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Launch and recovery of GAVIA AUV

Kristinn Jósep Kristinsson

October 2011

Abstract

Autonomous underwater vehicles (AUVs) make researching underneath the
surface more efficient. Launching and recovering (L&R) the AUV is an im-
portant task of every mission and can become complex and time consuming.
Current L&R method for inflatable boats requires manpower and can get
very hard physically. The goal of this research project was to design, build
and test a launch and recovery system (LARS) in inflatable boats that makes
L&R easier and safer. Available L&R methods were studied to see what
had been done before. New methods were designed and the most promising
method was found with the help of Analytic Hierarchy Process (AHP). The
final result was a crane that made it capable for only one man to L&R the
AUV from the both sides of the inflatable boat. The required manpower has
been reduced to turning the arm in the required positions, and turning the
winch which lifts and lowers the AUV. The crane weights approximately 30
kg and costs only 54,883 ISK. It is easy to construct and assemble. Further-
more, it is easy to transport the crane. A prototype crane was fabricated and
tested. The testing of the prototype was divided into two main parts. First
of all the prototype was tested on solid ground to be able to easily intercept
if needed. The second part was to test the prototype in water. The first wa-
ter test was performed with a barrel to avoid possible economic loss. After
completing the steps for the first water test successfully, the steps were re-
peated for an AUV. Some of the tests showed that the prototype needed some
improvements. After each improvement the tests were repeated to make sure
that the improvement worked.



Sjósetja og endurheimta GAVIA
sjálfráð neðansjávar djúpfar
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Útdráttur

Sjálfráð neðansjávar djúpför gera neðansjávar rannsóknir skilvirkari. Að
sjósetja og endurheimta djúpför af þessu tagi er mikilvægur þáttur við hvert
og eitt verkefni. Það getur orðið flókið og tímafrekt við erfiðar aðstæður.
Núverandi aðferð við að sjósetja og endurheimta á uppblásanlegum báti krefst
mannafla og getur verið líkamlega mjög erfið. Markmið verkefnisins var
að hanna, smíðar og prófa búnað fyrir uppblásanlega báta sem gerir aðfer-
ðina þægilegri og öryggari. Til að byrja með var rannsakað hvaða aðferðir
væru til. Nýjar aðferðir voru útfærðar og með aðstoð AHP var sú aðferð
sem var efnilegust fundin út. Niðurstaða verkefnisins var krani sem gerir
einum manni kleift að sjósetja og endurheimta kafbát frá báðum hliðum upp-
blásanlega bátsins. Þörf á mannafla við að sjósetja og endurheimta kafbátinn
minnkaði til muna, nú snýst hún um að snúa armi í tiltekna stöðu og í að
snúa spilinu sem lætur kafbátinn lyftast og sígast en ekki er lengur krafist
líkamlegrar áreynslu. Kraninn vegur ca. 30 kg og kostar einungis 54.883
ISK. Það er auðvelt að smíða hann og setja saman. Að auki er auðvelt að
flytja kranann. Frumgerð var smíðuð og prófuð. Prófununum var skipt í
tvo megin hluta. Til að byrja með var frumgerðin prófuð á landi, það var
gert svo að auðvelt væri að grípa inn í hefði þess verið þörf. Seinni hlutinn
fólgst í að prófa frumgerðina í vatni. Fyrsta prófun í vatni var framkvæmd
með tunnu til að komast hjá mögulegu fjárhagslegu tjóni. Eftir að fyrstu pró-
fanir í vatni höfðu verið leystar með góðum árangri, voru skrefin endurtekin
fyrir neðansjávar djúpfar. Prófanirnar leiddu það í ljós að frumgerðin þarf-
naðist endurbóta á sumum sviðum. Eftir lagfæringar og betrumbætur voru
prófanirnar endurteknar þar til fullnægjandi lausn fannst.
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T : Temperature [K]
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Chapter 1

Introduction

The Gavia Autonomous Underwater Vehicle (AUV) [9] is specially designed for under-
water measurements, researching and monitoring. The Gavia AUV is the first product to
offer this kind of service for the oil and gas market, therefore Teledyne Gavia is one of the
leaders in that field today. Figure 1.1 shows the AUVs along with other equipment.

It all started in 1996 when Hjalti Harðarsson started working on the idea of making an
AUV which could be used for research. In 1999 the University of Iceland joined to co-
operate which gave Hjalti the support needed to establish a company that same year, called
Hafmynd ehf.

Figure 1.1: The three types of the Gavia along with an extra battery module, computer
and a cellphone. From back: Gavia Scientific, Gavia Offshore and Gavia Defence [9].
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Figure 1.2: Gavia Offshore: Unassembled modules aligned [8].

The AUV is designed to be modular and have easily interchangeable parts. In this way
the functionality can be changed rapidly. To begin with, there were only 4 modules; the
Nosecone module, the Battery module, the Control module and the Nozzle, see in Fig.
1.2. Frequently new modules have been integrated in the AUV’s design. The biggest
milestones for Hafmynd were

• 2003: New design of the motor.

• 2004: Integration of the DVL (Doppler velocity log) module, which measures the
vehicle’s velocity relative the sea-floor or the surrounding water.

• Between 2004-2005: 3D-Sonar was integrated.

• 2007: The casing of the AUV got improved, which made the AUV able to reach a
depth of 1000m.

In September 2010 Hafmynd ehf. was acquired by Teledyne Benthos, which is a sub-
sidiary of Teledyne Technologies. Combined with these changes they renamed the com-
pany Teledyne Gavia ehf.

The Gavia is available in three different types. They all have the same diameter, 200 mm,
and the length varies depending on the configuration. The depth rating is 500 and 1000
meters, depending on which aluminum type is in the casing. The maximum speed is just
above 5.5 knots and the three types can all operate on two batteries, which approximately
doubles the usage time. The batteries can also be replaced with new, allowing for contin-
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uous operations on the field. The Gavia Offshore is designed to survey bathymetric and
environment, inspect pipelines and construction supports, explore new or lost items, and
inspect hurricanes. Typically the length is 2.7 m, but its absolute highest known length is
3.5 m. The weight is between 70-80 kg for the typical length, but can get up to 115 kg for
the largest configuration. The battery endurance is typically between 4-5 hours at 3 knots
with all sensors turned on. The Gavia Scientific is designed for oceanography, limnology
habitat assessment, hydrography bathymetric survey, archeology, wreck finding and map-
ping, bottom type analysis, 3D CTD mapping, current profiling and under ice surveying.
The length is from 1.8 m for base vehicle which weights 49kg. The battery endurance is
typically 7 hours and can get greater for configurations that require less energy. The Gavia
Defence is designed for mine counter measures (MCM), anti-submarine warfare (ASW)
training, rapid environmental assessment (REA), surveillance, search and recovery, port
security, specialized payloads and research. The base vehicle is 1.8 m and with MCM
included 2.6 m in length. The weight for the base vehicle is 49 kg and 62 kg with MCM.
The battery endurance is typically 7 hours. [8]

L&R is a very important part of every mission. Figure 1.3 shows a recovery of the Gavia.
Current L&R methods for inflatable boats require manpower and can get very hard phys-
ically. The men are forced to bend over the tube to reach for the AUV. When the AUV
has been caught, the men have to lift the AUV in the position they are in, which is not
easy.

Figure 1.3: Recovering the Gavia [9].
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1.1 Objectives

The intention of the project was to make the Launch and Recovery (L&R) process for
inflatable boats easier and safer. The main goal was to design and build a launch and
recovery system (LARS) for inflatable boats. The LARS must be mobile and fit most
inflatable boats. The LARS must be able to L&R a three meter long AUV, which weights
around 110 kg. The inflatable boat must therefore be able to carry a three meter long AUV.
The most common and other known methods for L&R an AUV will be mentioned and
discussed. Several new methods to L&R an AUV from inflatable boats will be described
briefly to begin with and weighted against each other until the most promising solution has
been found. When the most promising solution has been chosen the required dimensions
of the LARS will be determined. The design will then be drafted in Autodesk Inventor

where it will be stress analyzed to confirm that the calculations are correct. The choice
of material and design must meet satisfying standards. A full sized prototype will be
constructed and tested.

Another important task is to design a L&R solution for ships and piers. The task will be to
solve and describe thoroughly how to L&R from ships and piers based on the information
provided. Activity description will include figures that will give a good idea about how
the solution is going to work.

1.2 Thesis Outline

The structure of this thesis is as follows: Chapter 2 describes the most common condi-
tions for L&R and information about inflatable boats. Chapter 3 describes available L&R
methods that are in use or in development. Chapter 4 contains several new methods to
L&R from an inflatable boat. In chapter 5 the five most promising solutions from chapter
4 will be weighted against each other until the most promising solution has been found.
Chapter 6 presents the theory, the design of the best solution and results from the stress
analysis in Autodesk Inventor. Chapter 7 describes the prototype fabrication and how
the testing of the prototype was performed and the results from the tests. Chapter 8 con-
cludes the thesis with a summary and outlook. The outlook includes the solution for the
ships and piers.
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Chapter 2

The Launch and Recovery Operation

This chapter describes the L&R of Gavia, in particularly from shore, ships and piers, and
from inflatable boats. L&R is a very important part of every mission. Launching is letting
the AUV enter the water where it can then start its mission. When the AUV has finished
the mission it relocates itself at the recovery point where the AUV is taken out of the
water, or recovered.

2.1 L&R from Shore

L&R the AUV from a shore is one of the easier conditions. In Fig. 2.1 we see the AUV
in a carrying frame. The carrying frame is designed to protect and absorb a small amount
of shock. It is recommended to transport Gavia in the carrying frame. The L&R process
from a shore is:

• Transport the AUV to the shore in the carrying frame

• Prepare the AUV for a launch

• Lift the AUV by hand and put it in the water

• The AUV moves to the starting point of the mission

• The AUV completes the mission

• The AUV moves to the recovery point and turns off the propeller

• The AUV is recovered by hand and put back in the carrying frame

The biggest disadvantage is the long-distance between the launching point and the starting
point of the actual mission. Energy has to be spent in the moving process. The advantage



6 Launch and recovery of GAVIA AUV

Figure 2.1: Preparing the AUV for a mission. The AUV is in the carrying frame [18].

is that the men are both standing on solid ground and can easily perform the tasks were
they are needed.

2.2 L&R from Ships and Piers

Most ships and all piers have some kind of crane that should be able to submerge and
lift the AUV. The main difference between the ships and the piers is that the crane moves
similarly with the AUV at the ships but at the piers the crane is fixed without any move-
ments. Ships and piers do often include a crane which can be used to lift and lower much
heavier cargo than an AUV. The L&R process from ships and piers are:

• Attach the AUV to the line of the crane

• Lift and release the AUV into the water

• The AUV moves to the starting point

• The AUV completes the mission

• The AUV moves to the recovery point and turns off propeller

• A line is attached to the AUV

• The AUV is recovered
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Figure 2.2: Launch from a ship with a crane [18].

The hardest part is to attach the line to the AUV when the AUV is ready to be recovered.
An inflatable boat is sometimes used to attach the line to the AUV, additional work is
needed to launch and recover the inflatable boat.

2.3 L&R from Inflatable Boats

L&R the AUV from an inflatable boat is a more complex process and requires the most
manpower. The inflatable boat cannot include the standard equipment which is in ships
and piers, because of its size and stability. The inflatable boat moves more freely which
can make the recovery physically more difficult, mainly because of the wave movement
of the sea, and the long reach for the AUV which forces the men to bend over the tube.
As seen in Fig. 2.3 three men are needed at this recovery and the fourth man is assisting
the man in front. This is probably considered a hard condition, that is, a lot of movement
in the sea. The L&R process from the inflatable boat is:

• Transport the AUV with the inflatable boat to the launching point in the carrying
frame

• Prepare the AUV for a launch

• Lift the AUV by hand and launch the AUV from the side of the inflatable boat

• The AUV completes the mission
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• The AUV moves to the recovery point and turns off the propeller

• The AUV if recovered by hand from the side of the inflatable boat

The recovery can be performed by one man at best conditions, but it is recommended to
have at least 2 men, depending on the configuration and conditions. The AUV can get 3.5
meters in length, which weights around 115kg. In the water the AUV floats with a weight
between 300-500 grams. So it is obvious that the hard part of the recovery is when the
AUV actually gets out of the water. The one man recovery method is extremely hard and
requires precision. When the AUV has been caught, the nose is turned straight up. The
AUV is pushed downwards as much as possible, without letting go. The AUV is then
hauled upwards and inside the inflatable boat. What happens is, that the float force from
the AUV helps increasing the upwards movement when the AUV is hauled upwards. It is
not a lot, but just enough to make one man able to do it by himself.

