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[bookmark: _Toc231154036]Abstract
Small sailing vessels operating at anchor are susceptible to continuous roll motion induced by waves and wind. This oscillatory motion can negatively affect crew comfort, productivity, and safety while also contributing to fatigue loading of standing rigging and other structural components. Existing roll mitigation solutions range from highly effective active stabilisation systems to simpler passive drag devices. However, active systems are often prohibitively expensive, power intensive, and complex for small vessels, while many passive systems exhibit limitations in deployment practicality, compactness, and hydrodynamic efficiency.
This project aimed to design and validate a compact passive, geometry-driven, roll mitigation device suitable for vessels under 50 feet in length through the use of simulation-driven engineering methodologies. Literature relating to vessel motion, motion sickness, cyclic fatigue loading, vessel stability, and existing roll mitigation systems was reviewed to establish design requirements. A Quality Function Deployment (QFD) process, material selection study, manufacturing assessment, and Design Failure Mode and Effects Analysis (DFMEA) were then used to support concept generation and selection.
Three conceptual designs were developed and evaluated using a weighted decision matrix before a final concept was modelled in Fusion360. A MATLAB simulation was created to model vessel roll behaviour and estimate restoring forces acting on the device. Computational Fluid Dynamics (CFD) analysis using SolidWorks Flow Simulation was conducted to evaluate hydrodynamic drag performance, while Finite Element Analysis (FEA) was used to assess structural integrity and fatigue resistance under simulated loading conditions.
The CFD analysis demonstrated a maximum drag force of 713 N and confirmed the intended internal flow behaviour of the device. Comparison against the MATLAB roll model indicated a maximum reduction in restoring force of 29.87%, exceeding the target mitigation requirement of 25%. Sink-rate analysis showed the device was capable of returning to its operating position within 2.2 seconds, satisfying the reset requirement between roll cycles. Structural analysis demonstrated a safety factor of 6.47x against yielding under maximum predicted loading, while fatigue assessment indicated the design exceeded the target durability requirement of x10⁶ cycles.
The findings demonstrate that a geometry-driven passive roll mitigation device can provide meaningful reductions in vessel roll forces while remaining structurally robust, manufacturable, and suitable for deployment aboard small vessels. Although physical prototype testing is recommended for future validation, the simulation results indicate strong potential for the proposed design as a practical alternative to existing passive roll mitigation systems.
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	Term
	Definition

	Anchoring
	The act of securing a vessel in position using an anchor attached to the seabed.

	Bilge Keel
	A longitudinal fin attached to the hull of a vessel to reduce roll motion through hydrodynamic damping.

	Boom
	A horizontal spar attached to the mast used to control the mainsail. In this project, the boom acts as the attachment point for the roll mitigation device.

	Buoyancy
	The upward force exerted by a fluid on an immersed body equal to the weight of the displaced fluid.

	CFD (Computational Fluid Dynamics)
	A numerical simulation method used to analyse fluid flow behaviour and calculate forces generated by fluid interactions.

	Cyclic Loading
	Repeated application and removal of load over time, potentially leading to fatigue failure.

	DFMEA (Design Failure Mode and Effects Analysis)
	A systematic engineering methodology used to identify potential design failures, their causes, and mitigation measures.

	Drag Force
	The resistive force acting opposite to the direction of motion through a fluid.

	Fatigue
	Progressive structural damage caused by repeated cyclic loading below the material yield strength.

	FEA (Finite Element Analysis)
	A numerical method used to predict stress, strain and deformation within a structure under load.

	GM (Metacentric Height)
	The vertical distance between a vessel’s centre of gravity and metacentre, used as an indicator of initial stability.

	Harmonic Motion
	Oscillatory motion that follows a sinusoidal or cosine waveform.

	HDPE (High Density Polyethylene)
	A durable thermoplastic polymer commonly used in marine applications due to its corrosion resistance and impact strength.

	Heave
	Vertical translational motion of a vessel caused by wave action.

	Hydrodynamic Drag
	Resistance generated by a body moving through water.

	Kinetosis
	Motion sickness caused by conflicting sensory inputs between vision, balance and body movement.

	MATLAB
	A numerical computing environment used in this project for roll motion simulation and data analysis.

	Metacentre
	The point about which a floating body rotates through small angles of heel.

	Motion Sickness Incidence (MSI)
	A measure used to estimate the proportion of people likely to experience motion sickness under specific motion conditions.

	Oscillation
	Repetitive movement around an equilibrium position.

	Paravane
	A passive roll stabilisation device towed through the water to generate damping forces.

	Passive Roll Mitigation
	Reduction of roll motion using naturally occurring forces such as drag or buoyancy without external power input.

	Pitch
	Rotational motion of a vessel about its transverse axis.

	QFD (Quality Function Deployment)
	A systems engineering tool used to translate customer requirements into engineering characteristics and design priorities.

	Restoring Force
	The force acting to return a displaced vessel towards its equilibrium position.

	Restoring Torque
	The rotational moment generated by buoyancy and gravity acting to reduce vessel heel angle.

	Righting Lever (GZ)
	The horizontal distance between the lines of action of buoyancy and gravity used in stability calculations.

	Roll
	Rotational motion of a vessel about its longitudinal axis.

	Roll Period
	The time required for a vessel to complete one full roll cycle.

	S-N Curve
	A graph showing the relationship between stress amplitude and the number of cycles to fatigue failure.

	Sink-Reset Behaviour
	The ability of a roll mitigation device to return to its operating depth between successive roll cycles.

	Standing Rigging
	Fixed structural cables used to support and stabilise a sailboat mast.

	Surge
	Longitudinal translational motion of a vessel.

	Sway
	Lateral translational motion of a vessel.

	Tesla Valve
	A passive fluidic device that produces significantly different flow resistance depending on flow direction.

	Underway
	A vessel operating while moving under sail or engine power.

	Yield Strength
	The stress at which a material begins to deform permanently.

	Yaw
	Rotational motion of a vessel about its vertical axis.

	6 Degrees of Freedom (6DOF)
	The six possible motions of a floating body: roll, pitch, yaw, surge, sway and heave.
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	Abbreviation
	Definition

	6DOF
2D
3D
	Six Degrees of Freedom
Two dimensions
Three dimensions

	CAD
	Computer Aided Design

	CFD
	Computational Fluid Dynamics

	DFM
	Design for Manufacture

	DFMEA
	Design Failure Mode and Effects Analysis

	FEA
	Finite Element Analysis

	FoS
	Factor of Safety

	GM
	Metacentric Height

	GZ
	Righting Lever

	HDPE
	High Density Polyethylene

	Hz
	Hertz

	IDE
	Integrated Development Environment

	MSI
	Motion Sickness Incidence

	QFD
	Quality Function Deployment

	RPN
	Risk Priority Number

	RP
	Roll Period

	S-N
	Stress-Life (Fatigue) Curve

	UTS
	Ultimate Tensile Strength

	VoC
	Voice of the Customer

	WAAM
	Wire Arc Additive Manufacturing

	WBS
	Work Breakdown Structure (if used)

	kg
	Kilogram

	kN
	Kilonewton

	m
	Metre

	MPa
	Megapascal

	N
	Newton

	N/m²
	Newton per Square Metre

	Pa
	Pascal

	s
	Second

	°C
	Degrees Celsius

	θ
	Roll Angle
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Waves and swell produced by local wind and offshore storms cause oscillatory motion to vessels whilst stationary at anchor. The energy from these waves causes repeated cyclical rolling motion which can significantly reduce comfort, interrupt work and living conditions, cause fatigue and illness, and trips and falls. In addition to the human factors, rolling motion induces cyclical loading onto the support structures of the vessel, especially when the vessel has a mast supported by standing rigging. This contributes to long-term fatigue damage and increases maintenance requirements.
Stabilisation systems do exist to reduce this motion; however, these are either overpowered active systems designed for large commercial vessels such as tankers, or inefficient small passive designs for leisure use. The former are expensive, high maintenance, require constant high-amp power delivery, and are oversized. The latter require no power, no maintenance, are compact, and relatively cheap. Despite this, existing designs appear limited in hydrodynamic drag geometry.
Therefore, it is the aim of this project to design and validate a compact passive geometry-driven roll mitigation device using hydrodynamic and structural analysis. To achieve this aim, the following objectives are to be fulfilled.
· Review of literature relating to roll motion, motion sickness, cyclical fatigue loading, and existing stabilisation systems 
· Establishing design requirements using design methodologies such as Quality Function Deployment (QFD) and Design Failure Mode and Effects Analysis (DFMEA).
· Creation of a MATLAB simulation environment of a vessel under constant rolling motion to analyse the forces in effect.
· Drawing and analysis of three concept designs.
· Selection and full 3D modelling of resulting design.
· Computational Fluid Dynamics (CFD) analysis of full cycle.
· Upstroke simulation of high drag profile with net force.
· Downstroke simulation of sink rate to ensure full reset.
· Finite Element Analysis (FEA) of the device to ensure forces encountered during CFD are within operational limits of material and required durability limits are established.
· Assessment of final design against previously established design requirements.
The scope of this study focuses specifically on the viability of geometry-driven passive roll mitigation for vessels under 50 feet in length. A subject vessel was chosen for the MATLAB simulation, which has a particularly low roll period and a shallow, light keel. This will produce a particularly uncomfortable roll motion for crew and would be the perfect candidate for mitigation. This study will be limited to simulated validation without physical prototyping and tank testing. A simplified harmonic roll motion was assumed within the MATLAB model to isolate restoring forces outside of complex conditions. FEA study was static taking only a few discrete force loads on the device, which doesn’t account for dynamic loading.


