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[bookmark: _Toc102750325]Abstract
The purpose of this research paper is to adapt a methodology for the optimisation of composite laminates for use in the structural design of white water kayak paddles. the purpose for the optimisation of the product structure is to develop a paddle blade that would meet the same requirements in terms of stiffness as previously manufactured paddles whilst also reducing the mass of the paddle blade. This reduction in mass would benefit users of the paddle by reducing waste energy spent holding the paddle up instead of pulling it through the water generating acceleration of the kayak. In order to complete this project research was conducted into the application and design history of the product. this information was used to inform a hydrodynamics study conducted with the purpose of analysing flow characteristics around a white water kayak paddle whilst also gaining key information on the forces acting upon the kayak paddle when in use. This information was used to develop an optimised stacking sequence for a white water kayak paddle using carbon epoxy laminates through the use of finite element analysis and optimisation techniques. 
The results of this research showed promise that an optimised stacking sequence for a white water kayak paddle blade could be produced using similar techniques. while this research does achieve this primary aim it was concluded that further progression to produce a lighter paddle with the same stiffness Maybe possible by considering more variables such as other materials geometric designs and ply orientations. 
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1. [bookmark: _Toc70613071][bookmark: _Toc102750328]Introduction
1.1. [bookmark: _Toc102750329] Sport Background
Whitewater kayaking is a sport where the participant propels their kayak down a fast-moving turbulent river using a paddle. The Kayak paddle works as a tool to transfer force from the paddler into the water, the resistance of the water to this force accelerates the kayak in the desired direction. The hydrodynamics of how the water flows around the paddle blade controls how the power is transferred from the athlete to the water and therefore the acceleration of the kayak. There are a variety of factors that can significantly affect the hydrodynamic effects of the paddle stroke such as blade design, technique, distance from the kayak and the turbulence of the water.
[image: A picture containing outdoor, nature, waterfall, wave

Description automatically generated]There are three different types of white-water kayaking, recreational white-water kayaking where paddlers move down a white-water river with no competitive elements (Manby, 1999) as shown in Figure 2. Next is exploratory Kayaking where paddlers travel to rivers, waterfalls or rapids that have not been paddled before with the express purpose of completing a first descent(Dickinson, 1977; Heurteau, 2017).[bookmark: _Toc102729294]Figure 1 First descent of the Malupa Rapid, Rhondu Gorge, Indus River, Pakistan (Lindsay, 2020)
[bookmark: _Toc70612700][bookmark: _Toc70613100][bookmark: _Toc102729295]Figure 2 Descent of Alexandra Falls, Hay River, Northwest Territories, Canada  (Grady, 2018)
[bookmark: _Toc70612702][bookmark: _Toc70613101][bookmark: _Toc102729296]Figure 3 North Fork Championship 2019 (Leeds, 2019)

Finally, there is competitive white-water kayaking where paddlers race against each other head to head or against the clock to be the fastest from start to finish. These races usually involve some key targets in some extreme white-water. Examples of these types of events can be seen below.  The [bookmark: _Toc70612703][bookmark: _Toc70613102][bookmark: _Toc102729297]Figure 4 King of the Alps 2017 (Mai, 2017)