For the previously described conditions, the AUV performs what is called a passive recov-
ery. When the recovery point has been reached the AUV turns of the propeller and waits at
the surface. If the AUV drifts away from the recovery point the AUV starts moving under
the surface, taking a circle to get to the recovery point again. When the recovery delays,
it has happened that the AUV moves under the surface during the recovery, causing the
recovery process an even greater delay. Therefore it is important that the recovery can be
performed quickly. An active recovery is when the AUV does something that is necessary

Figure 2.3: Recovering the AUV from an inflatable boat [18].
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in the recovery. That could for example be shooting a line that will be dragged in, or the
AUV, by itself, enters a device that recovers the AUV [19].

2.3.1 Inflatable Boats

An inflatable boat is a lightweight boat constructed by flexible tubes (red in Fig. 2.4)
containing pressurized gas. The floor and hull (green in Fig. 2.4) beneath is flexible
for smaller inflatable boats, and usually made out of aluminum or plywood for inflatable
boats longer than 3 meters. The transom (blue in Fig. 2.4), in the back of the inflatable
boat, is usually made out of wood. The transom carries the weight of the motor and the
large forces and vibrations which the motor generates.

The arrows in Fig. 2.4 show possible ways to L&R the AUV. The most common way is
to do it from the side. To L&R the AUV from the back is known for bigger boats but may
not be recommended for inflatable boats because of the light weight of the inflatable boat
and the stability. Adding a LARS and lifting a 110 kg AUV from behind could possibly
cause the inflatable boat to turn upside down. There should be a better stability in L&R
the AUV from the front, but as we can see in Fig. 2.4, the working area decreases at the
front. The height, from the surface of the water to the top of the inflatable boat, is also
most at the front. That means that more work is needed to get the AUV in and out of the
inflatable boat.

Teledyne Gavia is using a Quicksilver Heavy Duty 430HD inflatable boat which can be
seen in Fig. 2.5. There are several types and models available. The Quicksilver’s man-
ufacturer’s plate can be seen in Fig. 2.6. This model is 4.3 meters in length and weights

Figure 2.4: Quicksilver inflatable: Descriptions of the areas and ways to L&R the AUV.



10 Launch and recovery of GAVIA AUV

Figure 2.5: Quicksilver Heavy Duty 430HD with dimensions.

98.6kg. It can carry a maximum load of 980 kg, the maximum outboard weight is 60 kg
and the maximum outboard power is 30HP. The category is C which means that the boat
is designed for inshore navigation, that is wind force 6 (Beaufort scale) or wave height
up to 2 meters. The ISO6185 part standard in the bottom defines the power rating of the
boat. A power rating of VII means the inflatable boat can be powered by a 20HP motor
and greater.

Fixing the LARS to the inflatable boat is necessary and can be done in different ways.
Manufactures offer standard attachments which can be fixed to the tube. In the left side
of Fig. 2.7 there are standard attachments from Quicksilver. There are also available
stronger attachments that can handle more pull. In the right side of Fig. 2.7 one of four
attachments, which are fixed to the tube, can be seen. These four attachments can handle

Figure 2.6: Quicksilver Manufacture’s plate.
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Figure 2.7: Standard attachments and stronger attachment.

the lift when the inflatable boat is fully loaded with equipment and crew (5 persons)
[20].

It could cause a problem to only have a fixed point in the flexible tube because the tube is
elastic and the tube could be damaged. To prevent that problem a screw or a bolt can be
fixed to the floor of the boat, which is made out of aluminum or plywood, as mentioned
before. With the use of screws it is important to choice carefully the correct length of
screws. To long screws might make a hole on the hull, under the floor. Some of the
disadvantages of losing and fastening screws are that they can get stripped and the holes
become weaker with time. When using bolts, a hole would be necessary in the floor to be
able to mate the nut to the bolt and fix the LARS probably.

Fixing the LARS between the tube and the floor is also possibility. In Fig. 2.8 we can
see where the base is, and how the length is modified until it is fixed between the tubes
and the floor. There might be a small width difference for each and every inflatable boat;
more settings possibilities will cover all lengths.

Figure 2.8: Fixing the LARS between the tube and floor.
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Figure 2.9: 15Hp Mercury motor [11]. Notice the clamp.

The transom could also be used as the fixed point of the base. The maximum stress on
the transom would take place when the LARS is L&R the AUV. The motor would have
to be turned off while L&R, to minimize the stress on the transom. Using screws or bolts
to fix the LARS to the transom is not recommended, because of the holes which are then
necessary. The holes might possibly reduce the strength of the transom. Using clamps,
something similar to the motor clamp, is more suitable and do not require any changes to
the transom. In Fig. 2.9 we have a 15 horsepower Mercury motor that fits the Quicksilver
inflatable boat. The motor weights 52 kg and it can fit a transom that has a width from
381 mm-508 mm. The angle between the floor and the transom is approximately 98◦ and

Figure 2.10: a: Rear floorboard. b: Transom retainer [16].
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Figure 2.11: c: Side joiners. d: Rubber stoppers [16].

the motor’s weight creates a backward moment on the transom. Adding a LARS on the
other side side of the transom, creating an opposite moment, may be a good choice. The
clamp area is small on the inner side of the transom and big on the outer side, see the
clamp in Fig. 2.9. The clamp force from the motor clamp is on the inner side in the top of
the transom. The clamps for the LARS could, e.g., be longer and therefore reach further
down on the transom, just to spread the force evenly.

On some inflatable boats there is a transom retainer and side joiners on the sides that keeps
the floor from moving. The reason for mentioning these parts of the inflatable boat is that
they may have an effect on the final design. These parts can be seen in Fig. 2.10 and 2.11.
For some inflatable boats this is not standard equipment. Then the floor lies loose inside
the tube [16].
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Chapter 3

Available Launch and Recovery
Methods

This chapter describes the L&R methods that are available today. These methods come
from Teledyne Gavia, Teledyne Gavia’s customers and other companies. The reason for
looking at these solutions is to get to know what has been done in the past and try to build
further on and improve these ideas.

3.1 Nosecone Top-Hook

The nosecone top-hook design is from Teledyne Gavia and was planned to be used with
custom cranes that are available on the market (will be discussed later in this chapter). In
Fig. 3.1 we see the design. The idea was to hook the AUV in a line and use the crane
to bring the AUV in and out of the water. The AUV’s nose would point upwards while

Figure 3.1: Teledyne Gavia’s design: Nosecone Top-Hook [18].
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Figure 3.2: Teledyne Gaviat’s design: Hooks under Nosecone [18].

being L&R. Adding a component in front like this increases the drag which should be
avoided.

This solution was not as successful as the team hoped. It was difficult to hook the line and
the AUV swung a lot while being lifted. The swinging caused damage to the AUV when
it hit the side of the ship [18].

3.2 Hooks Under Nosecone

Another idea from Teledyne Gavia was to recover the AUV by having hooks under the
nose. These hooks are designed to have less effect on the drag than the prior idea and to
protect equipment between the hooks. After throwing out the recovery net, the AUV will
move directly into it and be caught in the hooks. The net will then be brought in along
with the AUV.

Because of the AUV’s design the recovery net got caught in other parts of the AUV, like
for example the antenna tower. That was not considered suitable and the idea was put to
side for now [18].

3.3 Grabber

Figure 3.3 shows the design of a grabber from Teledyne Gavia. The top points in the
center are for holding the grabber and the four other points are to control the opening
and closing of the grabber. The four bars in the bottom are positioned where the AUV’s



Kristinn Jósep Kristinsson 17

Figure 3.3: The grabber from Gavia [18].

structure is the strongest. This idea was designed in 2003, but never built nor tested
[18].

3.4 Fugro

Fugro is a Dutch company founded in 1962. They use the AUV from Teledyne Gavia for
research. In Fig. 3.4 the team is launching the AUV with a crane on a ship. When the
AUV has been brought in the water, they pull the line which is positioned in the middle
of the AUV. What happens is the knot gets released and the AUV is free in the water. The
two lines at each end are to hold the AUV stable, preventing it to rotate and hit the side of
the ship. To release these lines one end of each line is simply let go and then the line can
be pulled in.

In Fig. 3.5 the team is recovering the AUV with a net. In the bottom of the net there is a
frame that holds the net open and in the top there are floaters that make sure to keep the
net just under the surface. The AUV is at the surface at recovery and enters the net from
one of the sides. It may concern some that the AUV can roll in the net, but the rolling has
not yet caused any damage to the AUV.
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Figure 3.4: Fugro launching the AUV with a crane [18].

Figure 3.5: Fugro recovering the AUV with a net [18].

This recovery method can be time consuming if the AUV does not enter successfully.
Sometimes it takes some attempts to recover the AUV. The AUV is manually controlled
and the pole assist the AUV to enter successfully. [18].
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3.5 NCS

NCS is a British company which has been up and running for over 20 years. They use the
AUV from Teledyne Gavia for research. Figure 3.6 shows a launching from a boat. The
LARS is made out of aluminum. Three hooks are fixed to an angle and the hooks hold
the AUV. The AUV is lifted by a pulley controlling the line with a winch that can be seen
in the top right corner of the figure. The small white line, which can be seen close to the
AUV in front, is to open the hook. To attach the line to the AUV, an inflatable is present
that makes it possible to manually attach it [18].

3.6 Remus

Kongsberg is a Norwegian company founded in 1957. In Fig. 3.7 we can see one of their
AUV, Remus. The AUV is being launched from a boat. Two men are required to L&R
the AUV with this LARS. No crane is required, only the manpower. In the left side of the
figure the purpose of the supports can be seen, that is the part of the equipment closest to
the side of the boat.

Figure 3.6: NCS launching the AUV with hooks [18].
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Figure 3.7: Launching Remus from a boat [5].

Figure 3.8: Hooking and lifting the equipment [23].

One of the good things about this design is that the AUV is not fixed in any lines. On
the other hand, this could also cause the AUV to move and possibly fall out of the LARS
while being L&R [5].

Another L&R solution for the same AUV is to lift the AUV with a custom made crane
from the U.S. Navy EOD (right side of Fig. 3.8). The whole systems moves by the side
of the boat and the AUV can be lifted up or down. When the AUV is recovered a pole is
used to attach the hook to the recovery plate of the AUV (left side of Fig. 3.8).

This custom made crane is big and requires electricity to lift and lower the AUV. This idea
is too big for a normal sized inflatable, but the pole in the left side of Fig. 3.8 is a good
idea and might be useful for most of the situations [23].
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Figure 3.9: LARS from Odim [18].

3.7 Odim

Odim is a Norwegian company that has been up and running for over 30 years. In Fig. 3.9
is two of many LARS from Odim. In the start of this chapter Gavia’s design on Nosecone
Top-Hook was presented. As seen in the left side of the figure above, the line is hooked
in the nose of the AUV and the AUV is lifted with a vertical rotating crane. The solution
to the right lifts the AUV by the nose and the LARS turns until the AUV is above the
platform where it can be lowered [18].

