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Abstract

Product development of a hydrofoil deployment mechanism

A lightweight and cost-e [cieht solution aimed to be used in the Swedish Sea Rescue
Society’s next-gen electric rescue boats.

FREDRIK BYSTROM

Department of Industrial Materials and Science

Chalmers University of Technology

Hydrofoiling boats are being introduced into commercial usage throughout the
world. Being a relatively new phenomena (relative to the industries’ more estab-
lished non-foiling boats) optimal ways of handling and controlling hydrofoils have
not yet been discovered or established. This thesis aims to investigate a possible
solution to the handling (restricted to managing lift and drag forces generated by
a hydrofoil) and controlling of hydrofoils (restricted to deploying, retracting and
controlling trim). The context in which this has been performed is on a moderately
sized 2.6 ton and 8 meter long rescue boat from the Swedish Sea Rescue Society,
aimed to be used in lakes and coastal areas in Sweden.

Possible solutions have been investigated by following a typical new product de-
velopment process between the phases of establishing requirements up until early
detail design. Results include proof-of-concept CAD models that have been eval-
uated using FEA simulations. Findings suggest that a winch-based solution using
HMPE-fiber synthetic rope is optimal as a means to lower overall weight. Fur-
thermore, a support structure that allows for vertical linear movement whilst being
exposed to lift- and drag forces from the hydrofoil is needed. Future work would
entail proceeding with detail design with a focus on design-for-manufacturing and
performing further stress- and weight optimizations.

Keywords: Hydrofoil, Engineering design, Swedish Sea Rescue Society, Boat, Sea-
faring vessel, Mechanics, Winch
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Sammanfattning

Barplansbatar haller i skrivande stund pa att introduceras till kommerciellt bruk
runtom i varlden. Da barplan ar ett relativt nytt fenomen (relativt till industrins
mer etablerade icke-barplansbatar) sa har optimala satt att hantera och kontrollera
barplan inte annu upptéckts eller etablerats. Det har examensarbetet syftar till
att undersoka mojliga I6sningar till hantering (avgrénsat till att hantera lyft- och
dragkrafter fran barplanet) och kontrollering (avgransat till nedsankning, upphéjn-
ing och trimstyrning) av barplan. Sammanhanget for en sddan mekanism &r att an-
vandas pa en mattligt stor bat pa 2,6 ton och 8 meter fran Svenska Sjéraddningssall-
skapet, amnad att anvandas pa sjéar och i kustomraden.

Madjliga lésningar har undersdkts genom att folja en typisk produktutvecklings pro-
cess mellan faserna “etablera kravspecifikation” upp till tidig ”detaljdesign”. Ar-
betet inkluderar konceptvaliderade CAD modeller vars design har blivit utvarderad
med finita elementmetodssimuleringar. Resultatet tyder pa att en vinschbaserad
I6sning med lattvikts HMPE-fiber syntetiskt rep ar optimalt. Dessutom behdvs en
stodjande struktur som tillater vertikal linjar rorelse samtidigt som den motstar
belastning fran barplanets lyft- och dragkraft. Framtida arbete skulle innebéra en
fortsattning pa detaljdesignen med ett fokus pa anpassningar till produktion och
ytterligare spannings- och viktoptimeringar.

Nyckelord: Béarplan, Ingenjorsdesign, Svenska Sjoraddningssallskapet, Bat, Fartyg,
Mekanik, Vinsch
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Terminology and abbreviations

Bow The front part of a boat.

CFRP Abbreviation for carbon ber reinforced polymer.

Chunk Product development methodology to refer to a system within the
product. A chunk consists of several modules.

Client SSRS, the industrial contact who requested this thesis.

Deployment When the hydrofoil is deployed into the water from the hull, i.e.
moving downwards.

FoS Abbreviation for factor of safety.

HDM Abbreviation of hydrofoil deployment mechanism.

Hydrofoll A wing-system that is submerged into water which pushes the en-
tire (or most of) the boat's hull above water-level, reducing or
completely eliminating the water-drag in favor of less deleterious
air-drag.

Module A system within a chunk. For example, within the chunk frame
we have the module bracing.

Moon Pool The chunk SSPA is providing as an interface unit between the HDM
and the rest of the ship's hull.

OEM Abbreviation for original equipment manufacturer. Refers to com-
pany that designs and sells components to be used within another
product, e.g. SKF with their bearings is an OEM to Volvo Trucks.

Portside The left side of the vessel's nominal traveling direction.

Retraction When the hydrofoil is rectracted from the water into the hull, i.e.
moving upwards.

SSRS Swedish Sea Rescue Society Commonly known in Swedish as
Sjoraddningssallskapet.

Starboard The right side of the vessel's nominal traveling direction.

Stern The back part of a boat.

Struts The two vertical beams that connect the hydrofoil's wings to the
hydrofoil's horizontal beams.

Wing The horizontally-aligned plane at the bottom of the hydrofoil that's
submerged in water.

X8 Development name for the new hydrofoiling boat that is in devel-

Xii

opment for SSRS.
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1

Introduction

This chapter will present a background to the thesis project, presenting the concept
of hydrofoiling and the specic boat the hydrofoil deployment mechanism will be

implemented in. Additionally, the thesis aim, research questions, delimitations,

problem analysis and thesis outline will be presented.

1.1 Background

The Swedish Sea Rescue Society, hereby abbreviated as SSRS, is a non-pro t orga-
nization consisting of roughly 2 400 volunteers, 260 rescue vessels, 74 rescue stations
and 143 000 members, and are at the time of writing involved in over 90% of all sea
rescues in Sweden (Svenska Sjoraddningssallskapet, n.d.). SSRS are as of the thesis
publication date in the process of designing a testing platform for a new generation

of rescue boats named X8 (personal communication, F. Falkman, January 25,
2022). A testing platform entails a prototype boat which primary purpose is testing

if the developed design works as intended, and with actually serving as a rescue
boat being a secondary purpose. A theoretical maximum number of X8 boats to be
manufactured equals that of the total number of SSRS rescue stations (74 stations).

The new generation X8 boats will have a fully electric, battery-driven powertrain,
where the weight of such batteries will negatively a ect the boats' range. This is
countered by having the boats ride on two hydrofoils, a frontal main hydrofoil that
carries the majority of the boat weight, and a rear hydrofoil that acts as a stabilizing
hydrofoil and houses the boat's motor (i.e. the boat's motor imside of the rear
hydrofoil). However, since the boats are aimed at rescue operations they need to be
able to run aground, something which is not compatible with permanent hydrofoil
xtures underneath the hull. There is a need to retract and deploy both hydrofoils
into and from the hull, where the design of the mechanism to deploy and retract
the frontal hydrofoil is the basis for this master's thesis. This device is henceforth
called hydrofoil deployment mechanism and is hereby abbreviated as HDM.

