model where the production team 

must take time to position the aluminium profiles together) will greatly reduce the difficulty to 

assemble the body. Also, a solution which involves drilling some parts, for example to put some screws 

will make it also more challenging for the workers as drilling also implies precise measuring and using 

of the tools. Based on these observations, it is possible to give each solution a grade from 0 to 5. 

 

4) Parts complexity  

The parts complexity refers mostly to the geometry of the parts that are used to make the 

connection. The main disadvantage of having parts with complex geometry will be the increase in the 

manufacturing costs to produce the parts. Theoretically, it could be possible to get an objective 

indicator of this complexity by getting an estimation of the manufacturing cost for all parts. But because 

it would take too much time for the duration of this project, the grade will be given only based on a 

subjective observation. 

 

5) Modularity 

Even though the study for the decision matrix involves a simple cross connection between four 

identical profiles, it is important to consider that the whole CO-BOLT bus body includes many different 

profiles and connections (some between four profiles and some between three profiles for example). 

The idea behind the concept of modularity is to determine whether it is necessary to design different 

parts for every one of these connections or if it can be possibly adapted to fit every one of them. The 

evaluation of this requirement is normally only a binary observation about whether yes or no, the 

concept is modular, but it is still possible to add a subjective estimation with intermediate grades if the 

design is not modular by itself but could be made modular with some improvements on the design. 

 

6) Number of parts 

As the title suggests, this requirement gives a grade based on the number of parts (a lower 

number of parts required to make a connection will give a better grade to the concept design). Indeed, 

as mentioned previously, the objective when designing an assembly of parts is always to minimize the 

number of parts used, as too many parts often increase the assembly time and the probability of 

mistakes. This is based on an objective observation of a connection with three profiles and a connection 

with four profiles (the average of the number of parts in the two assembly will be the indicator to give 

a grade to the design version). 
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7) Repairability 

One of the important requirements of the CO-BOLT system is its easy repairability. As 

mentioned previously, it is important for HESS that their buses remain functional throughout their 

lifetime, with refurbishments and repairs if necessary. To guarantee this, the bus must not only be easy 

to assemble, but also easy to disassemble. A glued assembly will immediately give a bad grade to the 

design regarding that criterion as it makes the repairs difficult. That is the reason why HESS today 

prioritize mechanical fasteners as they give a huge importance to this requirement. Just like for the 

modularity, the evaluation of this requirement should be made based on a binary decision but because 

all the design are not yet optimized perfectly, a subjective observation can be considered to possibly 

give some intermediate grades between 0 and 5 to some concepts. 

 

8) Adaptability with the CO-BOLT 1.0 

If HESS chooses to put into service new buses with the CO-BOLT 2.0 using the new design for 

the connection of their profiles, all the buses currently in service would still stay the same using the 

CO-BOLT 1.0 model for some time. However, in case one of these buses must be repaired, it would be 

ideal that the parts used in the new design could also fit with some of the parts of the current design 

(especially with the current profiles). If not, the repairs would take much more time and will be a 

challenge for the company. The lowest grade would then be given in case that the whole body would 

have to be replaced even though only the connections require a repair and a high grade will be given 

if the solution can adapt to the current parts of the CO-BOLT system with potential intermediate notes 

just like requirement 5 and 7. 

 

9) Aesthetics  

The question of the aesthetics is a requirement evaluated based on a subjective observation 

which is still considered in mechanical design projects. For the case of the design of a bus body, it is not 

the most relevant as the passengers in the bus don’t see that part of the assembly. It still however must 

be considered in the decision matrix like any other requirement. 

 

10) Compliance with ECE regulations  

This is a mandatory requirement that ensures that the bus body respects the ECE regulations 

relative to the mechanical resistance of the bus body structure. All design concepts should ensure that 

the whole bus has all these regulations validated. 
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4.4.2) Summary of the requirements  
 

Requirement n° Requirement  Unit Ideal value(s) 

1 Strength/Weight ratio 𝑘𝑔 × 𝑁/𝑚𝑚2 Lowest 

2 Assembly time 𝑠𝑒𝑐 Lowest 

3 Assembly complexity Subjective Easy to assemble 

4 Part complexity CHF - Subjective Lowest 

5 Modularity Binary - Subjective YES 

6 Number of parts Units Lowest 

7 Repairability Binary - Subjective YES 

8 Adaptability with Co-Bolt 1.0 Binary – Subjective YES 

9 Aesthetics Subjective Aesthetically pleasing 

10 Compliance with ECE 
regulations 

Binary YES 

Table 5: Summary of all the requirements the connection must respect and the criteria to evaluate them 

 

4.4.3) Choice of the final design 
 

Now that all the requirements have been established, the second step is to weight all of them 

according to their importance. The best way to do so is by completing a preference matrix where all 

the requirements are compared side-by-side to find out the value of the weight. Here is in the figure 

34 below, a table that compares the importance of every requirement. Each of the yellow cells 

correspond to a comparison between two requirements. The one that gets the most importance for 

the case of this project gets its number written in the cell.  