3.8 MBARI

The Monterey Bay Aquarium Research Institute (MBARI) was founded in 1987 and is
located in California, USA. Figure 3.10 shows a docking system recovering a Bluefin
AUV. The cross section area is biggest at the entrance of the docking system to increase
the probability to enter successfully. The cross section area gets smaller and the AUV can
be recovered when it has reached the point where it gets fixed in the system. This idea
is still not available on the market. MBARI is still working on this idea along with other
ideas [12].
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Figure 3.10: MBARI recovering a Bluefin AUV [12].

3.9 Bo Krogh

In 1984 Bo Krogh established his company, Bo Krogh ApS. In the left side of Fig. 3.11
we see a remotely operating vehicle (ROV). This vehicle is connected with a cable to the
surface, which is also used to L&R the ROV. In the right side of Fig. 3.11 a LARS for
the AUV has been added to the ROV, called drawer. The ROV transports the AUV to
the launching point at the correct position and depth. When the AUV has finished the
mission, the ROV picks up the AUV and gets recovered [14].

Figure 3.11: L&R the AUV with a ROV [14].
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3.10 Conclusions

This chapter described available L&R methods at Teledyne Gavia and other companies
from around the world. The methods that are in use today seem to function well but none
of them can be right away integrated for the inflatable boat. In the next chapter we are
going to take a look at several novel L&R methods on inflatable boats.
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Chapter 4

Several New Methods for Launch and
Recovery on Inflatable Boats

This chapter presents new ideas about how to L&R an AUV from an inflatable boat. These
ideas will be described briefly with drawings and text. The drawings do not necessarily
contain information about how the final design will be, they only give a good preview
about how the ideas function. The five most promising ideas will then be chosen to be
compared against each other in greater detail in the next chapter.

4.1 Description of Methods

Idea 1: At this moment, the AUV is on-board while the inflatable is transporting the AUV.
The idea was to see if there were any advantages by having the AUV on top of the tube
or on the side of the tube, close to the water surface. By moving the AUV to one of these
spots, the available on-board area would be increased. The distance from bringing the
AUV from rest and in the water is shorter and might require less energy.

Keeping the AUV on top of the tube may give a possibility to use the tube as a damper
during transportation. This may not be a good idea because it might cause more problems
regarding the design of the LARS, like stability of the equipment and AUV, or fixed points,
which were discussed in a previous chapter.
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Figure 4.1: Three possible placements for the AUV at rest while being transported.

Idea 2: Figure 4.2 shows hooks that are are holding the AUV on the outer side of the tube.
When the AUV is launched or recovered, the LARS moves downwards the tube until the
AUV can be L&R. A line would be attached to the AUV during L&R, guiding the AUV
in the hooks and keep the AUV safe there.

Idea 3: The attachments and ropes on the tube make the current recovery method more
difficult, it prevents the team from sliding the AUV on the tube. The idea is to have a slope
fixed on the side where the AUV would slide up and down. At rest the AUV would be
kept on top of the tube or on-board. Like in the previous idea, a line would be attached to
the AUV during L&R. This idea can be combined with the idea with the hooks. The hook
would be inside/under the slope and be put out when the AUV is at rest position.

Figure 4.2: Hooks on the side.
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Figure 4.3: Recovering the AUV with a slope.

Idea 4: The next idea is to use a floater from one of the sides attached to arms that have
pulleys that L&R the AUV, see Fig. 4.4. During transportation the whole LARS and the
AUV would have to be rotated or moved on-board. One of the good things about this
idea is that the LARS and the AUV’s weight during L&R do have less influence on the
inflatable’s stability.

Idea 5: Figure 4.5 shows a frame that is fixed on-board the inflatable. The idea is to have
solid bars on the right side of the inflatable that move down toward the water on the left
side, as seen in the figure. The other bars have knees and moves toward the floor and rests
there, while the AUV is being L&R. While the AUV is being transported the frame can
be up along with the AUV. It is also a possibility to make the AUV rest on the floor and
keep the frame to the side.

Figure 4.4: L&R with a floater from the side.
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Figure 4.5: L&R the AUV with a fixed frame.

Idea 6: The two previously described ideas could be put together in one idea, see Fig.
4.6. It may be necessary to add a knee on the left bar, to make the floater float in the
water. The AUV will then have to be L&R from the center of the top left bar.

Idea 7: One idea was to use wheels to guide the AUV on-board. A line would be attached
in the nose of the AUV and pull the AUV on-board, through the wheels. Two wheels
would be positioned in front of the tube with a −45◦ and 45◦ angle compared to the angle
of the floor. The other two wheels on-board have the same angle but have a possibility
to move vertically with the help of a pump. The reason for this movement is that when
the AUV is entering the first two wheels, the AUV has a big angle. The on-board wheels
are then at it’s top. When the AUV moves further on-board, more of its weight makes the
on-board wheels move downwards and the AUV can be safely moved in its rest position,
see in Fig. 4.7.

Figure 4.6: The floater and frame combined together.
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Figure 4.7: Recovering the AUV with wheels.

Idea 8: L&R the AUV through the bottom of the inflatable boat is a possibility but might
require a big change to the hull and floor, see in Fig. 4.8. The pull/release force is in
vertical direction, which makes the L&R easier than from the side.

Idea 9: In Fig. 4.9 we have the arm to the side solution. When the arm is in this position,
the AUV is being pulled up or released. When the AUV is being recovered and has been
pulled up, the whole arm is being rotated in vertical position. The arm is fixed in vertical
position and the AUV can be released on the floor where it rests.

Figure 4.8: L&R the AUV through the bottom.

Figure 4.9: L&R with an arm to the side.
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Figure 4.10: The LARS is fixed to the transom and rotates an arm.

Idea 10: Another idea is to have a frame fixed to the transom and the frame is above the
motor. At one end of the frame, there would be a rod that rotates. The arm, which is fixed
on top of the rod, would rotate as well. When the arm is in following position, see in Fig.
4.10, the AUV can be L&R.

Idea 11: Another kind of arm can be seen in Fig. 4.11. There is a vertical beam that is
holding the horizontal arms which have a horizontal movement to the side of the tube.
When the AUV is being recovered, it will be attached to the line, dragged in top position
in the end of the arms. After that the arms will move inwards to the center of the inflatable,
where the AUV can be lowered in the carrying frame.

Figure 4.11: L&R with arms that moves horizontally to the side.
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Figure 4.12: L&R with a fork.

Idea 12: As seen in Fig. 4.12 the idea was to have a fork on the top of the tube, which has
a rotation point on the top and can be moved sideways when the handles are horizontal.
At rest the AUV would stay in the fork and be attached with additional lines to keep it
safe.

4.2 Comparison and Conclusions

The five most promising are selected by the author along with the Teledyne Gavia staff.
The first idea was a discussion about where the AUV should be kept at rest, while being
transported. Keeping the AUV on the side or on the top of the tube was not considered a
good idea, so the first two ideas were excluded. Idea number three did not make the L&R
safer but did make it slightly easier. The fourth and fifth idea were combined together
in one idea. The combined idea, number six, seemed to be the best choice of these three
ideas, so the fourth and fifth idea were excluded. Idea number seven was the only idea
that did L&R the AUV from the front, because of that the idea did get through to the
top 5. The idea of changing the inflatable boat was not recommended and was excluded.
Idea number nine did not contain any additional benefits over idea number six, so it was
excluded. The last three ideas, idea number 10, 11 and 12, did all have good features that
could possibly work in reality, such as the mechanism and several possibilities to fix the
unit to the inflatable bloat. They did all go through to the top 5. Ideas number 6, 7, 10,
11 and 12 were the most promising ideas, we are going to take better look at in the next
chapter.
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Chapter 5

Selecting the Appropriate L&R Method
using Analytical Hierarchy Process

In previous chapter we took a look at new ideas about how to L&R an AUV from an
inflatable boat. This chapter presents the five most promising ideas and they will be
compared against each other with the help of Analytic Hierarchy Process (AHP). The
beauty of AHP is that it makes complex decisions easier. Instead of choosing the most
promising idea straight away with the uncertainty about selecting the most promising
solution, we use AHP which compares all of the ideas independently against each other
with respect to selected criteria. The goal is to find the most promising solution. When the
most promising solution has been identified the design process can begin in next chapter.
The process will be described with an example for illustration purpose. The example
was designed by the author and for more details about AHP it is advised to see reference
[21].

5.1 Example of AHP

The goal for this example is to buy a new car. This example is a subjective evaluation
made by author. If the alternatives are well defined, the weights can be determined by
facts. The criteria are, initial price, fuel economy and comfort. The alternatives or pos-
sible choices are, Mercedes Benz, Toyota Yaris and Hummer. To begin with the criteria
must be weighted against each other, to find the importance of each criteria with respect
to each other. To keep it as simple as possible, the values for the weights are from one
to three. In Tab. 5.1 we have the weighted values for the criteria. The diagonal of the
matrix is always one because each criteria compared to itself is equal. If we take a look at
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Table 5.1: Weighting the criteria for the car example.
Initial Price Fuel Economy Comfort

Initial Price 1 1/2 1/3
Fuel Economy 2 1 2

Comfort 3 1/2 1

the fuel economy in left side of the table, we can see that the fuel economy is three times
more important than the initial price and two times more important than the comfort. If
we take a look at the initial price on the left side against fuel economy, the weight is 1

2
,

basically because of the already given weight for fuel economy vs. initial price. It can be
expressed with following equation where i is not equal to j.

aij =
1

aji

To eliminate the uncertainty for the weight difference we multiply the matrix with it-
self.

A · A =


1 1

2
1
3

2 1 2

3 1
2

1




1 1
2

1
3

2 1 2

3 1
2

1

 =


3 1.17 1.67

10 3 4.67

7 2.5 3


Now we sum the rows and get 

5.83

17.67

12.5


The sum of this column is 36. Dividing each number in the column with 36 will give us
the normalized values for each criteria, that is

1

36
·


5.83

17.67

12.5

 =


0.16

0.49

0.35

 = x

These numbers tell us the importance of each criterion. The second criterion, which
was for fuel economy, is the most important criterion and the first number, which was a
criterion for initial price, is the least important criterion. Now the weights for the criteria
has been determined. The next step is to rank the alternatives against each other. This
must be done for all of the criteria, but the first criterion will only demonstrated. Table 5.2
shows the weights with respect to initial price. We repeat the steps as before, multiplying
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Table 5.2: Weighting the alternatives with respect to initial price for the car example.
Mercedes Benz Toyota Yaris Hummer

Mercedes Benz 1 1/2 2
Toyota Yaris 2 1 3

Hummer 1/2 1/3 1

the matrix with itself.

B ·B =


1 1

2
2

2 1 3
1
2

1
3

1




1 1
2

2

2 1 3
1
2

1
3

1

 =


3 1.67 5.5

5.5 3 10

1.67 0.92 3


The sum of the rows. 

10.17

18.5

5.58


The sum of this column is 34.25 and we divide each value by it to normalize.

1

34.25
·


10.17

18.5

5.58

 =


0.30

0.54

0.16


Below are all of the normalized values for the three alternatives with respect to the criteria.
The first column is for initial price, the second column is for fuel economy and the third
is for comfort. The first row indicates the weight for the Mercedes Benz, the second for
the Toyota Yaris and the third for the Hummer.


0.30 0.30 0.30

0.54 0.54 0.16

0.16 0.16 0.54


If we multiply this matrix with the normalized values for the criteria (expressed as x

before) we get the solution.


0.30 0.30 0.30

0.54 0.54 0.16

0.16 0.16 0.54




0.16

0.49

0.35

 =


0.30

0.41

0.30


Which tells us that the Toyota Yaris is the best choice considering the given weights. The
Mercedes Benz and Hummer do get the same number as a result. The last step is to
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calculate the consistency ratio (CR) to measure how consistent the judgments have been
relative to large samples of purely random judgments. If the CR is greater than 0.1 the
judgments are untrustworthy because they are too close for the comfort to randomness.
The only thing to do if the CR gets higher than 0.1 is to start all over again weighting each
part and recalculate.

A =


1 1

2
1
3

2 1 2

3 1
2

1

 x =


0.16

0.49

0.35


To calculate the CR for the criteria we multiply A and x. This equals to λmax · x.


