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Abstract—This document describes the full development process of a wooden geodesic dome. In this paper, all the components of the dome will be discussed. During the design of the whole dome, the team used sustainability as the first parameter to base their decisions. The result of this development is a complete solution for a geodesic dome structure with an automatic door and window. 
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I.  Introduction
We are a team of six international students and we are working together on our European Project Semester at ISEP. During this semester we had project supporting classes on marketing, sustainability and ethics. Those classes helped to make choice in our project.

 In this project we test our skills for build a wooden dome shelter. A dome is an architectural element that resembles the hollow upper half of a sphere. The interest in an ecological way of living in recent years has been rapidly growing, this is what we try to sell, an eco-friendly product for the new awareness of people. 
We focus our project to find a viable and innovate option to build a dome, sustainable and try to find a best way for a permanent construction. First of all, we found problems for how build the dome, since a dome is not a common construction and the way for do it, is more complex. Other problem that we had it, it was for get a permanent construction, since the principal material is wood and this is not the best for long time.
This paper is organised in 12 sections. We start by presenting the introduction and motivation, then state of the art, afterwards the project supporting classes, being marketing, sustainability and ethics, afterwards the project development, method and results, discussion, conclusion. At the end of the paper the acknowledgements and references can be found. 
II. Motivation

Indeed, since the geodesic domes exist, they have proven ingenuity of the concept. A geo-dome has a big volume for a small surface, so its decreased surface area requires less building materials. Furthermore, it allows an optimal air flow and a uniform temperature thanks to its concave interior. Many architects have used it to create various buildings such as concert halls, airports, churches or mosques.

From the 1970s onwards, the enthusiasm for geodesic domes decreased, until recently when a renewed interest in environmental preoccupations allows the return of these spherical structures. Indeed, the excessive cost of energy is forcing individuals and countries to look for ways to minimize their consumption. Energy efficiency is the main reason for the comeback of geodesic domes. Thus, nowadays, the demand for this type of product increases whether it is personal or business applications: greenhouse, storage room, event domes for trade show, convention etc.

Indeed, succeed in applying modern technological know-how to geo-dome construction can help to make shelter more comfortable and efficient for a greater number of people. Thus, our aim is to develop a stylish geo-dome as sustainable as possible, while respecting the requirements and working as a team.

III. State of the art

There is a huge range of possibilities for geodesic domes as the choice of materials or the shape of openings and windows or the general aesthetics. Many applications are possible: bungalow, greenhouse, aviary, house, pergola, garden shed, etc.

In this way, in this chapter, The existing products and their functions will be compared. All the different technologies and techniques present on the market will be described and their strong and weak points will be described. The focus of is research is mainly on the design, the junction nodes, the materials and the functionality.

A. Geo-Domes

A geo-dome is a construction that has the shape of a hemisphere. There are different ways to obtain the shape, but for this project, the shape will be obtained by putting together triangles. In this way, it is possible to construct a round form by putting together only straight beams. Geo-domes can be used for multiple purposes. An example can be seen in Figure 1.
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Figure 1: Greenhouse Geo-Dome [1]
The design of the geo-dome begins with an icosahedron shape. An icosahedron consists out of 20 triangles that all have the same size. In order to get the dome shape, every side of the triangle is divided into a couple of parts. If every side is divided in 2 parts, a V2 dome will be obtained, if divided in 3 parts, a V3 dome is obtained and so on. Once the triangles are subdivided, they are projected on the hemisphere. To get the final shape of the dome, the vertices of the projected triangles should be connect to each other with straight lines.
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Figure 2: Steps to get a V3 dome [2]
Now, there are a discussion between advantages and disadvantages of a geo-dome.

a) Advantages

One of the main advantages of a geo-dome is the fact that a sphere encloses a big volume for the a minimal surface area. This can be seen in the fact that the isoperimetric quotient is 1 for a sphere. The consequence of this is that the geodesic dome can be considered as an efficient shape in terms of use of materials. Another consequence of this characteristic is energy efficiency. The domes lose warmth trough transmission during the winter. This result of this effect is directly related to the surface of the surface area. The bigger the surface area, the bigger the loss of warmth during the colder winter period.
Another advantage of the shape of a geo-dome can be found in aerodynamics. Heavy winds on the structure will be guided around the structure. The formula of the force caused by wind contains a drag coefficient. The drag coefficient of a hemisphere 0.42. When comparing this number to the drag coefficient of a cube, which is 0.8, there can be concluded that the drag coefficient of cube is almost two times bigger. The force acting on a building in the shape of a cube with the same surface will be twice as high compared to a building with a hemisphere shape. It can be concluded that forces due to wind will have a smaller effect on a hemisphere. Smaller forces acting on the structure will reduce the cost of materials, because the strength of the beams will have to be lower, which will make the beams less expensive. [3]
When air flows over a curved surface, like that of a geo-dome, its speed will increase. At the apex of the surface, the pressure of the air drops. This phenomenon will generate an air flow through the dome. This air flow will spread the warmth or the cold. This will result in a temperature that is the same in the whole dome. If there is need for heating in the summer or for cooling in the winter, the natural air flow will work as a fan. [4]
b) Disatvantages

