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Abstract

Flapping Foil is an ongoing development project at NTNU Technology Transfer working
on a new way of propulsion for boats. Their goal is to eliminate two of the biggest issues
with boats today, the low efficiency of boat propellers and the high friction created when
moving in the water surface. Their solution to these problems is a hydrofoil propulsion
system that will in addition to propel the boat more efficiently also lift it up out of the
water reducing friction.

This master thesis has in collaboration with Flapping Foil looked at the possibility of
using a curving hydrofoil for the propulsion system instead of a more traditional hydrofoil
with a flap attached to it’s rear end. There have been two objectives of this, to develop a
prototype for this kind of hydrofoil and to create a test setup for comparing the prototype
to a traditional hydrofoil.

Unfortunately because of a failure in an electrical component vital to the test rig no data
has been collected, however all planning is completed and testing is ready to be done
should the component be replaced. In addition to this a working prototype for a curving
hydrofoil has been constructed.
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Sammendrag

Flapping Foil er et pågående utviklingsprosjekt ved NTNU Technology Transfer som job-
ber for å utvikle et nytt fremdriftssystem for båter. Målet deres er å eliminere to av de
største problemene med båter i dag, den lave virkningsgraden som propeller har og den
høye friksjonskraften man må overkomme for å bevege seg i vannoverflaten. Måten de har
tenkt til å løse disse problemene er ved hjelp av et fremdriftssystem som benytter hydro-
foiler. Systemet driver båten fremover i vannet mer effektivt og i tillegg løfter det båten
opp slik at friksjonen reduseres.

Denne masteroppgaven har i samarbeid med Flapping Foil sett på muligheten for å benytte
en bøyelig hydrofoil i fremdriftssystemet i stedet for den mer tradisjonelle hydrofoilen med
klaff bakerst. Oppgaven har vært todelt, det skulle bygges en prototype for denne typen
hydrofoil og i tillegg skulle det lages et testoppsett for å sammenligne prototypen med den
mer tradisjonelle hydrofoilen

Dessverre på grunn av en sviktende elektrisk komponent som var vital i oppsettet har det
ikke blitt samlet inn noe data, men all planlegging for testingen er fullført. Testingen er
derfor klar til å bli utført skulle den ødelagte delen bli erstattet av en ny. I tillegg til dette
har det blitt bygget en fungerende prototype for en bøyelig hydrofoil.
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Nomenclature

η Propulsive efficiency

µ Dynamic viscosity

ν Kinematic viscosity

ω Angular velocity

ρ Fluid density

θ Incoming flow angle
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c Chord length of hydrofoil

CP Power coefficient

CT Thrust coefficient

F Average thrust force

f Frequency of oscillation

h(t) Heave distance

L Foil span

P Average input power

Q(t) Time varying torque

Re Reynolds number
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T Period of oscillation

U Fluid velocity

X(t) Time varying force in the horizontal direction

Y (t) Time varying force in the vertical direction
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1 | Introduction

Flapping Foil is an ongoing development project at NTNU Technology Transfer working
on a new way of propulsion for boats, mainly fast ferries. The projects goal is to eliminate
two problems with todays solution which is the bad efficiency of the boat propeller and
the high friction force boats experience when moving through the water surface. Flapping
Foil’s concept solves these two challenges by utilizing an oscillation hydrofoil system that
propels the boat forward and at the same time lifts it out of the water.

An important part of an oscillating hydrofoil propulsion system is of course the hydrofoil
itself. Flapping Foil plans to use a foil with a rotating flap at the trailing edge, that is the
rear end of the foil. However they believe that a foil with the ability to curve it’s body
without creating gaps or edges would be more beneficial. What is uncertain is if such a
foil would perform that much better to justify the increased mechanical complexity as well
as an assumed increase in cost.
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2 | Defining the task

2.1 The objectives

Two objectives was given by Flapping Foil for this master thesis.

1. Build a test setup for determining the difference in propulsive efficiency between a
hydrofoil with the ability to vary it’s camber and one with a traditional flap.

2. Develop a concept for a variable camber hydrofoil.

These two objectives are closely relative as the second one needs to be completed for the
other to be tested.

A testing rig is to be constructed with the ability to oscillate hydrofoils up and down, and
vary their angle. It should also be able to measure the forces acting on the foil so that the
propulsive efficiency can be calculated. In addition to this a hydrofoil prototype with the
ability to curve, or vary it’s camber, should be made. And to be able to compare the result
of the prototypes efficiency a tradition hydrofoil with a trailing edge flap should also be
made.

2.2 Technical requirements

Below follows some technical requirements that was decided upon in cooperation with
the Flapping Foil team during several conversations and meetings. The terms used are
described in the theory section of the thesis.

• During testing Reynolds numbers as high as between 200 000 and 300 000 should
be reached.

• The Strouhal number should lie between the range 0.2 and 0.4. Testing at several
different Strouhal numbers would be ideal.

• The hydrofoil should have an aspect ratio of 5. It should have the ability to change
it’s camber from 0 to at least 5, and the curving should occur at 60% chord.
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• During testing the hydrofoil should have an angle of attack at zero, and it’s heave
distance should be double the chord length.
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3 | Oscillating foil propulsion

3.1 Hydrofoils

A short introduction to hydrofoils was given in the project thesis that can be found in
appendix D. This section will elaborate more on aspects of a hydrofoil as they are described
by Anderson [Anderson, 2011].

Figure 3.1: Foil terminology

3.1.1 Angle of attack

The angle of attack is the angle the chord line makes with the incoming fluid flow, it
is usually denoted by the Greek letter alpha (α). Typically when the angle of attack is
increased the lifting force is also increased, however by doing this the drag force also
increases. Therefore it is beneficial to compromise by attempting to maximize the lift to
drag force ratio. The testing done in this project will be done with zero angle of attack
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which is close to the lift to drag maximum and also gives less cavitation. It should be
noted that the lift to drag maximum probably lies a little higher and it would be beneficial
to experiment with different angles in future testing.

3.1.2 Camber

Camber is a measurement of the foils curvature and is typically given as a percentage
of the chord length. In figure 3.1 the mean camber line is drawn in, this is the middle
line between the upper and lower surface. To describe foil profiles NACA numbers can be
used, it is are a standard deveoloped by the National Advisory Committee for Aeronautics,
the predecessor of NASA. The foil shown in the figure is a NACA5617, meaning that is ha
a camber of 5% of the chord length located at the 60% chord from the leading edge. The
17 representes that the foil at its thickest has a thickness of 17% of the chord length. The
same foil without camber would be NACA0017

3.2 Oscillating foil parameters

3.2.1 Strouhal Number

The Strouhal number is a dimensionless number that can be used to describe the flow
produced by oscillating mechanisms [Cengel and Cimbala, 2010].

St =
fA

U
(3.1)

It is based on the frequency of the oscillation (f ), a caracteristic length (A) that in the case
of oscillation foils is set to the wake height or double the amplitude, and the fluid velocity
(U ).

Earlier experiments have shown that oscillating mechanisms found in nature, that is fish
swimming or bird flying, oftem have Strouhal numbers between 0.25 and 0.40 [Taylor
et al., 2003]. It would seem that through evolution nature has found a common factor for
efficient propulsion. Oscillating foil experiments were the strouhal number is set to be in
this range have been done and it has been shown that this gives a much higher efficiency.
Efficiency as high as 87% [Anderson et al., 1998] has been measured.
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3.2.2 Rewriting Strouhal

As mentioned above the characteristic length in the case of oscillating foils is double the
amplitude. The amplitude in this case is equal to the foils chord length c.

A = 2c (3.2)

In chapter 5 we will see that a crank mechanism will be used to drive the hydrofoils heave,
that is the up and down motion, and therefore it is beneficial to express the frequency f
based on the angular motion ω.

f =
ω

2π
(3.3)

Inserting 3.2 and 3.3 into 3.1 the Strouhal number can be rewritten as is shown in 3.4.

St =
cω

πU
(3.4)

As c and π are constants we see that the Strouhal number is a relationship between the
angular velocity and the fluid velocity.

3.2.3 Reynolds number

Introduced by Gabriel Stokes in 1851 but named after Osborn Reynolds who popularized
it in 1883, the Reynolds number is a dimensionless number that shows the ratio between
inertial forces and viscous forces [Anderson, 2011]. Another way of thinking of this is
as the total amount of force produced by the flow divided by the viscous forces holding
the flow back. When the Reynolds number gets larger the flow reaches a point were the
inertial forces gets to large for the viscous forces to hold back the flow and it becomes
turbulent.

