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Preface
This document consists in a final design review of École Polytechnique of Montreal’s submarine
Archimede VI mkII for 2015. It has been written in order to give the judging and directors
committee of the International Submarine Race detailed descriptions of every system of the
submarine. Therefore, the following pages contain the final design and fabrication method of
these systems.

Introduction
Archimede is a society from École Polytechnique of Montreal regrouping approximately
thirty students who challenged themselves by designing and building a human powered
submarine. For more than a decade, members of Archimede are pushing the limits to make the
submarine even more efficient, by optimizing the concept, developing new mechanisms and
improving our manufacturing methods.
This year, for the 13th International Submarine Race, Archimede is proud to present
Archimede VI mkII. It will compete, once again, in the one-person, propeller driven category.
For this event, the team will present an optimised version of Archimede VI, with upgraded
devices and built with state of the art materials. With the combination of all the innovation, we
have high expatiation toward our ability to prove the efficiency of Archimede VI mkII.
In the following pages, every detail concerning the aspect and the components of
Archimede VI mkII will be detailed by presenting the development and the research process
done to finally led to the finished product. This submarine has been built with the members'
best effort and capabilities and Archimede has high expectations for the next races. The
document has been written in order to make it easy to read. Consequently, there is no detailed
calculation or analysis presented in the core of the text.

Team Organization
Archimede possesses its very own philosophy that defines the team and distinguishes it.
The directorate’s priority is to establish and maintain a team spirit that will guide everyone’s
action and involvement throughout the year.
The project is entirely run by undergraduate students from many field of engineering
offered at Polytechnique. It is important to mention that our work is extracurricular and that no
teacher is directly involved in our actions to manage the development of the project. Thus, to
ensure the sustainability of our activities, our team is deploying great efforts in recruitment and
promotion for the society to acquire new talents every year.
To maintain the team spirit, it is crucial that each of our members feels personally
involved in the full development of the submarine. We strongly encourage student implication
through the completion of their compulsory final academic projects. In this sense, our effectives
have been distributed according to everyone’s abilities so that every components of the
submarine could be developed simultaneously during the year. Their work has been divided into
four main categories: the mechanical (which is subdivided in two departments) and electronic
components, the simulation system and the marketing department.
The directorate of Archimede is composed of five members who are taking charge of
every administrative task: a general director responsible of the overall administration, a
mechanical department director, an electronic department director, a simulation department
director and a marketing director. It is important to note that the general director and the
mechanical department director are both treasurer.

Archimede VI mkII Operation and specifications
Trim
The submarine is trimmed by adding weight at the front or at the rear of the submarine.
Foam can also be added is case of negative buoyancy. Velcro is used to secure the weight inside
the submarine.

Navigation
The pilot controls the movement only in two axis: pitch and yaw. The pilot has no
control on the roll control of the submarine. In fact, the control of the submarine on this axis is
ensured by its trim.

Specifications
The specifications shown in table 1 were either directly measured on the submarine or obtained
from the CATIAV5® model. The weight was calculated from measurement. Since the submarine
is trimmed to be neutrally buoyant and to stay horizontal with the pilot inside, the center of
buoyancy acts exactly on the center of gravity of the wet submarine.

Table 1 : Archimede VI mkII specifications

General
Overall Length
Hull max diameter
Inside Volume
Dry weight (including air tank)
Propulsion
Technology
Propeller optimal speed
Number of blades
Performance
Design speed
Gearbox
Design Cadence
Maximum Speed ratio
Steering system

131,5 in / 3340 mm
28,5 / 723 mm
20,34 ft3 / 0,576 m3
200 lbs / 90,72 kg
Single-propeller
950 rpm
2
8,0 kts / 4,6 m/s
80 rpm
13
Electrical

Mechanical Department
Hull
Design and shape
To develop a new generation of Archimede, the team leader decided to improve the
characteristics of Archimede VI. The new design of Archimede VI mkII mainly consists in an
optimization of the last submarine’s profile. In order to reduce drag on the hull to obtain more
speed and provide an improved installation configuration for the pilot, the hull shape was
redesigned. The main dimensions of new hull are as follow:

Table 2: Hull’s dimensions

Length
Height

3302 mm / 130 in
723 mm / 28,5 in

As a result, the total width of the submarine decreased and the length slightly increased.
The side profile of new hull presented in the following figure.

Figure 1: Side profile of the submarine (Archimede VI)

The actual shape of the submarine was the result of a multitude of computational fluid
dynamic analysis using Ansys Fluent®.
As we mentioned earlier, the most important reason to change the submarine's hull
profile was to achieve a highest speed in competition. A general drag calculation showed the
following result:
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Figure 2: Power-speed diagram

The figure shows that the curve is not linear. To obtain a speed of 7 knots (3.6 m/s) the
required power is 450 N and for a speed of 8 knots (4.6 m/s) the required power is about 650 N.
This result was used as an input for the propeller design verification.