1 1

2
1
3

2 1 2

3 1
2

1




0.16

0.49

0.35

 =


0.52

1.51

1.08

 = λmax ·


0.16

0.49

0.35


To calculate λmax we find the average of the three values.

λmax =


0.52

1.51

1.08

 ÷


0.16

0.49

0.35

 =


3.26

3.08

3.07

 = 3.14

The equation for CR is

CR =
λmax − n

n− 1
=

3.14− 3

3− 1
= 0.069 (5.1)

where n is number of criteria or alternatives. The CR is under 0.1 which tells us that judg-
ments are trustworthy. The CR must also be calculated for each alternative. For the three
alternatives they are all 0.0046 which is close to being perfectly consistent [21].

Now the steps have all been described. In next section we are going to take a look at the
AHP results for this project.

5.2 Finding the most Promising Solution for Inflatable
Boats

Here is the list of the 5 ideas that will be compared against each other (as discussed in
Sec. 4.2):
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1. The floater combined with a frame

2. The wheels

3. The crane

4. Vertical movement arms

5. The fork

5.2.1 Criteria

The most important criteria for this project is the safety. The L&R could take place far
away from shore; therefore it is important that the LARS cannot damage the inflatable
boat in any way. Preventing the LARS to harm humans or the AUV is also considered
under safety. Another parameter that should be taken into consideration is the stability of
the inflatable boat.

Simplicity is the next criterion, the easier the better. The function of the LARS is an
example of what may be appropriate to have as simple as possible. To difficult function
might cause other problems like making the team act incorrectly at a situation and not
succeeding to L&R. The fabrication of the LARS may also be considered under simplicity.
Reliability is a criterion that can also be described as the likelihood of a successful L&R.
If the system is not able to fulfill its purpose, it is pointless. It may be advised to have

Figure 5.1: The five most promising ideas.
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the design of the LARS mobile. As mentioned before, the LARS should be able to fit
most inflatable boats which can carry a 3 meter long AUV. It is an advantage to be able
to attach the LARS to the inflatable boat easily and quickly. Note that the weights are a
subjective evaluation performed by author along with Teledyne Gavia.

In Tab. 5.3 we can see the subjective evaluation of the weighting for the criteria. The
diagonal of the matrix is one, because each criterion compared to itself is equal. If two
criteria are equally weighted they also get a value of one. If we take at the a look at the
safety on the left side of Tab. 5.3 we see that the safety was evaluated as two times more
important than simplicity and mobility, and three times more important than reliability.
For already evaluated weights, the vertical line for safety can be calculated. The rest of
values in the table are evaluated similarly. To compare only two criteria at each time might
give an inaccurate weight or values that not consistent, but the calculations are there to
make sure that values are not too inaccurate. If they are the subjective evaluation must be
repeated from scratch until they are accurate enough.

Table 5.3: Weighting each criteria against each other.
Safety Simplicity Reliability Mobility

Safety 1 2 3 2
Simplicity 1/2 1 2 1
Reliability 1/3 1/2 1 2
Mobility 1/2 1 1/2 1

Table 5.4: The multiplication of the weights for the criteria.
Safety Simplicity Reliability Mobility

Safety 4 7.5 11 12
Simplicity 2.17 4 6 7
Reliability 1.92 3.67 4 5.17
Mobility 1.67 3.25 4.5 4

Table 5.5: The sum and normalized values for the criteria.
Sum Normalize

Safety 34.5 0.42
Simplicity 19.17 0.23
Reliability 14.75 0.18
Mobility 13.42 0.16

81.83 1

CR = 0.07
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In Tab. 5.5 we can see that the safety is the most important criterion. The consistency
ratio is under 0.1 which confirms that the weights are trustworthy.

5.2.2 Alternatives

This subsection shows the subjective evaluation, the calculations and the results for the
alternatives. All of the steps are done in the similar manner as for the criteria.

Safety

Table 5.6: Weighting each alternative against each other with respect to safety.
Floater-frame Wheels Crane Vertical arms Fork

Floater-frame 1 1/2 1/4 1/4 1/2
Wheels 2 1 1/3 1/3 2
Crane 4 3 1 2 3

Vertical arms 4 3 1/2 1 3
Fork 2 1/2 1/3 1/3 1

Table 5.7: The multiplication of the weights for safety.
Floater-frame Wheels Crane Vertical arms Fork

Floater-frame 5 2.75 0.96 1.33 3.5
Wheels 10.67 5 2 2.5 7
Crane 28 15.5 5 7 20

Vertical arms 22 11 4 5 15.5
Fork 7.67 4 1.5 2 5

Table 5.8: The sum and normalized values of the alternatives for safety.
Sum Normalize

Floater-frame 13.54 0.07
Wheels 27.17 0.14
Crane 75.5 0.39

Vertical arms 57.5 0.30
Fork 20.17 0.10

193.88 1

CR = 0.03

In the normalize column in Tab. 5.8 we see that the crane gets the highest weight with
respect to safety.
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Simplicity

Table 5.9: Weighting each alternative against each other with respect to simplicity.
Floater-frame Wheels Crane Vertical arms Fork

Floater-frame 1 1/2 1/4 1/2 1/3
Wheels 2 1 1/4 1/2 1/4
Crane 4 4 1 3 2

Vertical arms 2 2 1/3 1 1/3
Fork 3 4 1/2 3 1

Table 5.10: The multiplication of the weights for simplicity.
Floater-frame Wheels Crane Vertical arms Fork

Floater-frame 5 4.33 0.96 3 1.46
Wheels 6.75 5 1.29 3.5 1.83
Crane 28 24 5 16 7.33

Vertical arms 10.33 7.67 1.83 5 2.5
Fork 22 17.5 3.75 11 5

Table 5.11: The sum and normalized values of the alternatives for simplicity.
Sum Normalize

Floater-frame 14.75 0.08
Wheels 18.38 0.09
Crane 80.33 0.41

Vertical arms 27.33 0.14
Fork 59.25 0.31

200.04 ≈ 1

CR = 0.04

In the normalize column in Tab. 5.11 we see that the crane gets the highest weight with
respect to simplicity.
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Reliability

Table 5.12: Weighting each alternative against each other with respect to reliability.
Floater-frame Wheels Crane Vertical arms Fork

Floater-frame 1 1/3 1/4 1/3 1/2
Wheels 3 1 1/2 1 3
Crane 4 2 1 3 2

Vertical arms 3 1 1/3 1 2
Fork 2 1/3 1/2 1/2 1

Table 5.13: The multiplication of the weights for reliability.
Floater-frame Wheels Crane Vertical arms Fork

Floater-frame 5 1.67 1.03 2 3.17
Wheels 17 5 3.58 6 10.5
Crane 27 9 5 10.33 18

Vertical arms 14.33 4.33 2.92 5 9.17
Fork 8.5 2.83 1.83 3.5 5

Table 5.14: The sum and normalized values of the alternatives for reliability.
Sum Normalize

Floater-frame 12.86 0.07
Wheels 42.08 0.22
Crane 69.33 0.36

Vertical arms 35.75 0.18
Fork 21.67 0.11

181.69 ≈ 1

CR = 0.04

In the normalize column in Tab. 5.14 we see that the crane gets the highest weight with
respect to reliability.
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Mobility

Table 5.15: Weighting each alternative against each other with respect to mobility.
Floater-frame Wheels Crane Vertical arms Fork

Floater-frame 1 1/3 1/2 1/4 1/3
Wheels 3 1 2 1/2 3
Crane 2 1/2 1 1/3 1/2

Vertical arms 4 2 3 1 2
Fork 3 1/3 2 1/2 1

Table 5.16: The multiplication of the weights for mobility.
Floater-frame Wheels Crane Vertical arms Fork

Floater-frame 5 1.53 3.08 1 2.42
Wheels 21 5 13 3.92 9
Crane 8.33 2.5 5 1.67 3.83

Vertical arms 26 7.5 16 5 12.83
Fork 13 3.67 7.67 2.58 5

Table 5.17: The sum and normalized values of the alternatives for mobility.
Sum Normalize

Floater-frame 13.03 0.07
Wheels 51.92 0.27
Crane 21.33 0.11

Vertical arms 67.33 0.35
Fork 31.92 0.16

185.53 ≈ 1

CR = 0.04

In the normalize column in Tab. 5.17 we see that the vertical arm gets the highest weight
with respect to mobility.
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5.2.3 Conclusion of AHP

Now it is time to put the normalized values for the alternatives together in one table and
multiply with the normalized values for the criteria.

Table 5.18: Normalized values for the alternatives
Safety Simplicity Reliability Mobility

Floater-frame 0.07 0.08 0.07 0.07
Wheels 0.14 0.09 0.22 0.27
Crane 0.39 0.41 0.36 0.11

Vertical arms 0.30 0.14 0.18 0.35
Fork 0.10 0.31 0.11 0.16

Table 5.19: Normalized values for the criteria.
Normalize

Safety 0.42
Simplicity 0.23
Reliability 0.18
Mobility 0.16

1

The multiplication gives us following table.

Table 5.20: The weight for each alternative
Floater-frame 0.07

Wheels 0.16
Crane 0.34

Vertical arms 0.25
Fork 0.16

CR = 0.07

We can conclude from Tab. 5.20 that the crane is the most promising alternative. Next
chapter presents the designing of the prototype.
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Chapter 6

Detailed Design of the LARS

In the last chapter we found out that the crane was the most promising solution for this
project. From now on the crane will be identified as the LARS. This chapter presents a
detailed design of the LARS. In Sec. 6.1 we are going to take a look at the LARS and
describe each part of the design. Section 6.2 presents the design process that was used
for this project. Section 6.3 presents the material selection. In Sec. 6.4 the structural
analysis will be presented along with the results of the calculations, the finite element
method and the results from the stress analysis in Autodesk Inventor [13], which is a 3D
mechanical design and 3D CAD Software. These results will confirm that the calculations
are correct.

6.1 The LARS

Figure 6.1 shows the most promising solution from the previous chapter.

Figure 6.1: The most promising solution from chapter 5, the crane.
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Figure 6.2: The final design of the LARS.

The final design of the LARS can be seen in Fig. 6.2. One of the noticeable changes from
the original idea in Fig. 6.1 to the final design, is that the horizontal connection between
the bars has been removed. The reason is because the motor can vary in size. The design
would have to be big enough for the biggest available motor. Another noticeable change
is that the rotating pole has been exchanged with hollow rectangular mast that is fixed at
the base (bottom) and the side of the transom. The dimension will not be discussed for
now, they can all be found in Appendix B.
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Figure 6.3: The final design of the arm.

Figure 6.3 shows the final design of the arm. The reason for choosing this triangle form
is because we wanted to test the LARS for both directions. This is demonstrated in Fig.
6.4. To be able to do so, the arm had to be able to rotate over the motor, when L&R to the
further side. There is a small radius difference for the two ways, but the adjustable boom
that fits inside the arm, can be modified if necessary, see the adjustable boom in Fig. 6.5.
Adjusting the arm like this is a common solution for adjustable cranes.

Figure 6.4: The two directions of L&R.
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Figure 6.5: The adjustable boom.

The original idea was to fix the LARS at the transom with clamps. In Fig. 6.6 we see
the bottom plate, rectangular mast that holds the arm, support triangles, the clamp holders
and a small profile between the big profile and the clamp holders which gives additional
support. The clamp holders have the same angle as the transom or 8◦ away from being
vertical, so they lay straight on the transom. The clamps clamp inside the clamp holder’s
profile and the outer side of the transom. The LARS makes an opposite moment com-
pared to the motor’s weight when load is applied. The support triangles’s purpose is to
distribute some of the force to the floor of the inflatable boat through the bottom plate.
This decreases the moment on the transom.

Figure 6.6: The bottom along with supports and the LARS.
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Figure 6.7: Adjusting the height of the plate with lobe knob. The lobe knob is not included
in figure.