Re =
ρUA

µ
=
UA

ν
(3.5)

A = c (3.6)

Re =
Uc

ν
(3.7)

The Reynolds number is calculated from the fluid velocity (U ), a caracteristic length (A)
which in the case of oscillating foils is set to the cord length (c), the fluid density (ρ) and
dynamic viscosity (µ) or the kinematic viscosity (ν = µ

ρ ). The kinematic viscosity of
saltwater is about 1.37 ·10−6 at 10◦C [engineeringtoolbox, 2017], for higher accuracy this
should be measured during experiments.
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3.2.4 Hydrofoil trajectory

The heaving motion of the hydrofoils is produced by the crank mechanism of the rig, and
the hydrofoils heave is therefore Dependant on the angular velocity ω. The crank arms
length is equal to the foils chord length c which sets the amplitude of the heave. This
makes the heave distance equal to 2c. The hydrofoils vertical position can be calculated
using equation 3.8. If we take the derivative of equation 3.8 with respect to time we get
the velocity of the heave, this is shown in equation 3.9.

h(t) = c · sin(ωt) (3.8)

ḣ(t) = cω · cos(ωt) (3.9)

As mentioned in 3.1.1 the foils should have zero angle of attack relative to the incoming
water flow. To measure precisely the water flow would be near impossible but a good
approximation is to assume that the water does not move and calculate the flow trajectory
based on the horizontal boat velocity and the vertical heave velocity.

Figure 3.2: The foils trajectory can be found using U and ḣ(t).

By using simple trigonometry one can calculate the angle of the flow which with zero
angle of attack is also the foil angle. This is shown in equation 3.10.

tan(θ) =
ḣ(t)

U
=
cω

U
cos(ωt) (3.10)
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3.2.5 Forces and efficiency

As the foil oscillates in water it is subjected to time varying forces in the horizontal x-
direction and the vertical y-direction. These are denoted X(t) and Y (t) respectively. In
addition there is a torque Q(t).

From this we can define the average thrust force F , and the average input power P [Cengel
and Cimbala, 2010].

F =
1

T

∫ T

0

X(t)dt (3.11)

P =
1

T

∫ T

0

(Y (t)ḣ(t) +Q(t)θ̇(t))dt (3.12)

The foil will be secured in the 25% chord position which is known as the assumed aerody-
namic center. The aerodynamic centre is the point where the torque is constant at all angles
of attack. In this case it is assumed that the center of pressure, that is the point where the
forces act through and therefore where the torque sums up to zero, lies close to the aero-
dynamic center. Because of this the second term in equation 3.12 cancels out.

P =
1

T

∫ T

0

Y (t)ḣ(t)dt (3.13)

It should be noted that neglecting Q(t) is not accurate and it is possible that this will lead
to higher efficiency readings. But as the purpose of testing is to compare the different
hydrofoils to each other this will not affect the results much.

Both the thrust force and the input power can be expressed as dimensionless coefficients
[Cengel and Cimbala, 2010], and the efficiency is defined as the ratio of these two.

CT =
F

1
2ρcLU

2
(3.14)

CP =
P

1
2ρcLU

3
(3.15)

η =
CT
CP

=
FU

P
(3.16)
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4 | Hydrofoils

The two hydrofoils were both based on the same foil profile, the NACA5617. This mean-
ing that the curving foil would vary between the NACA5617 and the NACA0017, and the
the flap foil is a NACA5617 with a joint added at the 20% chord line from the trailing edge.
Both foils should have similar attachments in the 25% chord lines as they are made to be
used in the same testing rig. This meant a 20mm axle for tilting, and a 10mm axle going
through the center of the 20mm axle for controlling either the curving or the flap.

The NACA5617 profile was chosen based on the requirements mentioned in chapter 2, and
created by the help of an airfoil generator [Airfoiltools, 2017].

(a) NACA0017

(b) NACA5617

Figure 4.1: Curving hydrofoil

(a) Negative flap angle

(b) Positive flap angle

Figure 4.2: Hydrofoil with flap
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4.1 Curving hydrofoil

The foil should be able to curve, or vary it’s camber, without having any gaps or abrupt
edges that one usually would find on a foil with a trailing edge flap. To achieve this a
continuous hull being moved by an internal mechanism became part of the concept early
on.

4.1.1 First prototype: The basic idea

Figure 4.3: Early rough prototype.

Figure 4.3 shows an early rough prototype. It was made by laser cutting MDF parts and at-
taching them with glue and using nails as joints. A strip of paper is used as the hull.

This prototypes main purpose was to start the development process and getting something
physical to work with, starting to build is an effective way of getting to understand an idea.
It shows the main idea of a mechanism moving and by making this it became clear that
a stiffer hull or more underlying support should be added to withstand the water pressure
and allow the hull to form better.
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4.1.2 Second prototype: The gripper

The fin grippers by Festo [Festo, 2017] are, as the name indicates, originally made for
robot grippers. The concept being that they will bend and take the shape of the object that
the robot arm is lifting. The next foil prototype tried to borrow from this design to make a
trailing edge that would push back against the water pressure.

Figure 4.4: Fin gripper.

Figure 4.5: Side force.

Figure 4.6: Pushing leg to curve.

Figure 4.4 shows a single fin, printed using the Blueprinter 3D printer. Festo uses several
of these to form a gripper. Figure 4.5 shows how when a force is applied the fin curves
towards the force, and figure 4.6 shows that it is also possible to control the fins curving
by pushing on its legs. Not shown in the figures are the stiff bars that attach the side walls
to each other, going between the circles attached to the walls. These bars stiffens up the
structure and makes it more resistant to pressure from the outside.

In figure 4.7 we see the foil based on the gripper. It is also printed using the Blueprinter and
has push rods attached to each side wall of the trailing edge that can move independently
of the foils main body.

Even though the surface is continuous this foil still moves its trailing edge much like a foil
with a flap. Also it seems difficult to manipulate the foils geometry by moving the hull
directly. It seems that it would be more beneficial to have an underlying structure for the
hull to glide on top of.
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Figure 4.7: Hydrofoil prototype based on fin gripper.

Figure 4.8: text Figure 4.9: text

4.1.3 Third prototype: The sail

Inspired by a patent for mechanically operated sails on sailboats [Morris, 1967] the next
prototype was an attempt to give the hull a more rounded underlying surface to rest on.
It was assumed that the water pressure would push the hull to form around these sur-
faces.

Figure 4.10: Patent inspired.
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(a) (b)

Figure 4.11: The hull needs to be attached.

Made using the Blueprinter the foil had a hinged body with a loose hull that slides freely.
It was imagined that the foil would attach to the boat in the center of the front body and
rest on a rod going through the slot in the rear body. The front part could then be rotated
and the rear parts attachment would make the foil curve. The hull turned out to be too stiff
and in addition it was clear that it needed some form of attachment to the body for it to
curve better. Figure 4.11 shows how the hull needed to be pressed together to stay close to
the body.

(a) (b)

Figure 4.12: Updated prototype with attached hull.

The prototype was reprinted but this time with the hull attached to the rear body. This
alteration made the foil curve much better, this is shown in figure 4.12, but the hull still
had some trouble. The original sail patent had a more complex mechanism that formed a
better underlying surface, in addition the hull seems to be to long when bending and a way
to adjust the length of the hulls sidewalls should be added.
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4.1.4 Fourth prototype: The mash-up

The two foil profiles, NACA5617 and NACA0017, was cut out using the laser cutter to get
a more hands on way of working with the shapes. It was discovered that when stacking
them on top of each other the front parts of the profiles are quite similar, this is shown in
figure 4.14a. Figure 4.14b shows how after discovering this the profiles was divided into
three shapes. The common shape between the two that is outlines in red, and the two extra
"tails" that are left after splitting up.

(a) NACA0017 (b) NACA5617

Figure 4.13: NACA0017 and NACA5617 cut out using laser cutter.

(a) Laser cut profiles stacked
(b) The red outline shows the common shape.

Figure 4.14: The two foil profiles stacked on top of each other.

This common area between the two profiles was made into the base part of the foil, and
the two so called "tails" was combined into one lever arm that was attached to the base.
The end of the lever arm was attached on a joint to allow some extra rotation. The result is
shown in figure 4.15, it is 3D printed using the Objet Alaris 30 printer. The mechanism is
operated by turning the axle which is connected to the lever arm by gears.

