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ABSTRACT

Cygnus IVis a single-seated human-powered submarine designed for the 2022 edition of the biennial
European International Submarine Races (elSR). The design and manufacturing included a hull, frame,
propulsors, transmission system, control and control surfaces, safety system as well as ergonomics and
in uenced by different design aims such as innovation and biomimetic. Additionally, the submarine was
trimmed and the reliability was tested.

The hull is made out of transparent PET-G panels assembled and shapes the submarine very character-
istically. To reinforce the hull by resisting impacting forces to a greater extent, a supportive frame was
created as a lightweight and thus innovative design part. To enable a biomimetic and sustainable propul-
sion, Mirage Drives, which simulate the "Aquatic Flight" of penguins, were used. To apply forces and
transmit them to the Mirage Drives, a cycling pedal system was implemented. Control surfaces were de-
signed with mechatronic automation in mind. The safety system included a safety buoy which could be
released via a dead-man-switch and the convenient operation of the submarine was enabled by different
ergonomic improvements.

Because of the lack of time, a previously designed and built subm&inershark Mod I} was partially
redesigned and improved ®ivershark Mod llIfor training the pilots and as a back-up plan in case
Cygnus IVwas not completed on time.

To improve the reliability ofRivershark new safety mechanisms, hatch systems, and control surfaces
were implemented. The safety buoy was enlarged, and the release system was improved to a dead-man-
switch to meet the required standards for the race. The hatch system inside the submarine for the pilot
was improved to ensure more reliable intentional opening, and to prevent accidental opening during the
normal racing course. New control surfaces with a new hydrofoil-pro le were adjusted to reduce drag,
and stabiliser ns were applied to provide more stability.
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1. INTRODUCTION

The submarine team Rhine-Waal University of Applied Sciences (HSRW) presents a new submarine
Cygnus IVfor the European International SubRaces 2022. Due to a longer covid-break, a total new team
was recruited consisting of students with various scienti ¢ specialisation from mechanical engineering
and mechatronics to bionics, materials, and biology.

Cygnus IVis a single-seat human-powered submarine using the unconventional propulsion system of
MirageDrives to compete in speed, reliability, and manoeuvring against other submaygesis 1Vis

the fourth submarine of Rhein-Waal University of Applied Sciences built in its FabLab.blue competing
against the other submarines. In the gRisersharkInia, andTrichitala were built and succeeded in the
international submarine races.

As sustainability and innovation become more and more crucial in the development of vehicles such as
submarinesCygnus IVwas designed to ful | these requirements. Therefore, the locomotion system, the
production of the hull and frame, and the utilised materials were improved compared to conventional and
previous submarines.

Due to the severe problems with propellers such as disturbance of underwater animals and high poten-
tially damage to itself and the marine vegetation, an innovative propulsion system was chosen. Ab-
stracted from the locomotion of penguins MirageDrives simulate the "Aquatic Flight" which creates
thrust by lift. Furthermore, to improve the propulsion system compared to the former submarine like
Rivershark Mod lI(Rivershark 1) a larger oscillatory radius of the MirageDrives was used and two addi-
tional MirageDrives were attached.

To reduce the material utilisation of the hull, a supporting frame was designed consisting of aluminium
poles to withstand the impact of forces. The hull was designed as a thin layer of PET-G and produced as
many panels, which are individually vacuum formed and screwed together. The usage of moulds of the
segments for the vacuum forming enables to easily produce more hulls or panels in case of damage in
the future.

Due to the limited amount of time for designing, manufacturing, and testirgyghus IVas well as

an increased effort for training the untrained team members, learning how to handle and trim a sub-
marine as well as training the pilots on its control was conducted with the previously built submarine
Rivershark Il so that the gained skills only needed to be transferre@ytgnus Rivershark Il always
showed great reliability in the past. However, additional improvemeniiwdrshark [lwere planned

and added to prepare it not only as a submarine for training but also as an optional back up plan, now
calledRivershark Mod Il

Hence, the submarine team of HSRW presents two design reports. In the rst part of this document, the
design, manufacturing, and testing@ygnus IVin preparation for the races is described. Additionally,

the improvements, manufacturing and testing of the new pamveirshark Illare further explained.