Unlike other forms of kayaking white-water kayaking is not an Olympic sport, many of the larger competitions are also not supported by the International Canoe Federation (ICF). However, there is an emerging discipline called extreme slalom that combines aspects of both white-water kayaking and slalom kayaking. In extreme slalom athletes race, head to head on a modified course where there is a much higher likelihood of hard contact between the athletes and their equipment (International Canoe Federation, 2021). The inclusion of extreme slalom as a sport in the Paris 2024 Olympic cycle has subsequently caused an increase in funding available to its athletes by the national federations, this will also increase participation levels at all stages of competitive white-water kayaking(International Canoe Federation, 2020). 
As the sport progresses by finding new locations to paddle, bigger and harder rivers with a higher consequence of failure or the increasing prominence of competition at an international level the equipment used must be developed to meet the needs of the user. A commonality between both areas of the sport are paddles which need a high level of strength to be able to withstand the forces acting on them, while also providing the stiffness required to allow the maximum possible power transfer between the athlete and the water, thereby, allowing faster acceleration of the kayak. The goal of this project is to optimise the structural design for composite materials in competitive white-water kayak paddle manufacturing to increase the strength and stiffness of the product.
2. [bookmark: _Toc69924353][bookmark: _Toc69980397][bookmark: _Toc70613072][bookmark: _Toc102750330]Research Aim and Objectives 
To complete this project, specific research aims must be used to ensure that the project remains on track. Within each of these aims, several objectives will be used as more specific tasks that must be completed to achieve the research aim.
2.1. [bookmark: _Toc69924354][bookmark: _Toc69980398][bookmark: _Toc70613073][bookmark: _Toc102750331] Research Aims
The aim of this research project is to develop a methodology for the optimisation of composite laminates that can be implemented by micro enterprises in the extreme sports industry through a case study.
To use computational analysis and simulations to optimise the lamina stacking sequence in a competition white water kayak paddle, to limit the deflection and stress concentrations in white water kayak paddles under loading whilst maintaining a lightweight product.
2.2. [bookmark: _Toc69924355][bookmark: _Toc69980399][bookmark: _Toc70613074][bookmark: _Toc102750332] Research Objectives
· [bookmark: _Hlk69307363]To use a combination of computational analysis and simulations along with secondary research data to determine the lift and drag forces acting on the kayak paddle blade whilst in use. 
· To analyse the effects of key design features from different kayak paddles and how they affect the forces acting on them.
· To determine how these key design features affect the performance of the kayak paddle.
· To use the forces calculated from the computational analysis to determine where stress concentrations are located within the product and what the largest magnitude of stress is during use.
· To use the forces calculated from the computational analysis to determine the location and magnitude of the maximum deflection.
· To use computational optimisation methods to minimise the effects of stress concentration zones and to strengthen the paddle whilst also limiting any additional unnecessary weight




3. [bookmark: _Toc69924356][bookmark: _Toc69980400][bookmark: _Toc70613075][bookmark: _Toc102750333]Literature Review
This section will review a wide variety of literature on the topic areas detailed in the research objectives including forces acting on kayak paddles, the calculation of lift and drag forces, previous designs and materials, and calculation of magnitude and location of stress concentrations and theoretical optimisation. [bookmark: _Toc70612704][bookmark: _Toc70613103][bookmark: _Toc102729298]Figure 5 Whitewater kayaker taking a forwards paddle stroke (Barwick, 2019)

[bookmark: _Toc69924359][bookmark: _Toc69980403][bookmark: _Toc70613078][bookmark: _Toc69924357][bookmark: _Toc69980401]When analysing the kayak paddle stroke the primary interests are the propulsive efficiency and energy transfer between the paddler through the paddle into the water (Sumner et al., 2003; Gomes et al., 2011). An efficient kayak stroke is achieved when the majority of the energy applied by the paddler through the paddle is transferred into the water generating forward propulsion of the kayak. The propulsive power generated in a paddle stroke that is calculated or measured in several previous papers (Aitken and Neal, 1992; Sumner et al., 2003; Gomes et al., 2011; Plagenhoef, 2013)  include only factors applicable to flatwater kayaking such as the speed of the blade relative to the kayak and the hydrodynamic force generated by the blade when in the water. During this study it is vital to also include the force acting on the paddle due to the velocity of the fluid in the opposing direction to the motion of the paddle, as this is likely to greatly increase the force acting on the paddle, thereby, changing the required properties of the end product.
In their paper “Fluid forces on kayak paddle blades of different design” Summer et al (2003) conclude that the effects of the intricacies of paddle design when compared with a flat plate are minimal, however, these effects become more significant at higher pitch angles during the catch and exit phases of the paddle stroke. This will be assessed further in the hydrodynamic study conducted in section 4 of this report. In contrast, the article also discusses the potential for inefficiencies in the paddle stroke caused by alteration of the yaw angle or sideways movement of the paddle, known as flutter. Flutter is usually caused by the overloading of the paddle blade. Paddle design has improved since the report by Sumner et al in  2003, a design feature that has increased in popularity across different paddle manufacturers since its introduction by Werner paddles is a prominent dihedral shape along the center of the paddle blade. Werner Paddles (2021) claim this design reduces the effects of flutter and increase efficiency.
There has also been very little research in this area to either substantiate or refute these conclusions. The experimentations conducted during this research will seek to confirm these conclusions, if this is confirmed the only noticeable change to the drag and therefore the propulsion of the kayak would be the surface area of the blade. This would mean that the design of the blade only affects the way in which the paddle blade moves through the water. 
[bookmark: _Toc102750334]3.2. The Kayak Paddle Stroke
[image: ]Kayak paddle blades are the sections of the paddle used to transfer power between the paddle and the water. The paddle blade has several forces acting on it, additionally, the forces applied to the paddle shaft should also be considered as they too influence the deflections during use. This is displayed below in figure 6.[bookmark: _Toc102729299]Figure 6 Video Still of Canoe Sprint Athlete with Superimposed Blade Path as Traced by Tracking Handle Points (Dana Morgoch, 2016)