Looking at the outline of this foil in figure 4.15c and 4.15d one can see that the curving is
much better than on previous prototypes, and it gives a much better surface for a hull to
form around.
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(a) The prototype. (b) Top view.

(c) NACA0017. (d) NACA5617.

Figure 4.15: First printed prototype.

To see if the hull also could be printed using the Objet three square samples were printed of
0.3, 0.4, and 0.5mm thickness. The flexibility and strength of these samples was far better
than expected, figure 4.16 shows the sample with 0.5mm thickness. It was later during
building of the final prototype discovered an error with these sample tests. The samples
was printed laying flat on the printer bed while the hulls because of their shape was printed
standing up. This orientation of the hulls gave far less strength than the samples had
indicated.

Figure 4.16: Flexibility test.

The hull was modeled after the NACA0017 but with the rear part opened up so that they
could slide independently of each other and accommodate for the length differences during
curving. Notches was added as a way of securing the hull to the upper and lower sides of
the hull at about the 20% chord line. On the trailing edge grooves were added so that the
hull could be attached and slide freely.

Figure 4.17 shows the remade prototype with the hull. The hull broke during assembly
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and because of this the wall thickness of the hull was changed from 0.5mm to 1.5mm.
The trailing edge also had to be altered as the attachment for the hull was far to weak. In
addition to this the hull was extended so that sidewalls could be added to the foil. Figure
4.18 shows the prototype with these alterations done.

(a) (b)

Figure 4.17: The first hull broke.

(a) Sidewalls. (b) Attachment for hull on trailing edge.

Figure 4.18: Hydrofoil with sidewalls.

(a) NACA0017 (b) NACA5617

Figure 4.19: Hydrofoil with sidewalls curving.

With the new hull and attachments the foil curved nicely and this was considered as the first
prototype to work properly. However there were still some areas that could be improved
before moving on to building the larger hydrofoil. It took quite an amount of force to turn
the axle making the foil curve, two factors were linked to this. The first being that some
force was needed to bend the sidewalls, and the second the gearing between the axle and
the lever arm. The sidewalls was removed because of this as it was assumed that it would
not affect the final hydrofoil much. The two gears were swapped changing the gear ratio
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to a reduction, this made the axle easier to turn and also gave it more travel distance which
made it easier to be more accurate in deciding how much to curve the foil.

Figure 4.20 shows the final version of these smaller prototypes. The large prototype was
built based on this foil.

Figure 4.20: Final version. Figure 4.21: Gears were changed on the final
version.

(a) NACA0017 (b) NACA5617

Figure 4.22: Final version curving.

(a) (b)

Figure 4.23: Hull attachment on trailing edge allows the hull to slide.
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4.1.5 Final prototype

To build the final large prototype the small prototype from the last section was extended.
For the hydrofoil to have an aspect ratio of five the foil needed to have a span of 90cm, this
is far larger than the Objet can print and the foil was therefore divided into five sections.
Three middle sections and two side sections with attachments for the test rig.

Figure 4.24: One of the three middle sections.

Figure 4.25: Middle sections glued together with sides ready to be attached.

The sections were attached to each other using both screws and epoxy glue. They were
made with an overlap to give a larger area for gluing, and the axles go together with square
male and female connectors.

The hull was also extended and printed in eight parts that slid on to the foil and overlapped
each others edges. The hulls right before being removed from the printer can be seen
in figure 4.26, as mentioned in section 4.1.4 this printing orientation gave weaker walls.
Because of this many of the thinner overlay edges had pieces breaking off during cleaning
and assembly. However the finished hull, while not being a promising contestant in a
beauty contest, forms a complete surface on the wing and in that way does the job it is
supposed to do. Should a new hydrofoil be made in the future it would be wise to use
something else for the hull, for example a thin but sturdy thermoplastic sheet could be
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heated and formed around the inner structure forming the same shape as the one already
made but with a single large hull that is much stronger.

Figure 4.26: Printed hull sections. Figure 4.27: Axle connectors.

Figure 4.28: Hull being assembled.

Figure 4.29: Finished variable camber hydrofoil.
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4.2 Hydrofoil with flap

Because the two hydrofoils are to be used in an experiment on the difference in hydrofoils
that curve and those with a trailing edge flap, the other aspects of the foils should be
as similar as possible so that they do not interfere with the results. Therefore the flap
hydrofoil was also made using the Objet 3D printer so that they would have similar surface
qualities.

4.2.1 First prototype: The chain

A much bigger challenge on this foil, compared to the other, was transferring the rotational
motion from the axle going through the 25% chord line to the flap in the back of the foil
as the dimensions are quite small. The first attempt at this was with a chain and sprocket
design.

Figure 4.30: Chain drive on flap. Figure 4.31: Broken chain.

Unfortunately because of the small dimensions the chain was not strong enough and broke
during the removal of the support material before any testing on the prototype could be
done. Because of this it was decided that the chain design was not strong enough to
endure the water pressure during the experiment that would come later and the design was
abandoned.
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4.2.2 Second prototype: The four-bar linkage

The chain and sprocket design from the last section can be viewed as a bit redundant as
the sprockets do not need to do full rotations. Instead the chain was replaced with bars
forming a four-bar linkage. This works similar to the chain but is much stronger because
it uses solid bars instead.

The first version of this prototype transfered the motion from the four-bar with two gears,
thereby reversing the four-bars motion. During oscillation the flap will always be pointing
along the horizontal line, by adding an extra gear one can hold the axle stationary during
the foils pitching motion and the flaps angle relative to the boat will be constant.

Figure 4.32: Hydrofoil with trailing edge flap. Figure 4.33: Three gears connect the four-bar to
the flap.

(a) (b)

Figure 4.34: Negative and positive flap angle.
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4.2.3 Final prototype

Similar to the final large prototype of the curving foil, this hydrofoils was also Printed
in five sections. The design for attaching the sections to each other was very similar to
the previous one with screws and epoxy glue, and the same type of connectors for the
axle. However despite being made in the same way this hydrofoil required sanding with a
Dremel for the parts to fit together, and in addition what turned out to be a very unfortunate
turn of events the gears were fused together without possibility for seperating them. This
will be discussed further in chapter 6.

Figure 4.35: Middle section. Figure 4.36: The gears were stuck.

Figure 4.37: The finished hydrofoil with a trailing edge flap.
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5 | The test rig

Figure 5.1: The testing rig
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5.1 Structure

The rig can be divided into two parts, the base frame and the foil frame. The foil frame was
made out of 20x20mm aluminum square pipes with 2mm wall thickness and 3D printed
parts to hold bearings and electronics. It attaches to two linear bearings on the base frame.
A motor driven crank mechanism sitting on top of the base frame drives the foil frame,
and therefore the hydrofoil, up and down. The base frame was built using 2x2 inch lum-
ber.

5.2 Electronics and actuation

All electronics are illustrated in appendix A.

5.2.1 Arduino

Arduino is the name of the open source hardware and software project that make micro-
controller boards that goes under the same name. These boards can be used for a variety
of projects both by hobbyists and professionals. [Arduino, 2017]

All the electronics in this experiment is being controlled by an Arduino Mega ADK, and
the code is written using the Arduino IDE.

The Arduino programming language is a "dialect" of the programming language C++.
This meaning that it is a simplified version of C++. While programming one can include
in the code so called "libraries" that are collections of functions that can be used.

Figure 5.2: Arduino Mega ADK
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5.2.2 Heave

To drive the hydrofoils up and down vertically a simple crank mechanism was used. It
consists of a crank arm mounted on an axle, the axle was driven by an 800W 36V DC
motor connected to the axle with a chain and sprockets.

To measure the axles angular velocity (ω) a rotary encoder is connected to it. Rotary
encoders are electro-mechanical devices that measure angular position, in this case they
divide one rotation into 800 steps. They can count in both negative and positive direc-
tions. By measuring how many steps is registered over a time interval the velocity can be
calculated.

Figure 5.3: Crank mechanism. Figure 5.4: Rotary encoder for measuring angu-
lar velocity.

5.2.3 Pitch and flap

To control the Hydrofoils pitch, or angle, as well as the flap and curving 12V DC motors
was used, they were connected to the Arduino through a H-bridge. Also here rotary en-
coders were connected to the motors, in this case to measure angular position. The motors
drive axles that are connected to the hydrofoils axles by push arms.