1.1.1 Hydrofoiling boats in general

A hydrofoiling vessel (including boats, surfboards and more) is one where the ma-
jority or entirety of the vessel's hull that's normally wetted is lifted up over the
surface of the water during motion. The purpose of this is to replace the deleterious

1



1. Introduction

Figure 1.1: Left: A hydrofoil surfboard (Fewings, 2020).Right: A large boat
riding on hydrofoils (Tong, 2020).

drag e ects from water with the relatively favorable drag e ects from air. This is
achieved by having some sort of winged pro le (comparable to that of a wing on an
airplane) beneath the surface of the water. This winged pro le generates lift which
pushes the vessel up above water. Some vessels have a hydrofoil that's permanently
xed underneath the hull, while some vessels have a hydrofoil that can be deployed
and retracted into and out of the water. See gure 1.1 for examples of hydrofoiling
vessels.

1.1.2 X8 boat's involved parties

The project to develop the X8 boat is o cially called ELINN, which is an abbrevia-
tion for ELectric INNovation. There are several major actors involved in the project,
their names and roles are listed below.

N

Aston Harald Main manufacturer of the X8 hull.

A

Chalmers University of Technology Primarily designing the mechatronics
aspect of controlling the stabilizing action of the rear hydrofoil, motor and
front hydrofoil.

Mantaray Design of the front hydrofoil.
Micropower Design of the battery system.

Sigma Design of the hydrofoil deployment mechanism (HDM) for the front
hydrofoil.

Thesis student (myself) Overall HDM design.

Sigma Embedded Engineering A branch of Sigma, acting in collabora-
tion with the myself, that is responsible for everything electrical related
to the HDM.

Sigma Energy and Marine A branch of Sigma that acts as the o cial
company Supervisors.
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A

SSPA Hull design, rear hydrofoil and propeller design, rear hydrofoil deploy-
ment mechanism design.

N

SSRS Client, user, secondary project lead and coordinator.

Zparq Primary project lead and coordinator. Drivetrain design.

1.1.3 Closely related thesis work

From SSRS's point of view, this master's thesis can be regarded as a follow-up to
Lundin's & Eriksson's master's thesis nhamedConcept development and design of
retractable hydrofoil systemg2021). From my point of view, the thesis is regarded
as a source of information, but not as preceding work. l.e., my master's thesis is
not a continuation of Lundin's & Eriksson's thesis but rather a completely separate
one.

1.2 Aim

The aim of the this master's thesis is to perform a product develop process for
a hydrofoil deployment mechanism for SSRS' next generation X8 rescue boat in
accordance to SSRS' demands and wishes. The development process started at the
establish requirements phase, which entails gathering information to determine and
formulate requirements and wishes stakeholders have on a HDM in this context.
The development process ended at an early detail design phase, which entails that
a nal concept has been chosen and further elaborated upon, but that the design is
not to be considered complete or ready-to-manufacture.

1.3 Research questions & deliverables

Based on the aims, more hands-on research questions were to answer the following:

N

RQ1 What requirements does the operational pro le of SSRS' activities, as
well as the surrounding chunks, set on an HDM?

RQ2 How should an HDM best be driven (i.e. actuator to provide move-
ment)?

A

RQ3 How should an HDM be designed to withstand the forces applied to it?

More concrete examples of what the master's thesis produced is listed below as
deliverables:

Requirement speci cation.
Design priorities (goal weighting list).
Concept catalog for di erent chunks.

A

Final HDM concept.
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Initial material selection.

A

Strength simulations using CAE software.

Future work plan.

1.4 Delimitations

The following delimitations have been placed on the project's scope:

N

How the HDM is controlled by the user, i.e. the human-machine interface.

Electrical aspects of the HDM, for example voltage of motors, has only been
regarded in minimal amounts. These aspects are otherwise the responsibility
of Sigma Embedded Engineering.

Financial aspects in terms of production ramp-up, i.e. cost analysis, has only
been loosely done in regards to single prototype boat.

The thesis has been delimited to the deployment mechanism and any necessary
support functions that emerge as a result of the HDM. Already existing chunks,
e.g. the hydrofoil and the hull, has been investigated but not developed upon.

The produced design's adherence to any maritime (or other) standards, rules
or regulations has not been regarded.

1.5 Problem analysis

The starting point for this thesis was conducting design work for a product that's in
its entirety (the entire X8 boat) in an early to mid phase of development. The design
of the HDM was however completely untouched at the start of this thesis. As such, a
major part of the design work entailed investigating the problem area and translating
the soft customer and user statements into hard engineering requirements. After
such a prerequisite step had been done, the actual design work could commence.

This master's thesis entailed being a part of a real engineering product development
project with multiple coordinating companies and strict internal deadlines. Whilst
such strict deadlines exist (such as design freeze for the hull, etc), they are all past
the point in which | am nished with the thesis. Thus they are not discussed any
further in this report.

Having been part of a real engineering project entailed another challenge, namely
that progress is expected to be made in a timely fashion towards a result that is
practically implementable. This is often at odds with the thesis goals of choices
being thorough and theoretically motivated. In practice | developed two versions of
an HDM in parallel, one thesis version and one industrial version. The reader is not
expected to notice this duplicity in this thesis report until possibly towards the end
of the project where industrial in uences into the HDM project intensify greatly.

4
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1.6 Thesis outline

This thesis is split up into three di erent stages: Pre-study, concept design, and
early detail design. The methodology used in each of these stages is rst explained
in chapter 2. Results are then presented, split up into the three aforementioned
stages. Following the results, | present future work for implementing the proposed
design, a discussion regarding the thesis work, a conclusion and nally all appendices.

This thesis consists of the following chapters:

1.

Introduction - Elaborates on the thesis' background along with its aim, re-
search questions and delimitations.

. Methodology - Presents the methodology used in the thesis throughout its

three major stages: Pre-study, concept design and detail design.

. Pre-study results - Further elaborating on the background of the thesis,

presenting theory relevant to this project, calculations, and summarizing all
pre-study results.

. Concept design results - Mapping of existing solutions related to an HDM,

an initial materials study, generation of concepts and choice of nal concept.

. Detail design results - Presentation of nal design, evaluations via FEA sim-

ulations, presenting material choice and evaluation of the design's ful liment
of requirements.

. Future work - Highlighting key areas for future work should this project be

continued.

. Discussion - Discussing di erent aspects of the development process used in

this thesis, as well as highlighting possible uncertainties and errors present in
the thesis work.

. Conclusion - Brief summary of results and answers to research questions.
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2

Method

This master's thesis entails conducting a product development process from post-
opportunity identi cation up until early detailed design. Figure 2.1 visualizes timing
and how each step correlates to each other whilst the remainder of this chapter
goes into the details and motivations of each method. The visualization should be
regarded as merely a nominal description of the overarching method. The reality of
the project is less rigid and more uid (for example steps being done in other orders
or repeated out-of-order).

Figure 2.1: An illustration of roughly when in the project methods were applied.
Note that lightly colored blocks indicate that somework with the method was done
during that period.
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2.1 Pre-study

A pre-study was performed to further de ne the problem area and get an insight
into the eld. As the problem area was so loosely de ned, | worked in collaboration
with the client to determine what the actual goals of the project are and how to
best reach them. Additionally, since | am a novice in the eld of hydrofoiling boats,
| had to rst get an insight into the unspoken aspects of said eld as to minimize
the risk of knowledge gaps negatively a ecting the project.