 

Figure 34: Extract of the preference matrix justifying the weight given to each requirement 

The objective in the end is to give a weight to all these requirements out of 100. To do so, all 

the occurrences of the requirement are counted and divided by the total number of occurrences for all 

requirements (which correspond to the number of yellow cells: 45). For example, the requirement n°1 

(strength/weight ratio appears eight times in total so its weight will be the following: 
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𝑊1 =  
8

45
× 100 = 18 

Doing the same for all ten requirements gives the following table: 

Requirement n° Requirement Weight (/100) Rank 

1 Strength/Weight ratio 18 2 

2 Assembly time 16 3 

3 Assembly complexity 9 6 

4 Part complexity 11 5 

5 Modularity 4 8 

6 Number of parts 3 4 

7 Repairability 7 7 

8 Adaptability with Co-Bolt 1.0 2 9 

9 Aesthetics 0 10 

10 Compliance with ECE regulations 20 1 
Table 6: Summary of the weight of all the requirements 

Now that a weight has been assigned to every requirement, it is possible to evaluate each 

design concept based on these requirements with a grade from 0 to 5. In the end, each version of the 

design will receive a score which will correspond to the sum, for all requirements of the grade 

multiplied by the weight of that specific requirements. The full decision matrix with each score detailed 

for each version will be added as an appendix to this report. Here is a table summarizing the final score 

obtained for each version, as well as the ranking to determine the best solution. 

 

Design version Final score Rank Continue? 

Current design 329 3 NO 

Version 1 298 10 NO 

Version 2 320 5 NO 

Version 3.1 309 7 NO 

Version 3.2 278 11 NO 

Version 4.1 322 4 NO 

Version 4.2 309 7 NO 

Version 5 256 12 NO 

Version 6.1 304 9 NO 

Version 6.2 358 2 NO 

Version 6.3 313 6 NO 

Version 6.4 373 1 YES 
Table 7: Details of the final scores obtained for each version, the one highlighted in yellow is the one which will be chosen by 

the decision matrix 

 

Finally, the decision matrix gives the conclusion that Version 6.4 is the best out of them all 

overall. Indeed, this design offers many advantages: 

- A great strength/weight ratio 

- A low number of parts and screws, especially compared to the current version (a connection 

between four profiles consists of 39 parts in total, screws and bolts included but now it is 

reduced to 11 with version 6.4)  
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- A possibility of modularity for different types of connection (which will be studied more in 

detailed in a future section of this report). 

Among the other versions that can be found at the top of the final ranking is version 6.2 which 

also offers the same advantages but with slightly higher assembly time (because of the higher number 

of screws) for an overall similar Strength/Weight ratio. The current version can also be found at the top 

of the ranking, considering its already known advantages, especially about modularity. This proves 

nonetheless that the current version used by HESS already performs well, which explains why the 

company have kept that design for more than thirty years. The new 6.4 version does have a few 

drawbacks that are worth mentioning: 

- The geometry of the part is still quite complex. It will then be necessary to carefully choose the 

material and the manufacturing process to avoid high manufacturing costs. 

- This version is not suitable for the current HESS aluminium profiles. Indeed, the profiles used 

in this version must be threaded so that they can be fixed to the connection parts. This is not 

the case for the current profiles which are completely hollow.  

The last step before going into a detailed analysis of the design is choosing the material, as well 

as the manufacturing process. Indeed, it has been considered that every part of the assembly was using 

the same material, but it is also something that must be taken into consideration to optimize the 

performances of the connection. This must be done before finalizing the design of the parts as this 

design can vary depending on this choice of material and manufacturing process (some processes only 

tolerating certain shapes for the parts). 

  

4.5) The choice of the materials and the manufacturing process 

 

4.5.1) The material 
 

The choice of the material can be done by creating a decision matrix just like how it was done 

for the choice of the design. As previously stated, the most common materials used in the automotive 

industry are steel, aluminium and CFRP. The objective of this study is to find out in which material the 

two connection parts will be made. It would be possible to extend the choice of material also to the 

profiles, but wit will be considered that these profiles will keep the aluminium alloy they currently have 

to simplify this study which is focused only on the connections for now. The main requirements for a 

material are summarized in the table 8 below with the associated weight that will be used for the 

decision matrix (the details of how these weight values have neem obtained will be shown in the 

appendices). 

 

Requirement n° Requirement Unit Ideal value(s) Weight (/100) 

1 Mechanical properties 
√𝐸

𝜌
 𝐺𝑃𝑎0.5𝑚3𝑘𝑔−1 Highest 33 

2 Thermal properties α 10−6𝐾−1 Lowest 7 

3 Price CHF/kg Lowest 27 

4 New material for HESS Binary NO 20 

5 Possibility of corrosion Binary NO 13 

6 CO2 footprint Kg/kg Lowest 0 
Table 8: Summary of all the requirements of the materials, with their way of evaluation and their weight 
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The values used for comparison will be based on the average properties of a stainless steel, a 

wrought aluminium alloy like the one that is currently used for the CO-BOLT system, and an epoxy resin 

infused CFRP. The differences between different types of materials (like different alloys of aluminium) 

will not be made now as this choice can be greatly influenced by the manufacturing process which will 

be decided in a next study in this report. The values for all three materials are summarized in the table 

9 below. 

 

 Steel Aluminium CFRP 

Young modulus E (𝐺𝑃𝑎) 210 70 100 (approximately) 

Density 𝜌 (𝑘𝑔/𝑚3) 8000 2700 1600 

Coefficient of thermal 
expansion 𝛼 (10−6𝐾−1) 

17 23 1.5 

Price ($/kg) 1 2 15 

CO2 footprint (kg/kg) 4 12 17 
Table 9: Summary of the properties of all the three materials that are being compared in the decision matrix 

 

By using these values, it is possible to give a grade for each material based on the requirements. 