2. DESIGN PHILOSOPHY AND DESIGN AIMS

For the design oCygnus IVseveral aims were formulated which framed the project. The aims were
in uenced by former experiences made with the other submarines.
Sustainability was stated as the leading ambition for the design. Therefore, it was tried to plan and



manufacture the hull, the ns, the propulsion, the control surfaces, and controls to be as energy ef cient,
material saving, recyclable, and reusable as possible.

Furthermore, the design philosophy of sustainability included producing as many parts as possible locally
and without purchasing new machines. This reduces outsourcing as much as possible.

Additionally, innovation and biomimetic application were stated as important for the design as they play
a huge role in the races. The scienti ¢ specialisation of some team members in biomimetics further
bene ts the approach of a biomimetic design.

As announced in the last reportRifvershark Mod llas a future development the aim foygnus IVis to

reach 4kn in the races. In addition, the improvement of visibility and eld of view in the submarine as
well as semi-autonomous control systems were planned as a future development and are also considered
for Cygnus IV(HSRW submarine team, 2018).

Moreover, the planned design was in uenced by the design aim of modularity and ability to disassemble
in order to decrease the cost and effort for transportation and to simplify making changes for future
developments.

3. HULL AND FRAME

As sustainability, better visibility, and eld of view in the submarine are stated as aims for the design, the
concept of the main hull was divided into a hull and a frame. These facilitate the realisation of the team's
design aims while providing enough stability to withstand the occurring stresses caused by impact and
transportation, as well as to support the weight of the submarine while on dry land.

3.1 THE HuLL

This chapter deals with the hull, which unlike the team's previous submarines is designed to be com-
pletely transparent. First, the regulatory constraints and goals are discussed, which are then outlined in

the design chapter. Furthermore, in the following chapters the material selection, as well as the manu-
facturing process of the nal hull are described.

3.1.1 CONSTRAINTS AND AIMS

For the design of the submarine hull, some regu-

latory constraints must be considered in the sub-

sequent design phase. The pilot must be fully en-

closed in the hull, with a maximal width of 1.5m

and length of 5.5m. For safety reasons, it is also

necessary that the pilot's face and head are clearly

visible to support the pilot while being inside the

submarine.

Furthermore, it has proven to be important,

though not mandatory, to ensure that the pilot has

suf cient forward and sideways visibility duringFigure 1: Contribution of pressure drag and skin friction
the racing to follow the racing course and estimate to the total drag. The Cp data were obtained by

. . . dividing drag-per-unit-length data by 1 =2 U2,
direction and speed of the submarine. (Godoy-Diana and Thiria, 2018).



For better performance during the races and for

energy ef ciency, the submarine should be optimised to reduce drag. As the hull is the primary con-
tributor to drag on the submarine, it is critical that the design and manufacturing of the hull take this
optimisation into account. The preferred hydrodynamic shape must balance skin friction and pressure
drag while maintaining a favourable neness ratio as shown in Figure 1 (Godoy-Diana and Thiria, 2018).
Reducing surface area to minimise friction goes hand in hand with a desired low volume, which decreases
weight and increases the manoeuvrability of the submarine, keeping a good ratio between volume and
surface area. The shape and minimum volume of the submarine is mostly determined by the size of the
pilot and the propulsion mechanisms.

As modularity and the ability to disassemble were formulated as design aims the hull was designed to be
produced as several panels which could be screwed together. The usage of moulds of the panels for the
vacuum forming enables easy production of new hulls in the event of major damage.

3.1.2 DESIGN

The design of the hull was carried out using the Computer Aided Design (CAD) software SolidWorks
(Student edition Version 2021, Dassault Systemes, France). All constraints mentioned in the previous
chapter must be met in the nal design. The width of the submarine must ensure 45 cm for the shoulders
of the pilot and the height must grant 70.5 cm clearance, 36 cm for bicycle pedals, 26.5 cm for a shoe size
42 and 7.5 cm extra clearance for pedalling. To reduce the total volume, the main cavity was determined
by elliptical shapes. In order to t the pilot into the submarine, the distance between the critical point
at the shoulders and the highest point where the cycling motion occurs was set to be 140cm. Further
ellipses, for example for the pilot's head and the safety buoy were sketched and afterwards connected
with bent splines to reduce skin drag (Dean and Bhushan, 2010). By meeting all constraints, a reasonable
ratio of the maximum height of the submarine to the total length should be selected in order to obtain
a streamlined body by reducing the pressure drag. This ratio is also known as the neness ratio. With
a height of 70cm and a length of 315 c@ygnusmain body reaches a ratiog/lt of 0.22 (Figure 1).
Deviating from the optimal streamlined shape that Godoy-Diana and Thiria (2018) used, the highest
point was moved back to the pedalling area, to reduce the volume of the submarine.