2.1.1 Gather scenario-speci ¢ information

To further understand the speci ¢ scenario of the SSRS boat | gathered information
In numerous ways. The primary source of information was personal contact in the
form of interviews as well as meetings with the involved parties (primarily SSRS).
Further major sources of information included the master's thesis from Lundin &
Eriksson (2021) and previous internal documentation regarding other aspects from
the ELINN project. Gathering information via meetings with involved parties con-
tinued throughout the entirety of the project.

Interviews were rstly conducted in an open format to make up for the lack of prior
knowledge in the subject area. Additional interviews were subsequently performed
in a semi-structured format to gather information about speci ¢ topics not covered
in documentation or open interviews. Informal interview then took place through-
out the remainder of the project in the form of bi-weekly meeting with all parties
somehow directly a ected by or involved in the HDM design: SSRS, Sigma Energy
and Marine, Sigma Embedded Engineering, Mantaray and SSPA.

2.1.2 Study theory

Any theory closely related to HDM development that would a ect design parameters
in a major way was studied. Fundamental theory in product development and
mechanics is not included in this list. Major theory and corresponding sources
include:

A

Drag forces in uids Fluid Mechanicsby Frank White (2016).

N

Submergence factor Hydrofoils: Design, Build, Fly by Ray Vellinga (2009)
and personal communication with Docent Arash Eslamdoost from Chalmers
University of Technology (March 18, 2022).

Slamming Magnus Wikander from SSPA and Alexander Sahlin from Man-
taray (personal communication, February 21, 2022).

2.1.3 Perform calculations

Rough calculations were performed as part of the pre-study to act as guidance for
the rest of the development. As the main parameters a ecting forces (the hydrofoil
and speed of the vessel) were nalized enough to provide approximate numbers at

8
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the thesis' inception, calculations could be done and used in de ning a requirement
speci cation for the project. Main calculations performed were:

" Drag forces in uids.
Torque.
Submergence factor (with respect to fatigue).

To account for the rapidly changing variables of early product development phases,
these calculations were performed using Python scripts to easily and quickly repeat
calculations using di erent parameters.

2.1.4 Summarize information

As a nalizing step in the pre-study, all gathered and de ned information was sum-
marized in various di erent models. These models were used as guidance and quick
references throughout the development process. Major models includes:

" Concept-phase requirement speci cation
Function list.
Goal de nition.

System architecture diagram.

2.2 Concept design

This section will present methods used in the concept design phase of the project.

2.2.1 Study existing solutions

To act as design-inspiration, and possibly as chunks or modules with the HDM,
similar solutions in di erent contexts were examined. Areas examined include:

" Hydrofoil solutions

Lifting and lowering solutions
Structural geometries

Actuator types

Linear motion supports (e.g. rails)

Locking mechanisms

1Will be expanded upon later with a detail design requirement speci cation.
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2.2.2 Study materials

In order to expand the solution space with respects to non-conventional materials,
and to restrict the solution space to suitable materials, a mapping and investiga-
tion of materials was performed. | regarded the study of materials as important to
perform early in the project, since the de nition of materials de nes the available
manufacturing methods, which in turn de nes available design shapes and geome-
tries. This materials study was primarily performed using the GRANTA Selector
software (Version 21.2.0; 2021) and secondarily by discussing with professional en-
gineers from involved parties.

2.2.3 Generate ideas

Two types of methods for generating ideas were performed in this project: Internal
idea generation where a design was created from scratch, and external idea gen-
eration where existing solutions (such as motors and linear bearings) were pieced
together to t a larger context. | aimed to re-use as many existing solutions as
possible and to only design from scratch that for which no existing solutions could
be sourced.

Generation of ideas was rst performed on an all-encompassing level with high ab-
straction, and then with a lower abstraction level but within speci c chunks or
modules. Compiling chunks and modules into an entire HDM was done via a mor-
phological matrix or informally.

As an additional source of input, involved companies occasionally contributed with
suggestions for designs of chunks or modules within the HDM.

2.2.4 Concept elimination and selection

Continual elimination of concepts was done using the following methods:

Meeting with stakeholders - Discussions were held with stakeholders such
as SSRS (the client), industrial supervisors or representatives from OEMs to
determine the suitability (or lack thereof) of concepts.

Evaluation matrices - | used evaluation matrices to eliminate and rank
di erent concepts throughout the thesis. These evaluation matrices were de-
signed by myself and are largely based on a Pugh matrix (Ulrich et al., 2020).
These matrices are elaborated upon in chapter 4.3.4.

Investigation of specic components - Since | was reliant on the us-
age of externally sourced components and modules to produce an industry-
implementable design, the availability (or lack thereof) of such was a deter-
mining factor in the elimination of concepts.

When the concept design phase was concluded, | had produced a nal concept which
was further elaborated upon during the subsequent detail design phase.

10
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2.3 Detail design

This section will present the methods used in the project's nal phase: the detail
design phase.

2.3.1 Formulate detail design requirement speci cation

Detailed design was initiated by de ning a more detailed requirement speci cation

of the chosen concept. As the abstraction level reduced with a chosen concept,
the previously de ned concept-phase requirement speci cation was expanded upon
to include requirements that arose as a consequence of the chosen solution. This
document was used to ensure that the detailed design ful lled requirements and to
lower the risk of oversight.

2.3.2 Overall detail design methodology

The detailed design was performed in three di erent ways (in chronological order):

1. System-level design, as de ned by Ulrich et al. (2020), was used to de ne a
product architecture. This was done mainly by using existing commercially
available components in a designed architecture. In other words, this method
essentially entailed piecing together chunks using commercially available prod-
ucts.

2. External companies presenting designs with exact components to be used
within a speci ¢ module. This methodology had to be included in the project
due to the thesis doubling as industrial work expecting to produce tangible
results. These designs are clearly marked in the thesis as being external com-
panies suggestions.

3. Component-independent design where | designed a solution regardless of the
availability of parts. In this case, | used existing ideas of solutions (for example
the concept behind a drum brake) without locking the design to the availability
of speci c parts.

| initiated the design procedure with a high focus on (1) coordinating design, as
speci cation and design of components from the ground-up was regarded as un-
realistic with the given time-frame. However, | experienced major setbacks using
method (1) and (2) in terms of time being spent sourcing components, contacting
companies, and switching between concepts. For that reason, | nalized some of the
chunks using method (3).

Strength simulations: | performed strength simulations and displacement simula-
tions on many of the designed components. Although no components are presented
as a nal design suggestion, these simulations were performed to validate the con-
cepts are feasible to be regarded as proof of concept. Simulations were performed
using the ANSYS suite (version 21.1.0; 2021).

11
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2.3.3 Choose material

Suitable materials for designed components were investigated using three di erent
methods:

A

Theoretical study using the database GRANTA Selector as a source (Version
21.2.0; 2021).

Industrial study using commercial companies dealing in materials as sources.

Personal communication with involved companies as sources.