When the LARS was fitted on Teledyne Gavia’s inflatable boat (Ch. 7), we found out
that the floor was in bad shape, with time it had swollen and softened up. The problem
was that the floor did not receive any of the force and all of the force was on the transom.
The solution to this problem was to add a U-profile to the end of the bottom that could be
adjusted by its height with a lobe knob, see in Fig. 6.7. The angle profile which is fixed
to the bottom has threads that goes also through the bottom. This controls the position of
the U-profile. The gray part in Fig. 6.7 is a plate made out of stainless steel. It purpose
is to hold the end of the lobe knob in place but loosen. If this plate would not be present,
the lobe knob would with time eat itself through the aluminum. Also an additional plate
was added in front of the center support triangle to decrease the bending in the bottom.
By adding this plate, the force goes more through the U-profile at the end.

To lift and release the AUV, pulley wheel are required at the end and close to the rectan-
gular mast that holds the arm, see in Fig. 6.8. A winch is fixed in the plate where the three
holes are and its purpose is to control the line. The winch’s load capacity is 455kg and
it’s gear ratio is 4 : 1.
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Figure 6.8: The POM pulley and plate for winch. The winch is not included in figure.

Now we have taken a look at the most important parts of the design. For more informa-
tion about dimensions drawings are provided in Appendix B for each part that had to be
built.

6.2 The Design Process

The flowchart for the design process can be slightly different depending on what kind of
problem you are dealing with. In Fig. 6.9 we can see the basic steps in the engineering
design process. A rectangular in the flowchart indicate that we have a process object and
the diamond indicates a decision object. Most of the objects should be finished by now
and the final design of the prototype has been exhibited. Teledyne Gavia’s request was to
solve this task for them to reduce required manpower to L&R and to increase the security.
We have taken a look at what is available, brainstormed and found out what solution
is most promising for this project. In previous section we talked about the initial design
which did get improved continuously while the problems came up. The improvement loop
in the end of the flowchart can be more detailed, see in Fig. 6.10. The main difference is
that the improvement loops are two for this flowchart. With the help of existing software
the first loop has become inexpensive and less time consuming. Instead of wasting time
and money on building and testing a design every time, the simulations in the software
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can give a realistic view of the product use which can make the user predict what is wrong
with the design and change it rapidly. The second loop in Fig. 6.10 is building a prototype
and testing it. This loop can be much more expensive and time consuming so to minimize
cost it is advised to use the improvement for the first loop as much as possible.

Figure 6.9: Flowchart of a typical engineering design process.



52 Launch and recovery of GAVIA AUV

Figure 6.10: A more detailed flowchart of the final steps in the process.

6.3 Material Selection

It is important to choose carefully what material will be used for the LARS. The material
must be able to handle the load from the AUV and the corrosion which is a common
problem close to sea water. The two metals that were considered a good choice for this
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project where aluminum and stainless steel. In table 6.1 are the properties of the materials.

Table 6.1: Properities for the materials.
Material Yielding strength Tensile stress Density Price

MPa MPa kg/m3 ISK/kg
Aluminum 6060 135 170 2800 1034

Stainless Steel 316 220 520 8000 1552

Aluminum 6060 has good strength and is corrosion resistance. Good formability makes it
suitable for extrusion of profiles. The material is suitable for decorative anodising and has
good weldability. The closed profiles do have a hardness of temper 5, expressed as T5,
which mean that aluminum is cooled from an elevated temperature shaping process and
then artificially aged. When the aluminum is welded it can be considered to be T0 which
equals to reducing the strength by 1

3
. The strength can be restored by using heat treating

and artificially aging. Only four days after welding at room temperature the strength of
the aluminum increases from T0 to T1 which is equal to the strength of T4. The bottom
line is that the aluminum gets stronger by aging [7] [4].

Stainless steel 316 has greater strength and corrosion resistance than aluminum. Suitable
for use in marine environment and commonly used in yard- and transport industry where
higher strength is required. The stainless steel has good weldability.

The chemical composition for the metals can be seen below [2]:

Table 6.2: The chemical composition of aluminum 6060.
Al Mg Si Fe Cu Mn Cr Zn

Rest 0.35-0.6 0.3-0.6 0.1-0.3 0.1 0.1 0.05 0.15

Table 6.3: The chemical composition of stainless steel 316.
Fe C max Cr Ni Mo

Rest 0.07 16.5-18.5 10.5-13.5 2-2.5

Corrosion can occur in all fluids except distilled water. The reason is because distilled
water does not contain any free ion which is necessary to electrolyte. Like the AUV, the
LARS has to be able to handle seawater. The seawater contains about 3.5% salt which
causes the corrosion process to speed up. The AUV is protected with an electrolytic pas-
sivation process that makes the natural oxide layer thicker. The oxide layer increases cor-
rosion resistance and wear resistance. It also provides a better adhesion for paint primers
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and glues than the bare metal. Painting or painting prime on the surface gives also ad-
ditional protection. Stainless steels are good examples of metals that form a surface film
that protects the metal from corroding.

Another type of corrosion is when two metals, which are far apart on the galvanic series,
are in contact. Sometimes this type of corrosion is used to protect a metal by adding a
sacrificing metal which is least noble. Figure 6.11, the galvanic corrosion chart, shows
the corrosion potentials in flowing sea water at ambient temperature. The numbers in the
top of the diagram indicates the ranks of the metals according to their potential [Volts],
generally measured with respect to the standard calomel electrode. The unshaded symbols
show range exhibited by stainless steel in acidic water such as may exist in crevices or in
stagnant or low velocity or poorly aerated water. If the metals are very close to each other
in the galvanic corrosion chart (few tens of millivolts) it is unlikely that any of the two
metals will corrode. A difference of hundreds of millivolt is likely to result in galvanic
corrosion. Note that the numbers in the charts are in volts. The least noble (anodic) metals
on the right side of the chart tend to corrode and the most noble metals on the left side of
the chart tend to be protected when the metals are in contact.

Corrosion can be avoided by only using one metal or use metals that are very close to
each other in the galvanic corrosion chart. If two metals are necessary in a design, their
contact can be prevented by having a non-conducting spacers, like rubber or plastic, spool
pieces or gaskets, perhaps in conjunction with sleeves around bolts.

Aluminum 6060 is the material that got selected for this project. The key factor for this
choice was finding the material that would give the LARS the minimize weight. Even
though the stainless steel 316 is almost twice as strong as the aluminum 6060, its density
is three times higher. Aluminum is also an easier material to work with.

The bolts and nuts are made out of stainless steel. To isolate between the two materials the
LARS is coated with polyester powder. The powder is available in many colors, Teledyne
Gavia chose yellow (RAL number 1016) for the LARS to have it the same color as the
AUV and also because it is good to have the LARS in a conspicuous color.

The most common material for lines is steel, but for this project the Dynex 75 line from
Hampiðjan ehf. was selected. The main reason is because it easier than steel to handle.
A 3mm Dynex line fractures at 1 ton which is enough for this project. The Dynex is still
not accepted by the DNV (Det Norske Veritas), which is a society that helps companies
to manage risks at sea. Hampiðjan believes that it will be accepted in few years and then
it will replace the steel.
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Figure 6.11: Galvanic Corrosion Chart [3].

6.4 Structural Analysis

This section presents the structural analysis of the LARS. First of all the structural siz-
ing will be presented, where most of the calculated results can be found. Subsection
6.4.2 presents the finite element method along with the results from the stress analysis in
Autodesk Inventor. The fundamentals can be found in Appendix A.

6.4.1 Structural Sizing

This section presents the results from the calculations. The mass of the crane was not be
included into the calculations because the weight of the crane is considered little com-
pared to applied force. In Tab. 6.4 is the results from the calculations. The mass of the
AUV was determined to be 110kg and the safety factor was determined to be 3.0.
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Table 6.4: Results from the calculations.
F 1079.1N
FA 3237.3N
FB 3237.3N
IEF 208492mm4

ME 1133055Nmm
σEF 135.9MPa
LCD 460mm
θE 19◦

FDE 10165.4N
CY 3153N
CX −9607.5N
DX 9607.5N
DY 3321.5N
MB 446747Nmm
IBD 2363392Nmm4

σBD 95.5MPa

In Fig. 6.12 we have a free-body diagram of the crane. The force FA at the end position
has been calculated to be 3237.3N . The force FB is equal to FA. Near the point of B

there is a winch that will pull/release the line, controlling the vertical movement of the
AUV. In table 6.5 we can see the dimension for each section of the crane.

Figure 6.12: Free-body diagram of the crane.



Kristinn Jósep Kristinsson 57

Table 6.5: The dimensions for each section of the crane.
Part Length [mm]
AB 410
BC 587
CD 465
CE 1345
EF 35

To calculate the dimensions of the crane, it is good to divide the parts of the crane in
smaller sections.

The design of the arm

The total length of the arm has been estimated to be 1380mm to be able to L&R an AUV
for this size of inflatable boat. The cross-section is hollow rectangular and the adjustable
section EF moves horizontally inside the CE section of the crane. The best possible
dimension of the CE section is a 60x60x3mm and the EF section is 50x50x3, which fit
inside the CE section.

The moment of inertia for 50x50x3mm hollow rectangular, which was used in the EF

section, is IEF = 208492mm4. The maximum length of this section was estimated to be
approximately 350mm, which gives us a moment of ME = 1133055Nmm. With these
values the stress in EF can be calculated, which is σEF = 135.9MPa, which is just
under the yielding strength of the material. This means that the adjustable boom can be
increased in length by 350mm.

For most jib cranes, which have a similar shaped arm, the ratio of the height CD and
length CE is approximately 1

3
. This is a balance between the displacement at the end F

and stresses in points C and D. If CD section becomes longer the displacement in point

Figure 6.13: The design of the arm.



58 Launch and recovery of GAVIA AUV

Figure 6.14: Free-body diagram of the arm.

F increases. If CD section becomes shorter the tensional stress in DE section and the
compressional stress in CE section increases.

Now we have shown how the dimensions were estimated roughly for the arm. Now it’s
time to calculate the forces in C and D to be able to estimate the required dimensions for
the AD section of the LARS.

The forces in the arm

In Fig.6.14 we can see a free-body diagram of the arm. The forces in A and B had been
determined to be FA = FB = 3237.7N . To be able to calculate the dimension for the
AD section of the LARS. the forces in C and D must be calculated. The angle θE was
calculated to be θE = 19◦.

Figure 6.15: Free-body diagram of ABCD.
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Figure 6.16: Free-body diagram of CEF.

Taking the moment about C∑
MC = 0

FA · LCF + FDE · sinθ · LCE = 0

3237.7 · 1380 + FDE · sin 19◦ · 1345 = 0

FDE = 10165.4N

From equilibrium equations∑
Fy = 0

CY − FA + FDE · sin θ − FB = 0

CY − 3237.7 + 10165.4 · sin 19◦ − 3237.7 = 0

CY = 3153N

From equilibrium equations∑
Fx = 0

CX − FDE · cos θ = 0

CX − 10165.4 · cos 19◦ = 0

CX = −9607.5N
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Figure 6.17: Free-body diagram at D.

From equilibrium equations∑
Fx = 0

−DX + FDE · cos θ

DX = 10165.4 · cos 19◦

DX = 9607.5N

From equilibrium equations∑
Fy = 0

DY − FDE · sin θ

DY = 10165.4 · sin 19◦

DY = 3321.5N

The forces in AD section

The most appropriate size for section AD was estimated to be a 100x100x4 hollow rect-
angular, see in Fig. 6.15. In Tab. 6.6 are the dimensions for each section of the LARS.

Table 6.6: The dimensions for each section of the LARS.
Part Length [mm] Profile Type
AB 410 100x100x4 hollow rectangular
BC 587 100x100x4 hollow rectangular

CD (mast) 465 100x100x4 hollow rectangular
CD (arm) 465 60x60x3 hollow rectangular

CE 1345 60x60x3 hollow rectangular
EF 35 50x50x3 hollow rectangular
DE 1423 50x8 flat bar
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The moment at point B was
MB = CX · LBC + DX · LBD

MB = −9607.5 · 585 + 9607.5 · (585 + 465)

MB = 4467474Nmm

The moment of inertia for a 100x100x4 hollow rectangular is IBD = 2363392mm4. Then
we can calculate the stress, σBD = 95.5MPa, which is under the yielding strength of the
material.