Here are the results in the table 10 below, for each of the three materials which will determine which 

one will be used for the rest of this study (as for the previous matrix, all the details are given in the 

appendices). 

 

Material Final score  Rank Continue? 

Steel 207 3 NO 

Aluminium  253 1 YES 

CFRP 227 2 NO 
Table 10: Details of the scores obtained by each material, the material highlighted in yellow will be the one chosen by the 

decision matrix to be used in the rest of this study. 

 

Aluminium will then be chosen material to produce the two connection parts as it is the most 

versatile of the three materials. Steel is a cheap material, but with a density three times greater than 

aluminium and five times greater than carbon fibre, it can’t be used as a material to make a connection 

designed originally to reduce the mass of the bus body. Carbon fibre has some excellent mechanical 

properties but is a lot more expensive than steel and aluminium. Moreover, because this material has 

never been used for anything to make HESS bus bodies, it can cause challenges for the company, 

especially to check the regulation like about fire/smoke standards. 

 

4.5.2) The manufacturing process 
 

Now, all that remains to be decided before moving to a detailed analysis is which manufacturing 

process will be used to produce the parts. This will also help choosing the optimal aluminium alloy 

afterwards. Once again, the manufacturing process will be chosen thanks to a decision matrix. 
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Normally, the material and the manufacturing processes should be chosen together in the same 

decision matrix. However, to make the study easier, two separate decision matrices have been made 

(the conclusion should still be the same with this method). Here are in the table 11 below the main 

requirements on which to base the choice of the manufacturing process with the associated weights. 

 

Requirement n° Requirement  Unit Ideal value(s) Weight (/100) 

1 Design freedom Subjective The fewest limitation 
on the design  

0 

2 Tolerance control mm Smallest 19 

3 Surface finish  Subjective Low amount of 
surface irregularities 

10 

4 Lead time Days  Lowest 24 

5 Tooling cost CHF Lowest 5 

6 Unit cost CHF/part Lowest 29 

7 Product strength E, 𝜎𝑦  Highest 14 

Table 11: Summary of all the requirements of the manufacturing processes, with their way of evaluation and their weight 

 

For all the manufacturing processes, there are unfortunately no precise values that can be 

found to ensure that they meet each of the requirements. To get the best estimations, it is necessary 

to directly ask the suppliers. As it wasn’t possible to get all the desired values in the time allowed to 

perform this project, most of them will be judged partially based on a subjective observation. All the 

manufacturing processes which have been shown in the State-of-the-Art section of the report will be 

compared. This includes die casting (high pressure die casting, low-pressure die casting, investment 

casting and sand casting), CNC machining and forging. Here are, on the table below 12, the grades 

obtained by each manufacturing process. 

 

Manufacturing Process Final score  Rank Continue? 

High-pressure die casting 252 1 YES 

Low-pressure die casting  190 5 NO 

Precision casting 200 4 NO 

Sand casting 152 6 NO 

CNC Machining 252 1 YES 

Forging  238 3 NO 
Table 12: Details of the scores obtained by each manufacturing process, the manufacturing process(es) highlighted in orange 

will be the one(s) chosen by the decision matrix to be used for the rest of this study 

 

In this case, after calculating the score for every one of the manufacturing processes, both high-

pressure die casting and CNC machining get the highest score. These two processes can be kept in mind 

for now and a talk with a supplier company, with a detailed analysis of the requirement of the parts 

will help to choose between the two processes. Forging also got a high score, as it is a common and 

efficient way to manufacture small aluminium parts (the bracket parts used in the current bus body are 

made with forging for example). However, the advice from the supplier Prétrat specialised in aluminium 

parts forging confirmed that the geometry of the parts (especially their small thickness) make it 

inappropriate for forging, hence the lower grade compared to the other two manufacturing process.   
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4.6) Detailed design 
 

4.6.1) Design methods in mechanical engineering 
 

In mechanical engineering, numerous methodologies are used to design parts. These 

methodologies have been developed over the past few decades and ensure to the designed product a 

low manufacturing cost and a great product reliability. It is a crucial step as it is estimated that over 

70% of a product’s final cost is determined during the design stage. The most prominent one is called 

Design for Excellence (DFX). This methodology provides guidelines for all aspects of design and 

production process. Indeed, it can be separated into different areas for design optimization as seen in 

the figure 35 below. The two most popular among them all are Design for Manufacture (DFM), Design 

for Assembly (DFA) and the two combined: Design for Assembly and Manufacture (DFMA). This last 

methodology will be the focus of this study and what will be used to make the detailed design of the 

connection parts. [23] 

 

Figure 35: Summary of all the areas relative to the Design for Excellence methodology 

Here are the basic principles of DFA and DFM, which must be considered together to make a 

study about DFMA.  

Design for Manufacture:  

With DFM, the best design is created with the aim of optimizing the selection of materials and 

the manufacturing processes, so that it results in the lowest possible cost of production. This implies 

selecting the best material (here the best aluminium alloy) and the best manufacturing process that 

goes along with it. It can also include choosing surface treatment methods to also have a product with 

the best quality. After making such choices, a cost analysis (often with the supplier) must be carried 

out and if the resulting manufacturing costs are too high, the steps are repeated until reaching an 

optimal solution. 
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Design for Assembly:  

With DFA, the parts are all designed so that the final product can be easy to assemble. It can 

be done, for example, by reducing the number of components and the number of assembly operations 

required. This is essential to optimize the production time and reduce the possibility of assembly 

mistakes to make more reliable products. 