2.3.4 Evaluate detail design requirement speci cation

An evaluation of the developed concept was performed based on the detail design
requirement speci cation. Since the design is at an early detail design phase (and
not complete) the evaluation is regarded to be preliminary and an estimation.

12
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Pre-study results

This chapter will present further details on the X8 boat, its hydrofoil and its usage. It
will then go on to present theory relevant to this project and performed calculations.
Finally, this chapter will present a summary of results in the form of a requirement
speci cation, function list and goal weighting list.

3.1 Gather scenario-speci ¢ information

This section will present further details on the context of which the boat and HDM
will be used in and the state of development for the rest of the boat at the time of
the interviews. All information presented is sourced from interviews and meetings
with SSRS or other involved parties (personal communication, January 25, 2022 to
June 23, 2022).

Figure 3.1 shows an early concept of the to-be designed boat, hereby referred to as
X8. It is aimed to be a rescue boat to be used in all bodies of water (except icy
water) within the territories of Sweden. The types of rescue missions X8 will be
used in is everything from towing broken-down vessels to life-or-death ambulance
scenarios. A vast majority of rescue operations occur during summertime with sunny
and calm weather, as this is when most people are out on their boats. SSRS aims for
X8 to ful I 95% of all SSRS assignments, where the unful lled 5% includes planned
non-emergency towing and very-far-away rescue missions.

The dimensions of X8 are planned to be roughly 8 [m] length, 3 [m] width and
with a weight of 2.6 [tons]. The structural part of the hull will be in a carbon ber
sandwich material. It is a semi-covered boat, i.e. there is no place on the boat
that is both roofed and walled o . It is aimed to be replacing the previous Gunnel
Larsson boat of nearly identical dimensions and weight. SSRS has two other main
rescue boats in other classes, one completely uncovered boat with a length of 3 [m]
and one fully-covered boat with a length of 13 [m]. Further dimensions of the boat
can be found in appendix B, where the reader is advised to take note of the two
battery backs next to the hydrofoil, both towards the bow and the stern, which
greatly constrains the available design space for the HDM and a retracted hydrofoil.

The X8's hull's underside has two mechanism protruding from it. At the stern
is a smaller steerable hydrofoil and torpedo motor package which will provide the
propulsion and a majority of the steering. In the middle of the hull is a larger
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Figure 3.1: An early concept drawing of X8 (F. Falkman, personal communication,
February 2, 2022).

hydrofoil that will uphold >80% of the boat's weight under ight (this thesis only
includes work with the deployment of the larger hydrofoil).The larger hydrofoll

will always generate lift when the boat is in motion relative to the water

with a nominal lifting force of roughly 26 000 [N]. Both hydrofoils are constructed
in carbon ber.

When the boat is traveling fast enough with both hydrofoils deployed, the lift gen-
erated from them will lift the entire boat out of the water and enable the boat's
entire hull to rise above water-level, i.e.the entire boat's weight will rest on

the hydrofoils . Rough geometry speci cations of how big the allotted space is for
the HDM (hydrofoil deployment mechanism for the larger hydrofoil) can be seen in
gure 3.2, where the HDM must be contained between points A F with a port -
starboard width of roughly 2.5 [m]. The cutout in point A is a literal hole in

the hull, i.e. sea water will come in contact with any equipment placed

in its vicinity.

The X8 is a fully electric boat with batteries as a power cell. It has a sprint range of
15 nautical miles and top speed of 35 [knots]. The boat will begin to y (hull lifted
above water level) at speeds above 17.5 [knots]. SSRS aims for both hydrofoils to be
deployable at speeds between 0 8 [knots]. The deployment must also be automated
(i.e. using some sort of motor and not being hand-powered).

The boat is aimed to be in use for a total of 25 years. Maintenance is done by laymen
on-site as much as possible, with a professional renovation in a professional workshop
only aimed to be done after 12.5 years. Maintenance is aimed to be conduced as
needed in addition to planned yearly maintenance sessions between seasons.

14



3. Pre-study results

Figure 3.2: Rough geometry speci cations of allotted volume for HDM.

3.1.1 Hydrofoil explanation and terminology

The hydrofoil to be used in the X8 boat is a speci ¢ hydrofoil model produced by
the company Mantaray. Figure 3.3 shows a mock-up illustration of the hydrofoil, as
well as what di erent parts of the hydrofoil are called and their purpose.

N

Arms: Acts as supporting levers to provide rigidity and connect axles to struts.

A

Axles: The only allowed connection point between the hydrofoil and the rest
of the HDM. The axle rotate slightly in their sockets.

Struts: Creates distance between the axles and the wing, allowing the wing to
be su ciently submerged under water.

A

Wing: Source of lift for the hydrofoil.

N

Chord length: The length of the wing in the direction of travel.

The hydrofoil will be attached to the rest of the HDM (and in turn the rest of the
boat) via a hub. The hub is a custom-molded component that is made to t onto
the axles of the hydrofoil. This to-be-designetiub is the only interface that's
allowed to be touched by an HDM | i.e. the HDM cannot grab or come into
contact with any part of the hydrofoil directly but must go via the hub.

Important to note is that the entire hydrofoil will be in movement during usage. I.e.

the wing will twist, causing the strut to twist, causing the arms to make the axles
rotate slightly. This movement is intentional and is a part of the stabilizing action

of the hydrofoil. This is the main reason behind why the only allowed interface
between the hydrofoil and the HDM is at the hydrofoil's axles.
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Figure 3.3: What di erent parts of the hydrofoil are called.

3.2 Theory

This section will present theory regarding drag forces, the so-called submergence
factor when using hydrofoils, and a phenomena known as slamming.

3.2.1 Drag forces in uids

Solids submerged in uids, where there is relative motion between the solid and the
uid, experience drag forces (White, 2016). These magnitude of these drag forces
can be estimated using the equation:

Fp = 0:5Cp v 2A
where:

Fp [N] - drag force| Cp [] - drag coe cient
[kg=m?] - density | v [m=g] - relative velocity
A [m?] - area

In this case the area used in calculations is the planform area, i.e. the projected
area parallel to the velocity vector (i.e. the at side of the wing).

3.2.2 Submergence factor

The lift-generating capabilities of a hydrofoil wing will be negatively a ected by
close proximity to the water's surface (Vellinga, 2009; A. Eslamdoost (personal
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Figure 3.4: Function of a wing's lifting force in relation to its submergence factor
(Vellinga, 2009).

communication, March 18, 2022). The area in which lift is negatively a ected is
measured by the ratio of the distance between the water's surface to the wing, and
the wing's chord length. This ratio is called the submergence factor. In other words,
a wing with a longer chord length needs to be submerged further to ensure maximum
lifting capacity.

The lift force can be de ned as a function of chord length and submergence mathe-
matically with the equation (Vellinga, 2009):

!
1.5 chord submergence2
chord

FL=1 0222 N]

where the equation is only valid between the submergence factors of roughly 0.2
1.5. At submergence factors of 0.2, the wing is down to roughly 60% of its

lifting capabilities, whilst at submergence factors of 1.5 or greater the wing has

achieved practically 100% of its lifting capacities. See gure 3.4 for a visualization

of the equation. Vellinga (2009) states that the underlying reasons for a decrease

in lift force is a combination of air being sucked in from the atmosphere to the low-

pressure area above the wing, as well as there being less mass of water above the

wing (negatively e ecting Newton's third law of motion) the closer the wing is to

the surface of the water.