Materials
Archimede VI mkII is made of a sandwich composite hull. This
means that a lightweight material was used in the center of the hull to
separates the inside fiberglass layers from the outside fiberglass layers.
This material is Corecell A-Foam; a foam specialized for sub-sea
applications (as shown in figure 3). This was intended to add buoyancy
to the submarine, to increase its strength perpendicular to the surface
of the hull and to add resistance to bending stress.
Figure 3 : Corecell

The composite layers used in the hull are the following, from the outside to the inside of the
submarine:
 Wax finish

Outside Layers

 2 layers of paint
 2 layers of gel coat
 Water resistant putty
 1 coat of mat fiberglass fabric with epoxy resin
 1 coat of bidirectional fiberglass fabric with epoxy resin
 1 coat of bidirectional Kevlar fabric in the nose for additional resistance
 1 coat of mat fiberglass fabric with epoxy resin
 Corecell with epoxy resin, light weighted with glass microspheres
 2 coats of mat fiberglass fabric with epoxy resin
 Paste of epoxy resin with glass microspheres for inside texture
 2 layers of gel coat

Inside Layers

Fabrication
Fabrication started with a first prototype made out of foam and machined on a 5-axe
milling. After sanding up the plug, it was covered by a 10-ounces bidirectional cloth for more
homogeneity of the surface. The mold was then layered up on the foam model, using fiberglass.
The composite layers in sandwich mentioned above were deposited on the inner surface of this
mold.
This way, two half hull were fabricated and then joined together using smaller pieces of
corecell and additional fiberglass reinforcement. Care and precision were crucial to make sure
the two pieces fitted perfectly. Water resistant putty was used in order to conserve tangency
and curvature continuity between the two half, all around the submarine. Reinforcements were
also added inside the rear end of the submarine.

Analysis of force dissipation
Since the type of composite layers in sandwich used for the fabrication of the hull is not
a standard material FEM software, its properties had to be determined experimentally. A
sample of the hull was produced using the same procedures as for the hull. This sample was
subsequently subjected to bending moments and strain forces.

Figure 4 : Bending test performed on Corecell S-Foam

An example of these tests is illustrated in figure 4. The resulting deformations allowed
us to compute desired properties. These properties are listed in table 3.
Table 3: Mechanical properties of the sandwich material

CorecellTM A-500 (SAN foam)
Thickness
Young's modulus
Shear modulus
Layer of fiberglass
Cured thickness
Longitudinal Young's modulus
Longitudinal shear modulus

9.5 mm
81 MPa
26 MPa
0.5 mm
72 GPa
33 GPa

The same sample was also modeled in Catia using the Composite Design workbench and
a finite element analysis was performed on the sample. This test was performed to validate the
finite analysis model.

Figure 5 : Deformation results on Corecell sample analysis

Once the model was validated, a finite element analysis of the complete hull could be
performed, by applying the forces transferred to the hull by the propulsion system. More details
on these forces will be given in chapter 8. The figure above illustrates the results of the
deformation analysis.

Figure 6 : Finite element analysis on the hull

The finite element analysis of hull predicted a maximal deformation of 0.748 mm. This
distortion is minimal and thus will not cause any problem when using the submarine and
pedaling at high speed.

Fins
The fins are essential to allow the pilot to control the submarine trajectory. Archimede VI had
four fins: two lateral fins to control vertical motion and two others over and under the hull to
control lateral movements. They were designed using the NACA0010 profile, very thin in order
to minimize drag, without compromising their mechanical properties. Furthermore, given the
cable mechanism used for the direction system, the surface of the mobile part of the fin had to
be small enough for being activated manually by the pilot while pedaling without too much
effort. The fins design has been largely reviewed for Archimede VI mkII. The reasons and
methodology that led to the new development will be detailed in this part of the report.
eISR modifications
The eISR race consists of a looping course ending on slalom. Therefore a more agile sub is
favourable. The eISR fin team opted for a rudder design where a large fin is placed directly
behind the propeller. This set up allows mainly to compromise drag for manoeuvrability. In
order to optimise these factors a team was assembled.
The resulting design is a large and sturdy rectangular fin held on the shroud. The NACA 0012
profile was chosen for its proven performance has a boat rudder. This profile also allowed a
stronger fin, which was necessary for any protruding component. The assembly has been design
to allow rapid change between fins as to not penalise our chances of racing due to unplanned
maintenance. All that was left was to put our new design to the test.

Figure 7: Yaw fin assembly

As expected the rudder greatly increased the sub agility. The main reason behind this is that
there is always water flowing over the rudder which allows this fin to generate lift even if the
submarine is not moving. We observed this effect during the slalom where the submarine was
able to turn at a relatively constant speed even as the submarine itself slowed down to
manoeuvre the course.
In term, we gained a great amount of lateral stability with the addition of the rudder. So much
so that it is now the primary yaw axis control surface. It will therefore be used on Archimede VI
mkII for this year ISR race. We are confident that this will allow us to keep the submarine on a
straight arrow trough the course.