The first big problem with the geo-dome is that it is a complex shape. Contrary to a cube shaped building, it is not so easy to design. The calculations for the strength of the beams, the connections between the beams. etc. are much more complicated and they will take more time. This will increase the price of the building. This extra cost can be reduced by standardization of domes.
The geo-dome is constructed out of a lot of triangles. To get a good approximation of the hemisphere shape of the dome, the area of each triangle can’t be too big. Like this there will be a lot of seams that can cause problems for the waterproofness of the building. The dimensions of each part of the construct need to be very accurate and every part needs to be placed in an accurate way. To be able to do this, skilled workers and machines with high precision are needed.

Most of the buildings nowadays consist of rectangular shapes. This is the reason why construction materials are mostly available in a rectangular shape. Windows for example are widely available in a rectangular shape, but not in a triangular shape. The size of the windows also isn't free to choose like in a cubic building. For these reasons customization of windows will be needed, which also implies a higher price per window.

B. Connections 
For the connections two options. The first option is to make the connection a connector, the second is to do it without one.

a) Without Connector

For the connection without a connector, the ends of all the beams need to be cut in specific angles. The most visible of the angles is the triangle shape at the end of the beam you can see if you look at the beam from the top. The size of this angle depends on the number of beams coming together in this connection. [5]
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Figure 3: Connection without connector 
b) With Connector

The connection with the use of a connector is almost the same as the connection made on the lower beams when using no connector. An important difference is the preparation of the beams. The beams only have to be cut to one angle instead of two.

This type of connection can also be reinforced for the lower parts of the dome. [6]
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Figure 4.: Example the connection with connector
IV. Marketing Plan

During the semester, the team had classes on marketing which helped to understand the market situation. Once this was figured out, the team could position the project into the market. 
Out of the market analysis two major important trends that are relevant to the project where taken into consideration. The first trend is the growing urbanization, which can cause stress for the people living in the cities. [6] The Aslan dome will allow people to have a private place where they can spend time with their family in a green environment.

The second important trend is the growing interest in environmental topics. The dome will be made out of wood, which is a natural material, which can be replanted by humans. The use of this material will give the project an eco-friendly image.
V. Eco-efficiency Measures for Sustainability

The second project supporting class during the semester was sustainability. This class enabled the team to make decision in such a way that they are sustainable in terms of environment, economics and socially. 
In terms of environmental measures it can be stated that wood is a good insulator and it is also soundproof, so it can be insulated rather cheap. Solid wood logs have the ability to absorb heat and release it when the temperature drops inside, helping to regulate the temperature in the house and reducing energy consumption. Solid wood houses are healthy because they ”breathe”.

Buildings made of wood have a multitude of economic advantages, starting from low costs, short implementation period compared with conventional construction systems and continue with increased thermal efficiency and noise.

VI. Ethical and Deontological Concerns
The last project supporting class was ethics and deontology. During the development process of the project ethical problems has been faced. To help the team deal with these problems, the six canons of the code of ethics of the National Society of Professional Engineers (NSPE) has been followed. The most important canon is to hold paramount the safety, health and welfare of the public. To guaranty the safety of the structure, simulations in PowerFrame were executed to check if the beams and connections could withstand the forces acting on it. Another measure to ensure the safety is to follow the Eurocode design guidelines. This set of rules can be used to calculate the needed strength for the construction.