The e ects of submergence factor a ects this development project in terms of po-
tential fatigue problems in wavy water as it may entail a rapidly varying lift force
from the hydrofoil. Should the wing of the hydrofoil be at a shallow depth at wavy
conditions and high speeds, the lift force from the wing will vary at a high frequency.
See gure 3.5 for an illustration.
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Figure 3.5: lllustration of varying lift force (red) depending on wing (blue) submer-
gence depth underneath the water's surface (black). The force vector magnitudes
are exaggerated for illustrative purposes.

Figure 3.6: Left: |lllustration of a more likely but not deleterious slamming.
Right: Illustration of deleterious but very unlikely slamming.

3.2.3 Slamming

A phenomena known as slamming can occur during usage of hydrofoils (M. Wikan-
der, A. Sahlin, personal communication, February 22, 2022). This involves the wing
of the hydrofoil and the trough of a wave (the lowest part two waves, i.e. the ™'val-
ley between two waves). The scenario where this phenomena has a risk of occurring
is when the boat is traveling at higher speeds during wavy conditions. Slamming
is when the hydrofoil wing completely exits the water between a wave's peak and
trough, and then subsequently slams against the surface tension of the water. This
slamming action is akin to an impact and transfers loads higher than nominal to
the hydrofoil and any connected supporting structure.

Slamming can only generate a relevantly large force when the impact area of the
water is parallel to the wing's underside. This is highly unlikely to occur for the
following reasons. For slamming to occur at all the wing has to leave the water
completely, something which will only rarely happen during wavy conditions and not
at all during at-water conditions. For the impact area of the water to be parallel

to the wing's underside, conditions have to be akin to at-water conditions, i.e. no
waves. In other words, the only deleterious slamming scenario is when slamming
cannot occur (possibly with the exception of travelling perpendicular to the wake
of another larger seafaring vessel). See gure 3.6 for illustrations. Whilst slamming
can in theory happen, recommendations were made by SSPA and Mantaray (M.
Wikander, A. Sahlin, personal communication, February 22, 2022) to disregard any
slamming e ects in the development process.
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3.3 Calculations

This section will present the main calculations performed during the pre-study phase
of the project. This includes calculations on drag forces the hydrofoil experiences, the
generated torque from the aforementioned drag forces, and nally initial calculations
regarding fatigue via submergence factor.

3.3.1 Drag forces

Drag forces were calculated to get an estimation of what magnitude of force the
HDM has to withstand in the direction opposite of the boat's traveling direction.
This was performed using the equations presented in chapter 3.2.1 and a Python
script, see appendix C.

Reynolds number: In order to determine the ow state (turbulent or laminar),
numbers for a worst case scenario was used in the calculation of the Reynold's
number (Re = UL= ). Worst case scenario in this case refers to making it as far
away as possible from fully turbulent (as this is when aforementioned equations stop
applying). The following numbers were used.

The viscosity of the water was chosen at Q] to evaluate a worst case scenario.
Viscosities for water at di erent temperatures are (White, 2016):

H20:20 C 0:001003 IN s=m2]
H2010 ¢ 0:001307 Ns=m?]
H200 ¢ 0:001788 Ns=m?]

The density of water is roughly constant regardless of temperature:
Hzo 1000 kg=n7]

Speeds assessed were 8 knots (maximum speed of the boat during HDM activation)
and 35 knots (planned top speed of X8).

U8[kn0ts] 412 [m:s] U35[knots] 1801 [m:s]

The shortest part of the hydrofoil (strut) relative to the direction of the uid's
motion:
L 021 m]

This produced a result of:

UL 1000 412 0:21
Reg.sut = = 0:001788 483 893 3500 = Reyrpulent

Calculations show that the ow is very clearly turbulent even in the most conserva-
tive scenario with a low speed, short foil length and cold water.

Drag forces: In order to calculate the drag forces Kp = 0:5Cp v ?A) several
variables must rst be determined.
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There are di erent parts of the hydrofoil which have di erent drag coe cients. The
drag coe cient for the wing di ers at di erent speeds and are according to A. Sahlin
(personal communication, February 9, 2022):

CD;wing; 8[knots ] 0:035 ; CD;Wing;35[kn0ts] 0:005

The drag coe cient of the struts were estimated according to NASA's numbers
(n.d.) for an airfoil which the struts' shape moderately closely resembles.

Cosrus  0:05 (regardless of velocity)

Two di erent speeds were evaluated. Note thaFp.spis €ncompasses the drag force
for both struts.

8 knots - The highest speed in which the HDM will perform a deployment or re-
traction. At these speeds the boat is not ying and the hydrofoil is completely
submerged.

Fouota: 8 =472 [N] I:D;Wing; 8 =235[N] ; Foswus; 8 =237 [N]

35 knots The highest speed in which the boat will be traveling. In these speeds
the boat will be ying with the wing experiencing a submergence of roughly 0.3 [m].

I:D;total; 35— 1455 [N] ; I:D;wing; 35 = 642 [N] ; I:D;struts; 35 = 813 [N]

These drag force numbers have been con rmed by Mantaray to be accurate.

3.3.2 Torque

A drag force created by the wing will, due to the lever between the struts and the top
of the hydrofoil, generate a torque that will have to be counteracted by the HDM.
As the length of the lever can reasonably be estimated to be equal to the length
of the struts, calculations regarding torque can already at the stage be determined.
Torque was calculated using the equation:

T FoH [Nm]

where:

T [Nm] - torque measured from the top of the hydrofoll
F [N] - drag force from the water
H [m] - height of the struts

An overwhelming majority of the drag force will be opposite the boat's travel di-
rection, and as such only the drag force with the lever of the struts will have to be
assessed. Torque is calculated at max speeds and conservatively by placing all drag
forces at the wing (thus maximizing the forces' lever).

T FoH 813 1.3 1060 Nm]
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3.3.3 Submergence factor

Lifting force as a function of the submergence factor was calculated using the equa-
tion: |
1:5 chord submergence 2

F.=1 0222
- chord

[N]

Using this equation, a F could be calculated using the aforementioned equation
at di erent submergence depths (representing the wing's di ering submergence in
wavy conditions). A frequency of that F could be calculated by assessing a ratio
between the boat's speed and wave length. See appendix D.

Calculations show that F is only relevantly signi cant when wave height is ap-
proaching the submergence depth of the wing. The frequency of is low from a
high frequency fatigue point of view. Since numbers regarding submergence depth
and wave characteristics in areas of operation are either undecided or unknown at
the time of thesis writing, | cannot draw any conclusions of the relevance of sub-
mergence factor fatigue.

3.4 Summarized information

This section will present the most important information gained during the pre-
study phase in the form of a concept-phase requirement speci cation, a function list
and a goal weighting list.