New addition
Based on the eISR upgraded we decide to tackle our pitch stability. As any diver knows it is far
from easy to keep a constant depth level will diving. This difficulty is ever so present when
moving at 7 knots. The sligthest change in pitch can cause air bubble to get traped in the hull
changing its buancy and causing the submarine to resurface. This issue could not be permited

for a straigth race and was therefore chosen as a primary goal for the mechanical departement.
We decided to tackle the depth stability problem by optimising our pitch control.
To optimize pitch stability it was critical to keep the submarine level. This insures the vehicle
stays on a straight line but it also allows air to escape the hull thus keeping our buancy constant
throughout the race. To fix this issue we had to review our previous designs. It had been
observed that Archimedes VI was by far our most sensitive submarine. Therefore it was decided
that Archimedes VII mkII would use much smaller fins, which seemed rational at the time since it
allowed reducing drag and sensitivity. A smaller fin generates a smaller lift force which in terms
meant that recovering pitch becomes harder.
Based on the rudder design we found that a slightly chubbier fin allowed for a great compromise
between drag and control. It was therefore chosen has a baseline for the new fins. From there
we chose to go back to the flap design used with Archimede V. To prevent the issued observed
with this design we’ve also limited the rotation range from 180 to roughly 60 degrees. The
overall dimension have also been reviewed in the hopes to generate has much rotational drag
has possible in the pitch axis.
The figures bellow show the influence the tapered fin design has had on the new design.

Figure 8: Archimede VI Fins (CAD model)
Figure 9: Archimede VI mkII Fins (CAD model)

Final configuration
The final set up consist of our new fins for pitch control, the rudder for yaw control and two
static fins to act as stabilisers. The two static fins will be used to protect the submarine from
impact if it should ever hit the bottom. Therefore these will be made of plastic.
Materials and manufacturing
New materials and manufacturing processes were used for the fins of Archimede VI mkII. The
manufacturing design was made using experience from previous submarines and new analyses.
The fins of Archimede V were made out of a composite sandwich structure, with external
surface made from carbon fiber and internal core from epoxy. They were pretty solid but they
were very long to make and during the competition, the time needed to replace a damaged fin
was too long, as previously exposed.
The new stabilizing fins use an innovative composite concept: aluminum for the rods, plastics for
the main parts of the fins and fiberglass for the connection with the hull. The plastic
manufacturing of the fins is made by two silicon half-mold, joined together during the plastic
curing to make a homogeneous plastic part. Those molds were initially made by pouring liquid
silicon over halves of fins manufactured in aluminum by an external company. Finally, it is

important to note that replacement of fins during the competition will be faster and easier since
only the mobile part will be changed, without any epoxy curing or bonding.
Both the pitch and yaw fins will be made by cutting foam with a hot wire and infusing woven
fiber glass on the surface to strengthen the structure. This method allows us to produce a
medium amount of fins when compared to the quicker plastic fins. But the composite method
greatly reduces the cost associated to prototyping. This means developing a new fin model is
quick and cheap allowing us to change fin design for each race according the specifics of the
course.

Transmission
The past 2 competitions, the main problem of the submarine was coming from the drivetrain,
more precisely the transmission system. This component is getting old and needs to be changed.
That is why team decided to put most of the effort on designing a new gearbox by keeping in
mind all defaults from the old system.
Specifications required
The characteristic presented in table 4 were correct for designing the previous system. So the
design of the new system is based on these parameters. The main problems are on the
connections and links between the bicycle system and the transmission system (gearbox).

Table 4: Design parameters

Speed
Torque
Overall ratio

Input (pilot)
80 RPM
150 Nm

1:12

Output (propeller)
960 RPM
12.5 NM

Previous system
The transmission is composed of a multitude of parts. The structure comprises five aluminum
plates and a support for the reinforcing bar. Figure 10 shows the transmission assembly. Inside
the gearbox, the transmission has four gears, three shafts and six ball bearings. The input shaft
of the transmission includes a part that can accommodate a bicycle cassette.

Figure 10: Previous gearbox

New system
The new system is simpler. The system is mainly composed of two stages. First stage is between
the bicycle crankset to the new gearbox. This ratio is 50:14 which is approximately 3.6:1, coming
from selected sprockets. Next, the gearbox is composed of two bevel gears that give a ratio of
3:1. The overall system has now a ratio of 10.71 which is perfect for our propeller. Figure 11
shows the main 3D model of the new gearbox that is going to be linked to the crankset.

Figure 11: New transmission system

Crankset and his support
The front transmission system, which his composed of a bicycle crank set, is all-new. An
aluminum beam on the bottom supports the system. This support is stronger. Less energy is
loose because there is no torsion in the support. All the energy is transmitted to the propeller.
There is also an advantage on the position of it. There is more space for the pilot’s shoes.
System is presented on figure 12.

Figure 12: Crank set system

Overall system
The team put most of his effort on the drivetrain system because it was his main problem in
past competitions. The new system is showed on figure 13.