 

4.6.1) Applications for this project 
 

The application of these two methodologies for the case of this project will now be detailed in 

this section of the report. For a better understanding, the CAD files of the main parts are added as an 

appendix to this report. 

Modularity: 

To begin, one of the first principles of DFA which is already one of the main qualities of the CO-

BOLT system is its modularity. Having modular assemblies in a production is one of the best ways to 

optimize the production of a product. It is especially true for the connections of the CO-BOLT: although 

all the connections between the profiles are based on the same design, they are all slightly different, 

especially because of the difference in size and shape of the profiles that are connected. Manufacturing 

and designing different parts for every one of these connections would be a huge waste of time and 

money, hence the need to find a modular design which can adapt to these different connections. The 

solution found to this problem is to add an intermediate piece in the connection between the central 

parts and the profiles in the way shown in the figure 36 below. 

 

 

Figure 36: Upgrades made to the connection parts, mainly for modularity purposes 

In addition to a few changes made to the design, mainly to make the connection fit the 

aluminium profiles and for aesthetic purposes, the main upgrade is the integration of a new 

intermediate piece that fits between the profile and the central connection parts. The two central 
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connection parts stay the same no matter what the connection type is. However, the intermediate 

pieces are all unique to every profile they are connected to. The two parts are connected to each other 

and to the profiles only using a single screw as shown in the figure 37 below.  

 

  

Figure 37: Three pictures of a connection with the new connection parts with respectively one, two and four profiles 

Even though this slightly raises the number of parts per connection (for a connection between 

four profiles, the number of parts raises from 11 to 15, including the screws), this will reduce the 

number of different parts in the whole assembly and make it simpler both for the production team by 

avoiding confusion, and for the suppliers, as less different parts must be produced. Here are, in the 

figure 38 below, a few different cases to explain how this solution can adapt to all the different types 

of connections. 
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Figure 38: The solution with the new connection parts on the right adapted to three different types of connections currently 
present on the body that are shown on the left 

A solution has also been found in the case of a four-profile connection, where the vertical 

profiles are not positioned parallel to one another (this is something which is also very present, 

especially for the side panels). This can be solved by also creating an intermediate part between the 

two central parts as shown in the figure 39 below. 
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Figure 39: Illustration of how the central connection part can be used to make some specific connections. The additional part 
that must be added is highlighted in blue  

This intermediate part can be made the desired length and doesn’t require to manufacture any 

other parts compared to a same type of connection with parallel profiles positioned with a different 

alignment. It can also be adapted to different size of profiles especially big ones as seen in the figure 

40 below. 

 

 

Figure 40: Comparison of a connection with the current model on the left and the new concept on the right 

Especially, this type of connection will be really helpful to create the side panels of the bus 

body, as these connections are very present, as it is possible to see in the figure 41 below, where all 

the circled areas show where such a design can be used. 
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Figure 41: Current side panel locations where the connection shown previously could be used 

 

Symmetry and Mistake proofing: 

 

Another aspect of the DFA methodology is the use of symmetry, or on the other hand anti-

symmetry in the design of the parts. Creating a symmetric design can be convenient for the production 

team as it reduces the time needed by the worker for reorientation. Creating anti-symmetric can also 

have the advantage of making the part easy to assemble (if the asymmetry is obvious for the worker) 

but is mostly interesting as it prevents assembling the parts incorrectly. This is one of the basics of the 

Poka-Yoke principles which aims to minimise potential errors, particularly during assembly. [24] 

 

Figure 42: Illustration of the principle of Poka-Yoke, if the two parts are to be assembled in only one possible way, only the 
second solution can prevent assembly errors. 

For example, the intermediate connection part is symmetric about the horizontal axis as there 

is no difference to the orientation along this axis. However, although it is also symmetrical along the 

vertical axis, there is only one way it can fit in this direction, but the design of the part ensures that a 

mistake in the orientation can be immediately seen in an obvious way.  
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Figure 43: Application of Poka-Yoke for the connection parts with a correct assembly on the left and a wrong assembly on the 
right 

In that case, even though the two assemblies shown in the figure 43 above are technically 

possible, it is easy to see in the second picture that something is wrong with the sides of the parts not 

being aligned to each other. Another example of the use of Poka-Yoke in this assembly is with the 

central part. the anti-symmetric geometry of that part makes it impossible to connect the profiles in 

the wrong way. Indeed, it can be seen in the figure 34 below that if the yellow profiles are meant to be 

assembled perpendicularly to the red ones. It is impossible to do the opposite (once all the profiles are 

fixed to the central part at least) because the geometry of the parts would make them interfere with 

each other. 

 

Figure 44: Justification of the geometry of the central connection part for mistake proofing 
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Manufacturing: 

 

The objective now is to finalize the design of the parts with the aim of minimizing the 

manufacturing costs of the parts. This is done by applying the methodology of DFM. This part of the 

design is generally done in cooperation with the suppliers to get some precise estimation of the cost 

and update the design if it is necessary. 