The nose and tail of the submarine
were designed to reduce the total re-
sistance of the submarine as demon-
strated by Moonesun et al. (2015)
(Figure 2). Figure 3 shows the nal
design. The splines which connect
all the ellipses were used as guide-
lines for lofting the submarine to its
nal shape. The hull was designed to
consist of multiple pieces, so that in
case of damage single pieces can be

replaced. It contains two hatches ORigure 2: Total resistance coe cient for multiple Models (based on
top of the submarine. One of them wetted surface area). Model six was chosen as design basis.

. . Modi ed after Moonesun et al. (2015)
is located at the front to facilitate the



pilot's access, while the second is located at the rear to perform any maintenance work regarding the
transmission and controls. It is important for the front hatch to allow the pilot to enter and exit the sub-
marine easily even in emergency situations. The size of the front hatch has a width of 60 cm and length
of 90cm. For the rear hatch, single plates can be taken off since the hull is made of individual parts.
According to the rules of the race, there must also be a drain hatch in the hull of the submarine, which
can be achieved by loosening a single or multiple hull parts. The outriggers are less restricted and can
be designed close to the optimal streamlined body with the least resistance at a neness ratio around 4.5
(Hoerner, 1965).

Figure 3: Design of the Hull.  The hull consists of even parts and a big hatch for the pilot. The safety-buoy at the
end of the submarine is not included in the hull design.

3.1.3 MATERIAL

For the desired transparent hull and to obtain a more sustainable submarine, a recyclable polymer was
selected that can be thermoplastically deformed, has a high impact toughness and high breaking strength.
The material chosen is Polyethylene Terephthalate-Glycol (PET-G) (PET-G klar, S-Polytech, Germany),
which is also used for recycled bottles and provides a lightweight and comparatively inexpensive material
for the hull. After calculating the amount of PET-G needed using the nal design, the material was
ordered and picked up from a local company near the university. The material is available in 2000 mm
x 1000 mm sheets and therefore ideal for the vacuum forming process, which was therefore chosen as
the main manufacturing process. During the rst vacuum forming tests with the ordered PET-G, a sheet
thickness of 3 mm turned out to be suf cient for this application. The disadvantage of the material is its
lack of UV resistance and suitability for outdoor applications.

3.1.4 MANUFACTURING

The hull, which is made from PET-G, is manu-
factured using vacuum forming. Before the actual
forming process of the PET-G sheets can begin,
positive moulds for the hull have to be constructed
rst. In previous test phases the PET-G exhibited
wrinkles at a high degree of deep-drawing, lead-
ing to the conclusion that the hull needs to be di-
vided in smaller sections, each with a lower de- _
Figure 4: Manufacturing the moulds.  All mould were
gree of deformation. To ensure a good connection manufactured in the CNC

between the individual hull sections, an overlap of



4 cm was provided using the software Autodesk Fusion 360 (Education licence Version 2022, Autodesk
GmbH, Germany). As a material for the moulds, assorted LDF and MDF boards were selected that can
resist the vacuum forming temperature of about 130 °C.

In addition, the material was already available in the university lab and therefore did not need to be
ordered. The moulds were made with a KinectiC-NC (High-Z S-1400/T 1400x800 mm, CNC-STEP
GmbH & Co. KG, Germany) using a generated g-code in Fusion with reasonable settings. A down cut
bit was used for a better surface nish of the moulds (Figure 4). After cutting, the moulds were sanded
to get a smoother surface at the end. Since the right and left sides of the hull are symmetrical, most
of the moulds could be used twice for the vacuum forming process. The exception to this symmetry
is the area around the front hatch, where the overlap of the panels had to be arranged differently. After
vacuum forming (Figure 5) each panel needed to be cut out and screwed together with the adjacent panels
(Figure 6).

Figure 5: Positive moulds and vacuum formed PET-G parts. Each Figure 6: Hull assembly Multiple hull pieces
hull section was formed by a di erent mould. are joint to form a single surface.