In Figure 6 the athlete pushes forwards and downwards with their top hand while simultaneously pulling back with their bottom hand. While this image is of a flatwater canoe sprint athlete the paddle stroke shape is very similar to a kayak as can be seen below.
[image: A picture containing water, sky, rowing

Description automatically generated]From the images shown above in figure 7, it was decided that the simulations would be taken at 10° increments with the paddle starting at 70° from the forward horizontal replicating the catch phase to 130° from the forward horizontal replicating the exit phase of the stroke. When this is combined with the flow of the river and the resulting drag acting on the paddle blade this creates a macroscopic representation of a three point bend test. [bookmark: _Toc102729300]Figure 7 Kayak paddle stroke phases a) entry b) catch c) pull d) exit e) recovery (Bonaiuto et al., 2020)

A small number of papers have studied the forces acting on kayak paddles Stothart et al (1986) first developed a system to measure the force applied to a kayak paddle in 1986, by implementing strain gauges to measure the bend in the shaft which could be used to calculate the force applied to the paddle. In a comparative biomechanical study, Fleming et al (2012) used strain gauges attached to both a kayak ergo and a paddle used during on water testing and calculated an average peak force of  223N for the ergo and 238N for the on-water testing. In contrast, Sprigings et al (2006) conducted a similar study using force transducers attached to a kayak ergo and measured an average peak force of 270.4N, which is higher than the average calculated by Fleming et al (2012), however, when the likelihood of using a different athlete is considered it is not unreasonable to expect variations in the values observed. 
While the studies are useful in considerations made during this project, it must be considered that these values were taken from flatwater sprint kayak applications. In such circumstances, there is very little to no flow of the fluid other than that caused by the motion of the boat passing through the water as it accelerates and is propelled by the paddle.
Other forces that should be considered during this project include the paddle’s impact on rocks or other objects in the river as well as paddles use as a reaching implement in rescue scenarios.

3.1. [bookmark: _Toc102750335] Previous Design and Materials 
3.1.1. [bookmark: _Toc102750336]Design History and Features
[image: Shape

Description automatically generated]Since the first Kayak paddles were used by the Inuit there have been a wide variety of designs of kayak paddles. Kayak paddles have diversified in both design and materials as new disciplines of the sport are developed. For example, many sea kayakers prefer to use a traditional Greenland paddle shown below in figure 9 which is very different to modern white water paddles shown below in Figure 8.[bookmark: _Toc102729301]Figure 8 Werner straight shaft white water kayak paddle (Werner Paddles, 2021d)

[image: A wooden flute on a white background

Description automatically generated with low confidence]The whitewater kayak paddle consists of a shaft which can either be straight or cranked (asymmetric bend to increase ergonomics) and two paddle blades one at each end as shown above. The Paddle blades on modern white water kayak paddles tend to be asymmetrical and slightly concave (on the power face) to increase the amount of water that can be moved by the paddle stroke thereby increasing the resistance against the paddle blade and increasing the propulsion of the kayak (Olympic Outdoor Center, 2021).[bookmark: _Toc102729302]Figure 9 Wooden Greenland Paddle(east pole paddles, 2021)