Figure 13: Drivetrain system

Propeller
Archimede VI mk II will be using the same propeller as its
predecessor. It is a dual blade stainless steel propeller
specifically designed for an underwater vehicle such as
Archimede. Its optimal rotating speed is 950 RPM. As shown
on figure 14, this propeller will be consigned in a shroud
whose dimensions respect a standard profile. This shroud
ensures a drag reduction by guiding water flows around the
propeller. It increases a lot the propeller’s efficiency at lower
speeds. The thrust produced by the propeller is transferred
directly to the rear of the hull through a ball bearing and the
tubular structure.
Figure 14 : 3D model of propeller and shroud

Design of the propeller
The main objective of the design method was to ensure maximum efficiency for a given power.
This power comes from the torque given to the main shaft by the pilot, with the help of the
drivetrain system to increase the rotational speed.
Thus, a minimal number of blades on the propeller was chosen to maximize the propeller
efficiency, even though it would induce more vibrations on the main shaft and the hull. In fact,
fluid dynamic laws show that a lower number of blades means an increased diameter of the
propeller, which leads to higher Reynolds number for the fluid flow around the tips of the blade.
The drag coefficient of the blades is then reduced, so the propeller’s efficiency is increased.
Furthermore, a lower value for the area ratio of the blades (BAR ratio) was chosen to support
the same principle.

The blades were designed using standard dimensions established by the Kaplan propeller model.
This type of propeller was specially designed to fit an appropriate nozzle, which will be discussed
later. A skew distribution was then applied to the central guideline of the blades in order to add
a little angular deviation along the radial axis of the blades. This skew distribution was chosen to
have an opposite effect on the induced vibrations described previously. This effect is created by
the angular gap that the skew gives between the root and the tip of the blades. It has even more
effects when the propeller is used in an inhomogeneous wake field like the environments where
the submarine will progress. The final computer modeling is given in figure 15.

Figure 15 : Computer modeling of the propeller

Finally, the reverse engineering process was applied to the
propeller to ensure the respect of the machining tolerance
and to digitally measure the surfaces dimensional variations
between the theoretical model and the built propeller. The
figure 16 presents the results of the scan of the final piece by
using the Handyscan laser scanner device, from Creaform.
The white dots represent the keypoints used by the laser for
positioning the propeller’s surfaces in space.

Figure 16 : Dimension scan results obtained with
a Handyscan

Propeller’s shroud
The propeller’s shroud was designed by using a MARINE standard profile. It was chosen to fit the
Kaplan propeller discussed previously. Its inner diameter allows minimum clearance between its
surface and the tips of the blades in order to reduce energy losses from tips vortices. The final
modeling made with CATIAV5® is represented at figure 17. The same reverse engineering
process described for the propeller was applied for the shroud. The figure 18, illustrates the
scanning in progress.

Figure 17 : Computer modeling of the shroud

Figure 18 : Dimension control scan in progress
on the shroud

The shroud’s fins
The shroud is supported by five fixed fins connected to the
stainless steel tube at the submarine’s hull ending such as
illustrated by the figure 14. Their final computer modeling
using CATIAV5® is illustrated in figure 19. These fins were
designed in accordance with the standards of a NACA
profile to ensure maximum efficiency and minimum drag.
They deserve particular attention because they are
designed to give the water flow a rotational momentum
before it reaches the propeller. This effect is crucial
because it is aimed to cancel the inevitable momentum
Figure 19 : Computer modeling of a
shroud fin

given by the propeller’s rotation. It results in a reduced
momentum that has negligible effects on the submarine.

Furthermore, it gives another gain in the propeller’s efficiency while supporting the shroud and
transferring the forces and constraints created by the propeller to the hull.
Propeller verification for Archimede VI mkII
Because the Archimede's hull form was changed and we have to use the same propeller as its
predecessor, verification steps were carried out to verify the capacity of propeller to produce
sufficient power. We use the B-series method which is widely used in the preliminary design of
light or moderately loaded marine propellers. The input principal data are as follow:
Diameter: 0.4 m
No. of blade: 2
Water density: 1000 kg/m3
RPM (Number of rotation per minute): 600-900
The analyses by B-series method shows that, the existing propeller is suitable to use in
Archimedes 6 mkII. This propeller is able to produce enough thrust to obtain the speed of 8
knots.

Electronic Department
Steering system
This year, we improved our submarine by adding an electronic joystick linked to a
microcontroller and servomotors. Our previous steering design consisted of a manual
mechanical handle system with cables that controlled the ailerons. That design served us well in
the past as proven by our second place in last year's competition. However, it had some flaws
that needed to be improved in preparation for this year’s competition. First of all, the old
manual joystick lacked precision, making it hard for the submarine to keep a straight line.
Secondly, because it was all mechanical, the pilot
had to pull the aileron manually, which was tiring.
Finally, the manual joystick of the old system was
large, leaving little space for the pilot.
The addition of a microcontroller that controls the
electronic

steering

enables

us

to

leverage

additional electronic instruments, such as an
Figure 20 : Potentiometers and
microcontroller

accelerometer and a gyroscope that help maintain
the

submarine’s

stability.