[bookmark: _Toc231154040]Literature Review
[bookmark: _Toc231154041]Motion of Buoyancy
Buoyant objects floating on a body of water have freedom of movement in 6 degrees which are illustrated in Figure 1. These are split into three rotational motions; roll, pitch, and yaw, and three linear motions; surge, sway, and heave (Newman, 2017). These motions are expressed as functions of time, where the change in the angle or displacement of the body about the particular axis is represented over time. The two most important of these regarding motion sickness are the heave and roll motions (Kawahara, et al., 2011). 
[image: ]
[bookmark: _Ref230782365][bookmark: _Toc231153980]Figure 1 - Buoyancy degrees of freedom (Ibrahim & Grace, 2010)
Roll motion is the change in angular tilt perpendicular to the length of the vessel over time. This can be caused by waves or wind hitting the boat side-on. Heave motion is the change in the vertical axis displacement over time, induced by climbing and descending waves (Newman, 2017).
[bookmark: _Ref230698380][bookmark: _Toc231154042]Motion sickness
Motion sickness is caused by contradictions in the senses referred to as kinetosis (Cloirec, et al., 2024). The eyes, the fluid in the ears, and the movements of the local environment all contribute to the effect. As boats heave and roll, a fixed plane of reference is hard to find as surrounding sea conditions such as wind waves cause the sea to flow with peaks and troughs. Especially true below deck when working and focusing on items on board which are either fixed to the vessel or swinging freely (Wertheim, et al., 1998).
Some contradictions exist in available case study data. Research conducted by McCauley et al. claims roll does not cause motion sickness, and heave is the only contributor through a series of studies of habitation under pitch and roll motion (McCauley, et al., 1976). This data is widely cited in marine motion sickness articles. This was challenged by the Human Factors Research Institute in 1997 to show the study only considered roll angles up to 10° and did not conduct an experiment of heave, roll, and pitch all together. Instead relying on separate experiments and recording individual effects. The institute also calls into question the sensitivity of the motion sickness scoring used during the trials. The experiment conducted by the institute shows pitch and roll play a small factor in motion sickness when combined with heave, especially in smaller vessels. They confirm that while heave is the main factor in producing motion sickness, roll and pitch add measurable effects when all three are factored in (Wertheim, et al., 1998). Further, more sensitive, research to challenge the claims that roll has no effect was found. High frequency roll oscillations at ±8° were introduced without heave. This concluded that motion sickness, although less intense than heave, is affected by isolated roll motion (Howarth & Griffin, 2003).
Continuous wave peaks and troughs cause the heave and roll/pitch axis to perform maintained oscillatory motion, following the curved sine wave surface of the waves as shown in Figure 2. As an example, if a wave approaches on the starboard side of the vessel, the height in the water on the starboard side increases before the port side. This causes the vessel to roll towards the port side. Once the wave is under the centre point of the boat, the boat is at its maximum heave height and is close to being levelled off back to 0° roll. The wave continues towards the port side of the boat. At this point the starboard side water level is lower than the port and the boat rolls in the opposite direction. Once at the bottom of the wave trough, the boat levels out with some pendulum energy remaining. This is the case for anchorage swell conditions and is important to note the oscillatory motions that are measurable in hertz (Hz) are the industry standard for measuring sea sickness probability and intensity for an average crew. The sickness is usually measured using a number criterion table, such as the misery scale (MISC), pictured in Figure 3, where applicants score themselves on a numbered rating system against symptoms (Wertheim, et al., 1998).
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[bookmark: _Ref230783356][bookmark: _Toc231153981]Figure 2 - Oscillatory shore wave diagram (McIvor, et al., 2012)
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[bookmark: _Ref230694354][bookmark: _Toc231153982]Figure 3 – The Misery scale (Wertheim, et al., 1998)
Research shows that studies conducted where heave and roll motion were implemented at set frequency ranges prove motion sickness intensifies as the frequency of motion is increased. The frequency where nausea is most likely is above 0.2 Hz (Joseph & Griffin, 2008) ( Donohew & Griffin, 2004).
Commercial operations are usually constrained by vessel motion limits by assessing the sea state parameters, which includes wave height and spectral peak period. When these parameters are above the limits of the safety margins, work is temporarily paused until conditions return to a favourable state and forecasts show it to be consistent. Vessels of different shapes and sizes behave differently with respect to motion, so limitations are created on a case-by-case basis (Li, et al., 2021). What might be a dangerous sea state for one vessel, could be a safe operational platform aboard another.
According to a French study reported in the international maritime health journal, 34% of seafarers suffer from sea sickness while offshore. This was a self-reported questionnaire journal and the study states real numbers are likely higher due to seasickness being a taboo subject among seafarers (Cloirec, et al., 2024). 
An impact study onboard oceanographic vessels, which tend to be smaller and suffer more volatile motion than bigger commercial vessels or oil rigs, showed 84.3% of the researchers suffered sea sickness, with 44% needing two to three days to acclimatise. The impact study shows 50.8% say motion sickness has an impact on their work (Mkawe, 2023). 
Another study was conducted on board an offshore oil vessel 100 metres long with a 44-metre beam in the North Sea. The study shows increased ship motion has a strong link to sleep disturbance and fatigue among the crew. It is widely reported that work is reduced above 4° of roll and halts above 10° (Howarth & Griffin, 2003).
Aside from productivity, increased roll frequency and amplitude affects the crew’s ability to balance and perform tasks safely. There is a higher likelihood of slips, falling items, and human error under volatile seaway (Haward, et al., 2009).
[bookmark: _Toc231154043]Cyclical Loading
Roll motion also induces cyclic loading on the hull and support structures of the mast called the ‘standing rigging’. These are tight stainless-steel wires connecting the extremities of the hull to the mast in triangular lines. The rigging is constantly under either compression or slack (depending on the direction of the vessel’s roll/pitch) see Figure 4. The cyclic loading pattern causes fatigue cracks in the connecting fittings and rigging lines over time. Rigging is usually replaced every 10-12 years; however, lifespan can be extended through reduction of roll motion (Corigliano, et al., 2024).
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[bookmark: _Ref230784489][bookmark: _Toc231153983]Figure 4 - Diagram of standing rigging tension during mast bending from wind force and roll motion (Practical Boat Owner, 2025).
Steel wire ropes are designed to be flexible and allow for stretching and compression using the geometry of twisting wires around each other and material properties / treatments. Despite this, wear due to friction of repeated loading and unloading is unavoidable. Individual wires can fracture over time from fatigue, which is the most common form of failure for steel wire ropes (Peng, et al., 2025). 
Maintenance, inspection, and replacement of standing rigging is imperative to safety, fatigue often occurs in individual strands before the whole rope is compromised (Figure 5). It’s standard practice for insurance terms on aging sailboats requiring a professional inspection or replacement every ~10 years (Pantaenius Limited, n.d.), so fatigue crack instances should be resolved before causing catastrophic failure at sea. In 2009, the US coast guard conducted a six-year review of reported casualty data from ‘dismasting’ events. Over the six years, nine vessels lost their mast at sea due to fatigue failure relating to overstress of the rigging. Two of these incidents resulted in fatalities. Investigation from a fatality dismasting event showed the fittings had been installed for seven years before failure (UNITED STATES COASTGUARD, 2009). 
[image: ]
[bookmark: _Ref230785386][bookmark: _Toc231153984]Figure 5 - Stainless steel 316 wire rope strand fatigue failure (Chandra, et al., 2020).
Tensile cyclical fatigue can be quantified by the number of cycles using an S-N curve. The S-N curve (Figure 6) illustrates the relationship between the amplitude of the stress (MPa) and the determined number of cycles before fracture. The data can be gained from real-life experiments such as the ‘Wöhler test’ where material is subjected to rapid cyclical loads until fatigue is reached (Murakami, et al., 2021). This relationship shows that fatigue can occur even when material is subjected to stress below the yield stress after enough load cycles.
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[bookmark: _Ref230695028][bookmark: _Toc231153985]Figure 6 – stress (MPa) against number of cycles for ø7mm stainless steel 316 wire (Xue, et al., 2020)
As previously noted, the small boat’s roll period ideally lies under 30 seconds. Which means 30 seconds per load cycle. When a significant time is spent at anchor, these cycles add up. After a week at anchor 24,192 load cycles are performed, a month produces 105,120 cycles. For a sailboat that spends its life on anchor or a swinging mooring each year could produce over 1,000,000 cycles. Though, this doesn’t account for days with no swell and cycles below negligible stress amplitude (below fatigue limit) but over a 10-year rigging lifespan period, the argument for reducing the average stress amplitude or increasing the roll period becomes compelling. Figure 6 demonstrates how quickly the maximum stress amplitude drops with the number of cycles. The costs of replacing the rigging increase exponentially with the length of the vessel with the vast majority of multicrew expeditionary sail vessels being between 40 and 50 feet. Costs shown in example table below from UK based rigging installation and repair company (ML Masts & Rigging Ltd, n.d.).
[bookmark: _Toc231154021]Table 1 - Typical costs of standing rigging replacement by length of vessel (ML Masts & Rigging Ltd, n.d.).
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[bookmark: _Toc231154044]Stability
In ship design, roll is dampened and stability is achieved through a combination of design choices such as weight, keel type, and hull shape. These changes create dampened effects through water resistance or by taking advantage of buoyancy. The most important factor is the metacentric height (GM). This value is the height difference between the position of the vessel’s centre of gravity (G) and metacentre (M) and controls the vessel’s resistance to roll. The metacentre is the intersection of the centre of buoyancy (B1) vertical axis after an induced roll and the initial centre of gravity vertical axis (now no longer vertical) (Barrass & Derrett, 2012). Stable equilibrium is achieved when the GM is positive. This causes the roll angle to resist and restore back to centre. A neutral GM (GM = 0) gives a neutral equilibrium and thus will not restore to centre, while a negative GM creates an unstable system. In terms of a boat, this would cause the vessel to flip over after an initial roll angle disturbance (Rawson & Tupper, 2001). GM should not be below 0.15m. The maximum depends on the vessel type, but it should not be too high to cause a rapid roll period jerk and not too low to ensure stability against capsizing (Barrass & Derrett, 2012).
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[bookmark: _Toc231153986]Figure 7 – Balancing of forces for buoyant objects (Barrass & Derrett, 2012)
GM is required in many of the formulae for roll motion and will be used throughout this report. Since the location of the centre of gravity and centre of buoyancy (B and B1) are only known to ship builders and never released publicly, another method to achieve the GM is required. Fortunately, a formula exists using an approximation for cross-sectional area and roll period. See Equation 1, where ‘B’ is the beam width in metres, and ‘RP’ is the roll period in seconds
[bookmark: _Ref230696351]Equation 1 - Equation for metacentric height  (UK Maritime & Coastguard Agency, 2021)

As stated in the book ‘Basic ship theory’ The righting moment (Equation 3) is defined as the vessel’s weight multiplied by GZ (the righting lever). This is defined in the same book shown in equation (Equation 2) (Rawson & Tupper, 2001).
[bookmark: _Ref230696622]Equation 2 - Righting lever formula in metres. where GM = Metacentric height and θ is the roll angle

[bookmark: _Ref230696563]Equation 3 - Righting moment formula in N/m. where W = Weight and GZ = Righting lever

Roll motion causes cyclic structural loading due to the forces at the top of the mast caused by an inverted pendulum effect. Most of the boat’s weight is found in the keel, which is located at the bottom of the boat. This acts as a restoring force for roll motion as the weight will always create a force acting downwards. In doing this, it can cause the velocity of the roll to increase as it swings. The keel and the mast are always at opposite ends of the centre of buoyancy. Force created by the keel creates a lot of torque, which is transferred through the mast causing the mast to bend in the opposite direction of the roll pulling on the standing rigging on the side of the boat opposing the roll motion direction. This puts direct tension on the rigging. The rigging on the other side has released tension. As the boat completes its roll and begins to switch direction, the rigging that has released tension is suddenly pulled taut as the mast bends. The rigging must absorb this constant cyclical tension and release sequence every roll at anchor, which can sometimes be every 20-30 seconds. If the rigging structure fails, the boat is susceptible to a dismasting. Which is the catastrophic collapse of the mast (Larsson, et al., 2022).
[bookmark: _Toc231154045]Existing Roll Mitigation Systems
Available solutions to mitigating roll motion fall into two categories, active and passive. Active designs require an external power source for energy to introduce an opposing force to the system. Passive devices rely on natural forces such as drag or lift. Active devices tend to be more powerful, but larger, complex, and more expensive.
Active devices include anti-roll water tanks, gyroscope and hydraulic fin stabilisers whilst passive devices include paravanes, bilge-keels, and ‘Rocker Stoppers’ / Magma stabilisers.
Active systems typically require large amounts of power for continuous running. The Seakeeper, a leading gyroscopic stabiliser uses between 225-600 watts of power and costs minimum £12.9k without installation (SeaKeeper, n.d.). For vessels incapable of storing such power, more efficient, but less powerful passive systems fill most of the needs. Table 2 enables the comparison between these devices. This report aims to address the lack of real geometry-driven passive roll mitigation devices for small vessels; therefore, the following analysis will focus on the available passive solutions to the problem.