3.4.1 Concept-phase requirement speci cation

A concept-phase general requirement speci cation (one that is not solution-speci c)
is presented in its fullest in appendix E. The requirement speci cation has its re-
guirements categorized in the following groups:

N

General Uncategorized requirements.

N

Geometry The HDM is allotted a speci c limited volume on the boat.

N

Mechanical strength The HDM must withstand any forces applied to the
system, primarily the lifting-force generated by the hydrofoil and the self-
weight of the boat.

Use-environment The HDM must be fully functional in a marine environ-
ment, primarily being able to handle salt-water.

Movement The HDM must be able to move in certain dimensions, primarily
vertical movement to deploy and retract.

Maintenance The HDM must facilitate minor maintenance by laymen and
major maintenance by professionals.
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Figure 3.7: Major functions the HDM must perform.

3.4.2 Function list

The HDM has a number of functions which must be ful lled and are listed below.
lllustrations of each function can be seen in gure 3.7.

1. Provide vertical movement in both directions. This movement will have to
be done both when the boat is stationary (hydrofoil is generating no lift) and
when the boat is moving (hydrofoil is generating lift upwards).

2. Provide trim in both directions, i.e. angle the entire hydrofoil towards either
the bow or the stern with a rotation axle at the top of the hydrofoil.

3. Lock hydrofoil when the hydrofoil is completely deployed (in the water) or
completely retracted (away from the water). Whilst the hydrofoil is locked in
its deployed position, it must also withstand the lifting force generated foil at
top speed.

3.4.3 Goal weighting list

SSRS and myself compiled factors aimed to be optimized in the boat's design. These
are general guidelines for the entire boat and applies to the HDM as well. They are
presented in order of decreasing importance below.
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1. Dependability Dependability is a combination of the aspectgeliability (time
between failures) andmaintainability (how easily a system is maintained),
where the factor of primary importance in this case is reliability. Due to the
safety-critical nature in which these boats could operate in (e.g. acting as an
ambulance in a medical emergency), an untimely failure of the HDM could
entail loss of life.

2. Mass Boats are conventionally quite lenient on weight demands (M. Wikan-
der, personal communication, April 27, 2022), but that is not the case with
hydrofoiling boats. The lifting capacity of a hydrofoil wing is far more lim-
ited than that of a conventional boat's hull, and thus the mass of all systems
on-board ought to be minimized to increase the bene cial mass.



3. Pre-study results

(a) Center of gravity In addition to the magnitude of the mass, the place-
ment of the mass is also of importance. A low center of gravity is sought
after to increase the boat's stability. Whilst the mass placement is im-
portant, it is not as important as its magnitude.

3. Maintenance cost and e ort The boat will primarily be maintained by lay-
men on site, without the usage of signi cant workshop equipment. Major
renovations are only planned to be performed once at the midway point (12.5
years) of the boat's total lifespan (25 years) at a proper workshop by profes-
sionals. Due to the desired maintenance routine of the boats, systems must
be designed in a way to minimize both the amount and the complexity of
necessary maintenance.

4. Initial purchasing cost Whilst SSRS naturally wishes to lower purchasing
cost as much as possible, they would rather have a slightly more lightweight
and easily maintained system at the expense of initial purchasing cost.

3.4.4 System architecture diagram

An HDM in this context consists of di erent chunks which interacts with each other.
Figure 3.8 illustrates these chunks and their interactions at a high abstraction level,
as well as which chunks are included in the thesis scope.

Figure 3.8: An overview of the system architecture of the HDM.

The process ow can be described as such: The captain uses the control unit to acti-
vate the trim function or the actuator, the latter entailing a retraction or deployment

of the hydrofoil. Powered by the battery, the trim unit and actuator apply forces
to the hub which in turn redirects these to the hydrofoil. The hub and actuator are
supported by the linear motion supports (e.g. shafts that guide the movement of
the hub) and the frame, i.e. these provide reaction forces that hold everything in
place. All forces and reaction forces go through the frame which is itself supported
by the hull, more speci cally the Moon Pool.
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Concept design results

This chapter will present all results from steps taken during the concept design phase.
This phase is initialized with a study of existing solutions to di erent functions
within the HDM, and an initial study of unconventional materials. Concepts are
then presented with regards to di erent chunks within the HDM. The chapter is
concluded with a presentation and motivation of the nal concept choice.

4.1 Study existing solutions

A study of existing solutions to di erent functions was performed as a rst step
to the concept generation phase. Study of existing solutions would allow myself
to integrate and gain inspiration from solutions for usage in the developed HDM.
Patents were found on Espacenet and Google patents whilst commercial solutions
were found by performing general internet searches.

4.1.1 Hydrofoil solutions

There are numerous deployable hydrofoil solutions to examine via patents. Relevant
patents that | managed to nd, see gure 4.1, were however not directly applicable.

1. Retractable hydrofoils for marine vehiclegUlgen, 2008) Presents a solution
where a hydrofoil wing is deployed by a linear actuator pushing on a lever
that's connected to a hinge on the wing. Whilst not directly applicable for
the Mantaray hydrofoil, it demonstrates that a non-vertically aligned linear
actuator can be used to achieve a deploying motion.

2. Retractable Power Drive Surfboard for Wave FoilfDerrah, 2020) A manually
operated mechanism that allows users to deploy a power drive via a simple
hinge. Not applicable for the Mantaray hydrofoil as it needs to be lowered
whilst in motion (where this solution would cause massive drag) and since
there are battery packs both next to the hydrofoil towards both the bow and
the stern (not allowing the foil to be stored there when retracted).

3. Retractable hydrofoil on vesse(Kearney, 2020) A solution where several
U-shaped hydrofoils are lowered into the water via some sort of mechanism.
Externally mounted components (outside of the hull) would not be advised as
it would introduce additional drag in addition to what's already existing in

25



4. Concept design results

the Mantaray hydrofoil.

Figure 4.1: Left: Retractable hydrofoils for marine vehicles (Ulgen, 2008Cen-
ter. Retractable Power Drive Surfboard for Wave Foils (Derrah, 2020).Right:
Retractable hydrofoil on vessel (Kearney, 2020).

Commercial solutions that deploy hydrofoils are available to investigate but di cult

to get exact details on. The Candela C7 hydrofoiling boat can be regarded as a
close similarity to X8. The boat has roughly equivalent length and its hydrofoil
is deployed in a vertical motion from inside the hull, however its weight is only
roughly half of that of the X8 (Candela, n.d.). The Candela C7 deploys its hydrofoil
using a rack and pinion system (Motor Boat & Yachting, 2021). This solution has
the rack attached to the struts of the hydrofoil, meaning that using this solution
directly would not be possible as the X8's hydrofoil's only interface to the HDM is
the hydrofoil's axles.

4.1.2 Lifting and lowering solutions

Commercial solutions to lift and lower heavy loads are abundant, although a vast
majority of them are not directly mirroring the load case of X8. X8's hydrofoll
will be pushing vertically upwards whilst having to be moved vertically downwards,
l.e. opposite the load case of most normal lifting scenarios. This entails that the
designed solution cannot rely on the lowering (nor the lifting) action being reliant
on gravity, where the mechanism simply “'releases and allows the object to fall
downwards. What this means for the design project is that few solutions found
could be applied directly.