More recently paddle designs have diversified further. Within white water kayak paddle designs, there are different designs for recreational white water and competitive white water racing as shown below. The below Figure illustrates some of these variations from a single popular kayak paddle manufacturer. 
[image: ]The Werner powerhouse shown in figure 10 is a standard white water kayak paddle designed for use on a wide variety of levels of white water. The blade has a dihedral shape that is reported to provide a smoother more stable paddle stroke by reducing the lateral movement of the blade known as flutter (Werner Paddles, 2021b).[bookmark: _Toc70612708][bookmark: _Toc70613107][bookmark: _Toc102729303]Figure 10 Different designs of white water kayak paddle blades (A) Werner Powerhouse (B) Werner Stikine (C) Werner Odachi (Werner Paddles, 2021b, 2021c, 2021a)

The Werner Stikine’s blade is much like the Powerhouse’s in that it has been designed for use on a wide variety of white water, however, with its longer narrower shape the paddle is reportedly better suited to longer trips where the paddler’s physical fatigue may become a factor. the blade is also flatter than the Powerhouse or the Odachi blades these designs would result in increased flutter (Werner Paddles, 2021c).
The Werner Odachi paddle blade was designed for competitive white water kayaking with a larger more symmetrical blade for increased propulsion and an increased shaft to blade offset, this enables a smoother entry into the water, it also keeps the blade more vertical throughout the stroke. Finally, a more aggressive dihedral shape is added to counteract the larger size of the paddle blade reducing flutter and physical fatigue on longer races (Werner Paddles, 2021a).
The final feature that should be considered is how the paddle blade and paddle shaft are joined together some paddle manufacturers produce monocoque paddle halves, which means that the paddle blade and the corresponding half of the shaft are manufactured in one piece this reduces the potential for stress concentrations, however, it also increases the cost of a replacement should damage occur. Other manufacturers, however, use an adhesive and contact fit to join the sections of a paddle(GPower Paddles, 2021; Werner Paddles, 2021b). This feature will be investigated to determine whether the stress reduction would be worth the risk of the additional expense if the paddle became damaged.
This project will analyse the effects that these design features have on the lift and drag forces applied to the kayak paddle and determine what effect this would have on the performance of the paddle blade.
3.1.2. [bookmark: _Toc102750337]History of Materials Used in Paddle Manufacture
Composite materials were first introduced to canoeing and kayaking in the early nineteen seventies (Ainsworth Paddles, 2019). A survey conducted in 2018 looking into the damage in kayak paddles shows that composites have become the primary material used in the manufacture of kayak paddles. It identifies that over 46% are constructed wholly from carbon epoxy composites and over 75% have carbon epoxy composite components. These materials are used to improve the stiffness to weight ratio of the overall product  (Chappell, 2018). Carbon fibre is used as an alternative to, in addition to or as a replacement for fibreglass. Fibreglass previously replaced traditional hardwood paddles. This change resulted in further improvement in performance at the elite level, with falling world record times and faster course records (Calverly, 2019). Carbon fibre is now much more prominent within the paddlesports industry and is used in over half of all kayak paddles in the UK(Chappell, 2018).
Whitewater Kayak paddles are manufactured with a high level of stiffness to maximise the efficiency of the energy transfer between the paddler and the water. The stiffer the paddle the more energy it will transfer, therefore, a higher percentage of the energy expended by the paddler is transferred through the paddle into the water enabling the paddler to propel the boat faster through the water (Jackson, 2020). However, it should be considered that a stiffer paddle can deform less and therefore absorbs less energy due to impacts, this may lead to premature and potentially catastrophic failure of the paddle.
Composite materials are also used in the manufacture of kayak paddles to reduce the mass of the product so that the user expends less energy holding the paddle up. When they were first introduced to the paddle sports industry carbon fibre paddles were designed specifically for elite athletes to aid their performance. However, as with many sporting technological advances, the implementation and benefits of the change have filtered down to be used much more widely at all levels of the sport (Chappell, 2018; Jackson, 2020).
Carbon epoxy composites, however, are not perfect. When compared with the fibreglass products they replaced it was found they were a lot more brittle. This resulted in an increase in damaged boats and paddles. This continued until a carbon Kevlar hybrid fabric was introduced and used in combination with carbon fibre fabric around 1990 (Calverly, 2019).
3.2. [bookmark: _Toc69980402][bookmark: _Toc70613077][bookmark: _Toc102750338] The Calculation of Lift and Drag Forces. 
Lift and drag are the two primary hydrodynamic forces that act on the paddle as it is pulled through the water (Morgoch, Galipeau and Tullis, 2016). During this study, the lift will be considered as the vertical component of the water’s resistance to the movement of the paddle. This is caused by the paddle blade entering the water at an angle, a portion of the force created by the water flowing past the kayak will act to push the paddle vertically up out of the water. During this study, drag will be considered as the horizontal component of the water flowing past the kayak and resistance to change in direction.
To enable this study to be achievable within the timeframe and scope of this project a decision has been made to run the simulations as several quasi-steady studies at key stages in the paddle stroke. Because the paddle blade changes angle as the athlete pulls the paddle blade through the water, as shown in figure 6, several simulations will need to be completed and analysed. This is required to obtain the best representation of what happens to the fluid flow and the forces at each stage. Provided that the results correlate this will enable an estimation of the resultant force on the paddle blade throughout the paddle stroke. In his paper Simulating the Blade-Water Interactions of the Sprint Canoe Stroke (Morgoch, 2016) states that this method of modelling the fluid flow around a paddle is not the most accurate method for the calculation of lift and drag forces, however, the computational and time constraints placed on the project made this approximation methodology necessary.
To calculate the lift and drag forces acting on the kayak paddle the coefficient of lift and drag must be calculated. The coefficients of lift and drag are dimensionless values that are used to consolidate many of the complex dependencies such as shape, flow characteristics and incline. These values are collected experimentally or from computational simulations. The equations to convert these values into lift and drag forces that will be used during the structural analysis section of this project are shown below.
	