[bookmark: _Ref230696737][bookmark: _Toc231154022]Table 2 - Comparison of available designs
	Name / type
	Passive / Active
	Under-way roll mitigation
	Anchor roll mitigation
	Power requirement
	Footprint
	Complexity
	Cost

	Anti-roll water tanks
	Active
	Very High
	Very High
	Medium
	Very High
	High
	Medium

	Gyroscopic stabiliser
	Active
	Extremely high
	Extremely high
	Very high
	Very High
	High
	Very high

	Hydraulic fin stabiliser
	Active
	Extremely high
	Very low
	Extremely high
	High
	Very high
	Very high

	Paravane
	Passive
	Very high
	Very low
	N/A
	Low
	Low
	Low

	Rocker-Stopper
	Passive
	N/A
	Medium
	N/A
	Medium
	Medium
	Low

	Bilge-keel
	Passive
	Very high
	Very low
	N/A
	N/A
	High
	High

	Magma stabiliser
	Passive
	N/A
	Medium
	N/A
	High
	High
	Medium

	Proposed design
	Passive
	N/A
	High
	N/A
	Medium
	Low
	Medium



The comparison ratings are based on published manufacturer information, operating requirements, purchase / installation costs, and engineering assessment of device characteristics / geometry.
The proposed design falls into a gap in the market for a high anchor roll mitigation, medium cost, low complexity, passive solution. The existence of the Rocker Stopper (Figure 8) and the Magma stabiliser (Figure 9) in the market proves the potential for effective passive reduction in roll motion at anchor. These designs have limited capacity and inefficient utilisation of surface area. In addition, they are both overly complex. The Rocker Stopper fits in the low cost and compact market whilst the magma stabiliser is an older, proven design despite its complexity, size, and cost. A common forum complaint with the Rocker Stopper is the sink rate performance as the geometry has a visually high drag profile in both upstroke and downstroke (Anon., 2023).
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[bookmark: _Ref230696820][bookmark: _Toc231153987]Figure 8 - Davis Rocker Stopper 
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[bookmark: _Ref230696826][bookmark: _Toc231153988]Figure 9 - Magma Roll Stabiliser 
[bookmark: _Toc231154046]Research gap
Existing research shows the field recognises discomfort, fatigue, and risk from constant vessel roll motion. Active systems already exist for large vessels, available passive systems more suited for small vessels prove passive hydrodynamic drag can be effective despite their inefficiencies. Cyclical loading and eventual fatigue of standing rigging is understood and can be tied to rolling motion.
Current passive systems are inefficient. They are either oversized, complex, have poorly optimised drag profiles, or are expensive. Current systems lack public CFD or FEA validation data. There has been little investigation into flow analysis and geometry-driven drag profiles through integration of CFD and FEA tools. 
Therefore, this report aims to address the gap to develop and validate a design driven by simulation and formulated data. Employing bi-directional hydrodynamic drag profiles, more compact, efficient, and less complex to deploy and retrieve. The device would be suitable for commercial or leisure use onboard small vessels.

[bookmark: _Toc231154047]Methodology
[bookmark: _Ref230168462][bookmark: _Toc231154048]Design requirements
Design requirements were developed (Table 3) to ensure the roll mitigation device is a practical solution for deployment on small to mid-sized vessels under 50 feet. It must reduce the roll induced by wave or wind action to a higher degree than currently available designs on the market. These requirements were derived from literature review data that shows structural fatigue caused by cyclic loading. The device should reduce this stress to gain a higher number of cycles out of the standing rigging, thus increasing the lifespan.


[bookmark: _Ref230720921][bookmark: _Toc231154023]Table 3 - Design requirements table
	Category
	Requirement
	Target

	Size

	The device must stow easily in standard cockpit lockers and must be easy to deploy and retrieve by a single person. Deployment depth should not exceed two metres which is the usual keel depth and anchoring location depth should not be affected by device.
	Stowed: 
Ø500mm x 300mm

Deployed: 
Ø500mm x 2000 mm

	Roll forces mitigation
	Device must mitigate the roll forces to a suitable degree. Ideally better than currently available designs
	25%

	Sink rate
	Device must sink at a rate quicker than the roll period in order to reset at the correct depth for the next roll.
	Quicker than the roll period

	Weight
	Device must be heavy enough to sink between roll period cycles but light enough that deployment is not affected too much. Current designs between 5-10kg. 
	5-10kg

	Durability
	Shock load reduction from sudden roll inertia. Design requires line from boom to a depth under the water, line must absorb the shock load. 
	>106 cycles

	Material
	Material must be strong enough to resist hydrodynamic forces from the maximum use case scenario (heaviest boat, highest roll angle). Material must suit the manufacturing process required for the design. Part must not damage the outside hull of the boat. Material must also provide weight to allow for proper sinking between roll cycles without use of additional weight.
	Material with good strength to weight ratio

	Corrosion Resistance
	Design must be built for maximum resistance of saltwater environment. Part would be expected to be cleaned. 
	Marine grade coated, plated or natural resistant material used

	Safety
	Deployable from safe position on boat, no lines crossing crew paths, no damage to boat or hull
	Good risk assessment for deployed state

	Cost
	Cost must be comparable with the design’s improvements over the currently available designs (£400-500). Product can be more costly if the performance improvements outweigh the difference. Research limits for cost of manufacture but material cost per volume is widely available.
	Loose target of ≤£600

	Ease of use
	Must be deployable and retrievable easily by single crew. Ease of retrieval being important to leave an unsafe anchorage to outrun changing conditions.
	Deploy / retrieval simpler than competitors



[bookmark: _Toc231154049]Concept development
During the concept development process, the design had to provide a high degree of hydrodynamic drag in one direction but as low as possible in the other direction. This enables the roll mitigator to sink after a roll allowing it to reach the highest potential for drag when the next roll initiates. The shape that makes most sense would be a hollow cone or a hollow bowl as this provides a high coefficient of drag for the upward stroke, which is the most important. Whilst also providing a good low drag value on the downstroke (Hoerner, 1965).
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[bookmark: _Toc231153989]Figure 10 – Drag coefficient by drag profile shape (Hoerner, 1965) 
Another idea to increase drag would be the use of a return valve creating turbulence within internal channels. This was inspired by the tesla valve which allows water to flow unimpeded in one direction but creating turbulence through backward flow in the other direction (Nakayama, 2018). Just as a parachute requires a hole at the centre to maintain directional stability, the device requires the same otherwise turbulence around the edges of the bowl would cause oscillations adding extra stress (Hoerner, 1965).
[bookmark: _Toc231154050]QFD
Quality Function Deployment (QFD) is a tool that was used to translate the Voice of the Customer (VoC) into the product design (Figure 11). It acts as a manager for their needs during development of new products and services by comparing the relationships of those needs against the product characteristics (Ficalora, et al., 2022). This provides a guide for concept selection and further design optimisation against priority targets.
Customer requirements are crucial to the quality of the QFD. The device’s function is to reduce the roll motion of the vessel to ensure safer working and living environments whilst spending extended time at anchor, cyclical stresses must also be addressed and reduced. Much of the literature review exposes these requirements, as such, the hydrodynamic drag capabilities are a key requirement. Reviewing current competitor design limitations, the sinking rate is a neglected requirement which must be considered. Overall footprint is a concern on board a vessel with small space and limited storage and was targeted through comparison with competitor products. Anchorages for small to mid-sized vessels are often located in shallow coastal areas which can be as shallow as 2 metres. Existing designs such as the Rocker Stopper require increasingly longer deployment depth depending on the vessel’s length. Excessive deployment depth can interfere with a vessel’s ability to anchor in some anchorages and risk damage to the device from seabed obstructions. Therefore, a target depth of 1.5 metres was selected to provide sufficient vertical travel for the device.
The QFD resulted in more negative relationship correlations than positive. As an example, the device weight affects both the sinking rate and the safe handling and deployment / retrieval ease of the device. Here it would be beneficial to find a target weight, to ensure the device sinks just fast enough to be effective whilst remaining as light as possible for the crew to safely handle. Hydrodynamic drag for the upstroke was a high priority requirement, but this negatively affects the stowed device size as increasing drag generally requires a larger area to improve. However, some requirements benefit each other, a decrease in weight also decreases the deployment speed and the stowed size. 
Results from the QFD directly influences the design process by revealing the most important factor to be the material selection as this directly influences so many of the design requirements. This is followed by the weight and the hydrodynamic drag force in each direction. 
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[bookmark: _Ref230873165][bookmark: _Toc231153990]Figure 11 – House of quality QFD.
[bookmark: _Ref230719131][bookmark: _Toc231154051]Material selection
Candidate materials were selected from real-world marine applications of similar requirements. 
· Stainless steel 316 is a marine grade metal with excellent corrosion resistance, although expensive. This is often used in high strength external applications such as blocks, rigging, shackles, etc. 
· Mild steel is often used in weight-related applications where density is required as it is cheaper than stainless steel 316 such as Anchors, cleats, deck fittings, etc. Although naturally has very little corrosion resistance so would require either a galvanised plated or a rubber coating.
· High density Polyethylene (HDPE) is a lightweight high impact plastic with good corrosion resistance. This material is currently used by the competitor product ‘Rocker Stopper’.
· Aluminium A356 is a marine grade alloy with good corrosion resistance, lightweight and strong. Usually used for outboard housings, engine blocks, brackets, etc.
A decision matrix (Table 4) was utilised to compare the weighted requirements of the materials against each other. Each category was scored from 1-5 and weighted by up to 5x. The total material score was the sum of the categories multiplied by its weight. For category cost, the higher the score, the lower the cost of the material by volume.
[bookmark: _Ref230697991][bookmark: _Toc231154024]Table 4 - Material selection decision matrix
[image: ]
The decision matrix showed that a galvanised mild steel is the best choice for the core part of the design. This is backed up by real-world applications. Stainless steel anchors are very expensive, so galvanised mild steel anchors are the most popular choice. This use case reflects the roll mitigation devices requirements. Heavy duty, safety focused, with complex geometry, and is required to stay submerged for long periods of time. HDPE is an ideal secondary material for additional sections where cost and durability are the most important factors. The soft material also provides effective padding against impacts.
Yield strength at which a material will begin to permanently deform is an important factor for the strength of the material and how well it would perform under load. 
For HDPE, the typical working environment for the device is between 0 and 25°C, as shown in Table 5 below the yield strength would range between 20 MPa and 29.7 MPa (20,000,000 - 29,700,000 N/m2) (Khan & Bazoune, 2006)
[bookmark: _Ref230719107][bookmark: _Toc231154025]Table 5 – HDPE yield strength by temperature (Khan & Bazoune, 2006)
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Mild steel has an extremely high yield strength around 350 MPa (350,000,000 N/m2) (Matweb, n.d.)
[bookmark: _Toc231154052]Manufacturing Process Screening
To satisfy Design for Manufacture (DFM) considerations before conceptualisation, it is important to assess the geometry and scale limitations for each process available, Table 6 compares the available processes for manufacture. As the premise of this device is geometry-driven roll mitigation with multi-directional drag performance, this presents an implication that processes with limited geometry would be unsuitable. Only processes that allow for smooth edges, channels, and variable thicknesses give the required flexibility.
[bookmark: _Ref230698085][bookmark: _Toc231154026]Table 6 - Manufacturing process advantages and disadvantages.
	Process
	Advantages
	Limitations