The plastic washers’s area in C and D are 255mm2. The vertical forces in C and D are
total 6500N (safety factor included). The yielding strength for POM is 62MPA. The
stress on the plastic washers is: σ = 25.5MPA which is under the yielding point.

6.4.2 Finite Element Analysis

The finite element method (FEM) is a numerical method used to obtain approximate so-
lutions of partial differential equations (PDE). The solution approach is based on dividing
the object into smaller regions, called elements. The differential equations for these ele-
ments are solved. The elements are connected with points called nodes. The FEM can be
used to calculate e.g. displacement, temperature, velocity and stress. For this project we
want to take a look at FEM for strain and stress. The material presented here is from [24]
and [22].

Figure 6.18: Plane stress region before and after division [22].
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Displacement Matrix

The nodal displacements are related to the internal displacements throughout the entire
element. Figure 6.18 shows a region that has been divided into finite elements. In the
right hand side of the figure we are going to isolate the (e) element which is designated
by the nodes i, j and m. The element nodal displacement matrix is [24] [22]

{δ}e = {ui, vi, uj, vj, um, vm} (6.1)

or, for convenience, expressed in terms of sub matrices δu and δv.

{δ}e = {δu

δv

} = {ui, vi, uj, vj, um, vm} (6.2)

where the brace indicate a column matrix. The displacement function defining the dis-
placement at any point within the element, {f}e, is given by

{f}e = {u(x, y), v(x, y)} (6.3)

which may also be expressed as

{f}e = [N ]{δ}e (6.4)

where the matrix [N ] is a function of position.
For a better solution the displacement function {f}e must be selected in such manner
that it is close to the true displacement. The approximation should result in a finite el-
ement solution that converges to the exact solution as the element size is progressively
decreased.

Strain, Stress, and Elasticity Matrices in FEM

The strain matrix is of the form

{ε}e = {εx, εy, γxy} =

{
∂u

∂x
,
∂v

∂y
,
∂u

∂y
+

∂v

∂x

}
(6.5)

or in matrix form
{ε}e = [B]{δ}e (6.6)

where [B] has not yet been defined. Similarly, the state of stress throughout the element
is, from Hooke’s law,
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{σ}e =
E

1− ν2


1 ν 0

ν 1 0

0 0 1−ν
2




εx

εy

γxy

 (6.7)

In general,
{σ}e = [D]{ε}e (6.8)

where [D], an elasticity matrix, contains material properties.
If the element is subjected to thermal or initial strain, the stress matrix becomes

{σ}e = [D]({ε} − {ε0})e (6.9)

The thermal strain matrix, for the case of plane stress, is given by {ε0} = {αT, αT, 0}. If
we compare Eq. 6.7 and 6.8, we can see that

{[D] =
E

1− ν2


1 ν 0

ν 1 0

0 0 1−ν
2

 =


D11 D12 D13

D22 D23

Symmetric D33

 (6.10)

where D11 = E
1−ν2 , D12 = νE

1−ν2 . . . Equation 6.8 is valid for the case of plane stress. A
matrix [D] for plane strain is found in the same way.

Formulation of the finite element method

The execution of the finite element procedure relies on the minimization of the total po-
tential energy of the system, expressed in terms of displacement functions. The principle
of potential energy is expressed for the entire body as follows [24], [22]:

∆
∏

=
n∑
1

∫
V
(σx∆εx + . . . + σz∆εz) dV

−
n∑
1

∫
V
(Fx∆u + Fy∆v + Fz∆w) dV

−
n∑
1

∫
s
(px∆u + py∆v + pz∆w) ds = 0 (6.11)

where ∆ is the variation notation (δ is the nodal displacement), n is the number of el-
ements comprising the body, V is the volume of a discrete elements, s is the portion
of the boundary surface area over which forces are prescribed, F is the body forces per
unit volume, and p is the prescribed boundary force or surface traction per unit area [24],
[22].



64 Launch and recovery of GAVIA AUV

By using Eq. 6.3, Eq. 6.11 can be expressed as:

n∑
1

∫
V
{∆ε}T

e {σ}e − {∆f}T
e {F}e dV −

n∑
1

∫
s
{∆f}T

e {p}e ds = 0 (6.12)

where superscript T is the transpose of a matrix. Using Eqs. 6.4, 6.6 and 6.9 the equation
becomes

n∑
1

{∆δ}T
e ([k]e{δ}e − {Q}e) = 0 (6.13)

The element stiffness matrix [k]e and element nodal force matrix {Q}e (due to body force,
initial strain, and surface traction) are

[k]e =
∫

V
[B]T [D][B] dV (6.14)

{Q}e =
∫

V
[N ]T{F} dV +

∫
V
[B]T [D]{ε0} dV +

∫
s
[N ]T{p} ds (6.15)

The variations in {δ}e are independent and arbitrary, and from Eq. 6.13 we write

[k]e{δ}e = {Q}e (6.16)

The next step is to derive the governing equations appropriate to the entire continuous
body. The assembled form of Eq. 6.13 is

(∆δ)T ([K]{δ} − {Q}) = 0 (6.17)

To fulfill this equation, where {∆δ} is not equal to zero, the system equation must
be:

[K]{δ} = Q (6.18)

where
[K] =

n∑
1

[k]e, {Q} =
n∑
1

{Q}e (6.19)

It is noted that structural matrix [K] and the total or equivalent nodal force matrix {Q}
are found by proper superposition of all element stiffness and nodal force matrices, re-
spectively.
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Outline of a General Finite Element Analysis

Now all parts have been defined and we can summarize the general procedure for solving
a problem with finite element method [24], [22]:

1. Calculate [k]e from Eq.6.14 in terms of the given element properties.
Generate [K] =

∑
[k]e

2. Calculate {Q}e from Eq. 6.15 in terms of the applied loading.
Generate {Q} =

∑{Q}e.

3. Calculate the nodal displacement from Eq. 6.18 by satisfying the boundary condi-
tions: {δ} = [K]−1{Q}.

4. Calculate the element strain using Eq. 6.6: {ε}e = [B]{δ}e.

5. Calculate the element stress using Eq. 6.9:{σ}e = [D]({ε} − {ε0})e

When the stress found is uniform throughout each element, this results is usually inter-
preted two ways: the stress obtained for an element is assigned to its centroid; if the
material properties of the elements connected at a node are the same, the average of the
stresses in the elements is assigned to the common node [24], [22].

6.4.3 Results

In this subsection we can see the results from the structural sizing (Sec. 6.4.2) and the
stress analysis in Autodesk Inventor (Sec. 6.4.3). In Fig. 6.19 we have a free-body
diagram of the LARS. In Tab. 6.6 we can see the dimension and what type of profile
for each section of the LARS. in Tab. 6.4 we can see the results from the structural
sizing.

The LARS’s total weight is 29.8kg, the total cost of the material is 54883ISK and it took
approximately 50 hours to build the unit. It should be possible to reduce the time to build
it because the prototype usually takes longer time. The LARS can be separated in two
pieces, the arm and the bottom-mast. When the LARS is separated it fits in a family car
if it has to be transported between places.

In Fig. 6.20 we can see a part of the LARS divided into smaller regions. This is called
mesh in Autodesk Inventor and the software automatically creates it when it is running
a simulation. It is possible to adjust how dense the mesh is. It might be necessary to
get a more precise calculation for some parts of the object. For a more dense mesh the
calculation time increases.
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Figure 6.19: Free-body diagram of the crane.

Before running the simulation, a force must be defined on the object. In Fig. 6.21 we
have applied force to the end of the arm. The actual force from the AUV is approximately
1100 N without any safety factor. In Autodesk Inventor it is possible to see what is the
highest and lowest Von Mises stress on the object and where it is. In our case it is better
to look straight at the safety factor results, that is, at what area is the lowest safety factor.
The lowest value of safety factor is marked with a "Min: 0 ul" in the figures, and the
lowest value of safety factor can be seen in the bar on the left side of figures. If the values
are over 3.0 then we can confirm that the calculations are correct.

Figure 6.20: Mesh view of the LARS.
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Figure 6.21: Applied force to the end of the arm.

Figure 6.22: The constraints at the surface lying up to the transom and at the bottom.

Now we must define what points are constrained in the LARS, also called boundary con-
ditions. The first part that was drawn was the bottom, so it will automatically set to
bonded. Because of the modification adding the height adjuster in the end of the bottom,
the bottom must be changed from bonded to separated. The boundary conditions for the
LARS can bee seen in figure 6.22. Two plates are added on the handles to constraint only
where the clamps are going to constraint the LARS. In reality are the handles not totally
fixed as it will be in Autodesk Inventor therefore we can expect that the results will not
show a realistic results for the bottom. In some way it is possible to set the constraint as a
spring to get a better result, but the author did not manage to find out how to do it. In Fig.
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6.23 we can see the LARS’s backside. We are going to zoom in on the box that has been
put in the figure, because this is the critical area in the design.

The three possible positions of the AUV when it is being lifted or lowered are at approxi-
mately −90◦, −10◦ and 45◦ angles. Now we are going to take a look at the results for all
of these cases.

Figure 6.23: The LARS; showing the zoom area.
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Position 1: Onboard −10◦

Figure 6.24 shows the results of the stress analysis for the first position, −10◦. The left
side of the figure shows that the design satisfies a safety factor of 1.52. The link between
the mast and the handle was put there to make additional support. If we make the LARS
weaker, by delete the link, the results should give us a lower safety factor. But what
happens is that the safety factor increases to 3.27 which is higher than the demanded
safety factor. The displacements for these two analysis are 12 mm and 14.75 mm which
is not surprising. The fixed point on the mast is lower for the second analysis and therefore
it can bend more than the first analysis. Both of the analysis show that other areas close
to the link are not even close to being under a safety factor of 3.0. For this first position
we can conclude that the LARS satisfies a safety factor of 3.0.

Figure 6.24: Safety factor from the stress analysis for−10◦.
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Position 2: Right Side 45◦

Figure 6.25 shows the results of the stress analysis for the second position, to the right
side or 45◦. In the left side of the figure we can see that the lowest safety factor is 1.09.
We repeat what we did for the previous position, making the LARS weaker by deleting
the link. The safety factor becomes higher, but only 1.83 which is also not enough, see
in the right side of figure. We can see that the lowest value of safety factor is a small
area in the edge of the bottom plate. If we change the edge of the bottom plate by using
the fillet command, the safety factor increases to 2.83, which is just under the demanded
safety factor. Let’s not forget that we did remove the link, which should make the LARS
weaker, and the area around the lowest values are over 3.0. This might possibly tell us
that the LARS satisfies the safety factor for the second position, 45◦. The displacements
with and without the link were 12.64 mm and 14.47 mm.

Figure 6.25: Safety factor from the stress analysis for 45◦.
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Position 3: Left Side −90◦

Figure 6.26 shows the results of the stress analysis for the third position, to the left side
or −90◦. In the left side of the figure we can see that the lowest safety factor is 1.35. We
repeat what we did for the previous positions, making the LARS weaker by deleting the
link. The safety factor becomes higher, but only 1.83 which is also not enough, see in
the right side of figure. We can see that the lowest value of safety factor is a small area
in the edge of the bottom plate. If we change the edge of the bottom plate by using the
fillet command, the safety factor increases to 2.6, which is just under the demanded safety
factor. Let’s not forget that we did remove the link, which should make the LARS weaker,
and the area around the lowest values are over 3.0. This might possibly tell us that the
LARS satisfies the safety factor for the third position, −90◦. The displacements with and
without the link were 12.69 mm and 13.34 mm.

Figure 6.26: Safety factor from the stress analysis for −90◦.