VII. Project development
The main part of the European Project Semester was the development part of the dome. The development can roughly be divided in three major parts: the architecture, the components and the testing.
A. Architecture
The architecture of the dome can be divided in two major parts: the shape of the dome and the controlling system architecture of the system that will control the automatic window and door.
1) Shape of the dome

For the shape of the dome, the team decided to make V3 dome. The reason is taken for economic reasons. In a V3 geodesic dome, there only three (or four if a flat based is needed) different lengths of beams, instead of six in a V4 dome. The same argument is valid for the panels that are installed in between the beams. A V3 dome only has two different sizes of panels instead of five for a V4 dome. As a consequence the production process of the dome is simplified. Less beams and panels will have to be cut to the correct size and be placed, which will lower the cost of the project.
The design of the shape of the dome is started from an icosahedron. An icosahedron consists out of 20 triangles that all have the same size. Each of the sides of the triangles will be divided in three parts with the same length and these part will have to be connected to each other. The next step was to find the centre of the icosahedron. For this the formula (1) [59] was used with a being the length of a side of the triangles:
r=a×sin(2π/5) 



(1)
Once the centre of the icosahedron was found with this formula, lines with a length of the radius of the dome (3.4 m)  could be drawn. The last problem was to make the base of the dome flat in order to connect it easily to the foundation of the dome. For this reason a fourth length of beams will be used. The can be seen as the black beams in Figure 5.
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Figure 5.: Final shape of the dome

The dome will have the beams with the specification which can be seen in Table I.

TABLE I.  Specifications of the beams
	Colour in Figure 5
	Number
	Length [m]
	Total length [m]

	Magenta
	70
	1.402
	98.14

	Orange 
	55
	1.372
	75.46

	Blue
	30
	1.185
	35.55

	Black
	10
	1.355
	13.55

	
	
	Total
	222.70



The section of the beams will be discussed in chapter C about the test.
2) Controlling system architecture 
The controlling system will manage the automatic window and the automatic door. The window will open in order to control the temperature and humidity inside the dome The door will be opened by a push button. The sensors are connected to the controller and that controller is connected to all the functionalities.
B. Components
The components of the dome can be divided in two main categories: the constructional components and the electronic components. Those will be discussed in this chapter.

1) Constructional components

In this chapter, the materials used to build the structure will be discussed. For each material, an explanation will be given on why a certain material is chosen. The components that are going to be discussed are: the beams of the structure, the panels that cover the beams, the connection nodes between different beams, the foundation of the dome and the design of the automatic window and door.

a) Beams

For the beams, the team decided to use oak as the wood of choice. The reason for this decision is the fact that oak is a resistant wood that can be used outdoor. Even without chemical finishing, it has a very good resistance against rotting. This will give oak an advantage compared to other types of wood. The disadvantage is the higher prices compared to for example pine (45 € instead of 15 €).  
b) Panels
The team decided to use plywood panels to cover the spaces in between the wooden beams. Plywood is chosen for its resistance against moisture and rain. This will make plywood a durable material and will expand the period of use for the dome. 
c) Junction node

For the junction node, the team designed a connection system. This can be seen in Figure 6.
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Figure 6.: Junction node
The junction node consist out of three parts. The top part holds the beams. Onto this to part, a steel pipe is connected which holds the lower part. This part also supports the beams. When the beams are place into the junction node and they are screwed at the top, the will not be able to move anymore. The junction node is made out of 3 mm thick stainless steel. This material will be resistant against moisture and it make the junction node stiff as well.
d) Foundation

The foundation is made out of concrete. The requirements of the concrete are not high. Since it has a thickness of 250 mm, the strength will not be a problem. But a net of steel reinforcement will have to be placed to prevent cracks at the surface of the concrete. The diameters of the bars can be as little as 8 mm, the space in between the bars can be 250 mm.

The wooden beams of the dome will have to be connected to the foundation. For this purpose, the team designed a special connection node. This can be seen in Figure 7.
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Figure 7.: Connection between the dome and the foundation

e) Automatic window

The automatic window will be built at the inside of a triangle of beams. The vertical positioning will be at the top of the beam. The reason for this is to prevent the accumulation of water inside the triangle and the maximization of the incidence of light.
The hinges are connected onto a wooden support beam (dark blue) which supports the window and connects the moving part (red). The wooden support beam also creates a flat surface for the window to rest on, which will improve waterproofness. The moving part of the window consist out of three wooden parts. The biggest part is connected with the hinge. The other two parts fit around the glass (black) of the window and connect it to the moving window frame. All the wooden components are kept together by wood screws with a diameter of 5 mm. There are 2 different lengths that will be used. The screw that connects the fixed part of the window with the beams has a length of 80 mm, all the other screws have a length of 50 mm. The glass used in the window consists out of two layers of glass, the reason for this is that it will improve thermal insulation. Another advantage of is that the feeling of cold when passing close to the window, will be reduced as well. All of this can be seen in Figure 8.
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Figure 8.: Concept of the automatic window