Figure 5.5: Motor turning axle with rotary encoder connected.
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5.2.4 GPS velocity

To measure the speed of the boat (U ) a GPS module was attached to the Arduino. The
GPS uses 3.3V digital signals while the Arduino operates with 5V, the signals between
the two therefore needed to be converted. The Arduino library "TinyGPS++" [Hart, 2017]
was used to process the data from the module.

Figure 5.6: GPS module.

A simple test of the speed accuracy was performed by driving in a car with the GPS
set up and comparing its readings with the cars speedometer and a GPS speed app for
smartphones [speedview, 2017]. The GPS readings were very close to those of both the car
and the APP, however it must be stated that this test was very unscientific and comparison
was done only by visually observing. Therefore the GPS should be viewed as a source of
error.
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5.2.5 Load cells

Figure 5.7: Load Cell. Figure 5.8: Load Cell amplifier.

The load cells are button compression cells with a capacity of 200kg. They are mounted
around one of the bearings with measuring axis perpendicular to each other, as can be seen
in figure 5.9. This allows the measuring of forces in both X and Y direction.

Figure 5.9 also show how the load cells are pushed against the bearing by tightening the
bolts against them. The cells only measure forces in one direction therefor by preloading
them the setup can measure both positive and negative forces.

The load cells connect to amplifiers, that can be seen in figure 5.8. The amplifiers convert
the signals from the cells to a output that the Arduino can understand. In the code this
input is managed by the library "HX711" [HX711, 2017]

Figure 5.9: Load Cells and bearing. Figure 5.10: Assembled bearing housing.
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5.2.6 SD card unit

During the experiment data will be logged onto SD cards by using a SC card unit connected
to the Arduino.

The data that will be logged is the horizontal speed (U ), the angular speed of the crank
(ω), the forces in the horizontal direction (X), the forces in the vertical direction (Y ), and
the time (t).

Figure 5.11: SD card unit

5.2.7 The Arduino code

The entire Arduino code can be fount in appendix B. Every part of the code has been tested
separately and works, but because of the broken motor controller not enough testing of the
code as a whole was done.

The entire code can be broken down into four actions that occur once every second.

1. It retrieves the horizontal velocity, U .

2. Based on U and the Strouhal number it sets the angular velocity, ω.

3. The foil angels are updatet based on U , ω, and the time t.

4. All these values as well as the force readings X and Y are written to the SD card.
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6 | Unforeseen events

6.1 Gears

Because of what seems to be a calibration problem with the Objet printer the gears on the
final hydrofoil with a trailing edge flap was stuck. A day was spent trying to get them
working but without success, and it was decided that severe rebuilding was needed to get
them to work something the time schedule did not allow. It was therefore decided that the
project would keep going without the possibility to adjust the flap angle. Instead the testing
would be done with the stationary flap and an estimate of best and worst gain in efficiency.
Even though not ideal this would give a indication of the curving foils efficiency compared
to that of a foil with a trailing edge flap.

6.2 Motor controller

The motor controller controlling the heave motor stopped working and instead of varying
the motor speed drove the motor at full speed at all time. After examining the controller
it did not seem to be something easily resolved and it was therefore attempted to build a
new controller. This controller would be constructed using MOSFET transistors.

The transistor needed to be rated for more than 36 volts as that is the motor operating
voltage, also the motor being 800 watts the current would be at about 23 amps but with
amp peaks reaching 30 amps at motor start and stop. Normally one would use several
transistor connected in parallel to divide up the current but unfortunately there were no
transistors with high enough current ratings. This left ordering new parts as the only
option but unfortunately this occurred to close to the thesis deadline for the parts to arrive
in time. Sadly this stopped all plans of testing.
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Part IV

Testing
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7 | Hydrofoil testing

Because of the events described in section 6.2 this section is quite different from what was
initially planned. Therefore instead of describing testing that have been done and looking
at data, this part will focus on how the testing would have been done and also how the data
would have been processed. It is the authors hope that this could be of help if someone
where to pick up the project later.

7.1 Temperature

First the temperature of the water is measured as the kinematic viscosity is temperature
dependent and will be used later together with the horizontal speed measurements to cal-
culate the Reynolds numbers.

7.2 Lift-to-drag ratio

A typical measurement of performance for all foils is the relationship between lift and
drag forces CL/CD, this is measured by driving the foils in water without oscillating. As
the two hydrofoil prototypes are based of the same foil profile they should have similar
lift-to-drag ratios, however because the variable camber foil has a continuous surface it
will likely be higher.

The measurements are done at different speeds so that the ratio can be compared to the
changing Reynolds number.

7.3 Efficiency measurements

To determine the propulsive efficiency of the oscillating hydrofoils they are driven at vary-
ing velocities while logging the forces acting on one of the support bearings. This is done
three times for each hydrofoil with different Strouhal numbers. The Strouhal numbers
being 0.2, 0.3, and 0.4.
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7.4 Data processing

During the testing the horizontal speed U , the angular speed of the crank ω, the forces
in the horizontal and vertical directions X and Y , and the time t was logged once every
second. This data can be processed using the computing software Matlab.

All data should first be sorted from lowest to highest value of U , this is so that it can
be plotted with an ascending Reynolds number. The force measurements are given in
pounds and should therefore be converted to Newtons, and the time from milliseconds to
seconds.

Thrust force, input power and efficiency can then be calculated as described in section
3.2.5 by using the numerical integration function "cumtrapz" in Matlab.

Finally the results for efficiency at each value of the Strouhal number can be plotted against
the Reynolds numbers.

44



8 | Uncertainty in the testing

8.1 GPS

The accuracy of velocity measured by a GPS can be varying. Generally they are fairly
accurate over longer distances of constant speed but may be less accurate if the speed is
varied a lot. Because of this it is reasonable to question the accuracy of U and therefore the
Reynolds number. A safer alternative to the GPS could be a pitot tube which uses pressure
measurements to decide the velocity.

8.2 Computational power

The hydrofoil angle is calculated once every second, it is uncertain if this is to fast for
the Arduino to keep up with its calculations. To control this the code could be altered to
also log the angle. Should this be an issue one could try to increase the time between the
Arduino’s calculations, or abandon the Arduino for something with more computational
power like for example a Raspberry Pi.

8.3 Surface properties

Because of the different orientations during the 3D printing the two hydrofoils have a
different feel to their surfaces. It is therefore possible that they have different surface
qualities which would, to some degree, affect the results. Treating the surfaces in some
way could resolve this, for example by painting them.
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8.4 Torque

In section 3.2.5 torque was neglected as it is assumed to be very small because of the hy-
drofoils attachment to the rig. This could be a huge error should this assumption be wrong.
To resolve this rebuilding the rig is necessary, the least comprehensive way would be to
attach force sensors of some kind to the push arms controlling the hydrofoils angle.
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Part V

Discussion and conclusion
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9 | Variable camber hydrofoil

A hydrofoil meant for propulsive oscillation with the ability to vary its camber has been
developed as a part of this thesis, the process was describes in chapter 4. Unfortunately
because of a failing motor controller the foil has not been tested therefore it remains to
see how well it performs. However the foils mechanism works well and it is assumed
that because of it’s continuous surface and ability to bend without making abrupt edges it
would outperform a hydrofoil utilizing the traditional trailings edge flap.

The design could with some alterations be used in the construction of hydrofoils on actual
real size boats. The most important alteration being the trailings edge which is possibly
the weakest part of the design, the attachment is not very strong and it is possible that
friction will be an issue in the way the hull is attaches.
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10 | Test rig for oscillating
hydrofoils

Because of the failing motor controller it is difficult to say how the test rig would have
performed, however a working concept for a test rig has been developed.

The biggest flaw with the test rig is its inability to measure torque as during the develop-
ment process this was assumed to not be of importance. This limits the rigs ability to be
used for other hydrofoil experiments, however it is possible to adapt it for this purpose
should this be desired.
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11 | Further work

First and foremost the motor controller should be replaced so that the testing can be per-
formed, results are needed so that a decision can be made on whether the concept is some-
thing worth developing. Should that be the case it is possible that it would be beneficial
with a more aggressive curving foil and one could look into altering the design to achieve
this.

The test described in this thesis operates with an angle of attack at zero, future testing
should experiment with different values. Choosing the angle of attack is all about trying to
find the most beneficial relationship between lift and drag forces, and while this typically
lies near zero it is not necessarily the case.

Further development of a prototype for actual use on boats should be done, the biggest
challenge would probably be to find a suitable solution for the hull. It is assumed that
aluminum sheets could be used.