The decision matrix of the manufacturing processes showed that the two most appropriate 

methods for manufacturing such parts with aluminium are die casting and CNC machining. Two main 

differences between these two processes will be considered here. The first is the price itself, as die 

casting is generally cheaper than machining, especially when it comes to producing high quantities of 

parts. The second is the freedom of choice of the material. This will be an important parameter for the 

choice of the manufacturing method. These two parameters must be considered together because the 

purpose of the study is to have a design that is both optimized in terms of strength and weight and cost 

efficient. Among all the aluminium alloys that can be found in the current market, one commonly used 

alloy is aluminium 6082. This alloy excels above the rest thanks to its resistance (it is the strongest alloy 

in the 6xxx series of wrought aluminium) and its high corrosion resistance. This makes it very used 

when it comes to manufacturing structural components, hence its nickname of “structural aluminium 

alloy”. In addition, its material properties can be enhanced by heat treatment (which makes it classified 

after that as aluminium 6082-T6). This is a material that HESS is also familiar with, as some of the 

connector brackets between the profiles are already made with this heat-treated alloy. However, as 

explained in a previous section of this report, it is not possible to use aluminium 6082 to die cast parts 

as this alloy is part of the family of wrought alloys. Indeed, with die casting, it is only possible to 

manufacture parts with certain specific alloys that are called cast alloys. These alloys are generally 

weaker than the ones from the wrought alloy family. One of the most used cast alloys and one of the 

ones that also offer the best mechanical properties is aluminium A383 (also called ADC12). Here are, 

in the table 13 below a comparison of the mechanical properties of both alloys 6082-T6 and ADC12. 

 

 Density (g/cm3) Yield Strength (Mpa) Tensile strength (Mpa) Elongation at break 

ADC12 2.74 150 310 3.5% 

6082-T6 2.70 260 310 >10% 
Table 13: Summary of the properties of the wrought alloy 6082-T6 and the cast alloy ADC12 

 

In this table, it is possible to see why 6082-T6 would be an ideal material to make the 

connection parts thanks to its superior mechanical properties. However, because it can only be used 

to manufacture parts with machining, this may result in higher production costs. An estimation of 

manufacturing costs with the two processes in comparison to the price of a connection in the current 

CO-BOLT model will be able to tell if this increase in manufacturing costs is acceptable or not. The price 

estimation of the manufacturing by die casting was given by the company Get It Made, and the one by 

CNC machining was given by the company Rp Proto. To make this estimation, a yearly production of 

200 buses have been considered, this is how the approximate number of parts to be produced per year 

are obtained. 
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Part Number of parts 
produced per year 

Price with High-
pressure die casting (in 
CHF) 

Price with CNC 
machining (in CHF) 

 

25 000 3.5 5.7 

 

45 000 2.5 2.6 

 
Full connection (between 

four profiles) 

- 18.5 23.3 

Table 14: Comparison of the manufacturing cost of the connection parts with die casting and CNC machining 

Based on the estimation given by HESS, a same type of connection would be worth 

approximately 25 Swiss Francs. So, both the price for machining and die casting are acceptable. That is 

why machining will be preferred overall because of the better mechanical properties of the used 

aluminium alloy compared to die-casting. In general, to produce various brackets (as well as doors, 

connectors, door frames, window frames…), most of them use heat treatable 6000 series aluminum 

and non-heat treatable 5000 series aluminum. Only engine cylinder and other structurally complex 

components are produced using the die-casting process and die-casting material. This manufacturing 

process is then suitable to produce the new connection parts. To make the manufacturing of the 

connection parts by machining as cheap as possible however, it was necessary to optimize the 

geometry of the part, especially to reduce the waste of material. This is especially an issue for the 

central part (the geometry of the intermediate part is already suitable for machining, hence the very 

low-price difference of price between the two processes). Therefore, two upgrades have been made to 

this part. These upgrades are shown in the figure below. Version 2 is a necessary upgrade to do on all 

the parts as otherwise, the sharp angles will make it impossible to manufacture, whatever the 

manufacturing methods will be. Version 3 limits the number of holes, which makes it simpler to make 

with the tools used in aluminium machining. This update, however, makes the part slightly heavier than 

the two previous version but the price will be greatly reduced which can make it better to use by HESS 

for future uses. It is also important to precise that a surface treatment will have to be applied following 

the manufacture of these parts to avoid corrosion in case they come into contact with water for 

example. 
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Figure 45: Changes made to the central connection part to make it easier and cheaper to manufacture 

 

4.7) Design of the profile 
 

Now that the connections for the bus body are fully designed, one last detail to take into 

consideration for the design of the whole bus body is the design of the aluminum profiles. Indeed, as 

mentioned previously, the profiles of the CO-BOLT will have to be slightly changed to add a thread at 

the center of the profiles so that they can be screwed to the connection parts. However, to avoid losing 

strength in the bus body, the profiles must have at least the same strength as the current ones, while 

keeping the area of the cross section (and thus the weight of the profiles) as small as possible. As 

explained previously in this report, the strength of the profiles is determined by the values of the 

moments of inertia 𝐼𝑥 and 𝐼𝑦, as well as the torsional stiffness 𝐾 of the cross section of the profiles. 

The objective is that these values for the new profiles don’t exceed the ones of the current profiles. 