	Laser/Plasma/Water cutting & press forming
	High precision, repeatable, fast, automated, scalable production
	Limited to 2D geometry of flat sheets or simply 3D structure with bends / fabrication

	Sand casting
	Complex 3D geometry, medium to high production volumes, low tooling costs
	Post processing required, internal defects, high porosity, moulds are single use

	CNC Machining
	Very high accuracy, automated, complex with 5-axis
	Low yield, lots of waste material, higher cost than other processes

	Welding / Assembly
	Flexible processes, can combine methods
	High labour demand, welding can cause distortion, less repeatable, human error prone

	Wire Arc Additive Manufacturing (WAAM)
	Very complex 3D geometry, very high accuracy, low waste
	Slow / low yield, expensive

	Investment Casting
	Very complex 3D geometry, very high accuracy, minimal porosity (watertightness)
	High tooling cost, labour intensive, slow lead times



The most viable processes would be laser cutting with fabrication, or investment casting. As these allow watertight products with high yields and good scalability for production. Both processes differ massively in their complexity and design constraints. This was considered when conceptualising each design in the following chapter. For investment casting parts, prototyping with WAAM would be ideal because of its 3D geometry complexity and ability to easily iterate without the need for new moulds or tooling. Whilst laser cut parts are also easily prototyped. Blanks, layouts, and programs are heavily modifiable and iterative design friendly.

[bookmark: _Toc231154053]Modelling Methodology
To model the parts, software must be chosen that specialises for the use case required. Requirements are to create a 3D model, simulate the environment, conduct finite element analysis (FEA) and intuitive computational fluid dynamics (CFD).
For part modelling the chosen processes from the previous section must be considered, investment casting, laser cutting, and WAAM. A 3D modelling development platform would need to include sheet metal and solid modelling. For iterative design, parametric is preferred as historic changes and modelling steps are recorded in sequential order. The software chosen for this stage was Fusion360 as all the requirements were met, and author familiarity was important. 
To simulate the environment, an integrated development environment (IDE) MATLAB was chosen as this allows a motion study with formulations to be built from the ground up to calculate forces required in order to know if the roll mitigator would have any effect on the boat under certain conditions.
Finally, to conduct a 3D model simulated analysis SolidWorks was chosen. Which is the industry standard and has a comprehensive embedded CFD solution called ‘Fluidflow’ and FEA stress analysis.
For limitations, the manufacturing process is a major factor as the part must conform to what is physically possible in each process. MATLAB simulation is capable of limited basic simulation using formulas and approximation. It is unable to consider a fully modelled vessel rolling in a realistic environment.


[bookmark: _Toc231154054]MATLAB Simulation Model
To understand the data from any simulation analysis of the design through development, it is important to contextualise those outputs against a time-domain simulated roll motion. This model was created in MATLAB to estimate roll kinematics such as degree of angle, and angular velocity / acceleration. These are used to derive the restoring forces acting on the boat and how those torque forces translate to the linear forces acting upon the roll mitigator. The aim is to have a restoring torque partially cancelled out by the effects of the upward stroke of the mitigator. This enables the FEA stage to ensure the design can handle the force being enacted on them.
This model is a simplified simulation with a few key assumptions. The roll is considered perfectly cosine with no changing external conditions. The simulation generates regular harmonic waves for roll motion, so heave is not being considered. As waves are not being physically calculated, it is assumed the perfect roll motion includes any hydrodynamic dampening from the hull to be cancelled out by the energy from the waves. 
The roll motion of the sailboat (change of roll angle over time) is defined using a sine wave formula as shown below in Equation 4 and outputted through MATLAB over time in Figure 12. The peak angle multiplied by the sine of the roll period (RP) in radians (one wavelength) and each discretised iteration of time expressed as a vector.  is added to offset the sine wave into a cosine by 90 degrees as the motion should initialise at peak roll to simulate a stable steady-state harmonic motion.
[bookmark: _Ref230698236]Equation 4 - Sine wave formula
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[bookmark: _Ref230855838][bookmark: _Toc231153991]Figure 12 - Equation 4 MATLAB output plot for simulation length
This produces a vector of angular roll in degrees over time. Angular velocity and acceleration are calculated to show how the motion speeds up over time. This is important to demonstrate how roll induces temporary large loads over cyclical motion. Formulas used are 2nd and 3rd derivations of .
As previously found in the literature review, GM can be approximated using Equation 1 states previously in section 2.2, which is then employed in Equation 5 to calculate the restoring torque (T) in newtons per meter at any point in the roll motion (Barrass & Derrett, 2012). Where beam is the width of the vessel in metres, M is the total vessel mass in kg, g is the constant for gravitational acceleration (9.81m/s2).
[bookmark: _Ref230698438]Equation 5 - Equation for restoring torque (Barrass & Derrett, 2012).

Boom force can be calculated as a force at the end of a lever using the torque and the length of the boom as per Equation 6 for each timestep of the simulation and plotted through MATLAB as a graph in Figure 13. This is the force enacted on the roll mitigator pulling it up through the water. The total displacement of the boom and the force from peak to peak will allow further CFD analysis to approximate how much the device cancels out the restoring force of the roll.
[bookmark: _Ref230788519]Equation 6 - Force at Boom End
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[bookmark: _Ref230855980][bookmark: _Toc231153992]Figure 13 - Boom force MATLAB output over simulation time.
The simulation outputs four plots, each of which are plotted over time. Roll angle, angular velocity, angular acceleration, and force at the end of the boom.
To calculate the total hydrodynamic drag enacted on the roll mitigator through CFD, the vertical displacement will be required shown as V(disp) in Figure 14. This is derived in the program using the law of cosines. The boom length is two of the sides with the maximum tilt angle as shown in Equation 7 below.
[bookmark: _Ref230699469]Equation 7 - Vertical displacement using the law of cosines.


[image: ]
[bookmark: _Ref230850561][bookmark: _Toc231153993]Figure 14 - Radan sketch of boom end vertical displacement


[bookmark: _Toc231154055]Design selection and development
The drawings for the roll mitigation device concepts were then realised as 2D vector drawings. This is a quick process to convert paper drawn sketches to more in-depth drawings in a program that provides freedom to develop and iterate. Radan was used for this due to its simplicity in vector drawing. Three concept designs were developed and designed for manufacture and performance. The chosen processes were utilised by each concept; one investment cast design, one sheet metal die press formed, and another sheet metal press brake formed.
Each design employs shapes with high coefficients of hydrodynamic drag and practical in form and deployment. An evaluation was performed on each concept to identify the most suitable design for the detailed modelling and analysis stages.
[bookmark: _Toc231154056]Concept Designs
Firstly, from research during concept development, hollow bowls as a basic geometry are the best shape to use. This is because they have the best balance between high drag on the interior with low drag on the exterior (Hoerner, 1965). As this device must sink fast to reset between rolls, this is a very important balance. The weight also plays a hand in this sink rate, so wall/material thickness is also important to consider. 


[bookmark: _Toc231154057]Design 1 – Conical Frustum & Cone
The first design is an assembly of two parts, both moulded separately. See Figure 15 for the concept vector drawing. Part one is the conical frustum body, which would be ideally made from HDPE. Despite HDPE being initially rejected at material selection due to the lightweight nature, it functions well for the funnel section as this is a large part made just to capture the flow of water and the material is cheap while also strong. Part two is the nose cone. This section houses channels which redirect the flow. This part would be made from mild steel and investment casted. Both parts would then be riveted together.
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[bookmark: _Ref230699536][bookmark: _Toc231153994]Figure 15 - Design one 2D concept drawing
This design is deployed from the end of the boom and/or spinnaker pole. Two attachment points for ropes which converge to one rope to keep the design stable during both upstroke and downstroke motions. The device is tied to the boom and dropped over the side into the water. A retrieval line would be recommended to be tied to the end of the cone; otherwise, retrieval can be difficult when working against the high drag side of the device.
[bookmark: _Toc231154058]Working Principle
The device works in the upstroke as shown in Figure 16. It funnels water using a large opening with a smaller exit. The Bernoulli effect causes pressure to drop at the funnel exit where it narrows causing a pressure differential at the entrance and exit of the funnel. The force of the funnel being pulled through the water pushes the water into the funnel causing a flow through the device. The pressure differential produces a net opposing force (Demirel, 2018). After the funnel, the water enters the nose cone channels. Taking inspiration from the ‘Tesla Valve’ as shown in the previous section, channels reroute some of the water flowing through this section back into the bypassing chamber where the final exit is. This causes another pressure differential as the flow of the water is slowed, resulting in another net opposing force. 
[image: ]
[bookmark: _Ref230699606][bookmark: _Toc231153995]Figure 16 - Design one upstroke expected flow paths.
Water is allowed to pass through the device and exit in eight different holes in the nose cone; this provides more stability to remain upright. Without this pressure release, unpredictable turbulence could cause the device to react unpredictably.
During the downstroke motion, tension of the ropes is released. The device is not ‘pushed’ down, so it then must sink. The streamlined shape in this direction assists with low resistance and the metal nose cone gives the device a low centre of gravity giving it stability. As shown in Figure 17, in this direction most water would be pushed aside by the pointed nose. Any water entering through the holes in the cone bypasses the tesla valve with low resistance as the chamber is larger than the collection of entrance holes. Water is then pushed into a small, pointed funnel (this has a lower coefficient of drag than the bowl-shaped funnel), back into the main body.
[image: ]
[bookmark: _Ref230699645][bookmark: _Toc231153996]Figure 17 - Design one downstroke expected flow paths.
[bookmark: _Toc231154059]Advantages
· High drag efficiency
· Good stability / weight distribution
· Very low drag on downstroke
· Easy and safe deployment
[bookmark: _Toc231154060]Disadvantages
· Two processes required to produce
· Costly manufacturing
· Manual assembly required
· Complex
· Not very compact design