The

Arduino

microcontroller translates the sensors’ information into commands for the three servomotors
that control the ailerons’ rotation. These additions increase the control precision which results
in a better race trajectory.
Our goal is to beat last year’s speed record. To succeed, we chose to minimize the burdens of
navigation through automation. This will allow the pilot to focus his energy on pedaling
propulsion. The pilot will be able to put all his energy in his legs instead of pulling the ailerons
with a manual joystick and cables, to keep the submarine stable, so he will offer a better
physical performance.
In addition, the electronic joystick is smaller than the mechanical one which needed a large
range of motion. This new solution is also better because it only requires a single cable between
the joystick and all the electronic instruments located at the tail. The physical space saved with
this new steering design provides the pilot with more room to perform at his best.

First of all, to control the submarine, we use a joystick. The
joystick looks like one we can find on a videogame controller
(Figure 21). It translates linear movement into a digital input which
is produced by a push button, two buttons for pitch and two more
for yaw. These buttons are plugged between the 5V and the digital
pins of the Arduino microcontroller (Figure 22). That way, the
microcontroller gets the information it needs, by the digital
inputs, to control the servomotors according to the pilot’s Figure 21: Joystick
maneuvering of the joystick. We use three servomotors to change
the angles of the ailerons. We chose those servomotors by
calculating the torque needed to turn an aileron. Each of them is
connected to the 5V pin of the microcontroller as well.
Secondly, we use a gyroscope to detect the angle from
the horizontal. A gyroscope measures the angle by second of a
rotation according to three axes. With this instrument, our
microcontroller can detect if our submarine goes up or down and
will stabilize it according to the gravitational acceleration Figure 22: Arduino microcontroller
following the z axis. It is also equipped with an
accelerometer which will allow us to know the
speed of the submarine. To do so, we only
need to do an integral of the acceleration
following the submarine direction. You can see
the final electric circuit on Figure 23.

Thirdly, this whole system will be use
underwater, so it is very important to make it Figure 23: Electrical circuit
waterproof. The microcontroller will be in a
separate box with the 12V batteries that power it, sealed by an o-ring. The wire is leaving the

box in an isolated sheathing, sealed on the box. For the joystick, we will use heat shrinking
plastic, so the moveable part can be controlled by the pilot. And lastly, the servomotors will be
fixed in their own individual box to lower the chances of breaking them all at once. To move the
aileron we will use a waterproof bearing placed in a hole on the box with another o-ring to
prevent leakage and still provide movement.
The whole program will be done in Arduino because of its simplicity. The program will
read all the information coming in from the joystick and the accelerometer/gyroscope and will
send the right command to the servomotors to go in the desired direction. When the joystick is
not activated, the microcontroller will maintain the submarine horizontal by calculating its angle
with the gyroscope. When the pilot will want to change the submarine’s direction, the
microcontroller will send the signal to the servomotors. Since the joystick we chose uses buttons
instead of potentiometers, it is not possible to control the amplitude of the turn. To solve that
problem, the aileron will initially move to a certain position and if the pilot continues to hold the
joystick, the servomotors will gradually increase their angle to make a sharper turn. Also, to
prevent the submarine from pitching too rapidly, which could cause a problem to the pilot's ears
because of the fast pressure change, the program will insure that the submarine does not raise
or lower too fast. This way, the pilot won’t have to worry about having ear problems
underwater and will focus on the race.
All the parts of the electronic steering were chosen to make the best system possible
within budget. We needed the servomotors to be powerful enough to turn the ailerons
underwater and to do so in a short time. The estimated torque needed to turn an aileron is 7
N∗m or 991 ounce∗inch. Our servomotor can deliver 1032ounce*inch at 4,7V which is sufficient
because we will use them at 5V and that will help raise their maximum torque. We also need the
servo to be fast so it won't take too long for the aileron to be positioned at the desired angle.
Our servo meets this specification with a time of 0.54 second to travel 60o. The longest
trajectory that our servo will need to do consists of 90o and it will take 0.81 second to do that
movement without a load. If we take it underwater, with the weight of the water, it takes more
time (around 1 seconds) which is fast enough for the pilot to maneuver out of a hazardous
situation.