3.2 THE FRAME

Due to the formulated design aims, a frame had to be designed and manufactured to support the hull.

3.2.1 CONSTRAINTS AND AIMS

The de ned design philosophy and some regulatory constraints have been considered during the design
of the frame.

The frame has to provide structure and hold the hull in place while bearing continuous forces exerted by
the pilot, propulsion system and drag in water as well as possible impacts on land and underwater (e.g.
bumping into the ground). It also must support the weight of the submarine while not in the water. The
geometric constraints were set by the form of the submarine, as well as the positioning of the outriggers,
control surfaces, and hatch.

A lightweight design had to be planned which could withstand the impacting forces and occurring
stresses while using minimal amount of material.

A material had to be chosen that had low to moderate brittleness, high toughness, and high tensile
strength. Additionally, high strength to weight ratio and a resistance to oxidation due to the marine
environment should be properties of the material.

Propulsion system, control surfaces, control system, and transmission had to be able to be attached to
the frame. Furthermore, the hatches and the entrance and exit of the pilot should not be blocked by the
frame.



3.2.2 DESIGN OF THE FRAME

The nal design is a lightweight wireframe which is made of multiple pieces to support the hull and
internal components (see Figure 7).

Figure 7: Design of the Frame. Frame is consisting of ve ellipses connected with several straight tubes. In the back
the tubes are connected to the outriggers.

Aluminium was chosen as material for all tubes due to its high strength to weight ratio and resistance to
oxidation in marine environments. Depending on the needed support as well as the attachments to the
tube a round or square form was chosen.

The elliptical rings are formed of an ellipse to match the hull as closely as possible and provide maximum
support area. The rings are made by bending square aluminium pipes in some cases and cut plates in other
cases. The cut plates are used whenever the bending radius is below the minimum possible bending radius
of the aluminium pipe being used (Alubend, 2019). For 25 mm square aluminium pipe, the minimum
bending radius (inner) is 15cm.

There are ve rings in total to provide support in case of impact of forces.

The rst ring (plate) in the front of the frame is taking impact coming from the front and keeps the
longitudinal beams in place. The second and third ring provide support in case of forces during hatch
opening and during entering and exiting of the submarine by the pilot. The fourth ring supports the
outriggers. The fth ring (plate) is the mounting point for the elevators of the submarine and keeps the
longitudinal ring in the back in place.

The longitudinal beams in the front of the frame connecting the rst three elliptical rings are arranged

in an "X" layout to enable entering the submarine from the top and better visibility of the oor for the
pilot while improving the impact tolerance and reduce peeks of stress. These beams are round pipes to
improve impact tolerance and reduce stress concentration. The square side length of the pipes is 25 mm
and the wall thickness is 3 mm.

The longitudinal beams in the back of the frame connecting the last three elliptical rings are arranged
in an "+" layout to enable an improved and facilitated attachment of the propulsion system and the
drivetrain. Additionally, they are oriented along the forces exerted by the control surfaces and provide
support points for the driveshaft. Square pipes were used as they provide easier drilling for mounting.
The square side length of the pipes is 25 mm and the wall thickness is 3mm. (Beer et al., 2015)



Between the third and fourth ring the pedal mount was design in a "K" form.

The beams are angled to take more of the lateral forces as compressing stresses rather than shear stress.
The vertical beams take forces in the vertical direction and the angled beams take forces in the axis of the
submarine. In the centre of the "K" a cube with the dimensions of 20x10x5,cm of massive aluminium
where the beams are welded to is placed to attach the drivetrain to it.

The outriggers are attached to the main hull using four beams each. The beams are set up with angles
both in the horizontal and vertical plane. The angled setup in the vertical plane provides good strength
to support the weight of the outrigger. The angled setup in the horizontal plane provides good strength
against impacts (head on impacts of the outrigger with wall/ slalom markers). It also provides good
support to transfer the thrust made by the propulsion system. The maximum possible angle that can be
reached without colliding with the mirage ns is the limiting factor in the horizontal plane. In the vertical
plane, angle has been chosen such that there are no forces pulling outwards on the aluminium sheet of
the keel away from the foam. The square side length of the pipes is 20 mm and the wall thickness is
3mm.

3.2.3 MANUFACTURING OF THE FRAME

The longitudinal beams and rings are manufactured using a manual pipe rolling machine (see Figure 8).