[bookmark: _Toc231154061]Design 2 – Fixed Double Bowl
This design utilises the Spinnaker pole, so it can only be used on one side of the vessel. As shown in Figure 18, the device consists of two die-press formed bowls welded together, as such, the blanks can be made from laser cutting sheet steel. The advantage of fixing this to a solid arm instead of a rope means it can provide roll resistance in both the upstroke and the downstroke.
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[bookmark: _Ref230700150][bookmark: _Toc231153997]Figure 18 - Design two 2D concept drawing.
Stability is achieved using preventer lines from the device end of the spinnaker pole forward and aft of the vessel to avoid the device rotating about the boom. Preventer lines are ropes that pull from two directions stopping the device from moving in either direction.
[bookmark: _Toc231154062]Working Principle
This concept functions as a rigid structure, as the boom is lifted by the rotation of the vessel roll, the spinnaker arm pulls the device up through the water. This funnels the water through small holes in the base of the upper bowl creating the same effect as the funnel in design 1. Design 2 has a shorter, more rounded funnel shape as the coefficient of drag for the outside face doesn’t affect the performance of the design (Figure 20).
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[bookmark: _Ref230700228][bookmark: _Toc231153998]Figure 19 - Design two upstroke expected flow paths.
In the downstroke, shown in Figure 20, the spinnaker pole pushes the device downwards. Sink rate is unrelated as the device does not have to reach a reset position. The flow is the same but reversed, creating an opposing force upwards against the roll direction of the vessel. 
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[bookmark: _Ref230700215][bookmark: _Toc231153999]Figure 20 - Design two downstroke expected flow paths.
[bookmark: _Toc231154063]Advantages
· Single device for mitigation on both upstroke and downstroke
· Simple manufacturability
· Easy retrieval using preventers
[bookmark: _Toc231154064]Disadvantages
· Difficult to store
· Custom press form die required
· Deployment more complicated with setting preventer lines
· Can’t scale without more poles
· No rope-based shock load dampening
· Could be overloaded in rough conditions

[bookmark: _Toc231154065]Design 3 – Triangle Plate Funnel
This design, as shown in Figure 21, features a flat triangular plate with three 45-degree returns bent using a press brake. These returns are then fully welded together along the seams to create a strong simple triangular funnel. This allows the design to be manufactured using a laser cutter from a sheet of mild steel, formed, welded, then plated. The device is attached to the boom via rope using three attachment holes in the base which converge into one rope onto the boom.
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[bookmark: _Ref230700342][bookmark: _Toc231154000]Figure 21 - Design three 2D concept drawing.
[bookmark: _Toc231154066]Working Principle
This design is a simplified funnel design deployed like design one, from the end of the boom. On the upstroke, water is funnelled into the drain hole at the centre of the triangle base. This produces a new opposing force against the roll direction. On the downstroke, the triangle sinks to be positioned for the next upstroke movement. Much like design one, this relies on a dual deployment for both sides of the vessel. 
[bookmark: _Toc231154067]Advantages
· Very Simplistic
· Cheap
· No special tooling or dies
· Compact
· Shape fits in the anchor locker at the front of the boat
· Strong three-point rope connection
[bookmark: _Toc231154068]Disadvantages
· Not as stable as other designs
· Less efficient
· Material thickness dependent more for strength than weight
· Design must have uniform thickness

[bookmark: _Toc231154069]Design Comparison
To compare these designs and decide which one most aligns with the project goals and requirements, they were judged based on evaluation criteria. Each of the criteria comes from the QFD with their weighted level of importance. A weighted decision matrix allows these weights to be determined against a score (explained in Table 8) for each design to assist in selecting a design for further modelling and development (Table 7).
The highest criteria factors found were the durability, corrosion resistance, and drag performance, each scoring a 5. Next Safety and sink rate both scored a 4. Then came cost with a weight of 3, and side / weight at 2.
[bookmark: _Ref230716947][bookmark: _Toc231154027]Table 7 - Design weighted decision matrix
[image: ]
[bookmark: _Ref230716877][bookmark: _Toc231154028]Table 8 - Scoring criteria
[image: ]
Design one scored the best, meeting the top three requirements with the highest score due to having drag inducing chambers and a high durability thanks to the thick nose cone and high impact plastic funnel, despite falling short of design three in sink rate. Safety was a big consideration, the plastic funnel acting as a bumper against impact with the vessel or crew during deployment and recovery, while both other designs feature full metal constructions with design three having pointed corners. Design one has the highest cost for manufacture, due to manual riveting, dual material, and the cost of dies. Thanks to the concentration of weight in the nose cone and the low resistance to sinking it becomes the lightest design.
Design one aligns with the most important values and has the highest likelihood of success, so was chosen for further development. 
[bookmark: _Toc231154070]Chosen Design
The chosen design was then 3D modelled in fusion360 using a parametric approach. Key dimensions such as outlet diameter, funnel angle, and wall thicknesses were designed to be adjustable. Values for these were initially estimated for FEA and CFD testing. This allows iterative design from simulation results to tweak and modify the design until optimised.
The work plane was realised as a 2D sketch. Half of the funnel and nose cone were drawn with a vertical construction line through the origin (Figure 22). This allows the half to be ‘revolved’ around the origin, achieving a perfectly circular, symmetrical model as seen in Figure 23. Cuts were then added for features not relating to the vertical cross-sectional symmetry such as drainage holes, attachment points, and rivet holes. These were extruded once and copied as circular patterns around the vertical origin. 
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[bookmark: _Ref230700394][bookmark: _Toc231154001]Figure 22 - Fusion360 revolve sketch.


[image: ]
[bookmark: _Ref230700442][bookmark: _Toc231154002]Figure 23 - Fusion360 revolved geometry
The funnel was modelled on a shallow inverted bowl drawing inspiration from high co-efficient of friction shapes while allowing as much water to flow in as possible. The four tesla valve tunnel diameters were made smaller than the main nose cone exit channel. This is intentional to restrict flow, allowing most of the water to spill over into the exit channel where it meets turbulent resistance from the valves. Nose cone is illustrated separately below in Figure 24.
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[bookmark: _Ref230700479][bookmark: _Toc231154003]Figure 24 - Fusion360 isolated nose cone model
DFM was considered throughout.
· The funnel shape acts as a draft angle allowing it to be easily removed from the mould.
· Rounded corners allow for ease of casting flow.
· Good fluid flow ensures no air pockets during galvanisation process. 
· Casting parting line ideally along the vertical axis used for the revolve command.

[bookmark: _Toc231154071]Design Failure Mode and Effects Analysis (DFMEA)
DFMEA is an engineering design tool developed to identify potential failures and evaluate their effects such as, the severity of damage caused and likelihood to occur and be detected using a scoring system called the risk priority number (RPN). Once identified, the process prioritises high scoring items for further mitigation through design controls and modification (Automotive Industry Action Group , 2017). The DFMEA was carried out to support concept design methodology and assess the risks in operating the device as an overall safety evaluation, the severity, occurrence and detection scores required for the RPN was scored using the criteria Table 9.
The DFMEA (Figure 25) was structured to include each function and requirement including deployment, retrieval, structural integrity, overuse, attachment system, and the interaction between the device, operator and vessel. Each of these was given methods of failure, the outcome effects, and a root cause. 
This analysis influenced the design decisions in the following examples:
· A device recovery line for easier retrieval
· Identification and spreading of localised stress points
· Operational limits (severe weather, under sail/motor)
The DFMEA therefore provided the results of design validation and a design risk assessment for the chosen design.
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[bookmark: _Ref230700631][bookmark: _Toc231154004]Figure 25 - Excel DFMEA
[bookmark: _Ref230700610][bookmark: _Toc231154029]Table 9 - DFMEA RPN lookup tables
[image: ]

[bookmark: _Toc231154072]FEA Failure Point Optimisation
To optimise the strength of the geometry during loading, an initial FEA analysis was conducted before any advanced fluid simulation for drag analysis through CFD. This was achieved using approximation load cases with worst-case scenario forces and an FoS of 2x. The safety factor was chosen based on the general recommendation Table 10, as materials are reliable and loading is not severe. The upper criteria boundary was selected due to the cyclical loading use-case requirements (Rutheravan, 2016). The objective of this analysis is to locate where the geometry is over and underperforming to optimise and spread load through the device.
[bookmark: _Ref230804783][bookmark: _Toc231154030]Table 10 - General recommendation table for factor of safety by application (Rutheravan, 2016).
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The MATLAB simulation outputs a peak force of 2377.87 newtons at the device located 3 metres off the centre of rotation. The total drag for the device is currently unknown. To test the stress concentrations of the device an exaggerated total force of 10 kN was simulated using the rope mount holes as fixed points. Figure 26 illustrates the overall stress distribution; it is clear to see the body is overly strong compared to the mounting holes. Figure 27, a zoomed in view shows the stress is concentrated to sharp corners on the mounting geometry.
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[bookmark: _Ref230702702][bookmark: _Toc231154005]Figure 26 - FEA stress concentration for 10kN force
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[bookmark: _Ref230702719][bookmark: _Toc231154006]Figure 27 - Zoomed in FEA stress concentration for 10kN
To combat this, large fillets were added to soften the corners and more evenly distribute the stress as previously discovered in the DFMEA. Some material was removed from the wall thickness as the funnel is clearly thicker than required, saving material costs and making it easier to manufacture. Simulation results in Figure 28 produced a much better distribution of stress and decreased the total peak stress by 1/3 of its previous value. 
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[bookmark: _Ref230702757][bookmark: _Toc231154007]Figure 28 - FEA stress concentrations with fillets (10kN).
Total deformation was also improved with these changes; Figure 29 shows the initial design with original funnel thickness without mount hole fillets and Figure 30 improvements result in lower concentrations of high deformation over the length of the funnel. 
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[bookmark: _Ref230702783][bookmark: _Toc231154008]Figure 29 - Deformation for FEA (10kN) prior to modifications.
[image: ]
[bookmark: _Ref230702793][bookmark: _Toc231154009]Figure 30 - Deformation for FEA (10kN) post modifications