Simulation Department
Simulation
The simulation is a new module of this year iteration of Archimedes. It has been implemented in
order to fulfill two important objectives. First of all, it has to help the pilot’s training before the
race, so he can experience how the submarine reacts underwater. Secondly, it has to help in the
future design of the submarine as a prediction tool. The methodology used to develop the
simulator will be described in this report and it will be presented in two different section. Firstly,
the computer programming will be detailed. Secondly, the physics equations used to simulate
the submarine behavior will be explained. Lastly, a quick review of the technics used in the
fabrication of the piloting cabin will be shown.
Codification
The program handling the inputs and the display of the simulation itself was coded in C++, using
object oriented concepts. It uses three threads in order to make the program run fluently.
In the first place, the input thread is in charge of getting all electrical signals providing from the
controls, which are the pedals and the directional stick. The voltage outputted from those
devices is converted by an Arduino into a numerical signal that can be then handled by the
thread on the computer. Running on a high cycle, this part of the program makes sure to get
most of the commands given by the pilot. Finally, after reading the numerical signals from the
Arduino, this thread is in charge of converting the voltage value to either a number of rotations
per minute or an angle.
Secondly, the physics thread is in charge of evaluating the position, the speed and the
acceleration of the submarine. This thread must be running often and it has the highest priority
of the three in order to get the most time steps in the discretization of the physics. This will
ensure that the simulation stays the closest as possible to the reality and that errors propagate
the slower possible into the model. For the equations coded in this thread, they will be
discussed in a later section of this report.
Lastly, the display thread is in charge of creating the render scene for the pilot’s to see in an LCD
screen. It has to be adjusted to where the window is in the simulation cabin in order to show the
correct viewport. This threads as the less priority but should not go below 30 frames per second,

in order to keep the experience as smooth as possible. The elements shown are minimal to
minimize the calculation time of this part of the program. As such, only the walls of the pool are
rendered with a fog to simulate the particles restraining visibility in the water. The following
diagram shows a diagram of the different classes implemented in the program.

Physics Model
The physics model evaluates the forces and momentum applied on the submarine due to
hydrodynamic forces. In order to simplify the calculation and enable multiple submarine models
to be implemented in the software, the submarine is subdivided in parts, like the main body, the
fins or the propeller.
For the propeller, a file containing the pitch and the losses of the propeller is used. We can then
use those parameters in the following formula:
𝑇 = 𝐷 𝑆 𝑉𝑝 �𝑉𝑝 − 𝑉1 �
Where 𝑇 is the thrust produced, 𝐷 is the diameter of the propeller and 𝑉1 is the speed of the
water entering the propeller.

𝐷2
𝑆= 𝜋
4
𝑉𝑝 = 𝑝𝑝𝑝𝑝ℎ ∗ 𝑅𝑅𝑅 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙)
With those equations, if all units are in SI, we can obtain the thrust produced by the propeller, in

Newton, applied perpendicularly to the propeller. As the program uses time steps discretization,
it is to be noted that the speed used is not the actual speed, but the speed of the precedent
time step.
For all other hydrodynamic surface, like fins and body, the general dimensionless equations
were used.
1
∗ 𝜌 ∗ 𝑉 2 ∗ 𝑆 ∗ 𝐶𝐿
2
1
𝐷 = ∗ 𝜌 ∗ 𝑉 2 ∗ 𝑆 ∗ 𝐶𝐷
2
1
𝑀 = ∗ 𝜌 ∗ 𝑉 2 ∗ 𝑆 ∗ 𝑐 ∗ 𝐶𝑀
2
Where L is the lift, D is the drag and M is the momentum produced by a fin. All those forces are
𝐿=

applied at ¼ of the mean chord. All the coefficient (CL, CD, CM) were calculated using the

software XFoil, then compiled for a series of angle of attacks and Reynolds number, which
determines the speed of the submarine, in some text files in order to increase the speed of the
simulation in real time. Then, depending on the geometry of the hydrodynamic section, we just
have to include the dimensional parameter such as the surface and the chord in order to obtain
the forces and momentums on the submarine from that part on the submarine. We finally just

add up all the parts to obtain the resulting forces that we convert into acceleration by dividing
by the mass of the submarine.
To conclude the physics part, it must be specified that collision impact are not calculated in the
simulation as we want the pilot to avoid them. The program only reacts by warning the pilot
that he has hit a wall and restarting the simulation.

Fabrication
The simulator was implemented inside the hull of Archimedes V to maintain low cost and time
efficiency on the fabrication part. All the holes were sealed with silicon in order to be able to fill
it with water.
The directional stick used in the simulator is a copy of the new stick used in the real submarine,
which has been 3D printed. It uses two potentiometers to retrieve the angle of the stick.
Electrical wires bring the signal back out of the hull to the Arduino to prevent the electronic
from being wet.
The pedals had to be made from scratch since the only set possessed by Archimedes will be
used in the real submarine. Thus, a new one was manufactured from steel tubes and plates,
welded together and coated to resist corrosion. The final assembly looks is shown in the
following figure. The rotation is then transmitted to a dynamometer with a driving belt. As the
pilot pedals, the dynamometer generates a potential differential, which is measured by the
Arduino.

Figure 24 : Pedals assembly

Finally, the computer is placed in front of the simulator, far away enough from it in order to
prevent water from getting into it. The screen is placed on a base right under the cockpit
window. A plexyglass is covering it to prevent water from touching it if a failure in the window
would occure while the submarine is full of water. The cockpit is then covered by a sheet to
minize reflexion on the screen and to isolate the pilot to recreate the real life situation. The
assembly is shown in the following figure.

Figure 25 : Screen and computer montage

Expectations
With the simulator now in place, we expect the new pilot to have a better performance during
the races by maneuvering better in the submarine. For next year, we also expect the pilot to be
more used to work underwater with diving equipment.