A less technical suggestion for future work would be to perform a cost analysis comparing
the new hydrofoil to a traditional one.
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12 | Conclusion

The objective of this master thesis was to build a test setup so that it could be decided
whether or not applying a variable camber hydrofoil instead of a traditional foil with trail-
ing edge flap would be beneficial enough to justify the increased mechanical complexity as
well as the assumed increased cost. In addition to this the thesis also sought out to develop
a concept for a variable camber hydrofoil.

The question concerning the difference in efficiency has unfortunately not been answered
because of a failure in test rig hardware but all planning has been done so that everything
is ready should the broken part be replaced. Therefore, even though no data has been
collected, the development of a test setup has been a success.

A prototype for a variable camber hydrofoil has been built and proves that the mechani-
cal aspects of it is possible. More testing needs to be done, but the prototype is a good
basis for further development. Not just for test usage but also for real size propulsion
systems.
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Appendix
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A | Electronics

Overview of all electronics except the Arduino board. Numbered connections refer to
ports on the Arduino.
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B | Arduino code

# i n c l u d e <math . h>
# i n c l u d e <Encoder . h>
# i n c l u d e "HX711 . h "
# i n c l u d e <TinyGPS ++. h>
# i n c l u d e < S o f t w a r e S e r i a l . h>
# i n c l u d e <SD . h>
# i n c l u d e <SPI . h>

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / Ro t a r y e n c o d e r s
Encoder p i t c h E n c ( 1 8 , 1 9 ) ;
Encoder f l a p E n c ( 2 , 3 ) ;
Encoder motorEnc ( 2 0 , 2 1 ) ;

c o n s t d ou b l e S t = 0 . 3 ; / / S t r o u h a l number ( 0 . 2 , 0 . 3 and 0 . 4 )

c o n s t d ou b l e c = 0 . 1 8 ; / / chord l e n g t h

do ub l e t = 0 . 0 ;
do ub l e c u r r e n t M i l l i s ;
do ub l e p r e v i o u s M i l l i s ;

do ub l e omega ;
i n t p r e v i o u s R e a d = 0 ;
do ub l e previousOmegaTime = 0 ;
do ub l e StOmega ;
i n t omegaPin = 9 ;
i n t omegaValue = 5 0 ;

do ub l e a n g l e = 0 . 0 ;
do ub l e measuredAngle = 0 . 0 ;
i n t encSens = 1 ;

do ub l e r p c = 0 .007853981634 ; / / r a d i a n s p e r r o t a r y c l i c k
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/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / p i t c h and f l a p motors
i n t m o t o r P i t c h [ ] = {12 , 1 1 } ;
i n t mo to rF l ap [ ] = {42 , 4 3 } ;
i n t motorSpeed = 255 ;

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / Load c e l l s
# d e f i n e c a l i b r a t i o n _ f a c t o r −7050.0
# d e f i n e DOUT1 6
# d e f i n e CLK1 7
# d e f i n e DOUT2 5
# d e f i n e CLK2 4
HX711 Xforce (DOUT1, CLK1 ) ;
HX711 Yforce (DOUT2, CLK2 ) ;

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / GPS
s t a t i c c o n s t i n t RXPin = 49 , TXPin = 4 8 ;
s t a t i c c o n s t i n t GPSBaud = 4800 ;
TinyGPSPlus gps ;
S o f t w a r e S e r i a l s s ( RXPin , TXPin ) ;
do ub l e S t a r t S p e e d = 1 ;
do ub l e U = S t a r t S p e e d ;
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / SD

F i l e SDcard ;
i n t pinCS = 5 3 ;

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / Se tup
vo id s e t u p ( ) {

S e r i a l . b e g i n ( 9 6 0 0 ) ;
s s . b e g i n ( GPSBaud ) ;

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / p i t c h and f l a p motors
i n t i ;
f o r ( i = 0 ; i < 2 ; i ++){
pinMode ( m o t o r P i t c h [ i ] , OUTPUT ) ;
pinMode ( moto rF lap [ i ] , OUTPUT ) ;
}
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / Load c e l l s

Yforce . s e t _ s c a l e ( c a l i b r a t i o n _ f a c t o r ) ;
Yforce . t a r e ( ) ;
Xforce . s e t _ s c a l e ( c a l i b r a t i o n _ f a c t o r ) ;
Xforce . t a r e ( ) ;
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pinMode ( pinCS , OUTPUT ) ;
}
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / LOOP
vo id loop ( ) {

c u r r e n t M i l l i s = m i l l i s ( ) ;

t = m i l l i s ( ) ;

i f ( c u r r e n t M i l l i s −p r e v i o u s M i l l i s > 1000 ) {

getU ( ) ; / / g e t U from GPS

setOmega ( ) ; / / S e t omega based on U and S t r o u h a l

p i t c h D r i v e ( ) ; / / Update f o i l a n g l e

SDwri te ( ) ; / / w r i t e t o SD

p r e v i o u s M i l l i s = c u r r e n t M i l l i s ;
}

}
/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /

vo id p i t c h D r i v e ( ) {

/ / a n g l e i n r a d i a n s
a n g l e = 1 . 5∗ a t a n ( ( c∗omega∗ cos ( omega∗ t ∗PI / 5 0 0 ) ) / U ) ;

/ / 8 0 0 k l i c k p e r 2 p i r a d i a n s
measuredAngle = p i t c h E n c . r e a d ( ) ∗ PI / 4 0 0 ;

i f ( a n g l e − measuredAngle > encSens ) {
p i t c h N e g ( 2 5 5 ) ;

}

e l s e i f ( a n g l e − measuredAngle < encSens ) {
p i t c h P o s ( 2 5 5 ) ;

}
e l s e {

p i t c h S t o p ( ) ;
}
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}
vo id p i t c h P o s i t i o n ( i n t s e tAng le , i n t r o t S p e e d ) {

w h i l e ( abs ( s e t A n g l e − p i t c h E n c . r e a d ( ) ) > 2){

i f ( s e t A n g l e > p i t c h E n c . r e a d ( ) ) {

i f ( s e t A n g l e − p i t c h E n c . r e a d ( ) > 10){
motorSpeed = r o t S p e e d ;

}
e l s e {

motorSpeed = 6 0 ;
}
p i t c h P o s ( motorSpeed ) ;
}
i f ( s e t A n g l e < p i t c h E n c . r e a d ( ) ) {

i f ( s e t A n g l e − p i t c h E n c . r e a d ( ) < 10){
motorSpeed = r o t S p e e d ;

}
e l s e {

motorSpeed = 6 0 ;
}

p i t c h N e g ( motorSpeed ) ;
}

}
p i t c h S t o p ( ) ;

}
vo id f l a p D r i v e ( ) {

/ / a n g l e i n r a d i a n s
a n g l e = 1 . 5∗ a t a n ( ( c∗omega∗ cos ( omega∗ t ∗2∗ PI ) ) / U ) ;

measuredAngle = f l a p E n c . r e a d ( ) ∗ PI / 4 0 0 ;

i f ( a n g l e − measuredAngle > encSens ) {
f l a p P o s ( 2 5 5 ) ;

}

e l s e i f ( a n g l e − measuredAngle < encSens ) {
f l apNeg ( 2 5 5 ) ;

}
e l s e {

f l a p S t o p ( ) ;
}
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}
vo id f l a p P o s i t i o n ( i n t s e tAng le , i n t r o t S p e e d ) {

w h i l e ( abs ( s e t A n g l e − f l a p E n c . r e a d ( ) ) > 2){

i f ( s e t A n g l e > f l a p E n c . r e a d ( ) ) {

i f ( s e t A n g l e − f l a p E n c . r e a d ( ) > 10){
motorSpeed = r o t S p e e d ;

}
e l s e {

motorSpeed = 6 0 ;
}
f l a p P o s ( motorSpeed ) ;

}
i f ( s e t A n g l e < f l a p E n c . r e a d ( ) ) {

i f ( s e t A n g l e − f l a p E n c . r e a d ( ) < 10){
motorSpeed = r o t S p e e d ;

}
e l s e {

motorSpeed = 6 0 ;
}
f l apNeg ( motorSpeed ) ;

}
}
f l a p S t o p ( ) ;

}
vo id p i t c h N e g ( i n t motorSpeed ) {

a n a l o g W r i t e ( m o t o r P i t c h [ 0 ] , 0 ) ;
a n a l o g W r i t e ( m o t o r P i t c h [ 1 ] , motorSpeed ) ;