From these results we can conclude that there is a possibility that the LARS satisfies the
required safety factor if the applied load is 110kg. The finite element analysis (FEA) in
Autodesk Inventor might not be accurate enough. The software is designed to provide
faster and approximate results to give the user more time to modify the design of the
object. Adding a end cap to the top of the link does give a better result in the FEA in
Autodesk Inventor, but still only by 0.5. The safety factor is highest for the onboard
position, the near side (right hand side) is next and the further side (left hand side) the
worst.
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Chapter 7

Prototype Fabrication and Testing

This chapter contains information about the fabrication of the LARS and the testing. Sec-
tion 7.1 contains figures and a brief description about the fabrication of the prototype.
Section 7.2 presents how the tests were planned and how they went.

Figure 7.1: Preparing the AUV for a L&R.

7.1 Fabrication

The fabrication of the LARS took place at the workshop of University of Reykjavík.
The building of the LARS was performed by the author and Gísli Freyr Þorsteinsson,
the Workshop supervisor of Reykjavík University. The author did prepare all parts of
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Figure 7.2: The bottom.

the LARS and Gísli Freyr welded all of the parts together that required weldment. The
aluminum was bought from Málmtækni hf., the winch was bought at Vélasalan ehf. and
the Dynex 75 wire and wire eye are from Hampiðjan hf. The bolts, nuts and the rest of
the parts are from Fossberg ehf.

Now we are going to go through the fabrication of the LARS, in correct order. More
detailed draftings of the LARS can be found in App. A. In figure 7.2 we can see the first
version of the bottom. The bottom plate was the first part built. To align the bottom plate
with the mast the angle had to be 90◦. When the bottom plate was fitted to the inflatable
boat we found out that the angle of the transom was 98◦. To fix that problem we added

Figure 7.3: The LARS ready on the inflatable boat.
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Figure 7.4: The connection between the arm and profile.

profiles on the side. While the design of the bottom was being changed, the built of the
arm started.

The dimension of the arm came quit early in the process and the rectangular frame and
the support ears were ready only two days after starting building it. Still some thinking
had to be done concerning the winch and the positioning of the two pulleys.

When the handles had been added to the bottom plate, the arm supports were added to the
mast and the mast was fixed along with the three support triangles. The arm was bolted to
the mast and the LARS was starting to look like a final product. Having the whole LARS
put together made it possible to find out the position of the winch and how it was going to
be fixed to the mast. The winch is fixed to a plate that is welded to the mast. The reason

Figure 7.5: The plate holding the winch.
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Figure 7.6: The winch and the line. Additional material has not been added to the center.

why this is so is to minimize the length difference on the line, when the arm is rotated to
the sides. When the arm is rotated toward the center of the inflatable boat the AUV drops
down the distance which may be indifferent for the positions. If the length difference is to
much the AUV might hit the tube while moving over the tube. The pulleys are positioned
at the end of the adjustable arm and in the other end of the arm, as close a possible to the
winch. The winch is designed for a 10 meters steel wire which has a bigger diameter than
the Dynex 75 wire. Because the diameter of the Dynex 75 wire is only 3mm (can handle
1 ton), additional material was added at the center of the winch before adding the wire.
Because of this the distance increased to a more comfortable length for each rotation on
the winch.

Figure 7.7: Adjusting the height of the plate with lobe knob. The lobe knob is not included
in figure.
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Figure 7.8: The process of powder coating [1].

Now the LARS seemed to be ready and was fitted to the inflatable boat. When it was
fitted we found out that the floor of the inflatable boat did not support the bottom of the
LARS. To solve this problem a height adjuster was added to the end of the bottom plate,
see in Fig. 7.7

When the height adjuster had been added it was decided that the improvements at that
point for this prototype was acceptable. The LARS was send to a powder coating for
additional resistance to corrosion, a better look and possibly more strength. The process
of power coating for the LARS took approximately 1 hour. First of all the LARS has to be
hang up and the fat had to be cleaned off, which took about 10 minutes. The next step was
to wash the LARS with a washer which took about 15-20 minutes. What happens is that
the wash creates a thin film on the surface of the material that attracts the powder. After
the wash the LARS had to be dried in a oven for maximum 10 minutes at 180 − 190◦C.
Than the powder coating can start which happens at 10 − 15◦C. Figure 7.8 shows how
the powder attracts to the material. The coating is approximately 0.8mm and it has to be
baked in an oven for approximately 15 minutes. After that the material has to be cooled
down which can take 5-10 minutes.
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7.2 Testing

The tests were divided into two main parts.

1. Dry test.

2. Wet test.

To avoid possible economic loss the wet tests was divided into two parts, that is L&R a
barrel full of sand and an AUV.

7.2.1 Dry test

The LARS will be tested on solid ground. The reason for this stage is of the test is because
it is safer and easier to intercept to avoiding damage if something would happen. This test
is going to confirm that the LARS can handle the force it is designed to handle. Here are
the steps.

• The LARS will be fitted to the inflatable boat and fixed probably.

• The arm is in lift/release position over the inflatable boat. Force applied slowly.

• The arm is in lift/release position to the left side of the inflatable boat. Force applied
slowly.

• The arm is in lift/release position to the right side of the inflatable boat. Force
applied slowly.

Figure 7.9: A figure from the dry test.
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There were no AUV available that weighted 110 kg when the dry test took place, so we
decided to use the human body as the weight. The weight was approximately 100 kg and
to fill the missing weight an upward/downward motion added which was generated by the
human.

The test went well when the arm was positioned over the inflatable boat. But at the left
and right hand side of the inflatable boat we noticed that the bottom plate started to bend
and that the floor of the inflatable was not supporting the force from the LARS. New
components were added to the LARS to modify the height of the end of the bottom. We
also noticed that the length of the arm was to long, the length was reduced to 1.4 meter
(from the mast to the end).

After the modifications we repeated the steps and they all succeeded. We noticed that
deformation of the inflatable boat was less for the further side than for the near side when
the weight was added.

7.2.2 Wet test

For this test the LARS would be L&R in water. The steps are similar to the previous test.
This test will confirm how the LARS will act with respect to the stability of the inflatable
boat when force is added. The wet test was divided in two tests.

Figure 7.10: Recovering a barrel from the further side.
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Figure 7.11: Recovering a barrel from the near side.

Barrel

To avoid possible economic loss it was decided to test it first with an object that did have
a less value then an AUV. A barrel full of sand that weighted between 70-80 kg was
used.

All of the steps were successful but the further side was more comfortable. In Fig. 7.11
we can see that the near side is not as comfortable as the further side (Fig. 7.10). At
this point it was decided that the further side should rather be used for L&R. It is good to
know that the LARS can L&R from the near side, but the further side is the better option.
One man did L&R the AUV by himself. This is what Jóhann Friðriksson had to say about
the test:

“LARS sá er Kristinn hefur hannað og smíðað er kærkomin og í raun löngu tímabær

viðbót við tækjaflóru Teledyne Gavia. Búnaðurinn er bæði traustur og einfaldur í notkun

og gerir einum manni kleift að sjósetja Gavia kafbát frá gúmmíbát. Ég hlakka til að

búnaðurinn verði formlega tekinn í notkun.”

A brief translation: This LARS is something that we have been waiting for some time
now. The LARS is reliable and simple to use and allows one person to launch an AUV
from a inflatable boat. I’m look forward to when the AUV will be formally taken in
use.
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Figure 7.12: Launching the AUV.

AUV

The last wet test was to L&R an AUV. The only available AUV at that moment weighted
approximately 70 kg. As expected the LARS was able to L&R the AUV. The only differ-
ent thing about this test compared to the previous test, was that the person had to manage
the rotation and stability of the AUV. This required the person to use both hands during
L&R, one hand on the LARS and the other on the AUV. One different thing about this
test, was that we wanted to see it would be better if the bolts between the mast and the
arm would be tighten more. That seemed to be better because the arm did rotate less by
itself. The original plan was to do this test with a grabber, that was presented earlier in
this thesis. Because of lack of time we did not manage to have the grabber ready in time
and the test was executed with a strap instead. The grabber can be seen in Fig. 7.13. The
grabber will not only make the attachment easier, it will hopefully make the stability of
the AUV when it is in the air, easier to handle.

Figure 7.13: The grabber from Gavia [18].
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Chapter 8

Conclusion

This chapter concludes the thesis with a summary in section 8.1 and an outlook in section
8.2.

8.1 Summary

The intention of this project was to make the L&R process for inflatable boats easier and
safer. A LARS has been designed, built and tested. The LARS weights approximately 30
kg and is just under 1.5 meters in height. The LARS is fixed to the transom in the back
with clamps. L&R did work from the both sides, but the further side seemed to be the
better choice. After the last test, Teledyne Gavia asked for a permission to keep the LARS
until the defense was going to take place were it would be presented. It was accepted and
the next day they adjusted the length of the arm, which made the L&R even easier.

The results from the stress analysis in Autodesk Inventor showed that the crane does
possible satisfy a safety factor of 3.0 if a 110 kg mass would be applied. A small area
in the link did show some strange results which can be ignored, because a weaker setup
(deleting the link) did show a better result. The model is drawn without any weldments
even though the prototype is welded together. The edges are in reality not as sharp as they
are in the model, which should also give a better results. Autodesk Inventor showed that
other parts of the LARS did satisfy a safety factor of 3. A 110 kg AUV is possibly too big
for the inflatable boat, the 70 kg AUV did not have much spare space as it can be seen in
the figures from the tests.

For the ships and piers a well detailed description was done that might come in handy
when the designing of the docking station will get started.
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8.2 Future Work

The next step is to do another test when the grabber is ready. Teledyne Gavia’s team did
point out that it would be better to add a pin that would fix that position of the arm at
required positions.

When the docking station is ready it may be good to be able to use it for inflatable boats
with the LARS. If the docking station adds to much weight, the LARS might be re-
designed.

To avoid definitely that the LARS will corrode it may be advised to add sacrificing metal
that can be replaced regularly. Teledyne Gavia do this for their AUV, adding a small zing
bubble on the outer side of each module.

Using a worm gear instead of ordinary gears in the winch, might be safer. When the AUV
is being released the persons has to press a pin with one hand and possibly control the
stability of the AUV with the other hand. If this is the case, the winch starts to rotate fast
and can possibly hurt the person that is using the LARS. With a worm gear there is no pin
that hold the gears. The only possible way to rotated it is with the handle.

By having more and indifferent sized plastic washers it is possible to adjust the height
under the boom. When the grabber will be integrated the required height under the boom
might get greater.

8.2.1 Ships and piers

The best solution for the ships and piers is considered to be the docking station. The future
goal for Teledyne Gavia is to be able to offer clients a fully functional docking station that
can L&R the AUV automatically. The AUV might still not have the technology which
is required to L&R the AUV automatically, but that problem could be solved with an
additional module with required equipment. At this point it is unrealistic to judge what
kind of module this is and how it functions exactly.

In 2006 a Master’s thesis project, Homing system for docking guidance of Gavia, was
written by Erik Lundström at the Norwegian University of Science and Technology,
NTNU. The task for that project was to study homing system for Teledyne Gavia’s AUV.
The idea was that the ability to dock would make it possible for small vehicles to operate
at greater depth. The analytical model showed that the funnel size of the docking station
does not have to be larger than 0.7 m in diameter. Erik pointed out that this shall be
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Figure 8.1: The battery usage is not used for vertical movement in the launch nor recovery.

tested to confirm these results before designing and constructing a prototype of the dock-
ing station, which has not yet been done. Based on these information and other unknown
problems regarding the design of the docking station and the AUV’s precision, it was de-
cided to make a detailed description of how the docking station could possibly function
with available configuration [15].

One of the good things about L&R the AUV at a lower depth is that there is more stable
movement. The wave movement is most at the surface and only two meters under the
surface the wave movement can be considered zero which can make L&R easier.