Here is, in the figure 46 below, one design that have been found for one of the profiles (the most basic 

and the most used in the whole bus body) and its comparison to the current one. The thickness have 

been slightly reduced on the sides to make it possible to have an area to be threaded on the center 

without generating an excessive increase in the cross-sectional area. The comparison of the properties 

of the two profiles is given in the table 15 below. 

   

Figure 46: Comparison of the current profiles of the body on the left and the new concept to adapt to the new parts on the 
right 
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 Current profile New profile Difference 

Area (𝑐𝑚2) 8.25 8.55 + 3.6 % 

𝐼𝑥 (𝑐𝑚4) 21.27 22.09 + 3,9 % 

𝐼𝑦 (𝑐𝑚4)  53.33 61.23 + 14,8 % 

Polar moment of 
inertia (𝑐𝑚4) 

74.6 83.32 + 11,7 % 

Table 15: Comparison of the mechanical properties of the current profiles and the new ones 

Therefore, even though the area of the cross section had to be increased, the profiles are still 

as strong as the current ones, while being able to be fixed thanks to the thread at the center. A more 

precise optimization could probably make the profile lighter with similar strength but that is not the 

focus of this study. It is also possible to do the same for every type of profile. In the end, the weight 

gained because of the increased area of the cross section of the profiles should be compensated by the 

weight saved in the connections. For later price estimations, it will be considered that the price is 

approximately the same in the two versions (CHF 100 per meter on average) considering that the two 

versions have similar geometries and similar cross-section areas. Another important aspect in the 

design of the profiles is that the overall dimensions (here for the profile above: 40mm x 80mm) are the 

same for the new profiles. The external geometry has not been modified too much to make the profiles 

adaptable for a potential use in the current CO-BOLT model. Indeed, it is still possible to use the current 

bracket connection type with these new profiles, which makes it possible to assemble a connection 

with both a profile from the original CO-BOLT system and from the new one. 
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5) Results 
 

Now that all the parts of the new CO-BOLT 2.0 model have been designed, the influence of 

these new connections can be checked for the whole bus body, to ensure that this new concept meets 

the requirements of the project. As a reminder, here are the main requirements of the new bus body, 

stated in the guidelines of the thesis itself: 

-Reduced assembly time 

-Reduced weight 

-Reduced number of parts 

-Increased strength and stiffness 

-Lower Price (this requirement is not stated in the guidelines of the project, but it is still an essential 

parameter to evaluate for the company). 

 

5.1) Evaluation of the Weight, the price, and the number of parts of the CO-BOLT 2.0  
 

Firstly, the weight, the price, and the number of parts are easy parameters to evaluate. The 

weight and the price can be measured for every component and then added up to obtain a value for 

the weight and the price of the whole system for both the current CO-BOLT model and the CO-BOLT 

2.0. To simplify this study, it will be considered that all the profiles have the same cross-section, and 

that the connections are the same everywhere. Here is the summary, in the table 16 below, of the 

weight and the prices of these parts. The price for the already existing parts has been given by HESS 

and the price for the new connection parts has been given by suppliers, by considering a production of 

these parts with CNC machining.  
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Part Weight (kg) Price (CHF) Use 

 

0.15 3.25 CO-BOLT 1.0 

 

0.20 3.75 CO-BOLT 1.0 
+ 
CO-BOLT 2.0 
 

 

0.02 0.2 CO-BOLT 1.0 

 

0.02 0.1 CO-BOLT 1.0 

 

0.03 0.3 CO-BOLT 2.0 
 

 

0.10 5.7 CO-BOLT 2.0 
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0.09 2.6 CO-BOLT 2.0 
 

 

2.23 (for 1m) 100 (for 1m) CO-BOLT 1.0 

 

2.30 (for 1m) 100 (for 1m) CO-BOLT 2.0 
 

Table 16: Evaluation of the weight and the cost of all the parts from both the current bus body and the new one 

The new connection parts will be implemented on the body as shown in the figure 47 below, 

representing a simplified version of the bus body for a 2-axle model. The blue and black parts all 

represent an assembly of parts that is used to make the connection. All these assemblies can now get 

their prices and their weight estimated in the table 17 below. Some current connection parts will still 

be kept to make some connections on the roof of the bus body. That is because these connections 

require just the use of one bracket part, and it is therefore not profitable to change that connection as 

it would only make it more complex and expensive. The connections between the side panels and the 

roof to the big profiles that connect the three main assemblies of the bus bodies (the ones with a 

dotted line on the figure below) have also remained unchanged because the complex geometry of 

these profiles would make it complicated to adapt the new connection methods with these profiles. 
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Figure 47: Illustration of how and where the old bracket connection parts were replaced by the new connection parts 
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Symbol from 
fig 46 

Part Weight (kg) Price (CHF) Number of parts  

 

  

0.31 5.2 9 

 

  

0.36 6.2 9 

 

 

0.59 20.4 9 

 

 

0.71 23.3 
 

11 

Table 17: Comparison of the weight, the price, and the number of parts of different connection assemblies 
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Now, it is possible to estimate the price and the weight for each CO-BOLT version after 

estimating the values in the tables 18 and 19 below for the two CO-BOLT models. 