	

	· Equation 1

	
	

	· Equation 2


(Morgoch, 2016)
The lift and drag values will be used to calculate the magnitude and direction of the resultant force acting on the paddle. This will be used to calculate the deflection in key areas of the paddle to enable the creation of better optimisation of the composite stacking sequence. 
3.3. [bookmark: _Toc102750339] Turbulence Modeling
Turbulence modelling dictates how a CFD solver solves for fluid flows close to geometry parts that have separated from laminar flow and become turbulent, along with turbulent flows in the wake region. Due to the primary purpose of this report being the development of the structural optimisation methodology it was decided that the hydrodynamic investigation should be kept simple, this was justified because there are other papers detailing a better methodology for analysing the fluid flow over a kayak paddle. For this reason, the more complex turbulence models that are more accurate but much more computationally intensive were discounted. 
The k-epsilon model is a two equation model used when the convection and diffusion in all the fluid are not negligible such as when the flow structures contain recirculating flows such as those seen in the wake of a paddle blade. Advantages of the capsule on the model include, that it is the simplest turbulence model for which only initial or boundary conditions need to be supplied, and also, that it is a well established and widely validated turbulence model. However, the model is reported to underperform in unconfined flow areas with weak shear layers such as wake regions. This is because in large parts of these flows the rate of production of turbulent kinetic energy is less than the rate of dissipation(Malalasekera and Versteeg, 1995).
The k-omega model is also a two equation model that solves two transport equations (PDEs) which account for historic effects. the two transported variables are turbulent kinetic energy (k) and specific turbulent dissipation rate (ω). The k-omega model can also be combined with shear stress transport (SST). This switches the formulation to a k-epsilon behaviour in the free stream. This reduces the sensitivity of the model to the effects of the inlet freestream turbulence properties. On the other hand, the k-omega SST model has its disadvantages, the addition of shear stress transports produces large turbulence levels in regions with large normal strain such as stagnation regions and regions with strong acceleration (Hellsten, 1998).
The Transition SST model is a development of the K Omega SST model that combines the two equations discussed above with two further equations one for the intermittency and one for the transition onset criteria using empirical correlations developed by (Menter et al, 2002). The intermittency factor calculated creates (or extinguishes) turbulence by slowly introducing turbulent production at the laminar-to-turbulent transition region. The transition onset criteria is calculated so that there is a local method for determining the transition location.
3.4. [bookmark: _Toc69924362][bookmark: _Toc70613079][bookmark: _Toc102750340] Calculation of Magnitude and Location of key deflection points
[bookmark: _Hlk70612111]The force data collected from the fluid dynamics study will be used to create a finite element analysis study to calculate the Magnitude of Deflection of the paddle. This data can then be used as constraints for optimising the composite stacking sequence. It is unlikely that the kayak paddle would become damaged purely from the force applied by pulling it through the water (Chappell, 2018), therefore, a further study will also be completed to analyse the stress concentrations when the paddle blade comes into contact with a solid immovable underwater object (rock, tree etc). To streamline this study, the simulation will be set up at the blade position where it is already under maximum stress from the fluid flow, and the constraints will also be set in a “worst case scenario” position where the immovable object stops the paddle blade at the furthest point from the force application, the lower hand on the paddle shaft. 