Figure 8: Utilised Rolling Machine. A manual rolling machine (MSW-TRM-100 Nr. EX10061177, MSW Motion
Control GmbH, Germany) was used to enable bending of the needed elliptical squared pipe rings.

Due to the dif culty of making ellipses on a pipe rolling machine, the longitudinal beams are in the
form of large circular arcs which do not deviate more than 5 mm from the chosen form of the submarine.
The joints are welded by means of MIG welding. MIG welding is required because the walls of the
aluminium pipes are relatively thin. The aluminium pipes are lled with quartz sand before rolling to
prevent buckling.

The plates are hydrocut.

4. PROPULSORS

In the following section the chosen propulsors @ygnus IVare described. The reason for the design,
the design itself, and the manufacturing methods are explained in details.



4.1 CHOICE OF PROPULSION METHOD

Conventionally, the forward motion of submarines is induced by a propeller. Here, blades are arranged
around a centre point in a helical structure and, when rotated, generate thrust. However, their use might
cause problems. A big issue is the emission of noise acting as a sound pollutant as it can have a signi cant
impact on marine animals (Nowacek et al., 2007; Merz et al., 2009; Ozden et al., 2016). Additionally, the
rotation of the propeller can yield such high velocities meaning low pressures according to Bernoulli's
principle, that cavitation occurs damaging and potentially destroying the propeller. Furthermore, if sh-
ing gear, marine vegetation or plastic debris are caught by the propeller, it can tie around the rotary shaft
and eventually block or break its movement (Clark and Bemis, 1979; Hong et al., 2017).

Therefore, it appears to be plausible to search for a different concept of propulsion. A promising approach
is biomimetics or bio-inspiration where it is assumed that nature has developed optimal designs over
the span of its evolution. These principles can then be adopted to create close-to-optimal designs for
technical applications (Nachtigall et al., 2002). Regarding propulsion systems and underwater motion,
the shape of the ns or wings, their motion and the working principle of marine animals can therefore be
used as model organisms.

Most shes generate thrust by undulating and/or oscillating the body and caudal n, the so body-caudal
n (BCF) movements. Instead of the body, sh can also use undulations or oscillations of the median
and/or paired ns (MPF) for locomotion. This is however only employed by a smaller percentage of
marine animals as the only propulsive system and occurs more frequently in addition to BCF locomotion
as an auxiliary propulsor to imply manoeuvrability and stability (Sfakiotakis et al., 1999).

Thrust generated by undulations is mainly achieved by the added mass method. Here, each segment of
the moving structure, i.e. the ns or the body, generates a force vector acting upon the uid showing a
lateral and a thrust component. Adding up all vectors of the segments over the body, the lateral forces
ideally cancel out and only leave the thrust component. However, the existence of the lateral forces
implies an inef ciency due to losses (Sfakiotakis et al., 1999) and thus do not appear to be a reasonably
propulsive system. Additionally, applying undulations of the body to the submarine hull appears to be
dif cult to implement and impractical for the pilot.

As stated above, propulsion can also be achieved with oscillations of pectoral appendages by either drag
or on lift. The former method is used in MPF locomotion of labriform shes (e.g. Blake and Blake,
1979) but also by some insects (e.g. Nachtigall, 1974; Ngo and Mchenry, 2014), sometimes referred to
as rowing. This motion is divided into two phases, the power stroke and the recovery stroke. During the
power stroke, the appendage is moved to the posterior end of the body generating comparably high thrust
typically induced by a maximum wetted area. The recovery stroke is an anterior-directed movement to
bring the appendage back to the initial position of the power stroke. No thrust is generated in this phase.
Hence, during rowing, the animal is constantly accelerated and decelerated (Nachtigall, 1974; Sfakiotakis
et al., 1999; Ngo and Mchenry, 2014) yielding an erratic movement. This however is not desired for
a submarine. The inconsistent motion in the water makes the control of the submarine unnecessary
dif cult.

In contrast to the drag-based propulsion method, the lift-based method generates thrust at almost every
instant. This type of propulsion occurs when oscillating either the caudal n, like thunniform shes
(Sfakiotakis et al., 1999), or paired pectoral appendages. The latter includes for example some labriform
shes (Sfakiotakis et al., 1999; Walker and Westneat, 1997), but also marine mammals (Feldkamp, 1987)



and other aquatic animals like sea turtles (Walker, 1971) and penguins (see Figure 9, Clark and Bemis,
1979).