 

CO-BOLT 1.0: 

 Total length of 
aluminium profiles 
(mm) 

Total number of 
profiles  

Total number 

of     
assemblies  

Total number 

of    
assemblies  

2-Axle  120 000 75 26 101 

3-Axle  155 000 100 38 132 

4-Axle  200 000 125 46 170 
Table 18: Number of profiles and connection parts for each type of bus (using the CO-BOLT 1.0) 

 

CO-BOLT 2.0: 

 Total length of 
aluminium 
profiles (mm) 

Total number of 
profiles  

Total number 

of     
assemblies  

Total number 

of    
assemblies  

Total 
number of   

 
assemblies 

2-Axle  110 000 115 18  30 14 

3-Axle  144 000 150 29 36 14 

4-Axle  186 000 185 37 45 22 
Table 19: Number of profiles and connection parts for each type of bus (using the CO-BOLT 2.0) 

 

Here is, in the end and in the table 20 below, the full comparison of the weight, the price and 

the number of parts for both the CO-BOLT 1.0 and the CO-BOLT 2.0 using the new connection parts. 

Because all the values are not perfectly accurate and are based on approximations, it can be said that 

the values have a margin of error of +/- 10 %. 

 

  WEIGHT (kg) PRICE (CHF) NUMBER OF 
PARTS  

2-Axle CO-BOLT 1.0 312  12 700 1218 

CO-BOLT 2.0 291  12 100 733 

Difference -21 kg -600 CHF -485 parts 
3-Axle CO-BOLT 1.0 405  16 400 1630 

CO-BOLT 2.0 380  15 900 933 

Difference -25 kg -500 CHF -697 parts 
4-Axle CO-BOLT 1.0 521  21 200 2069 

CO-BOLT 2.0 491  20 500 1211 

Difference -30 kg -700 CHF -858 parts 
Table 20: Summary of the difference in the weight, the price, and the number of parts for the CO-BOLT 1.0 compared to the 

CO-BOLT 2.0 
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In conclusion, the weight, the price, and the number of parts have all been slightly reduced. 

The requirements in relation to these parameters are thus respected. Two requirements have yet to be 

validated. These are the strength of the bus and the manufacturing time.  

 
 

5.2) Evaluation of the strength of the CO-BOLT 2.0 
 

There are multiples way to evaluate the strength of an assembly. As there are no precise 

requirements about how the strength of the bus body should be measured. The evaluation of this 

requirement can be done by comparing a FEA analysis of both the CO-BOLT 1.0 and the CO-BOLT 2.0, 

and especially by comparing the location of the stresses, the maximum value of stress and the 

maximum value of displacement. However, as it was explained previously in this report, it is difficult 

and time consuming to do a precise FEA simulation for the whole bus body. It can be possible however, 

to do a simple simulation for the case of just a single connection. This simulation will not provide the 

most accurate results but can still give an idea about the behavior of the new bus body when it is 

subjected to some specific loads. The simulation will be done under the same condition as the 

simulation that was used to test the strength of the different connections to complete the decision 

matrix in a previous part of the report, with three of the four profiles being fixed on their ends and the 

last remaining profile being subjected to a three-dimensional load, representative of the forces applied 

to the profiles of the side panels because of the weight on the roof. The results of the simulation are 

shown in the figure 48 below.  

 

 

Figure 48: Illustration of the FEA simulation done with the current connection on the top and the new one on the bottom. the 
pictures on the left show the results for the stresses, with a zoom to the maximum location on the middle, and the 

displacements are shown on the right 

The first thing that can be analyzed is the comparison of the maximum value of the stresses 

between the two profiles. The maximum von mises stress is 17.6 N/mm2 for the CO-BOLT 1.0 whereas 

this value rises to 28.0 N/mm2 for the new CO-BOLT 2.0. The stresses are also much more concentrated 
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on a single point for the new model than for the current model where the stresses are more evenly 

distributed over the contact area between the bracket parts and the profiles. The new design is 

therefore not optimal for the distribution of the stresses in the connection. However, there is still room 

for improvement to optimize the design of the connection parts, especially for the intermediate 

connection parts in which the design has been made exclusively to make the assembly simple, modular, 

and aesthetically pleasing. The strength of this part has not really been taken into consideration for its 

design. It could then be possible to improve the design for better results regarding the strength of the 

connection. However, if the displacements are observed, it can be noticed that the maximum value of 

displacement for the CO-BOLT 1.0 model (5.0mm) is slightly higher than the one for the CO-BOLT 2.0 

(4.5mm). If the evaluation of the strength of the bus is based on a displacement criterion, it is still fair 

to stay that some improvements were made regarding the strength of the bus body when using the 

CO-BOLT 2.0. This requirement is therefore partially met. 

  

5.3) Evaluation of the manufacturing time of the CO-BOLT 2.0 
 

About the assembly time, it is impossible to get a precise evaluation of this parameter and thus 

a comparison between the two bus models without making real prototypes of the parts. However, 

because the number of parts has been reduced in the assembly (especially the number of screws), it is 

also fair to say that the assembly time will be reduced as well when using the new CO-BOLT 2.0 model. 

The time saved will be greater the more parts are saved, which is particularly the case for large 3-axle 

and 4-axle buses. It is possible to get an estimation of the time taken to put all the screws in place in 

the assembly, if it is considered that it takes an average time of ten seconds to put one screw. 