}
vo id p i t c h P o s ( i n t motorSpeed ) {

a n a l o g W r i t e ( m o t o r P i t c h [ 0 ] , motorSpeed ) ;
a n a l o g W r i t e ( m o t o r P i t c h [ 1 ] , 0 ) ;

}
vo id p i t c h S t o p ( ) {

a n a l o g W r i t e ( m o t o r P i t c h [ 0 ] , 0 ) ;
a n a l o g W r i t e ( m o t o r P i t c h [ 1 ] , 0 ) ;

}
vo id f l a p P o s ( i n t motorSpeed ) {

a n a l o g W r i t e ( mo to rF lap [ 0 ] , motorSpeed ) ;
a n a l o g W r i t e ( mo to rF lap [ 1 ] , 0 ) ;

}
vo id f l apNeg ( i n t motorSpeed ) {
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a n a l o g W r i t e ( mo to rF lap [ 0 ] , 0 ) ;
a n a l o g W r i t e ( mo to rF lap [ 1 ] , motorSpeed ) ;

}
vo id f l a p S t o p ( ) {

a n a l o g W r i t e ( mo to rF lap [ 0 ] , 0 ) ;
a n a l o g W r i t e ( mo to rF lap [ 1 ] , 0 ) ;

}
vo id getU ( ) {

w h i l e ( s s . a v a i l a b l e ( ) > 0 )
gps . encode ( s s . r e a d ( ) ) ;

i f ( gps . speed . i s U p d a t e d ( ) ) {
S e r i a l . p r i n t l n ( gps . speed . kmph ( ) ) ;
i f ( gps . speed . mps ( ) != 0 )

U = gps . speed . mps ( ) ;
e l s e U = S t a r t S p e e d ;

}
}
vo id setOmega ( ) {

i f ( motorEnc . r e a d ( ) − p r e v i o u s R e a d > 800){
omega = 7 . 8 5 4 ∗ ( ( motorEnc . r e a d ()− p r e v i o u s R e a d ) /
( m i l l i s ()− previousOmegaTime ) ) ;

StOmega = St ∗U∗1 7 . 4 5 3 ;

i f ( omega > StOmega ) {
omegaValue−−;

}
i f ( omega < StOmega ) {

omegaValue ++;
}
S e r i a l . p r i n t l n ( omega ) ;
a n a l o g W r i t e ( omegaPin , omegaValue ) ;

p r e v i o u s R e a d = motorEnc . r e a d ( ) ;
previousOmegaTime = m i l l i s ( ) ;

}
a n a l o g W r i t e ( omegaPin , omegaValue ) ;

}
vo id SDwri te ( ) {

SDcard = SD . open ( " r e s u l t s . t x t " , FILE_WRITE ) ;
i f ( SDcard ) {

SDcard . p r i n t (U ) ;
SDcard . p r i n t ( " ; " ) ;
SDcard . p r i n t ( omega ) ;
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SDcard . p r i n t ( " ; " ) ;
SDcard . p r i n t ( Xforce . g e t _ u n i t s ( ) ) ;
SDcard . p r i n t ( " ; " ) ;
SDcard . p r i n t ( Yforce . g e t _ u n i t s ( ) ) ;
SDcard . p r i n t ( " ; " ) ;
SDcard . p r i n t l n ( t ) ;
SDcard . c l o s e ( ) ;

}
}

69



70



C | Risk assessment

71















78



D | Project Thesis fall 2016

79



Learning to swim:
Generating concepts for a hydrofoil

propulsion system

Jørgen Aasheim

December 2016

PROJECT THESIS

Department of Engineering Design and Materials

Norwegian University of Science and Technology

Supervisor: Professor Martin Steinert

Co-Supervisor: Ph.D. John Martin Kleven Godø



Abstract

Based on an ongoing development project at NTNU Technology Transfer this
project has looked into concepts and solutions for using oscillating hydrofoils
as a propulsion system for boats. This type of propulsion system can be said
to come from biomimetics as it is heavy in�uence by how for example �sh
and dolphins swim.

Some prototyping has been done on di�erent possibilities for mechanical so-
lutions on how to drive the foils, and a test rig has been built. The test rig
were to test the e�ect of using a movable �ap at the end of the foil, this has
previously been proven by others to be bene�cial but for the sake of learning
it was deemed to be a valuable use of time. As it turned out the test rig was
not strong enough to give any readable data from the force meter but the
it gave the author a better understanding of the concept of using oscillating
hydrofoils for propulsion.

The most important part of this project has been gathering information on
the subject and building up a foundation of knowledge before starting on the
master thesis that will follow.
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Preface

This report is the �nal result of a 9th semester specialization project at
the Department of Engineering Design and Materials at NTNU. The idea
for the project was presented by John Martin Kleven Godø from NTNU's
Department of Marine Technology, and is based on work being done by him
in collaboration with NTNU Technology Transfer. The project has been
undertaken at the NTNU research laboratory TrollLabs, and its purpose is
to lay the foundation for a master thesis.
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Introduction
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1 | The report

This report has been divided into �ve parts:

Part I Introduction

A brief introduction to the project.

Part II Theory

De�nes biomimetics and the hydro mechanical advantage of dolphins.

Gives a brief introduction to some of the concepts behind hydrofoil propul-
sion.

Part III Exploring concepts

Prototyping and research of topics related to the concept of hydrofoil propul-
sion.

Part IV Discussion and conclusion

Final thoughts into the subject and proposals for further work.

Part V Appendicies

Extra information on test setup used during research, the projects problem
text and risk assessment.
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2 | The task

The given task was to generate and test concepts that would support "�sh-
like" propulsion. This was a very open challenge with many possible direc-
tions to take but after discussing with members of the ongoing development
team a main focus of �nding mechanical solutions for moving the foils were
chosen. Bending hydrofoils were also deemed to be a interesting topic and
should be researched if time allowed it.

As this is a concept heavy in�uenced by nature and the way �sh and cetaceans
swim it was also decided that some time would be spent studying biomimet-
ics.
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Part II

Theory
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3 | Biomimetics

3.1 Biomimetics

"To put it simply, why not let evolution do your thinking for
you?"

The words belong to Alan Rudolph(Taubes, 2000), who has worked with
biomimetics for DARPA, and they shortly sum up the main idea behind the
concept.

Biomimetics, or biomimicry as it is also called, is the study of how we can
take ideas that nature have re�ned through thousands of years of evolution
and apply them into new technology and innovation. This approach has
in the past given us velcro which was inspired by burrs on seed pods that
attach them selfs to animal fur and human clothing. And it has given neural
networks a type of machine learning that mimics the building structure of
the brain.(Sandhu, 2016)

Some of the earliest examples of biomimetics we �nd in aviation. Leonardo da
Vinci studied the anatomy of birds when trying to create his �ying machines
and the Wright brothers studied the �ight of pigeons when developing their
airplane

3.2 Dolphins

Humans have yet to develop movement on water with e�ciency that can
match what we �nd in nature. Many studies have been done on swimming
�sh and maybe most famously by Sir James Gray whose study on dolphins
came to be known as Gray's paradox(Gray, 1936). By using observations of
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a dolphin swimming past a boat Gray was able to estimate a velocity of 20
knots or almost 40 km per hour. By assuming that the resistance the dolphin
experience in the water is similar to that of a rigid body with the same size
he was able to calculate that the dolphin outputted 2.6 horsepower. He
compared this to studies done earlier on other mammals (humans and dogs)
and how much horsepower they were able to output per unit mass of muscle.
This indicated that in order for the dolphins to swim as fast as observations
said they would need about 120kg of muscle, however a dolphin only has
propulsive muscles of about 15kg. From this Gray hypothesized that there
must be properties of the dolphins skin that drastically reduces their drag
force in the water.

A study done in 2014 proves Gray's hypothesis to be wrong but shows that
he was on to something interesting(Fish et al., 2014). The study used high-
speed video cameras to �lm two bottlenose dolphins as they swam through
an area of water that had been �lled with thousands of small air bubbles.
They where then able to use software to track the bubbles �ow and its speed
around the dolphins. From this they calculated the force the dolphins were
able to generate with their tails to be 700N during small amplitude swim-
ming and a staggering 1468N during large amplitude starts.