Figure 9: Wingbeat Cycle of a Penguin. The wing shows angles of attack and cavities due to wing bending.
Modi ed from (Clark and Bemis, 1979)

For generating thrust by lift, their appendages function as hydrofoils and are moved in a plane perpendic-
ular to the longitudinal axis of the body oscillating in a pitching-heaving motion (see Figure 9 and 10).
This locomotion is often called "Aquatic Flight" as it is very similar to ight of birds but with almost
symmetrical up- and downstrokes (Clark and Bemis, 1979). In contrast to ying birds, for aquatic birds
like penguins, the effect of gravity is not as critical but rather the water resistance. Hence, the main



muscle of penguins for moving the wing up, the supracoracoideus, shows a relative high mass enabling
almost symmetrical wing movements (Kovacs and Meyers, 2000). Therefore, both phases, the up- and
downstroke, of the aquatic ight are approximately of equal length and also generate about the same
propulsive force with alternating positive and negative vertical components (Dickinson, 1996). This
propulsive method therefore only has a short duration of not generating thrust during the turnover of the
oscillatory motion and thus appears to be a very promising propulsive method.

Figure 10: Wing Tip and Bill Movement over the Wingbeat Cycle of a Penguin. (a) Movement of the wing tip
(solid line) and bill (dashed line) over time by the according frame number; (b) Movement of the wing
tip relative to the penguin's body. Modi ed from (Clark and Bemis, 1979)

4.2 METHOD OF CHOICE: AQUATIC FLIGHT

The most important component of aquatic ight is the wing and its movements. In principle this resem-
bles a hydrofoil that oscillates with varying angle of attacks. During forward locomotion, the surrounding
uid, i.e. water, ows over the surface of the hydrofoil resulting in a separated ow with two different
velocities. Based on Bernoulli's principle stating that the velocity corresponds negatively with pressure,
the side with a higher ow velocity shows a decreased pressure. The pressure difference yields a suction
towards the site with the lower pressure (Dickinson, 1996).

The uid ow and the wake can be explained by the steady-state theory of lift (see Figure 11). Due to
the angle of attack, the forward and rear stagnation points are located asymmetrically. The velocity is
higher on one side. When the theoretical background symmetrical velocity eld is subtracted from the
present one, a net circulation around the hydrofoil is obtained, that circulates from the leading over the
surface with the higher pressure around the tailing edge over the surface with the lower pressure back to
the leading edge. The resulting circulation is called the bound vortex (Dickinson, 1996).
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Figure 11: Steady-state Theory of Lift. A ow over a hydrofoil with an angle of attack shows an asymmetrical
velocity eld (left). If the theoretical background symmetrical eld (middle) is subtracted, a net circulation
is obtained (right) that induces the di  erences in velocities on both sides of the hydrofoil. The velocity on
the upper side is higher than on the lower. Modi ed from (Dickinson, 1996).

Behind the hydrofoil at the tailing edge, the two streams with different velocities meet resulting in a
vortex in the wake, called the starting vortex, with an equal but opposite strength. Simultaneously, both
streams meet at the tip and, if the wing is simpli ed to a free- owing hydrofoil, also at the base of
the wing. The vortices here are called tip vortices and connect the bound and starting vortex in the third
dimension forming a closed loop (see Figure 12). An upward force acting upon the hydrofoil is generated
by the wake momentum (Dickinson, 1996).

Figure 12: Lift by Induced Vortices. Lift is generated by the wake momentum. The starting vortex, the tip vortices
and the bound vortex build a closed loop with circulation of zero in total. Modi ed from (Dickinson,
1996).

However, the animals using aquatic ight, e.g. penguins or labriform shes, ap or oscillate their wings
up and down. Hence, this form of locomotion is not steady-state completely but only includes parts of
it. Therefore, the ow does not necessarily need to show a closed loop but can consist of multiple single
vortices in a pattern. Depending on the amplitude and the frequency, i.e. different gaits of the animals,
the wake can appear differently. Additionally, cavities due to wing bending can occur and change wake
characteristics (see Figure 10 and 9). The paired ns or wings move symmetrical to the sagittal plane to
prevent a roll movement of the body around the longitudinal axis (Clark and Bemis, 1979; Dickinson,
1996).