Found commercial solutions that may be of use or inspiration in the design process
are listed below. To summarize, lifting heavy loads linearly where the actuator
is moderately small in volume is primarily done using hydraulics. The client has
explicitly stated that hydraulics and pneumatics are not desired solutions due to the
relative complexity and number of components ( Iters, tubes, pumps, etc) compared
to that of fully electrical solutions.

Forklifts:  Forklifts’ main function is to raise and lower a heavy load, roughly in
the same stroke length as the X8's hydrofoil. Following a quick study on numerous
companies' product lineup, | conclude that forklifts primarily use hydraulics, secon-
darily pneumatics, as their actuators. Acting as an intermediate coupling between
the hydraulic actuator and the forks (where the load is placed) is typically a roller
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chain (BigRentz, 2019). This allows for the force to the actuator to stay in-line
with the hydraulic piston and for the force to be transferred without the fork being
attached directly to the piston head. See gure 4.2.

Cranes: Cranes lift loads vertically, similar to forklifts, but at a far greater weight
and distance. An overwhelming majority of cranes found use multi-stage (a.k.a.
telescopic) hydraulics to move the boom-part of the crane. A hydraulic system is
usually placed inside of the boom, which in turn also is of a multi-stage construction
(allowing for compact geometries in its retracted state). An overwhelming majority
of cranes use some sort of hoist-pulley system to achieve the strictly vertical motion
of the load without moving the boom. These hoists can be powered with a purely
electrical motor or by a hydraulic motor. | theorize that the chosen cross-section
pro le of large hollow tubes for the boom is an intentional design decision to provide
bending sti ness (as opposed to using small tubes or solids) in a simple way. See
gure 4.2

Figure 4.2: Left: A forklift using a roller chain (Pixabay 2, 2017). Right: A
crane using a multi-stage boom arm (Maedausa, 2017).

Deep drilling: Deep drilling can be referring to either deep vertical depths (ocean
or mountain drilling) or drilling where the length of the drill hole is dispropor-
tionately long compared to the hole's diameter. This was brie y investigated to
determine how such mechanisms prevented buckling. In both cases designs seem to
utilize bushings or plain bearings along axially loaded solids (such as drill bits) to
act as bracing and provide rigidity against buckling.

4.1.3 Structural geometries

At this stage of the thesis, | theorized that the designed solution would most likely
entail some sort of structure that needs to withstand vertical loads whilst being
supported in areas that are not in-line with the vertical load. Figure 4.3 exempli es
this by illustrating a tower (left) where the support structure is directly underneath
the load, compared to a bridge (right) where the support structure is not directly
underneath the load.

Such structures can be compared to that of bridges, see gure 4.4, which are designed
to withstand heavy vertical downward loads whilst having xed supports that are
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Figure 4.3: Gray: A load pulled downwards by gravitation. Pink: Support
structures withstanding the downward force.

not completely in-line with the load. Whilst not completely applicable, as bridges
are designed to withstand vertical loads in one direction (gravitational force of its
own structure and applied weights), design inspiration can nonetheless be sought in
bridges. To summarize, | learned be aware of the mechanical strength of arches, the
tensile strength of cables, and the locking rigidity of trusses and possibly apply this
knowledge in an HDM design.

Figure 4.4: An arch bridge (Geograph, n.d.), cable-suspended bridge (Pixabay 1,
2017) and a truss bridge (Science Stock Photos, n.d.).

4.1.4 Actuator types

Linear actuators examined in the pre-study phase in this thesis can be broadly
categorized into uid actuators and electric actuators.

Fluid actuators:  Fluid actuators be powered by both air (pneumatic) and oll
(hydraulic), but to simplify for the reader this thesis is focusing on hydraulics.
There are many types of hydraulic actuators that provide linear motion and force in
one or two directions. Overall these can be categorized in two types of hydraulics,
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ones where the stroke is roughly half the length of the entire envelope size (single
stage), and ones where the stroke is longer than the envelop size (multi-stage or
telescopic), see gure 4.5.

On the whole, hydraulics can be regarded as superior in terms of sheer output force
compared to most other actuators. As a negative, they are heavier and more complex
(in terms of total number of required components) than alternatives. Additionally,
the potential power of hydraulics may even be regarded as over-kill for this applica-
tion. Finally, I wish to remind the reader that the client have explicitly stated that
they do not desire a uid actuator solution due to their complexity.

Figure 4.5: Fluid actuators showing their stroke (length they provide movement) to
envelop size (total length whilst expanded) ratio.Top: Single-stage uid actuator.
Bottom: Multi-stage uid actuator. (Lundin & Eriksson, 2021)

Lead screws: Lead screws achieve linear motion by translating a rotational move-
ment to linear via the helical threads of a screw, see gure 4.6. This linear motion
can either manifest as the entire screw moving linearly or as a stationary screw with
a nut traveling along the screw length. Lead screws can be broadly categorized into
either ball screws (where the nut is a ball bearing mechanism) or acme screw (where
the nut is a plain threaded nut), see gure. Ball screws have lower friction between
the nut and the screw, at the cost of higher complexity and sensitivity (particularly
to salt water), whilst acme screws have higher simplicity and a potential for self-
locking via friction (at the cost of a higher base friction requiring more power to
drive the screw). Both nut and screw can be produced in a variety of materials (for
example aluminum screw, or brass or plastic nut) with steel being the most common
material for screws.
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Figure 4.6: Left: A cross section of a ball screw (Misumiusa, 2016[Right: An
acme screw (CNC3D, n.d.).

4.1.5 Linear motion supports

In addition to the HDM requiring linear motion, it is very likely to also include some
form of linear motion support (to raise structural stability). The most relevant linear
motion supports in this project have been linear plain bearings, linear ball bearings
and rail guides.

Linear plain bearing: Linear plain bearings are a very simple construction con-
sisting of a cylinder (similar to that of a bushing in appearance) that slide along a
smooth shaft. Plain bearings are attached to external components via a housing,
see gure 4.7, and have a relatively high axial friction against its shaft. They are
superior in terms of cost, maximum allowed radial force, water and general debris
resistance, and maintenance. Whilst shafts are overwhelmingly either steel or alu-
minum, the bearing are most often produced in a plastic or softer metallic material
(e.g. brass).

Linear ball bearings: Linear ball bearings (see gure 4.7) are used with equivalent
shafts to that of plain bearings, but instead house a construction with ball or roller
bearings inside of it, greatly reducing the bearing's friction along the shaft. Whilst
being more expensive than plain counterparts, linear ball bearings are still a low-cost
alternative to linear motion. Relative to other alternatives, their weaknesses are a
lower maximum radial force, lower water and general debris resistance and some-
times higher maintenance demands (if the chosen ball bearing requires lubrication).
Whilst the water resistance is lower than that of plain bearings, the simple round
shape of the shaft allows for wipers to be installed into the bearing housing to repel
as much moisture as possible from entering the housing.