Figure 3.1: Pictures from bubble test taken from Fish et al. (2014)

The forces calculated is about 10 times stronger than what Gray hypoth-
esized, more than enough to overcome the drag forces and obtain the ve-
locities that have been observed. The study shows that the secret to the
dolphins ability to achieve great velocities does not lie in its skin but instead
may be in how it is shaped. Frank Fish, a biomechanist who worked on
the bubble study, was quoted saying: "it basically starts to tell us things
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about how well designed these aquatic athletes are. It could mean that �ip-
pered robots could theoretically be an alternative to the propeller-driven
kind"(Khan, 2014).
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4 | Oscillating hydrofoil
propulsion

4.1 Hydrofoils

Figure 4.1: Foil terminology

A foil is an object that when placed in a �uid �ow de�ects the �ow downwards
and because of this produces a lifting force perpendicular to the incoming
�ow and a drag force parallel and in the same direction as the �ow.(Weltner
and Ingelman-Sundberg, 2003) (Anderson, 2011) The de�ection of the �ow is
due to mainly the foils shape and angle between the �ow and the foils chord
line called angle of attack as shown in �gure 4.1.

Foils are typically named after what type of �uid they operate in. If the �uid
is a gas they are called airfoils and if the �uid is water as the case in this
report they are called hydrofoils. A foil is a section of a wing but it is not
uncommon to hear the entire wing be referred to as a foil and this will also
be used in this report.
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4.2 Oscillating foils

As mentioned in section 3.2 �apping foils could be a good alternative to
the more traditional propeller. In an experiment done at Massachusetts
Institute of Technology(Triantafyllou and Triantafyllou, 1995) the Strouhal
number of both �sh and previous �apping foil experiments was calculated.
The Strouhal number is a dimensionless number that describes oscillating
�ow. It tells how often vortices are created by the �apping and how close
they are to each other.

St =
fL

U
(4.1)

St - Strouhal number
f - Frequency of tail/foil �apping
L - Travel length of tail/foil
U - Speed �sh/foil

What they found was that all �sh swing their tail with a Strouhal number
that lies between 0.25 and 0.35. Earlier experiments with �apping foils that
had reported bad e�ciency turned out to have Strouhal numbers that were
nowhere close to this range. After adjusting their foils to operate in the range
they where able measure e�ciencies higher than 86 percent. Small propellers
typically get about 40 percent.

Looking at the tails of some of the fastest swimming animals one can see
that they closely resemble high-aspect-ratio foils(Anderson et al., 1998). The
biggest di�erence being that foils typically do not bend like the tails do.

4.3 Trailing edge �ap

A �ap at the trailing edge of the foil gives the option to vary the camber.
By adjusting the camber to the up and down motion the water is de�ected
in the opposite direction that thrust is wanted and the need for a large angle
of attack is decreased.
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Exploring concepts

11



5 | Moving the foils

The hydrofoils movement can be divided into three as is shown in �gures 5.1,
5.2 and 5.3. They can move up and down, rotate and angle the trailing edge
�ap.

When exploring di�erent mechanical concepts it became clear that they could
be divided into two categories: One where all three movements operate in-
dependently and one where they are locked in one movement pattern.

Figure 5.1: Up and down motion

Figure 5.2: Foil rotation

Figure 5.3: Flap angle
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5.1 One degree of freedom

5.1.1 Slider crank

Figure 5.4: Slider crank prototype. Figure 5.5: Shifting angle.

The slider crank prototype is a "2D representation" of the concept. Two
gears driven by a third gear moves a foil with slider arms. The arm moving
the rear end of the foil is locked in a slider that can only move up and down
and the �ap is attached perpendicular to the slider. This insures that the
�ap is always pointing backwards as the foil moves up and down as can be
seen in �gure 5.5. The slider arms are attaches to their gears with an o�set
relative to each other so that when moving the foil's angle shifts.
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5.1.2 Parallelogram linkage

Figure 5.6: The linkage bar keeps the �ap pointing backwards

The prototype shown in �gure 5.6 was built as one of the foils for the testing
rig that will be discussed in chapter 8. The foil's front mounting point,
the �aps hinge and the lower linkage bar forms a parallelogram. Because
the distances is kept constant the "lines" stays parallel when the angles are
varied. This keeps the foil's �ap always pointing backwards.

The extra mechanical parts exposed to the water does increase drag and
therefor it would be bene�cial to move the mechanism inside the foil.

5.2 Three degrees of freedom

5.2.1 Internal �ap mechanism

In section 5.1.2 the foil's angle was changed while the angle of the �ap was
kept constant by pushing one of the parallelogram's corners down. If instead
one of the corners where pushed sideways, perpendicular to the movement
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in section 5.1.2, the angle of the foil would be kept constant and the �ap
would move. That way the two movements are made independent of each
other.

Figure 5.7: Internal �ap mechanism

Figure 5.7 shows the prototype. There are two axles, one inside the other.
The foil's main body is attached to the outer axle and the inner axle turns
the �ap.

Figure 5.8: Rotating the inner axle turns the �ap.

5.2.2 Rack and pinion

This section will add to the prototype in 5.2.1 by including a way to control
the rotations of the axles when the foil moves up and down.

Gears have been added to the axles as shown in �gure 5.10. The gears are
connected to gear racks, and the racks are connected to linear bearings in
�gure 5.11 that slides on shafts. It is not shown in any of the �gures but the
shafts are imagined to be attached in each end to additional linear bearings
that can slide from side to side perpendicular to the shaft shown in the �gure.
Because of this the gear mechanism can move freely up and down and when
the shaft is moved from side to side the bearing pushes the rack which turns
the gear.

15



Learning to swim Chapter 5

Figure 5.9: Up and down motion
added to prototype from 5.2.1.

Figure 5.10: Gear and pinion to move
axles.

Figure 5.11: Mechanism for turning foil and �ap.
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Figure 5.12: Three degrees of freedom.

5.3 Powering the movements

5.3.1 Motors inside foil

The prototypes in the sections above area all based on having the motors on
the boat, another option would be to have electric motors built into the foils.
There are several advantages to this, one being that it simpli�es the need for
mechanical transfer of power. It would also lower the boats center of mass
making it more stable as well as freeing up space on the boat.

A challenge would be transferring power and electric signals from the boat
to the motors. Slip rings, also known as electric rotary joints, could be used
inside the foil and a cable carriers could be used to follow the foils up and
down motion.
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5.3.2 Hydraulics

Another way of powering the foils that may be bene�cial is with a hydraulics
system. Hydraulics are great at moving heavy loads and can give precise
movements(Savela, 2011). It would also be bene�cial if looked at from the
perspective of power saving because instead of using several electrical motors
to power each movement one motor could power a hydraulics pump that again
power several motion axes. By using accumulators to vary the power output
as needed the motor running the pump can keep a constant speed and the
need for gearing is therefore eliminated.
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6 | Bending hydrofoil

The trailing edge �aps makes the hydrofoils more e�ecient but the hard edge
between the foils body and the �ap are not ideal. It would be better if the
foils would bend more like the tails of �sh, dolphins and whales.

Figure 6.1: Picture of humpback whale tail, taken from Parry (2012)
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There have been some work done on the subject but to the authors knowl-
edge this has been mainly in aerospace(Chandler, 2016)(Philen, 2016)(Srid-
har et al., 2006). Examples are shown in �gures 6.2, 6.3 and 6.4

Figure 6.2: Taken from Chandler (2016)

Figure 6.3: Taken from Philen (2016)

Figure 6.4: Taken from Sridhar et al. (2006)
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7 | Machine learning

This chapter was originally written as a paper for the course TMM4280 -
Advanced Product Development, the task was to write a project proposal for
applying machine learning to some situation in an imagined company. The
paper is a proposal for using machine learning to �nd the best way to move
a hydrofoil propulsion system on a boat.

7.1 What is machine learning

Machine learning(ML) is the process of letting computers learn by them self
without being explicitly programmed to do a speci�c task. ML can be divided
into three categories, these are:

Supervised learning: The computer is given labeled data that shows ex-
amples of input and their desired output. From this the computer makes
models that tries to guess the right output when given input.

Unsupervised learning: Here the computer is given unlabeled data and
will try to categorize it. This is also a good way to discover hidden patterns
in the data.

Reinforcement learning: The computer is given a goal which it must
achieve in the environment it operates. Examples of how reinforcement learn-
ing has been used is driving a car around a track or playing a video game.
Typically the computer is given points depending on how close it comes to
the goal and how fast.
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7.2 Possible solution

By applying reinforcement learning to the ships hydrofoil propulsion system
it might be possible to discover a more e�ective movement pattern than the
one we use today.

The moving hydrofoils have three degrees of freedom: Up and down, rotate,
and �ap rotation. These all move independent of each other. These three
movements would be the set of actions that the system have to choose be-
tween and after performing a random set of actions the computer is given
a score based on how close it got to its target and how fast. It does this
over and over basing each new set on what gave it a higher score earlier and
adding variations.