 

  NUMBER OF 
SCREWS 

TOTAL 
SCREWING TIME 

2-Axle CO-BOLT 1.0 508 1h 25min 

CO-BOLT 2.0 278 45min 

Difference -230 screws -40min 

3-Axle CO-BOLT 1.0 680 1h 55min 

CO-BOLT 2.0 352 1h 

Difference -328 screws -55min 

4-Axle CO-BOLT 1.0 864 2h 25min 

CO-BOLT 2.0 461 1h 15min 

Difference -403 screws -1h 10min 
Table 21: Summary of the potential reduction of assembly time 

 

Therefore, when looking at the results shown in the table 21 above, it is obvious that the 

screwing time have been greatly reduced with the new design of the CO-BOLT 2.0. The screwing time 

is only part of the total assembly time, and therefore cannot by itself prove that the buses will be 

assembled faster, but it does reveal some of the progress that this will bring to the assembly. 
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5.4) Final verdict 
 

In conclusion, it can be said that the solution meets most of the requirements. Here is a 

summary based on the results of the previous parts in the table 22 below. 

Requirements  2-axle bus 3-axle bus 4-axle bus 

Reduced assembly time YES, TO BE 
CONFIRMED  

(At least 40min less 
of screwing time) 

YES, TO BE 
CONFIRMED  

(At least 55min less 
of screwing time) 

YES, TO BE 
CONFIRMED  

(At least 1h 10min 
less of screwing time) 

Reduced weight YES  
(21 kg less 

approximately) 

YES 
(25 kg less 

approximately) 

YES 
(30 kg less 

approximately) 

Reduced number of parts YES 
(485 parts less, 
screws and nuts 

included) 

YES 
(697 parts less, 
screws and nuts 

included) 

YES 
(858 parts less, 
screws and nuts 

included) 

Increased strength and 
stiffness 

PROBABLY 
(Would need further analysis and a more optimized design, the values 
of the maximum displacements have still been reduced nonetheless) 

Lower Price (optional) YES 
(600 Francs cheaper 

approximately) 

YES 
(500 Francs cheaper 

approximately) 

YES 
700 Francs cheaper 

approximately) 
Table 22: Summary of the advantages of the CO-BOLT 2.0 

The conclusion can be drawn that all three types of buses could potentially use the CO-BOLT 

2.0 for the body. However, to be sure of this, it would be necessary to move on to the next stage in the 

design process and produce prototypes to be sure about the performances of the new body model. 

This report will not focus on this part of the design process though. 
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6) Conclusion  
 

Finally, this project led to the creation of the CO-BOLT 2.0, a new model of bus body, which is 

an improvement on the previous CO-BOLT 1.0 body model made by HESS, especially thanks to the 

implementation of new connecting parts. These connection parts are made in aluminium, just like the 

rest of the assembly of the body and CNC machining is used to manufacture these parts. Based on the 

results, the conclusion can be made that using the new bus model would reduce the weight of the 

vehicle, as well as the assembly time while being cost-efficient if it were to be used by HESS. The 

economy in the weight of the bus would enable its users to save energy, thus making HESS buses even 

more attractive for potential customers. The time saved in the assembly of the buses would make it 

easier for HESS to ensure that delivery times are respected and for the production team as well, 

because the body would be made easier to assemble. The effect on the strength of the bus is still 

questionable however, as different conclusions are given when analyzing the effect according to 

different criteria.  This could nonetheless be improved with further research on the design of the body, 

especially on the connection parts. In addition, there are still some areas for improvement in this 

project that could be studied in greater depth.  
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7) Future Work 
 

To fully complete this project and to make this new bus body work for HESS, some additional 

work would have to be done. This last section of the report describes some possible future work that 

would be necessary to do to implement the CO-BOLT 2.0 model into HESS’s buses. 

As mentioned in the previous sections of the report, it would be necessary to focus a bit more 

on the design of the connection parts with the aim of optimizing the strength of the body. This would 

probably require some advance knowledge in the modelling of materials and take a lot of time, that is 

why it was not studied in detail for this project. The methods used to check the strength of the structure 

could also be improved. Indeed, it would be much better to represent the full bus body on a powerful 

FEA software to get the most precise estimations for the values of the stresses and the displacement. 

Another criterion that could have been used to estimate the strength of the bus body is a modal 

criterion by performing a vibration analysis and estimating the natural frequencies of the structure. 

The higher these frequencies would be (and the furthest away are these values from the natural 

frequencies of the road), the stronger the whole assembly would be.   

Research could also have been undertaken to improve the body in another way. For example, 

by optimizing the layout of the body (the location of the aluminium profiles). However, the whole bus 

assembly would have to be studied, and not only the assembly of the body itself, as there the profiles 

are often positioned to make the rest of the assembly (like the chassis or the interior of the bus) 

possible. The use of carbon fibres would perhaps have deserved a little more attention in this project, 

given that despite the drawbacks that have been mentioned, it remains a material that is increasingly 

used in the automotive industry and could be the solution to most of the vehicle’s issues about strength 

and weight if research into composite materials goes on. 
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Appendices  
 

A: Gantt Chart 
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B: Decision matrices  
 

Choice of the solution: 
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Choice of the material: 
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Choice of the manufacturing process: 
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C: CAD files of the connection parts  
 

The CAD files of the most important parts, and those which are not confidential, will be given as an 

attachment to this report. 

Here are the 3D STEP files of the parts that can be found attached to this report: 

-Central.STEP 

 

-Int.STEP 

 