4.3 PREVIOUS DESIGN

To include the biomimetic type of propulsion, the previous dedriversharkis propelled by the help of
MirageDrive ns (see Figure 13) designed and built by Hobie Cat Co. (Oceanside, USA) and developed
further by the people working drRiversharkin the previous years. The MirageDrive system transformed
pedalling motion of the rider into transverse sweeping at the point of attachment of the submarine. It
has two input links at either side of the MirageDrive that move in opposite directions. This allowed a
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biomimetic bird ight-like motion, called "Aquatic Flight", for the submarine. The system and design of
the propulsion oRiversharkincluded a total rotary oscillation of 196 °. A lift to propel the submarine is
only produced after a period of drag at the initial few degrees after the turnover of ns.

Figure 13: Hobie MirageDrive. Modi ed from (Yan et al., 2016)

With the MirageDrive, the following advantages were implemented:

1. The design was biomimetic and had all the advantages of the biomimetic design (see subsec-

tion 4.2).

2. The system was able to achieve top speed of 1.49 knots.

3. The propulsion system consumes relatively lesser space and allows the engineers for room to

maintain the submarine's buoyancy.
4. Easy replacement of the ns was possible in times of assembly, disassembly and damage to ns.
However, there are also some drawbacks to the MirageDrive:

1. Itis well known that although pedalling is a continuous motion of the lower body, at lower speeds

it does have a 'dead point' at the extreme top and bottom of the pedalling movement due to one

leg being fully extended and the other vertically above the mechanism. This effect is even more

severe underwater due to the inertia opposing the motion of the crank. Coupling the oscillations

of the MirageDrive ns with the crank oRivershark also showed dead points in its mechanism
which made it harder for the pilot to continue rhythmic movements underwater.

2. Although the presence of just two pairs of ns allowed the pilot of the submarine to reach a

decent speed, it was experienced by the pilot that the pedalling motion became saturated and the

mechanism had reached its maximum output when the pilot could exert more energy.

3. The turnover of the ns at the extremes is around 40° long, which gives the pilot about 140° to
exert power. Although this allowed the generation of thrust, the pilot could produce a forward
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motion for the submarine only in the 140°, out of which the initial region of drag for developing a
thrust generating ow took up some degrees. Hence, the room for actual propulsion at maximum
output of the MirageDrive system was even less.

4.4 PROPULSION IN Cygnus

Although the basic idea @@ygnushad evolved over the years by previous teams, the actual transmission
system and the propulsion system were not yet completed. This led to numerous modi cations of the
nal transmission design and henceforth the propulsion system dEyigmus IV

The concept idea of th€ygnuspropulsion system is based on the idea of having fours n pairs on the
submarine outriggers such that they would follow a similar motion pattern as followed by Hobie ns as
used inRiversharkin the previous years and provide more thrust and better control under smoother ow
to the submarine. Hence, instead of two n pairs going through a rotation, it was envisioned that four
ns would have similar oscillations to multiply the thrust (envisioned to be over 4 kn, as formulated in
the design aims, see section 2).

Apart from this, forCygnust was also tried to increase the angle of rotation of the ns above the current
angle of rotation to provide a higher range wherein thrust would be provided to the submarine.

The idea was to have the n pair at the front side of the outriggers out of phase with respect to the rear
outriggers, so the submarine is able to produce continuous thrust throughout the oscillations of the ns
as on both the outriggers, one n pair would provide thrust while the other is at the turnover point.

Along with a completely new design for the submari@ggnus IValso has four pairs of ns, two pairs on
either side of the main hull of the submarine and each pair attached at the extreme ends of the outriggers.
The design attempts to cover up the shortcomingRiwérsharkand improve upon the ideas of its own
predecessors. It still allows for a biomimetic penguin, bird like propulsion, only oriented differently on
the body of the submarine.

4.5 FEATURES OF Cygnus' PROPULSION SYSTEM

The presence of outriggers and the presence of the ns at the extremes of the outriggers allows the ns
to have a greater degree of rotation, they still do not cross the 360° mark and complete full rotations,
however the ns go through an angle of 310° from one extreme to the other. Even considering a turnover
angle of 40°, the ns have a propulsion angle of around 270° that would provide the submarine with
about twice the thrust from each pair of ns as compared to the older submarine.