Another good think about having a mobile underwater docking station is that it can make
the mission of L&R more efficient. Instead of spending energy on the vertical movement,
the docking station moves down and the AUV begins at the depth where the mission is
going to take place. The docking station is fixed in a line which is attached to the crane
on the ship/pier. When the docking station reaches the correct depth in a launch, the gate
opens and the AUV can start the mission.

Using the length of the line, to assume that the docking station is at correct depth, is not
advised. The reason is because the line is not exactly vertical at all points. Having a
pressure sensor in the docking station, would eliminate almost all bias concerning being
at the correct depth. For more precision it would be a good idea to measure the depth at
the launching to calibrate the pressure sensors in the AUV and docking station.

It is possible to control the depth with the crane, but it is hard and inaccurate. Using
propellers that are fixed to the sides of the docking station would satisfy the accuracy
necessary to accomplice, creating up/down movement. The line has a weight that could
possibly effect the movement of the docking station. Zeroing out the weight of the line
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Figure 8.2: The AUV is searching for the docking station at the recovery depth.

with a buoy might be ideal (size varies depending on L&R depth and weight of the line
in the water). The reason for having this precise accuracy in measuring the depth is that
the recovery becomes less complex. Let’s assume that L&R depth has been decided to
be exactly 25 meter under the surface. The docking station opens the gate at 25 meters
and the AUV starts the mission. When the mission has been finished the AUV returns to
the recovery depth and starts seeking for the docking station. The search becomes one
dimensional or horizontal.

Finding the docking station can be done in some ways. It is optimal to use tools that
are already available in the AUV. In front there is an Obstacle Avoidance Sonar that can
find a target within 5-100m. The sonar transmits a signal which gets reflected in the
environment. When the signal has been reflected by the docking station the sonar receives
the signal and analysis the result. Another option is to have a pinger in the docking
station or in the line just above the docking station that sends out a signal with a similar
frequency. It could make the search easier if transmitting the signal from the sonar would
be avoided.

In Fig. 8.2 the AUV is searching for the docking station. The circles indicate the pinger
or the reflection from the docking station. As mentioned before the search is in one plane
or one dimensional.

The only problem remaining is how to make the AUV enter the docking station correctly.
The design of the docking station has to take into account current design of the AUV;
the tower, the side sonars and so on. Let’s assume that the docking station looks like a
box for now. The AUV would enter at one of the ends, see in Fig. 8.3. It is obvious
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Figure 8.3: The AUV moving toward the rotating docking station. The propeller is in the
back and the swivel is between the docking station and line.

that the direction of the docking station has to be straight on the AUV for a successful
entry. In Erik Lundström Master Thesis he shows that it is possible to recover the AUV
by having two transponders located at the docking station and using the acoustic modem
on the AUV to locate the docking station with respect to position and heading. In his case
the AUV calculates the track line and follows this track line for a successful entry. In
our case the docking station would have to be able to locate the AUV’s position, but only
with respect to the docking station’s direction. That could for example be done with two
hydrophones located on two different spots on the docking station, making it possible to
calculate the AUV’s position with respect to the docking station’s position. To make the
docking station turn to face directly at the AUV, a propeller would be needed at the other
end of the docking station, creating yaw movement.

When the AUV has entered the gate and is reaching the other end the docking station,
a sensor will activate the equipment to close the gate. This keeps the AUV inside the
docking station protected while going up to the surface.

To avoid twist or in worst case tangling the line, a swivel (ísl. segulnagli) would be
beneficial between the docking station and the line. While launching, the docking station
may have to hold its direction while going down to the launch depth, to minimize the bias.
The swivel would make the yaw movement of the docking station easier to handle for the
propeller at the end.
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Appendix A

Fundamentals

This appendix contains the theory behind the calculations of the dimensions.

Force

For this project the greatest force is applied to the LARS when the AUV is being lifted
and released. The weight of the AUV is

F = |~F | = m · g (A.1)

where m is the mass of the AUV [kg], and g is the gravitational acceleration [m/s2].

If two forces are applied with different direction (see Fig. A.1), the net force can be
calculated with following equation.

~F = ~F1 + ~F2 (A.2)

Figure A.1: Two forces added together as one force.



92 Launch and recovery of GAVIA AUV

Figure A.2: One force replaced by vertical and horizontal force.

Sometimes it can be advisable to calculate the forces for vertical and horizontal direc-
tions.

Here are the equations for the vertical and horizontal forces in Fig. A.2.

~Fx = ~F · cos(θ) (A.3)

~Fy = ~F · sin(θ) (A.4)

Stress

Stress is the ratio of applied force to a cross-sectional area and is expressed in N/m2.
In Fig. A.3 we can see the three types of stress. For the tensional stress and the com-
pressional stress the force is applied normal to the cross-sectional area only in opposite
directions, expressed as σ. For the shear stress the force is applied coplanar to the cross-
sectional area, expressed as τ . The stresses can be seen in Fig. A.3 where the forces are

Figure A.3: Different types of stresses.
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acting on the areas.

σ =
F

A
(A.5)

τ =
F

A
(A.6)

Von Mises

The Von Mises criteria is a formula for combining all stresses into a equivalent stress,
which is compared to the yield stress of the material. For three-dimensional stress, the
Von Mises stress can be written as

σvonmises =
1√
2
[(σx − σy)

2 + (σy − σz)
2 + (σz − σx)

2 + 6(τ 2
xy + τ 2

yz + τ 2
zx)]

1
2 (A.7)

Strain

A measure of the deformation of the material that is dimensionless.

ε =
δL

L
(A.8)

where δL is the elongation, and L is the original length of the element.

The stress-strain curve is in Fig. A.4. It shows critical points for a ductile material when
stress is applied. The curve is generated from a tensile test. The Run/Rise slope is the
modulus of elasticity (Young’s modulus) which is the material’s stiffness. If a material
obeys Hooke’s Law it is elastic. In the top of the slope there is a point called proportional

Figure A.4: A typical Stress-Strain curve for ductile material [17].
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limit which is the great stress at which a material is capable of sustaining that applied
load without deviation from the proportionality of stress to strain. When the elastic limit
has been exceeded, an important point is reached called the yielding point, or yielding
strength. Reaching this point will not make the material return to its origin shape or
length, when the stress is removed. It is therefore important to stay always under this
point. After the yielding point the curve begins to strain harden. What happens is the ma-
terial changes in its crystalline structure, resulting in increased resistance of the material
to further deformation. At a point the material reaches it’s most possible stress, called
ultimate point, or ultimate strength. After the ultimate point, the material starts necking
and then fracture.

Safety factor

All mechanical design should include a safety factor that covers all unknown factors that
could possibly cause failure. If all factors are well known the safety factor can considered
close to 1, but in reality it is rare. The force could for example be inaccurately calculated
or change with time. Even though a material has a known yielding point, the information
is based on many tests. The material that is used in the product can possibly have a lower
yielding point. The build of the product can also include defects that make the product
weaker than the calculations of the design show. The equation for allowable stress is

Allowable stress =
Y ielding strength

Factor of safety
(A.9)

When human lives may be at risk, the safety factor is higher. Teledyne Gavia decided to
use a safety factor of 3.0 because it is important that the LARS does not fracture which
can lead to harming humans and damage the inflatable. Damaging the inflatable boat

Figure A.5: Moment of inertia for hollow rectangular.
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would cause a big danger for the humans if the operation would take place far away from
shore.

Moment of inertia

Moment of inertia is a measure of an object’s resistance to changes to its rotation. Usually
this information can be found in handbooks for standard parts, but let’s take a look at the
form that is useful in our case. The equation for a hollow rectangular where the force is
vertical can be seen in Fig. A.5.

I =
1

12
(b · h3 − bi · h3

i ) (A.10)

Section modulus

Section of modulus is the ratio of the cross section moment of inertia to the distance from
the centroid to top or bottom edge. Section modulus is calculated as:

S =
I

c
(A.11)

where I is the moment of inertia, and c is the distance from centroid to top or bottom edge.
For the shapes in Fig. A.6, c is equal to the half-height of the form. The shapes are all
symmetrical which means that the section modulus is equal for x and y directions.

Figure A.6: A positive bending beam and cross-sectional area showing compression and
tension [6].
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Figure A.7: A cantilever beam supported on the one end.

Bending stress

When bending a material, one surface of the material stretches in tension while the op-
posite surface compresses. It follows that there is a line or region of zero stress between
the two surfaces, called the neutral axis. The maximum stress occurs at the surface of the
beam farthest from the neutral axis and is:

σmax =
M · c

I
(A.12)

where M is the bending moment, c is the distance from centroid to top or bottom edge,
and I is the moment of inertia. In Fig. A.7 is a cantilever beam with a point force on the
end. The equation for moment is:

M = F · L (A.13)

Figure A.8: Buckling of a fixed free column.
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Buckling

If we apply force directly on an object as demonstrated in Fig. A.8 we could experience
buckling. Buckling is the bending of a slender member on the one side which subject to
compression. The equation for the critical load for a fixed free column is [10].

Pcr =
π2 · E · I

4 · L2
(A.14)

Welding

Welding together two parts is a common way. There exists several methods to weld, the
only one described for this project is the butt weld. Figure A.9 shows typical butt joint and
the directions of the forces. The stresses can be calculated with following equations.

σ =
F

h · l
(A.15)

τ =
F

h · l
(A.16)

where F is the force, h is the weld throat, and l is the length of the weld.

Figure A.9: A typical butt joint [6].
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Drawings
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PRICEWEIGHTMATERIALPART NAMEQTY.REF. DRW.NO.

9270 ISK8,15 kgAluminum 6060Bottom10011

5380 ISK4,73 kgAluminum 6060Mast10022

1365 ISK0,40 kgAluminum 6060Support Triangle30033

1410 ISK0,62 kgAluminum 6060Handle20044

68 ISK0,06 kgAluminum 6060Link10055

717 ISK0,63 kgAluminum 6060Winch Plate10066

341 ISK0,30 kgAluminum 6060Extension Support10077

591 ISK0,52 kgAluminum 6060Arm Support Top10088

205 ISK0,18 kgAluminum 6060Arm Support Lower10099

933 ISK0,41 kgAluminum 6060Arm Support201010

50 ISK0,01 kgPolyoxymethylenesPlastic Washer201111

34 ISK0,03 kgAluminum 6060Support Pieces101212

535 ISK0,47 kgAluminum 6060Angle101313

1240 ISK1,09 kgAluminum 6060Height Adjust101414

100 ISK0,02 kgStainless SteelSteel Support201515

205 ISK0,09 kgAluminum 6060Pulley201616

100 ISK0,02 kgPolyoxymethylenesWheel201717

1797 ISK1,58 kgAluminum 6060Adjustable Boom101818

45 ISK0,04 kgAluminum 6060End Cap101919

136 ISK0,06 kgAluminum 6060Additional Support202020

2616 ISK2,30 kgAluminum 6060Long Arm102121

978 ISK0,86 kgAluminum 6060Short Arm102222

1558 ISK1,37 kgAluminum 6060Hypotenuse Arm102323

54883 ISK29,80 kgTOTAL: 1  

PRICEQTY.PART NAMECOMPANY

490 ISK2Bolt M12x50 Stainless SteelFossberg

698 ISK2Bolt M12x80 Stainless Steel 

669 ISK3Bolt M10x30 Stainless Steel 

247 ISK1Bolt M10x70 Stainless Steel 

168 ISK6Washer M12 Stainless Steel 

408 ISK8Washer M10 Stainless Steel 

344 ISK4Lock Nut M12 Stainless Steel 

150 ISK3Lock Nut M10 Stainless Steel 

70 ISK1Nut M12 Stainless Steel 

515 ISK0,2 mThread Rod M12 Stainless Steel 

3354 ISK2Lobe Knob M12 Stainless Steel 

6963 ISK1Winch Load Capacity 450 kgVélasalan

850 ISK10 mDynex 75 3 mmHampiðjan

45 ISK1Wire Eye 5 mm 

10396 ISK1Powder CoatingPólýhúðun
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