The target will in the beginning, based on the present simplicity of the propul-
sion system, only be to travel in a straight line. But as the mechanical system
becomes more advanced it will be bene�cial to have the goal be �nishing some
sort of obstacle course.

Based on this process of trial and error the computer builds up a dataset
which it can use to determine what movements are most bene�cial.

7.3 Bene�ts and challenges

The bene�t of applying this, if successful, would be a better more e�ective
propulsion system for the hydrofoil driven ships. The sea is hard to model
and it is likely that an oscillating foil is not the optimal solution. ML might
be the most e�ective way at �nding the most e�ective movement.

However is should also be noted that the process is time consuming. Gather-
ing data and letting the system randomly try out movements until successful
will take a long time. But one can argue that if the goal is to �nd the most
e�ective movement this is the fastest solution.

7.4 Conclusion

When it comes to foil propulsion on ships it is hard to determine what it
most e�ective because the motion takes place in an environment that is hard
to model. By applying reinforcement learning, a type of machine learning,
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a computer can test out di�erent types of randomly chosen foil movements.
It can then based on data from these tests decide upon the most e�ective
one.

It is uncertain if this will result in a more e�ective foil movement, but it is
very likely that if there exists a more e�ective movement this is the most
e�ective way to discover it.
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8 | Testing

To better understand the concept of using oscillating foils for propulsion a
testing rig with two foils was built. The purpose was to see if a di�erence in
thrust could be measured between a foil with a �ap and one without.

8.1 The rig

Figure 8.1: The testing rig

The rig is a simple frame with �oaters on each side. DC motors and drawer
sliders �tted with a rack and pinion form linear actuators that can drive the
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foils up and down(Figure 8.2). Two servo motors are used to adjust the angle
of the foils(Figure 8.3).

Figure 8.2: Motors on each side
provide up and down motion

Figure 8.3: Servomotors for adjusting
foil angles

Figure 8.4: Limit switches
mark endpoints of motion

Figure 8.5: An Arduino was used to
control the rig

Limit switches are used to control the endpoints of the motion. Everything
is controlled by an Arduino.

Schematics for the electronics can be found in appendix A and Arduino code
in appendix B.
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8.2 The foils

The foils were based on the pro�le NASA LS413(airfoiltools, 2016). They
have a chord length of 100mm, max camber is 13%(13mm), and they have a
span of 500mm.

Figure 8.6: Both foils before wrapping

Figure 8.7: Foil test
�tting in test rig

Figure 8.8: Both foils after wrapping

They were built by laser cutting the basic structure in MDF, as can be seen
in �gure 8.6, and wrapped in durable tape to give them the right form. The
�nal foils can be seen in �gure 8.8.
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8.3 Testing

Figure 8.9: Measuring thrust

To measure the thrust the rig was attached to a force meter as shown in
�gure 8.9. The two foils where to be tested at di�erent angles of attack.
Unfortunately the motors were not strong enough to give a force that could
be registered by the meter therefore no data was collected during testing.
Just by looking at the rig it did seem to move faster when using the foil with
a �ap but this is only speculation.

After �nishing the planned test some time was spent dragging the foils
through the water by hand. Shown in �gure 8.10. This gave surprising
insight into how foil propulsion works because one could feel how the foil
pulled it self forwards in the water.
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Figure 8.10: Hands on experience.
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Part IV

Discussion and conclusion
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9 | Discussion and conclusion

This project has looked at concepts and solutions around a boat propulsion
system inspired by the way �sh and cetaceans swim, and it has been estab-
lished that this way of �nding inspiration for innovation in nature is known as
biomimetics. Even though the initial idea came from nature the development
process has not tried to exactly copy nature and this is not the purpose of
biomimetics. In that way biomimetics can be said to be a tool for inspiration
not product development.

The hydrofoils where de�ned to have three degrees of freedom and during
prototyping both designs that allowed for independently moving each one and
designs that locked them together in one movement were considered. At this
stage it is uncertain which type would be most bene�cial but it is possible that
other movements than the standard oscillation will be needed and therefore
a design that allows for independent movement should be chosen.

The foils can be powered either from motors in the boat or motors that are
built into the foils. It would seem than building motors into the foils are
preferable as it gives a simpler mechanical system, and it will give a more
stable boat as the center of mass is lowered. There are also indications that
hydraulics could be a good alternative to electric motors but too little re-
search has been done at this point.

There is a lot more work needed to be done before a �nished concept can
be built and this project has only lightly touched on a vast subject. The
most important outcome of the project is not prototypes or hydrofoil propul-
sion concepts but basic knowledge needed by the author for the master the-
sis.
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10 | Proposals for further work

There is still a lot more work to be done developing a working mechanical
system. The conclusions in this report can be used as a starting point for
further development but they should in no way be used as established truths.
There are also other aspects not taken into consideration in this report that
needs to be, for example the option to retract the propulsion system when
entering shallow water and harbors. There will also be a need for steering
which probably can �nd inspiration from nature as the propulsion system
did.

Keeping with the biomimetics theme better hydrofoils should be made based
on for example dolphin tails. Some sort of compliant mechanism which al-
lows the foil to bend elastically giving it a smoother curve could be very
bene�cial.

Some material suggesting that hydraulics could be a better alternative than
electric motors were found but this is very uncertain at this point. Looking
into the possibility of using a hydraulic system, how it should be designed
and the possible energy savings might prove to be useful.

At some point a test boat should be built that allows for testing the sys-
tem under real conditions but some work remains before this can be done.
However an early prototype could prove valuable in discovering potential
unknown unknowns and it could serve as a platform for applying machine
learning to the problem.
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A | Test rig electronics

Figure showing how to connect electronics for testing rig.
A 24 volts power supply should also be attached to the 8th leg of the H-
bridge.
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B | Arduino code

i n t motor_left [ ] = {2 , 3} ;
i n t motor_right [ ] = {7 , 8} ;

#inc lude <Servo . h>
Servo myservo ;

i n t pos = 90 ; // ad jus t f o i l s ze ro po int

i n t knappNederst = 10 ;
i n t knappOverst = 9 ;
i n t neder s t = 0 ;
i n t ove r s t = 0 ;

i n t alpha = 30 ; // Fo i l ang le

void setup ( ) {

i n t i ;
f o r ( i = 0 ; i < 2 ; i++){

pinMode ( motor_left [ i ] , OUTPUT) ;
pinMode ( motor_right [ i ] , OUTPUT) ;

}

myservo . attach ( 1 3 ) ;

pinMode ( knappNederst , INPUT) ;
pinMode ( knappOverst , INPUT) ;

36



Learning to swim Chapter B

}

/////////////////////////////////////////////////LOOP
void loop ( ) {

neder s t = d ig i t a lRead ( knappNederst ) ;
ove r s t = d ig i ta lRead ( knappOverst ) ;

d r i v e ( ) ;

//myservo . wr i t e ( 9 0 ) ;

}/////////////////////////////////////////////////LOOP

void dr iv e ( ){
i f ( neder s t == HIGH){

opp ( ) ;
myservo . wr i t e ( pos+alpha −7);

}
i f ( ove r s t == HIGH){

ned ( ) ;
myservo . wr i t e ( pos−alpha +7);

}
}

void motor_stop ( ){
d i g i t a lWr i t e ( motor_left [ 0 ] , LOW) ;
d i g i t a lWr i t e ( motor_left [ 1 ] , LOW) ;

d i g i t a lWr i t e ( motor_right [ 0 ] , LOW) ;
d i g i t a lWr i t e ( motor_right [ 1 ] , LOW) ;

}

void ned ( ){
d i g i t a lWr i t e ( motor_left [ 0 ] , LOW) ;
d i g i t a lWr i t e ( motor_left [ 1 ] , HIGH) ;

d i g i t a lWr i t e ( motor_right [ 0 ] , HIGH) ;
d i g i t a lWr i t e ( motor_right [ 1 ] , LOW) ;

}
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void opp ( ){
d i g i t a lWr i t e ( motor_left [ 0 ] , HIGH) ;
d i g i t a lWr i t e ( motor_left [ 1 ] , LOW) ;

d i g i t a lWr i t e ( motor_right [ 0 ] , LOW) ;
d i g i t a lWr i t e ( motor_right [ 1 ] , HIGH) ;

}
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C | Problem text
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D | Risk assessment
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