[bookmark: _Toc231154073]CFD Analysis
CFD is a method for simulating flow over, or through, a model. This can be used to determine flow paths, drag, and changes in velocity (Bhattacharyya, 2022). CFD was chosen to evaluate the hydrodynamic performance of the device and to ensure the fluid would flow as expected through the internal channels of the nose cone. Results from the simulation will be compared to the forces at the boom tip to ensure the device produces sufficient damping forces at discrete points in the roll to successfully dampen the roll motion. The CFD program chosen was SolidWorks FluidFlow.
[bookmark: _Toc231154074]Simulation objectives
The simulation aims to quantify the effects of the device against the results of the MATLAB simulation. Five discrete equidistant vertical velocity measurements were taken over a single half-roll. These values are the velocities the boom end travels during this period. The limitations of running such a complex study creates accuracy concerns, MATLAB produced 140 discrete points for the same period instantly. Through interpolation, the CFD results can then be compared in the same plot, and more points can be simulated if required. 
SolidWorks is able to simulate how much water flows into the device at the inlet. The main objective is to determine the drag force produced by the interaction of the water, flow rates, and geometry of the device. Secondary, identification of flow patterns such as separation, turbulence and redirection (Bhattacharyya, 2022).
[bookmark: _Toc231154075]Model preparation and simulation parameters
In order to prepare the model, some simplification was required. This was done to avoid meshing issues, create a watertight geometry, and optimise simulation performance. A single part was produced using the 2D sketch from Fusion360 and rebuilt in SolidWorks as a single piece to avoid STEP file import errors. Mounting points were removed as these were irrelevant to the hydrodynamic performance. The pointed edge of the funnel was also flattened to aid in the creation of ‘lids’ to create a fully sealed environment for the internal simulation.
SolidWorks FluidFlow properties were set to water; this gives the fluid a density of 998.2kg/m3 and a viscosity of 0.001Pa.s. The meshing strategy employed was an automatic basic fine mesh with node density increased to the maximum state. A dynamic manual mesh would have given more accurate results by increasing density in key areas of the flow paths, but also would have been more computationally demanding, and increased the preparation time significantly whilst resulting in diminishing returns compared to the automatic mesh. The model didn’t have particularly small channels for a dynamic strategy to be effective.
The first simulation was internal; lids were created for all inlets and outlets then boundary conditions were initialised. The inlet boundary condition was the flow velocity, and the outlet was environmental pressure (defaulted as 101,325 Pa). The surface goal for force in the flow direction (y axis) was created for all wetted surfaces. However, errors were persistent and did not produce expected results. This simulation was useful to identify the flow patterns and paths. Clearly showing the channels and funnel functioning correctly with flow velocity changing throughout the device. 
To determine the hydrodynamic performance, an external simulation was conducted. Lids were discarded and a large computational domain was set. This extended one meter from the device edges to the sides and two metres in / against the direction of flow to ensure any unpredictable external flow was accounted for. Although the device is static, the fluid flows into the device to simulate relative motion. 
An addition to the MATLAB simulation as shown in Figure 31 was created to isolate a single half roll vector (VertVel). This was the period the vessel rolled from 20 degrees to 0 degrees on one side. Taking the angular velocity vector for this timeframe and multiplying it by the boom length for boom end velocity. This was then multiplied by a cosine component of the angular displacement arriving at the total vertical velocity of the device at each discrete point in the half roll period (as per line 65 in Figure 31). To find the best five discrete points the vertical velocity vector was split using a step of the vector length divided by five (line 73). Points were chosen starting at a half step in and ending at a half step prior to the end (line 74). This eliminates a wasted point of zero velocity. The isolated velocities are shown in Table 11.
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[bookmark: _Ref230703014][bookmark: _Toc231154010]Figure 31 - MATLAB Code for CFD and MATLAB simulation cross analysis.
[bookmark: _Toc231154076]Simulation Results
The results of the internal CFD flow trajectory (Figure 32) confirmed the overall expected flow patterns, more importantly, the flow patterns in the nose cone (Figure 33). Controlled turbulence results in clashing fluid paths relevant for producing hydrodynamic drag in the nose cone section. The paths diverge at the opening of the central chambers as overflow fluid spills into the lateral main chamber. This flow is redirected back towards the upper opening by the central chamber exit flow. Eventually flow from the central chamber exit is redirected into the nose cone outlets.
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[bookmark: _Ref230852685][bookmark: _Toc231154011]Figure 32 - Internal flow path CFD FluidFlow simulation
[image: ]
[bookmark: _Ref230852714][bookmark: _Toc231154012]Figure 33 - Internal flow path CFD FluidFlow simulation nose cone focus
Goals for global force in the Y axis (opposing direction of flow) for the external simulation outputs iterative graphs. FluidFlow’s iterative process is visible in the below Figure 34, where convergence is reached and an accurate goal value is achieved. 
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[bookmark: _Ref230721185][bookmark: _Toc231154013]Figure 34 - CFD iteration force goal output graphs
Table 11 shows the drag force output of the device compared to its velocity is an exponential scale which is more evident interpolated and plotted as a graph as seen in Figure 35. The faster the device is pulled through the water, the more drag it outputs per increase in velocity.
[bookmark: _Ref230703062][bookmark: _Toc231154031]Table 11 – Simulation results for device drag per discretised velocity value and its time step location.
	Time step location (1 - 70)
	7
	21
	35
	49
	63

	Velocity (m/s)
	0.2721
	0.9469
	1.5539
	2.0286
	2.3028

	Simulated drag Force (N)
	-9.97
	-120.57
	-325
	-555.81
	-713.48



[image: ]
[bookmark: _Ref230717264][bookmark: _Toc231154014]Figure 35 - Graph for device hydrodynamic drag over change in velocity
When the interpolated device drag is plotted against the MATLAB calculated boom restoring force in Figure 36, the implications of the device on mitigating the forces of the roll become clear. A difference line (dotted yellow line) is provided where the absolute value of the drag force is subtracted from the restoring force. Before the end of the roll at roughly 5.8 seconds, the hydrodynamic resistance exceeds the restoring force. This indicates the device successfully decelerates the roll motion. The maximum device drag value was 713.48N, while the maximum restoring force was 2388.87N. This represents an effective mitigation in rolling forces of 29.87%. 
[image: ]
[bookmark: _Ref230717497][bookmark: _Toc231154015]Figure 36 - Interpolated device drag force against boom restoration force over time
[bookmark: _Toc231154077]Sink Rate to Reset Point
The device must return to the initial reset point roughly 1.5m under the surface of the water before the next roll for the next cycle to be effective and produce a true cyclical model. To ensure this, the sink rate of the device once the upward pull force has fully diffused must be simulated. The device is designed to produce as little drag as possible during the sinking phase, but both buoyancy and gravity also contribute to the speed. 
Buoyancy can be calculated as the buoyant upward force is equal to the weight of the displaced fluid, as per Archimedes’ principle, as seen in Equation 8. Where  is the density of the water at 1000kg/m3, V is the solid volume at 0.00984 m3 (open geometry with no trapped air), and g is acceleration due to gravity as 9.81 m/s2.
[bookmark: _Ref230717586]Equation 8 – Archimedes’ principle for buoyant force





This buoyant force can then be subtracted from the weight of the device. The result is the total downward sinking force acting on the device at the end of the roll.
Equation 9 - Sinking force of object including buoyancy



The find the terminal velocity of the sink rate, the CFD study was run to determine the point where the sinking force is cancelled out by the drag force. The initial value was 0.5 m/s as this is the minimum velocity required for the device to reach 1.5 metres (cycle reset point) in 2.8 seconds (roll period). The drag output was 15.21 N. This is only half the sinking force. The following Table 12 shows the trial-and-error stage of values to arrive at the correct velocity. It was found at a terminal velocity of roughly 0.725 m/s the forces balance.
[bookmark: _Ref230717739][bookmark: _Toc231154032]Table 12 - Trial and error table to find device terminal sinking velocity
	Velocity Parameter
	Drag force
	Deviation

	0.5 m/s
	15.21 N
	Too low

	1 m/s
	60.83 N
	Too high

	0.75 m/s
	34.172 N
	Too high

	0.7 m/s
	29.77 N
	Too low

	0.725 m/s
	31.95 N
	Within acceptable margin



Initial acceleration can be rearranged from Newton’s second law as per Equation 10.
[bookmark: _Ref230718052]Equation 10 – Formula of Newton's second law




Using the velocity, it would take the device 0.291 seconds to reach terminal velocity. This is excluding the steady build-up of drag as the device speeds up for the 0.291 seconds of acceleration phase which is negligible. After this, drag is already accounted for in the terminal velocity as 0 N (cancelled out).
Figure 37 shows the displacement over time of the sink rate created within a new MATLAB script using basic acceleration, time, and displacement formulae. Showing that 1.5 metres of sinking displacement is completed within 2.2 seconds.
[image: ]
[bookmark: _Ref230718385][bookmark: _Toc231154016]Figure 37 - Device sinking displacement over time


[bookmark: _Toc231154078]Further FEA and Durability analysis
[bookmark: _Toc231154079]Maximum FEA Stress and True Safety Factor
For further validation of the design, an FEA simulation was run with the total drag force data collected from the CFD analysis. The maximum force at the boom was found to be 2377.87N and the maximum device drag output was 713.48N. This gives a maximum potential force in respect to the device mounting geometry to be 3091.35N, which with a factor of safety of 2.5x yields a total FEA force of 7728.38N to confirm safe loading within the desired safety margin.
As shown in the below Figure 38 & Figure 39, the maximum stress which is highly localised to the edges of the mounting holes is minimal. The value of which was 7.435 x106 N/m2. As previously shown in Table 5 in Section 3.3, the minimum yield strength of the weakest component (HDPE) was ~20 x106 N/m2. As the simulation was already accounting for a 2.5x safety factor, this is a very positive result. On top of this, the maximum deformation, occurring in the areas furthest away from the mounting holes and buckling inwards, was 0.188mm. The diameter of the part being 500mm, this means deformation inwards only reached 0.038% of the total diameter as shown in Equation 11 below. 
[image: ]
[bookmark: _Ref230719052][bookmark: _Toc231154017]Figure 38 - Stress concentrations at device maximum pull force + 2.5x safety factor (7.7 kN)
[image: ]
[bookmark: _Ref230719072][bookmark: _Toc231154018]Figure 39 - Deformation at device maximum pull force + 2.5x safety factor (7.7 kN)
[bookmark: _Ref230719009]Equation 11 - Device percentage maximum deformation to overall diameter

To find the upper loading limit and true factor of safety of the device, another FEA simulation was conducted using the results from the previous. The force of 7.7 kN was multiplied by 2.6x. This was roughly the scale factor between the FEA maximum stress and the yield strength of the material. This produces a loading force of 20 kN. Which the FEA study successfully shows to be the maximum loading force as the maximum stress experienced in this study was 21.61 x106 N/m2, slightly over the material yield strength of 20 x106 N/m2 and thus, permanently deforming the material.
[image: ]
[bookmark: _Toc231154019]Figure 40 - Stress output for maximum force (20 kN) to cause permanent deformation.
To know the true safety factor for the loading scenario, another FEA study was run using the exact maximum potential force of 3091.35N. This outputted a maximum stress of 3.34 x106 N/m2. Which is a total safety factor of 6.47x as shown in the below.
Equation 12 - Safety factor from force to device failure and maximum actual force experienced

[bookmark: _Toc231154080]S-N curve Durability
Design requirements for the device to survive repeated cycles of stress loading require a comparison of maximum stress encountered during a roll to the S-N curve data for the material of choice at the normal environment temperature. An S-N curve expresses the material’s relationship between applied stress (S) and the number of cycles of that stress until failure (N) (Murakami, et al., 2021). An S-N curve study was conducted in the international journal of fatigue at a temperature of 23°C as seen below Figure 41 (Krairi, et al., 2016). Despite the graph ending at 105 cycles, the maximum tension stress at this point is 21MPa (21x106 N/m2). The maximum tension stress that the device endures as proven in the previous section is only 3.34 x106 N/m2. This meets the criteria for x105 cycles by a factor of 6.3x. The material reaches a ‘Knee point’ at x104 cycles where the stress decreases at a lower rate than prior. The fatigue limit is not fully realised on this graph as maximum stress is still diminishing until the end of the experiment just after x105 cycles. Even if the line continues as projected it would be unlikely to fall lower than 20MPa. To give an extremely conservative estimate, even if the difference in stress between x105 and x106 cycles is 50%, this would produce a maximum value of stress to reach x106 cycles of 10.5MPa (10.5x106 N/m2), still 3x higher than the simulated maximum stress.
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[bookmark: _Ref230720550][bookmark: _Toc231154020]Figure 41 – S-N curve for HDPE (Krairi, et al., 2016)

[bookmark: _Toc231154081]Discussion and Validation
This section aims to converge the data from the previous simulations together to validate the results as a complete analysis of the device. MATLAB, CFD and FEA data will be used to validate and satisfy the design requirements established in section 3.1. This validation was conducted through comparison of expectations of outputted data. The limitations and assumptions of each simulation model are considered to know the reliability of the findings.
[bookmark: _Toc231154082]Performance to Design Requirements
Table 13 is a modified version of Table 3 from Section 3.1. The original requirements and targets are present with an additional column for evidence and outcomes to show how each requirement has been met. This proves the roll mitigation device has not only met its intended purpose but also fulfils all other requirements for its environment, stored and deployed.