Safety Requirements
Safety equipment location
Escape hatch and
Inside hatch handle
(right side looking fwd)

Pop-up buoy switch

outside handle
Pop-up

Main air tank

(left side looking fwd)
Figure 26 : Safety equipment location

Emergency pop-up buoy
In the event of an emergency situation, a pneumatic system will automatically release a white
pop-up buoy. On Archimede VI mkII, this device is actually an integrated small circular part of
the hull. Located at the back of the submarine, it is fixed to the hull by to small pneumatic piston
related to a dead-man button. When the pilot holds this emergency switch, air pressure from an
individual pony bottle is kept in the piston. If the pilot releases the switch, the pressurized circuit
is instantly opened, releasing the pressure and retracting the pistons. The switch is located
inside the nose of the submarine. The buoy than detached from the sub and reaches the surface
in an instant, signaling help is needed. The buoy is attached to the submarine by a roll of thirty
feet of 1/16 thick yellow nylon rope.

Crew visibility
Crew visibility has been largely improved in Archimede VI mkII. The crew visibility is
assured through the nose of the submarine, which is completely made of a plastic sheet,
thermoformed through a vacuum thermoforming process, to fit the complex shape of the front
of the submarine. This process consists into heating up a plastic sheet, which is then stretched
over a mold thanks to a vacuum pressure applied under it. This design ensures a complete 180°
degree vision angle both vertical and lateral directions.

Air supply
Archimede’s team worked hard to meet and exceed every safety requirements for the
competition. Thus, the primary air supply carried onboard is a standard aluminum scuba diving
thank equipped with two regulators, and both depth and pressure gauges. The main air tank is
located just under the pilot and is secured by two nylon strap. It is positioned in a way to
minimize as possible the roll of the submarine. The secondary air supply is a small 3L bright
yellow pony bottle equipped with its own regulator. It is permanently attached to the pilot’s
waist.

Strobe marking light
A standard scuba diving strobe light is fixed on top of the rear end of the submarine. It
delivers a bright white light visible from every angle. The strobe is located just forward of the
upper fin.

Escape hatch
The escape hatch can be opened from the inside and from the outside. Both
mechanisms are identified by bright orange paint. Both mechanisms are fully independent to
ensure safety in case of a failure. The size of the hatch is 26” (0.66m) long and 22” (0.56m) wide.
The location of the hatch allows the rescue divers to easily access the pilot legs in case of an
emergency. A nylon strap prevents the hatch from floating away.

Restrain
No restraining systems are used except for road clipless pedals. The shapes of the
submarine provide enough support for the pilot.

Future projects
Automated transmission gearbox
We are currently using a transmission with a gear ratio of (1:12.5), which allows us to obtain a
good speed despite our difficulty to accelerate promptly. In order to improve the velocity and
the inertia of the submarine, we opted for a gear hub that has two speeds and that would
automatically change our gear ratios, starting with (1:12.4998), and then to (1:16.9998). The
first ratio, being lower, should help us accelerate in the beginning just like how a person starts
off in the lower gear when riding a bike. The second gear, being bigger than the one on our
current transmission, should allow us to go even faster and thus to beat our speed record of 6.9
knots.
The pedal gear has 50 teeth, the input gear of the hub has 19 teeth and the hub has an internal
ratio of 1:1.36. To connect the gear to the transmission, we add another 19 teeth gear identical
to the input gear of the hub. On the transmission shaft there are two gears that we could use,
one of 12 teeth and another one of 14 teeth. At the end of this shaft there is a bevel gear of 54
teeth which is linked to an 18 teeth bevel gear which is connected on the propeller shaft. The
figures 27, 28 and 29 show these parts of the transmission and the number of teeth associated.

Figure 27: Ratio Calculation

The pedal

50 teeth

Figure 28: Pedal system

14 teeth
12 teeth
54 teeth

The first shaft of the transmission
Figure 29: First shaft of the transmisison

The second shaft of the transmission (which is
connected on the propeller shaft)

18

Figure 30: Second shaft of the transmission

The figure 27 is a scheme that shows the number of teeth of the different parts of the
transmission and the different gear ratios in the transmission. So depending on which gear on
the first shaft of the transmission we link the gear hub, the gear ratio for all the transmission is
1:14.5711 or 1:16.9998. Without the gear hub, these ratios are 1:10.7142 and 1:12.5001. So
adding the gear hub is an improvement because with the new ratio, the diver needs to pedal
slower than before.
One of the flaws of this system is that we will have to use two chains, one going from the pedals
to the automated gear hub and the other one transmitting that movement to the old
transmission which will make our propeller move. Having more systems and more chains means
there will most likely be a loss of energy. Never the less we believe adding such system will
greatly overcome the addition of the second chain. Furthermore, we decided to keep the old
transmission in the submarine in case we encounter a problem with the gear hub and because it
is already aligned with the propeller. This means we will lose a little bit of space in our small

submarine. To make assure our pilot has enough space, we decided to weld two aluminum
pieces to the old transmission and connect our new relay on them, right above the old system.
The support of our new gear hub is made of 6061 aluminum plates. The two parts we built are
shown in the figure 32. We can imagine that the gear hub extremities are placed in the holes.
Between the two vertical plates of this part, we will put a tube of 2 inches by 2 inches with a
thickness of 1/8 inches made of 6063-T52 aluminum. We will fix the piece of the figure 31 with a
rod that can be inserted in one of the four holes made in the assembly. With four holes we will
be able to adjust the height of the gear hub if necessary. The figure 32 is a picture of the
assembly just before we weld the little piece on the top of the piece showed at the figure 31.