At the other end of the triangle the motor (black) is connected. The motor is connected to a support block (blue) that arises from the two support beams mentioned earlier coming together. The same goes for the moving part of the window. This can be seen in Figure 9.
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Figure 9.: Position of the motor of the automatic window

f) Automatic door

The solution for the automatic door is a double door. The door has the shape of a regular door. The reason for this solution is efficiency. In this solution, the door can be opened with only one servomotor. This will save energy and the production cost of the dome will be kept as low as possible. As mentioned before, the door is opened with the power of a servomotor. When the button is pushed, the servomotor will turn 90° and this will open the door. 
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Figure 10.: Concept of the automatic door
2) Electronic components

In this paragraph the electronic components will be discussed. Those components are the controller and the temperature and humidity sensor. 

a) Controller

For the controller a comparison was made between the Arduino Uno and the Arduino Nano. Both controllers are small, so they can easily be placed without hindering the inhabitants of the dome. The Arduino’s also use open source software.
The team decided to use the Arduino Uno for three reasons. The first reason is the fact that it can give more current (50 mA instead of 40 mA). This needed because the Arduino will operate 2 servomotors and a sensor. The second reason to choose the Uno is the fact that it has a direct power connector, which is more stable than the Vin pin of the Nano. The last reason is the price: the Uno is 25 % cheaper.

b) Temperature and humidity sensor

For this sensor, a comparison was made between the AM2302 DHT22 module and the KY-015 DHT11 module. Even though the AM2302 DHT22 module is twice as expensive as the other module, the team still choose to use it. The reason for this is a higher accuracy in temperature (0.5 °C compared to 2 °C) and in relative humidity (2% RH compared to 5% RH). A temperature difference of 2 °C is significant and will be perceived by the inhabitants. If the less accurate sensor is used then inhabitants cannot completely adjust the temperature to their wishes. 

VIII. Methods and results
After the research and design phase of the dome, test were executed. The tests can be divided into two major parts. The first part are the strength simulations in the calculation software PowerFrame. The second part is the building of a scale model part of the dome.

A. Simulation in Powerframe

As a first step the complete structure of the dome was imported. This could be done using the AutoCAD drawings that were made before starting from the icosahedron. PowerFrame allows the user to import the complete drawing or only a part of it. Once the geometry of the dome was imported, there were some characteristics that needed to be filled in. The first thing that needed to be done was to determine the boundary conditions of the beams. To do this, the points of support should be specified. The dome is design in such way that the nodes on the floor level can’t move. They will be able to pass on a moment of force. This characteristic is inserted in PowerFrame. The connection nodes between different beams will also be able to pass on a moment of force. To get this characteristic in PowerFrame, nothing needs to be done, because PowerFrame assumes that nodes can, if they can’t, it needs to be changed manually in the software.

The next step is defining the materials used for the beams. This is a characteristic that is not known before the calculations, but an assumption needs to be done in order to get a final result after an iterative process. For the first calculation the assumption was made that the beams have a section of 30 mm by 60 mm and the wood quality is C16.

The next step is defining the forces working on the dome structure. To get these, Eurocode 1 was used. This document by the European Union defines the forces working on construction under given circumstances.

The first force and most important force working on the dome structure is the wind load. For Portugal the mean wind speed at the coastal strip is valued 31 m/s. [7] This value is needed for the calculation of the basic wind pressure. This can be calculated with equation (2).

qb=0.5⋅ρ⋅vb2=600.625N/m2 


(2)


To get the peak wind pressure the value that was obtained in the equation needs to be multiplied by factor depending on the height of the building and the terrain class of the building. The height of the dome is known (3.4 m) , but the terrain class needs to be assumed. To get the worst case scenario of a dome close to the sea, without any trees covering it from the wind, the assumption was made of terrain class 0. Those two numbers combined in Figure 11 give a value of 2.5 for ce . If this value is multiplied by the value of 600.625 N/m2, it can be concluded that the peak wind pressure will be 1.5 kN/m2.
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Figure 11.: Terrain class and height
This peak value of the wind pressure is not going to work on the complete surface of the dome. If the wind is coming from the north for example, the south side of the dome is going to experience a negative pressure. Using Figure 12 the shape coefficient can be calculated. f/d is 0.5 in the case of our dome, h/d is 0. This gives a value of 0.8 for A or +Cpe,10 , a value of -1.2 for B or -Cpe,10 and a value of 0 for C.
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Figure 12.: Shape coefficient for a dome shaped building

If the peak value of the wind pressure is multiplied by the shape coefficients, the minimal and maximal values of the wind pressure are obtained. The minimal pressure will be -1.8 kN/m², this means that there will be a tensile force on the structure. The maximal pressure will be 1.2 kN² , this will be the compressive strength acting on the structure.