[bookmark: _Ref230720797][bookmark: _Toc231154033]Table 13 - outcomes of design requirements
	Category
	Target
	Evidence
	Outcome

	Size

	Stowed: 
Ø500mm x 300mm

Deployed: 
Ø500mm x 2000 mm
	Design is exactly as targeted
	Fully Met

	Roll forces mitigation
	Overall force mitigation percentage of 25%
	CFD simulation with MATLAB forces show total mitigation of 29.87%
	Overachieved

	Sink rate
	Must sink back to initial state before next roll
	Sinking time was 2.2 seconds total. 0.6 seconds faster than roll period.
	Fully Met

	Weight
	5-10kg
	13.18 kg
	Slightly Met (outside of ideal range)

	Durability
	>106 cycles
	Conservative extrapolation of S-N curve data for material. Meets x105 cycles by factor of 6.3x
	Met through conservative estimation. Requires physical validation.

	Material
	Material must be strong enough to resist hydrodynamic forces from the maximum use case scenario
	FEA analysis shows device meets maximum hydrodynamic forces with safety factor 6.47x
	Overachieved

	Corrosion Resistance
	Must be suitable for saltwater environment
	HDPE and galvanised mild steel used. Both rated for saltwater
	Fully Met

	Safety
	Good risk assessment for deployed state
	DFMEA undertaken and known risks mitigated through design process
	Considered Met

	Cost
	Loose target of ≤£600
	Target considered achievable from below section 9.1.1
	Considered Met

	Ease of use
	Deploy / retrieval simpler than competitors
	Target considered achievable from below section 9.1.2
	Considered Met



The most critical component of the design requirements was the device’s capacity to generate enough hydrodynamic resistance to considerably affect the restoring force of the simulated vessel. A value of 25% was aimed for and the true value simulated was 29.87%. This value was confirmed using CFD simulations of the device moving at the velocity calculated for the end of the boom from the MATLAB simulation of the vessel during the roll. CFD outputted the drag force which was compared to the restoring force calculated from the same MATLAB simulation, whilst also proving in reverse that the device sinks fast enough to reset for the next roll. The graph showing the effect the mitigation device was having on the restoring force over the full period of the roll showed a substantial success. Further structural FEA analysis proved under the maximum force, the design stayed within safe stress limits for the material, with a safety factor over 6x, even proving that cyclical loading operations can be executed within the target of durability.
[bookmark: _Ref230982792][bookmark: _Toc231154083]Cost Analysis
Material costs for the device would come in two forms, HDPE granules and mild steel. The total weight of the device is 13.18kg, the mild steel nose cone is 8.79kg and the funnel is 4.39kg. The costs are shown in Table 14 below 
[bookmark: _Ref230981181][bookmark: _Toc231154034]Table 14 - Material costs per unit
	Material
	Cost per kg (£)
	Total weight (kg)
	Total cost (£)

	HDPE
	1.26
	4.39
	5.53

	Mild Steel
	0.67
	8.79
	5.89	

	
	
	Total
	11.42



Cost per kg prices obtained from offcut mild steel stockist Kimetals (Kimetals, n.d.), and plastic granule supplier Alarkan Plastics (KAYA, 2025).
[bookmark: _Toc231154035]Table 15 - Manufacturing cost analysis
	Manufacturing method
	Cost per kg (£)
	Total weight (kg)
	Total cost (£)

	Injection moulding (funnel)
	1.30
	4.39
	5.71

	Sand casting
(nose cone)
	1.86
	8.79
	16.39	

	
	
	Total
	22.1



Cost of manufacturing method comes from a Steel Foundry blog (Rinborn Machinery Co., Ltd, 2021) for sand casting, and the previously used Alarkan Plastics blog (KAYA, 2025).
It is expected that manual labour in riveting the two parts together would come to roughly 5 minutes per unit as a riveting gun is a fast application method. Operator speed has been costed conservatively. At minimum wage this would account for £1.06.
Tooling would be a large investment; tooling roughly costs £3,000 for injection moulding (Formlabs, n.d.) and between £740 to £3,700 depending on complexity and grains for sand casting moulds (Sino Industries, 2025). A total estimated high-end cost of £7,000. When accounting for a product life and production runs in the thousands, this cost becomes small per unit, £7 per 1,000 units.
This gives a total rough estimate of £41.58 prior to overheads. Due to this, the target cost is considered achievable for a medium volume production run of 1,000 units.
[bookmark: _Ref231018322][bookmark: _Toc231154084]Deployment / retrieval analysis
Practicality of deployment and retrieval was compared against the existing passive roll mitigation products, the Rocker Stopper and Magma Stabiliser. Each of these are multi-component designs, the Rocker Stopper consists of multiple cones tied together with a weight on the end and the Magma stabiliser has two metal plates that pivot on a hinge. This produces possible difficulties deploying these designs such as handling, entanglement, and potential finger traps. In addition to this, the Magma stabiliser’s metal sheet geometry risks potential cuts as rounded edges become worn or damaged over time.
In comparison, the proposed device is a single solid assembly with no moving parts. This reduces handling difficulties and removes the possibility of trapped fingers. The shape provides simple grip under the rim for transportation and the plastic reduces possible injury from impact and scraping. The device can simply be dropped over the side and controlled via a line into the water to the correct depth, rather than deploying several linked components or managing a large flat plate. 
Deployment difficulties are not fully eliminated, the final mass of 12.18kg exceeds the original target and may make transportation and recovery more difficult. The larger hydrodynamic force limits retrieval using the deployed lines, so a dedicated retrieval line would be required at the end of the cone to ensure the device is tipped upside down before being pulled. Overall, it is considered safer and easier to deploy than available products.
[bookmark: _Toc231154085]Simulation Method Validation
[bookmark: _Toc231154086]MATLAB
All equations used in the MATLAB simulations follow validated marine principles from prominent sources such as Ikeda. Validation of the formulation’s results were performed by comparing them with the established principles. The expected sinusoidal (in this case, cosine) relationship between displacement, velocity, and righting moment was exhibited. 
[bookmark: _Toc231154087]FluidFlow CFD
CFD was validated by comparing the results to the boom end force. Internal flow simulations were abandoned due to extremely high force outputs physically impossible for the device to output. The drag would have shown to be in a realistic band range of 10-50% of the restoring torque. The external flow simulation outputted these results. Additionally, the flow visualisations confirmed the fluid was flowing correctly through the device and exiting through the outputs.
[bookmark: _Toc231154088]SolidWorks FEA
In the FEA models, the stress concentrations localised to the sharp corners and the bases of the fillets as expected. Distortion models visually confirmed the part was being pulled in the correct direction and the stresses were a sound magnitude.
[bookmark: _Toc231154089]Limitations and Error
The MATLAB simulation was highly simplified with a consistent roll motion. Real-world wave dynamics consider multidirectional local wind waves and residual distant ocean storm swells, often combining with shoreline wave reflection creating omnidirectional waves with differing synchronicities. Damping effects were blended into the roll motion but are also dependent on complex wave conditions. 
CFD was conducted through discrete point simulations with interpolated results and was limited by computing power. Error would lower with more simulations resulting in a larger dataset to interpolate. Ideally, simulating the exact same timesteps from the MATLAB simulation would have been ideal but diminishing returns occur as the number of discrete points increase. Sloshing and trapped air was also not simulated. Some of the energy would have been absorbed by the ropes attaching the device to the boom. The basic simulation grid, which represents the points at which the software calculates the flow for a region, was set to the highest quality (the greatest number of points). A more complex custom grid can be set to prioritise complex regions over large chambers resulting in higher accuracy. The assembly had to be joined together to form a single shape to create a water-tight geometry. Further small geometry simplifications were made; removal of the mounting holes, rivets, and flattened edges. 
The FEA simulation was a static load; this discounts dynamic forces such as inertia or vibration. Although this would contribute to negligible improvements in accuracy as these are at their highest effects at the brief acceleration / deceleration phase of the device. Surface forces were simplified to a load pushing the funnel and cone at the base with the total force in the normal (y axis) vector. 
[bookmark: _Toc231154090]Overall Assessment
Overall, the combination of each simulation case indicates the proposed resulting design is capable of feasibly reducing roll motion for the subject vessel despite their limitations or simplifications. There is strong evidence this could improve onboard comfort, safety, and reduction in fatigue for crews of small vessels at anchor. Experimental testing would be required to confirm this under average real-world shore conditions. 