Unlike Riversharkthe pair of ns attached to shafts themselves are not counter rotating, rather the pairs
on opposite sides of the submarine are counter rotating. The ns are attached on opposite ends of a
counter-rotating pair of ns allowing division of thrust into two n pairs, moderately loaded instead of
one with a higher load. This allows a higher lifetime of ns and higher ef ciency to both the pilot and
the submarine. This also allows biomimetic propulsion in the submarine. However, a major drawback
of counter rotating ns is that they provide instability to the fact that they are considered to be rather
unsteady con guration (Grassi et al., 2010). Nevertheless, the angular velocity of the ns is not enough
to cause any major disturbance to the movement of the submarine.

As mentioned before, ns have a turnover angle of 40°, wherein the n pairs do not provide any thrust to
the submarine. To counter this problem, the n pair on each outrigger are 90° out of phase. So at every
given point in time, the submarine is producing thrust. This means that when the rear pair of nsis at the
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turnover point, the front side is producing maximum torque and vice versa. Moreover,it enables the pilot
to continue a more rhythmic motion and not lose energy at the dead points at the hands of the mechanical
systems there is a continuous inertia that helps motions the submarine. Although the ns being out of
phase creates a certain pitch in the submarine due to the production of thrust at the bow and the stern
alternatively, they are theoretically cancelled out by each other when considering the overall motion of
the submarine.

4.6 FINAL PROPULSION SYSTEM

Since the idea foCygnus IVis a total revamp of the transmission system that was initially taken from
Hobie, there had to be major changes made to the fastening system for the ns to its shaft. In fact ns
are the only parts that have been taken from the old Hobie system since they meet the required material
strength. Additionally, their shape ef ciency is higher than systems that could be made at present with
the local manufacturing options. The new n attachment system takes up the basic attachment idea
from Hobie. However, it adapts the ns to form a more secure design according to the requirement of
transmission system.

The new propulsion system attempts to improve the pilot's ef ciency and to increase the power output for
the submarine to achieve more speed. Although the id€ggiius IVhas been in progress for around 4-5
years, the transmission and the propulsion system have never actually been designed or completed. Over
time, it has developed into a new and innovative approach to a propulsion system and seems plausible
even for the future submarines.

5. TRANSMISSION SYSTEM

5.1 PoweR CONVERSION FROM PILOT

The team's previous submarin@jvershark used a stepper motion from the pilot to produce the power
for the propulsion. It can be found, however, that a rotary motion like that of a bicycle can produce a
similar amount of power while tiring the pilot much more slowly. However, this poses a new challenge
in that the MirageDrives need an oscillatory input rather than the continuous output from the pedals.
As such, the primary goal of the transmission is to convert the continuous rotation of the pedals into an
oscillatory rotation while still maintaining an angle of rotation between 300 and 360°. The reason for
this is further explained in section 4 of the report.

5.2 CHoICE OF CONVERSION MECHANISM

In order to achieve the conversion of continuous pedal motion into rotational oscillation, a mechanism
had to be chosen. Several options were considered, as shown here:

5.2.1 “HALF BEVEL” GEARBOX

This mechanism (see Figure 14) consists of two bevel gears on the input axle and one larger bevel gear
on the output axle. Each smaller bevel gear has teeth on only 180° so that they mesh alternatively with
the larger gear to produce an oscillation. The output oscillation is xed at 180°, and it can be increased
to 340° by using another pair of gears. This mechanism is very space ef cient, but carries a high risk due
to the teeth having to constantly re-mesh.

14



Figure 14: Concept drawing for a half bevel system. (Franco Fonnese, 2018)

5.2.2 CAMSHAFT WITH RACK AND PINION

This system (see Figure 15) works with a camshaft which drives a rack and pinion along a linear rail. This
converts the continuous rotation into a linear oscillation, and then into a rotational oscillation. While it
functions in theory, the practical construction of this system would be dif cult, as all the parts would need
to be in near-perfect alignment or the linear bearings could seize, or the teeth could come un-meshed.

Figure 15: Early prototype CAD model

5.2.3 CRANK ROCKER

A crank rocker (see Figure 16) is a form of four-bar linkage in which one crank is much smaller than the
other. When the smaller crank is rotated continuously, it creates an oscillatory motion in the other. This
yields an oscillatory rotation at the rocker, which is located at the base of the longer crank.
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