In the calculation, the assumption was made that the maximal tensile force would be working on the door of the dome, which is the weakest point of the structure because the beams are further apart.

Once the load is applied to the structure, PowerFrame will generate different combinations of the forces. In this combinations, the weight of the structure will be taken into account as well. A safety factor of 1.5 will be applied for the wind load and a factor of 1.35 will be applied to the weight of the structure. In the result page, the most critical combination of the forces will be showed. An example of the result of a simulation can be seen in Figure 13.
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Figure 13.: Example of the result of a simulation

The simulation in PowerFrame will be executed for different wood qualities. For each quality, an optimization of the width and height of the section will be executed. This will help to decide which quality is the most suited to use in the actual dome. To make this decision, the prices of the wood will have to be taken into account as well.

During the process of optimization, certain principles were used. The first one was that the dimensions of the different beams will remain the same. This has as an advantage that it will help to avoid that mistakes occur during the assembly of the dome. The disadvantage is that only some of the beams will be used to their full resistance. The second principle used is that the section of the beams will only be varied with 5 mm, this will be decrease the calculation time for PowerFrame.

The calculations in PowerFrame gave the results for the different wood qualities that can be seen in Table II 
TABLE II.  Results optimization powerframe
	Wood quality
	Width [mm]r
	Height [mm]
	Resistance used [%]

	C14
	80
	95
	96.77

	C18 
	80
	80
	92.50

	C24
	70
	75
	94.62

	C30
	65
	70
	93.35


The results of this simulation need to combined with the information from the local retailers. These will only have wooden beams in certain dimensions. The beams with a dimension that approaches the section will have to be checked through a simulation as well.

B. Assembly process of the scale model
The first functional test on the prototype of the dome is building of the prototype itself. During this process, the team payed attention to way to improve the design and the assembly process of the dome in full size.

The first point of attention is the marking of the beams. Every beam needs to be marked before it was cut. The difference in length between some of the beams is as little as 29 mm in the real size domes. The marks should be clear for all the people working on the dome in order to avoid placing beams in the wrong place and losing time with measuring the length of the beams.

Another thing to pay attention to is the fact that all the angles in the junction nodes should be measured very precise. In this step, the marking of the junction node also needs to be done. In the junction node where all three different lengths of the beams come together, the shortest beam of 1185 mm should be enclosed by two angles of 56°. The four other angles in the junction node need to be 62°. For this reason, it needs to be marked clearly in which arm of the junction node the shorter beam is supposed to be placed. In the full size dome, the junction nodes will be manufactured with computer operated machines to exclude all errors.

The last thing to pay attention to is a correct placement of the ground level of the dome. In the real size dome, this will not be a problem since the junction nodes on the floor level will be built into the concrete of the foundation. 
IX. Discussion

In this chapter the result of this project will be compared to result from other projects. In the literature that is available , there are no complete solution. This is one of the strengths, but also one of the weaknesses of the project. This project is the first development of a dome which gives all of its information to the people interested. For this reason the comparison had to be made with commercial projects which did not make available all of their information. 

The sections of the beams that where obtained in the simulations in PowerFrame will be compared with the sections American companies use in their domes with a comparable radius. 

The first company with which the result will be compared is Timberline geodesics [8]. In their domes they use beams with a section of 51 by 152 mm. The material they use is Douglas fir, of which the strength class is not given. If these results are compared with the result obtained by the Aslan team for a wood quality of C18, it can be seen that the results differ. Timberline Geodesics’ beams have a rectangular section, while this project obtained a square section. The Aslan project’s beams will have a moment of inertia which is the same in around every axis of the section. This is an advantage if the load is not always working on the same side of the beams. If the load is always working on the same side of the beam, Timberline Geodesics will have an advantage. 
Dome kits [9] will have the beams with the same section as the beams of Timberline Geodesics being 51 by152 mm. The section of this beams cannot be compared with those of the Aslan dome. The first reason is the fact that they don’t mention which type of wood they use in their domes. The second reason is the fact that their design is a V4 dome. The length of the beams in a V4 dome will be only half of the length in a V3 dome, when the radius of the dome is the same.
X. Conclusion
The goal of this project was to develop a wooden dome with an automatic door and window. The dome had to be sustainable and easy to assemble. The team succeeded in this goal by delivering a high-technology solution. Since there are no previous publications about the complete development of a wooden dome, this project is the first full open source project with all information available. Another thing that makes this project different compared to the others is the approach of the design. During all decisions in the design process, sustainability was the guideline. 
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