[bookmark: _Toc231154091]Conclusion
The aim of the project was to design and validate a geometry-driven roll mitigation device through the use of a simulation-driven design methodology. The successful fulfilment of this aim seeks to vastly improve living at anchor for both professional and extended leisure expeditions, in terms of comfort, safety, sickness, and fatigue. Currently available designs have limitations either being too weak and inefficient, or too demanding on power systems.
Key findings in validating the success of the device came from MATLAB, CFD, and FEA simulation studies, providing a net force mitigation against the restoring forces of 29.87% through hydrodynamic drag. This was established by comparing the MATLAB simulation restoring forces against the interpolated CFD drag forces. CFD further proved the device would sink in 2.2 seconds allowing plenty of time to return to its reset point before another roll with 0.6 seconds to spare. FEA analysis showed the maximum stress encountered was far below the yield strength limits of the material and produced a safety factor of 6.47x, which is higher than the initial factor aim of 2.5x. Deformation was also presenting minimal warp at just 0.038% of the diameter. This also enabled durability analysis utilising S-N curve graphs for the material, conservatively exceeding the x106 cycle target. 
These key findings demonstrate that the device met or exceeded expectations in all key aspects of the design requirements. Despite the design exceeding the initial target weight, this had a positive contribution to the sinking rate, which is crucial to the continuous mitigation performance of the device. Hydrodynamic drag performance, material strength, and durability all exceeded initial estimate aims. Regardless of stress limits and fatigue, in a saltwater environment corrosion will deteriorate the structure over time if not resistant. HDPE provides natural resistance and the nose cone is galvanised; both materials are commonly used in this capacity in anchors and buoys. The manufacturing cost analysis determined production should not contribute to an overly expensive design, although a more comprehensive study with quotations and indirect costs would need to be performed. The cost was aimed to fall slightly higher than the Rocker Stopper as the device was designed as a more professional tool with a higher performance.
The device is designed for manufacture; before assembly, both parts are cast in moulds using different techniques suited for their materials. Sand casting for mild steel, and injection moulding for HDPE. Naturally the designs are funnel shaped which provides a draft angle allowing them to be easily removed from their moulds. Both manufacturing methods are suited for medium production yields. After processing, manual assembly with rivets is a simple and fast process as these can be installed with an electric or pneumatic gun. This process is more complex than currently available designs, but produces a much higher quality, professional tool. 
Limitations stemmed from simplifications in the simulation studies. The MATLAB simulation provided a consistent harmonic roll motion with beam-on waves which encompassed the vessels own dampening behaviour, weight distribution, and buoyancy, discounting changing external conditions and complex wave dynamics around shorelines. CFD was limited through discrete point simulation and small error around interpolation, and the FEA study assumed static load, as such, dynamic loading effects were not studied. Despite this, the results from these studies provided strong evidence of the device’s function.
Continued development of this device would involve validation using a manufactured prototype and testing in a contained environment. The use of accelerometers and gyroscopes would provide a much clearer understanding of the device’s functionality, where iteration of the design can continue using the results.
The project findings demonstrate reduction in the roll motion forces, and thus, mitigation, for a geometry-driven passive device whilst remaining structurally robust. The proposed concept shows strong potential as a practical professional upgrade from existing passive designs to mitigate the roll motion at anchor. 
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[bookmark: _Toc231154094]MATLAB Main Simulation Code
clc
clear
close all


%% Simulation variables.
InitAngularTilt = 20; % Starting angular tilt of the boat in degrees.
RollPeriod = 2.8; % time between max tilt angles in seconds.
SimTime = 0.5 * 60; % total sim time in seconds.
SimStep = 0.01; % Simulation time steps.
T = 0:SimStep:SimTime; % Vector of time with 10ms time step
g = 9.81; % Acceleration due to gravity in m/s^2

%% Boat variables.
Beam = 2.87; % Total width of the boat in meters.
Draft = 1.52; % Total underwater depth of the boat in meters (distance from waterline to keel).
TDisp = 3162; % Total displacement of the boat in kg.
Ballast = 1270; % Weight of the keel in kg.
BoomLength = 3; % Boom length in meters (also distance R for roll mitigator)


% Actual Metacentric height in meters.
GM = (0.8 * Beam / RollPeriod)^2; 


%% Tilting calculations.
RollRadS = 2*pi / RollPeriod; % Converting roll period to Rads per second.

% Tilt of boat over time using tiltperiod and tilt angle starting from
% peak. produced Cosine.
Tilt = InitAngularTilt * sin( (RollRadS *T) + (pi/2) );

TiltRad = deg2rad(Tilt); % Converting all angles in tilt from degrees to radians.

AngularAcc = zeros(1, length(TiltRad));
AngularVel = AngularAcc;

%% Angular Velocity and acceleration using difference in previous values
% Angular velocity in Rad/s. Angular acceleration in Rad/s/s
for i = 1:length(TiltRad)
    if i == 1
        AngularVel(i) = 0;
        AngularAcc(i) = 0;
    else
        DeltaT = (T(i)-T(i-1));
        AngularVel(i) = (TiltRad(i)-TiltRad(i-1) ) / DeltaT;
        AngularAcc(i) = (AngularVel(i)-AngularVel(i-1) ) / DeltaT;
    end
end


%% Forces calculation
% Restoring moment of tilting angle
RestoreTorque = TDisp * g * GM .* sin(TiltRad);
% Force at the end of the boom
BoomForce = RestoreTorque./BoomLength;
% Total Boom end displacement per half roll (one side).
BEDisp = sqrt(BoomLength^2 + BoomLength^2 - 2 * BoomLength * BoomLength * cosd(InitAngularTilt));

%disp("Total boom end displacement (1/2 roll): " + BEDisp + "m");


% Tangential velocity is radius multiplied by angular velocity
% Cosine component added to isolate vertical movements (x axis)
VertVel = abs(BoomLength .* AngularVel(1:(RollPeriod/4) / SimStep) .* cos(TiltRad(1:(RollPeriod/4) / SimStep)));

disp("Roll device max velocity: " + max(VertVel) + " m/s");
MaxRestore = max(abs(BoomForce));
disp("Max Restoring Force: " + MaxRestore + "N");

% Taking 5 discrete points for the velocity to feed into the fluid flow
% simulation
DiscStep = (size(VertVel,2)/5);
SimVel = VertVel(DiscStep/2:DiscStep:end);
BFHalfRoll = abs(BoomForce(1:70));

% Manually entered simulation results stored as vector for discrete points.
SimResults = [0 -9.97 -120.57 -325 -555.81 -713.48];
MaxDrag = max(abs(SimResults));
disp("Max Device Drag: " + MaxDrag + "N");
disp("Max Migitation: " + round((MaxDrag/MaxRestore)*100,2) + "%");

% Interpolation parts and simulated results to match vector of half roll.
n = length(VertVel);
IndCFD = linspace(1, n, length(SimResults));
IndFull = 1:n;
InSimRes = interp1(IndCFD, SimResults, IndFull, "pchip");


F1= figure;
plot(T,Tilt); % plotting boat tilting angle over time.
title("Tilt angle over time");
xlabel("Time (s)");
ylabel("Angle (Deg)");

F2= figure;
plot(T,AngularVel); % plotting boat tilting velocity over time.
title("Angular velocity over time");
xlabel("Time (s)");
ylabel("Angular velocity (Rads/s)");

F3= figure;
plot(T,AngularAcc); % plotting boat tilting acceleration over time.
title("Angular acceleration over time");
xlabel("Time (s)");
ylabel("Angular acceleration (Rads/s^2)");

F4= figure;
plot(T,BoomForce); % plotting restoring force at the end of the boom over time.
title("Boom force over time");
xlabel("Time (s)");
ylabel("Boom force (N)");

HalfRollT = T(1:(RollPeriod/4) / SimStep);

F5= figure;
plot(HalfRollT,abs(VertVel));
title("Vertical velocity over time");
xlabel("Time (s)");
ylabel("Velocity (m/s)");

F6= figure;
plot(abs(VertVel), abs(InSimRes));
title("Device force over change in vertical velocity");
xlabel("Vertical Velocity (m/s)");
ylabel("Device Drag Force (N)");
grid on; 

% Plotting the interpolated simulation results vs Restoring forces and
% difference over time
F7 = figure;
plot(HalfRollT, InSimRes);
title("Interpolated Simulation Results vs Restoring forces and difference over time");
xlabel("Time (s)");
ylabel("Force (N)");
grid on;
hold on
plot(HalfRollT, BFHalfRoll);
plot(HalfRollT, BFHalfRoll+InSimRes,":");
legend("Device Drag Force", "Boom Restoring Force", "Force difference");

[bookmark: _Toc231154095]MATLAB Sink Rate Code
% distance graph for the sink rate of the device
clc
clear

TermVel = 0.725;
Acc = 2.49;
Disp = 1.5;
Tacc = (TermVel - 0) / Acc; % Time to reach terminal velocity
DispAcc = 0.5 * Acc * Tacc^2; % Displacement during acceleration
Ts = 0:0.001:2.8;

TotalDisp = zeros(1,length(Ts));
CurrVel = 0;

for i = 1:length(Ts)

    t = Ts(i);

    if t <= Tacc % Acceleration phase
        disp("accelerating");
        TotalDisp(i) = 0.5 * Acc * t^2;
    else % Terminal Velocity phase
        disp("steady");
        TotalDisp(i) = DispAcc + TermVel * (t - Tacc);
    end

    % Stop displacement exceeding target
    if TotalDisp(i) > Disp 
        TimeTD = Ts(i);
        TotalDisp(i) = Disp;
    end

end

plot(Ts, TotalDisp);
xlabel('Time (s)');
xticks(0:0.1:2.8);
xlim([0 2.8]);
yticks(0:0.25:1.5)
ylabel('Displacement (m)');
grid on;
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Typical Cost Ranges by Boat Size
Heres a general breakdown of UK-based rigging replacement costs. including materials and professional labor.

Boat Size.
Under 3o ft
3040t
g0-s50ft

softe

Estimated Cost (Stainless Steel)
£1000 - £2500

£2.500 - £4.500

£4500 - £7.000+

£7.000 - £15.000¢

Example Yachts

Hunter Sonata, Twister 28, Sadler 25
Westerty Corsair, Victoria 30, Bavaria 37C
Beneteau Oceanis 411, Moody 47. Bowman 40

Starlight 46, Oyster 56. Hallberg-Rassy 53
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Stainless  MildSteel  Mild Steel Aluminium  Negative (-) vs

Requirement  Weighting

Steel316 (Rubber) (Galv) A356 Positive (+)
Corrosion Resistance 5 5 5 4 4 4 + Should not react or corrode in saltwater environment
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% Tangential velocity is radius multiplied by angular velocity
% Cosine component added to isolate vertical movements (x axis)
Vertvel = abs(BoomLength .* AngularVel(1:(RollPeriod/4) / SimStep) .* cos(T

disp("Roll device max velocity: " + max(VertVel) + " m/s’
MaxRestore = max(abs(BoomForce));
disp("Max Restoring Force: " + MaxRestore + "N");

% Taking 5 discrete points for the velocity to feed into the fluid flow
% simulation

Discstep = (size(Vertvel,2)/5);
Sinvel = VertVel(DiscStep/2:DiscStey
BFHalfRoll = abs(BoomForce(1:70));

end);

% Manually entered simulation results stored as vector for discrete points.|
SimResults = [0 -9.97 -120.57 -325 -555.51 -713.48];

MaxDrag = max(abs(SimResults));

disp("Max Device Drag: " + MaxDrag + "N");

disp("Max Migitation: " + round((MaxDrag/MaxRestore)*160,2) +

% Interpolation parts and simulated results to match vector of half roll.
n = length(Vertvel);

IndCFD = linspace(1, n, length(SimResults));

IndFull = 1:n;

i1tRad(1: (RollPeriod/4) / Simstep)));

InSimRes = interpl(IndCFD, SimResults, IndFull, “pchip”);
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