Figure 31: Transmission gear hub support (CATIA MODEL)

Figure 32:Transmission gear hub support (PROTOTYPE)

Propeller
Current propeller
The signature propeller is a ducted design used on large cargo ship. This propelling system has
been our first choice for the last 9 years. The ducted configuration allows for a much smaller
propeller. This effect is due to flow optimisation in the blade tip where wing tip drag is forced
through the duct. The effect is similar to ground effect on planes where a wing generates more
lift closer to the ground.
Our configuration also includes a unique feature: the pre swirl stator. These hydrofoils are used
to hold the shroud in place but their primary role is to counteract rotation induced by the
propeller. These small fins stabilise the submarine around the rolling axis and have been
optimised to reduce drag as much as possible.
Manufacturing
The propeller was machined out of a single piece of 6061 aluminum on a 5 axis cnc milling
machine.
Performance
The nominal performance was set to generate enough trust to allow a cruising speed of 8 knots
considering that the pilot generates about 1300 Watts. We know from our eISR performance
that a speed of 7 knots is reachable using around 900 Watts.
Future propeller
We know from experience that a normal pilot can generate around 700-900 Watts depending
on his physical condition. A clear issue exists between our target 1300 Watts value and the
practical power available. This year we resolved the issue by redesigning the propeller for a
target power of 900 watts.
This new design consists of our staple ducted configuration but with a much more aggressive
propeller blade. As shown below, the new blades have a much greater pitch variation then this
year’s propeller.

Figure 33: New propeller blade

Simulation of the propeller has yielded the following table.
Table 5: New Propeller Specifications

V
(m/sec)
4,12
4,12
4,12
4,12
4,12
4,12
4,12
4,12
4,12
4,12
4,12
4,12
4,12
4,12
4,12
4,12

n
(Rpm)
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900

η=Pu/Pa
(Nm)
0,87
0,86
0,86
0,86
0,86
0,86
0,85
0,84
0,84
0,84
0,84
0,83
0,82
0,82
0,79
0,80

Couple
(N)
5,16
5,75
5,90
6,38
6,87
7,18
7,89
8,22
8,66
8,84
8,98
9,34
9,94
10,48
11,19
11,90

Traction
(W)
85,2
96,2
99,8
109,0
118,4
125,0
137,9
144,8
153,5
158,2
162,3
169,6
181,2
191,8
201,0
218,7

P arbre
405,0
457,8
475,7
521,2
568,2
601,3
669,7
705,9
752,3
777,5
799,4
840,8
906,0
965,6
1042,6
1121,3

Pu=T.V(W)
(W)
350,5
395,8
410,7
448,5
487,2
514,6
567,7
595,9
631,6
651,0
667,9
698,2
745,7
789,3
827,4
900,1

delta P
(pas)
1719,3
1941,5
2014,6
2200,0
2390,0
2524,1
2784,6
2922,9
3097,9
3192,9
3275,9
3424,6
3657,5
3871,6
4058,6
4414,9

These results show us that it will be possible to aim for speeds of about 8 knots which is what
Archimede VII will be designed to do. We are currently in process of manufacturing and soon
testing the propeller. This new design will be implemented as part of our new prototype
Archimede VII.

Sonar
One of the next projects for the electric department will be the construction of a sonar
system for the submarine. This new device will be a security feature to assure the safety of the
pilot and the submarine. With the help of a hydrophone the microcontroller will be able to
calculate the distance separating the submarine to each surface surrounding it. In the earlier
version, the device could rely on some alarm to ensure the pilot don't go head up in to a wall.
But it will be possible to connect the sonar to the electric joystick; in this way the submarine will
be able to automatically correct its own path. The sonar should be equipped of at least three
hydrophones so it could be able to a have a measurement of all the surrounding of the sub. All
the distances will be calculated in a microcontroller and send to a screen so the pilot is advised
of the path of the submarine.

Conclusion
Every member of the team strategically covered the different stages of the project so that every
component of the submarine would be mentioned. Principally Archimede will have a whole new
transmission system as well as a way more efficient steering system (including the fins) with a
new concept. This report presents every phase with preliminary explanations supporting each
engineering decision with precise analyse using the most recent engineering software.
The team has great assurance that their vehicle will perform and has high hope for the next
races. Archimede is looking toward to see their submarine push the limits once established by
its predecessors.