Rail guides: Rail guides (see gure 4.8) can be regarded as a continuation (complexity-
wise) of linear ball bearings. Rail guides consist of a small unit traveling along a
custom-shaped track that matches the dimensions of the unit. The unit houses ball
or roller bearings inside of it to facilitate low friction along its track. Rail guides are
superior to linear ball bearings (and to some extent plain bearings) in terms radial
force and also have the capability of withstanding torque in more dimensions than
plain or ball bearings (which would merely rotate along its directional axis). As
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Figure 4.7: Left: A linear plain bearing (Ewellix 3, n.d.). Center: A linear ball
bearing (Ewellix 4, n.d.). Right: A linear ball bearing unit (Ewellix 5, n.d.).

a negative, rail guides are signi cantly more expensive than both linear plain and
linear ball bearings, are equally sensitive to water and debris as ball bearings but
with less e ective wipers compared to ball bearings. As a side-note, there are com-
mercially available low-precision and low-force rail guides with a majority plastic
elements that are completely compatible with water (even sea water). These have
been disregarded in the remainder of the project due to their low maximum radial
force capacity.

Figure 4.8: A rail linear unit on a rail guide (Ewellix 6, n.d.).

4.1.6 Locking mechanisms

Electromagnetic passive brakes: Electromagnetic passive brakes entails that
the locking mechanism is active without any electricity owing through the brake
(with “'active being the opposite). An example of such a brake would be a simple
drum brake, see gure 4.9. In this design, brake pads are pressed against a rotating
axle using springs and a electromechanical actuator, which when activated releases
the brake pads from the axle.

Locking latch: A locking latch entails the placement of a supported smaller object
(usually a small rod or bar) to prevent movement of a larger object, see gure 4.9.
These vary from very simple manual locking logs to automated variants in numerous
sizes. Automated electromagnetic locking latches are very commonly used in the
context of locking doors, but | did not manage to nd any commercial even close to
being solutions capable of holding the weight of the entire X8 boat.
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Figure 4.9: Left: Anillustration of a drum brake (Magi, et al. 1, 2017).Center:
A manual locking latch (Wallmart, n.d.). Right: An automated locking latch
(Made-in-China, n.md.).

4.1.7 Conclusion
The main ndings from the study of existing solutions were:

How bridges use di erent geometries and components to withstand high ver-
tical loads whilst not placing the supports directly underneath the load.

A mapping of di erent ways industry uses to generate high force and motion
in a straight linear direction (e.g. lead screws and winches).

A mapping of di erent ways industry uses to facilitate linear motion along a
certain axis whilst being constrained in others (e.g. linear bearings).

4.2 Study materials

Suitable materials for structural geometries (components later de ned awagon

and the frame'sbracing) were investigated and is presented in this chapter. These
materials studies were performed to open up the design space as much as possible
by considering less conventional structural materials. For this reason, conventional
materials such as metal alloys was excluded in the concept level study. Material
families that were excluded from the start were glasses, non-technical ceramics and
technical ceramics due to their brittle nature and weakness against tensile loads
(making them highly unsuitable for this application). The study used GRANTA
Selector as a source (Version 21.2.0; 2021).

Exploration of materials was done with a speci ¢ strength (yield limit divided by
density) to cost graph, see gure 4.10, and investigating promising alternatives
within di erent material families. Promising alternatives are those with as high
yield strength per density as possible, with an as low price per mass as possible.
Out of the seemingly promising material families: woods, elastomers, polymers,
composites, and foams, only some were deemed suitable. These include the materi-
als (along with suitable manufacturing methods for low batch numbers):
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Figure 4.10: A mapping of common materials on a speci ¢ strength to cost chart.
Materials are more promising further towards the top left of the chart.

Oak (manual shaping using sawing, drilling, gluing and more).

PET 45% glass ber (forging or using standard components and joining through
gluing or using fasteners).

Polyester cast (casting and joining through gluing or using fasteners).

Glass ber reinforced polymer (GFRP) (manual molding and joining through
gluing or using fasteners).

Carbon ber reinforced polymer (CFRP) (manual molding and joining through
gluing or using fasteners).

In short, these materials were deemed suitable due to their sti ness (Young's mod-
ulus) being high enough, their speci c strength compared to their cost being high
enough, as well as them having manufacturing methods that enable the production
of a frame-like form in low batch numbers. More comprehensive material number
presentations can be found in appendix F. | would like to remind the reader that
these materials are excluding metal alloys.

4.3 Concepts

This section is divided into general concept generation for the entire HDM and
speci ¢ chunks within the HDM, which also includes the involvement of external
companies' designs. Concept ideas are summarized in a morphological matrix. Af-
terwards, evaluation and motivation for elimination is presented, with a nal concept
being presented.
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4.3.1 Early concept ideas

Early concept ideas involved viewing the chunks (or the entire HDM) at a high
abstraction level. Whilst a moderately wide variety of solutions were generated,
only a few of them are actually realizable. Even though the thesis assignment is
rather loosely de ned, the design limitations for a fully electrical automated solution
and the geometrical limitations (total height as well as bow - stern space) entails
that the solution space is deceptively limited. | would like to highlight four di erent
concepts, see gure 4.11

Figure 4.11: Early HDM concepts illustrating a 1: thread / wheel system (Nevon
Projects, n.d.), 2: actuator not in line, 3: trim foil self pulling, 4: and lever concept.

1) Thread / wheel system: Squeezing the struts, or any vertical component,
between wheels and raising and lowering by friction. This was discarded due to the
struts not being available to touch (as doing so would interfere with their stabilizing
movement) as well as the uncertainty of using friction as a method of transferring
forces (since friction changes depending on factors like lubrication and material
state).

2) Actuator not in line: A lead screw solution that raises and lowers the HDM
whilst attaching it to two frame points, one on the lead screw and one on a linear
motion support. The purpose of this particular design was to lower the amount of
supporting shafts (for linear motion support) and thus lowering total weight. An
alternate version of this was explored further in the project.
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3) Trim foil self pulling: A solution that trims the entirety of the foil downwards
as to change the vertical direction of the lift force from upwards to downwards
(i.e. the foil pulls itself down). In this concept, the hydrofoil pulls itself down via
inverted lift during motion and by mere gravity during stand-still. The hydrofoil is
connected to a winch which would control the descent as well as pull the hydrofoil
up to a retracted position.

Trimming the foil in such a way that it pulls itself down would necessitate a larger

hole in the bottom of the hull. SSRS and SSPA found that the optimal geometry

with respect to as a small hole in the hull as possible is a horizontally aligned wing
that's lowered at a roughly 10 angle (with a vertical reference line), see gure 4.12.

As such, any solution that deviated from this geometry was disallowed.

Figure 4.12: The hydrofoil's travel path is not perfectly vertical.

4) Lever concept: A lever mechanism that translates linear motion at an angle to
linear vertical motion of the entire hydrofoil. An alternate version of this concept
was explored further in the project.

Early concept catalog: An excerpt of the full concept catalog of early concept
ideas can be seen in gure 4.13.
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