The maximum deflection of the paddle blade will be calculated during the simulations, in terms of performance an ultimately stiff paddle would provide a better power transfer because none of the energy would be absorbed by the paddle, however, this limits the ability of the paddle to distribute applied loads making it more likely to become damaged under certain loading conditions. Therefore, a small amount of flex is necessary to prevent the paddle from becoming damaged too easily without causing a large decrease in power transfer (Staab, 2015). This small amount of flex also reduces the detrimental biomechanical effects of the cyclic loading of the muscles and joints on the athlete when used for long periods of time (Jackson, 2020). 
3.5. [bookmark: _Toc102750341]Optimisation in the Design Process
The traditional method for engineering design optimisation is a process involving the identification and correct combination of product parameters. Including materials, design features and topology, this was often done manually this was both time consuming and inefficient (Roy, R., Hinduja, S. and Teti, R., 2008).
conducting engineering design optimisation requires the engineer to have knowledge of the current design stage, design variables and their upper and lower limits (independent variables), constraints, measurement of the design (objective) performance (dependent variables) (Roy, R., Hinduja, S. and Teti, R., 2008). The level of information possessed about each of the design variables will vary from project to project and will increase as the design process progresses. However, the further through the design process the project progresses the higher the committed and incurred costs rise. And the lower the design freedom becomes. It is for this reason that it is vital that optimisation is implemented as early as possible once the prerequisite information is obtained to not only attain the maximum possible benefit from the less restricted options for optimisation but also to reduce the financial development cost incurred as the design process progresses and prototypes or specialised tools are required this is summarised in the graph below taken from 
[image: Diagram, engineering drawing

Description automatically generated](Agouridas et al., 2006).[bookmark: _Toc102729304]Figure 11 Superimposed cost and design paradox curves (Agouridas et al., 2006)


3.6. [bookmark: _Toc102750342]Optimisation of Composites 
The orthotropic nature of composite materials is simultaneously one of its biggest strengths and greatest weaknesses, however, This also lends composite materials to optimisation processes that utilise the directional strengths of the fibrous reinforcement to apply strength and stiffness only in the desired directions, thereby reducing unnecessary additional mass.  
The process of composites optimisation has been modelled using computer simulation to enable much faster calculation of laminate properties along with analysis of loading scenarios. This combination allows the software to iteratively calculate the level of constraint violation and objective value for laminates with different; numbers of plies, stacking sequences, the orientation of ply fibres and the location of patches (Lake, 2021). This process is known as topometry optimisation and this will be undertaken in design studio 18.0.
The optimisation process utilised in the design studio is a gradient based optimisation system. This means that the process works similarly to trial and error,  it evaluates each answer to determine whether it has met its constraints and its objective value. If it has then it will proceed in the same way continuing towards meeting the constraint or improving the objective until it cannot improve any further.
3.6.1. [bookmark: _Toc70613080][bookmark: _Toc102750343]Validation Methods 
The finite element analysis simulations will be validated using physical testing provided local covid-19 restrictions and time constraints allow. The methodology for the physical testing will be outlined as part of the structural optimisation study detailed in Section 5 of this report.
3.7. [bookmark: _Toc70613081][bookmark: _Toc102750344]Theoretical Optimisation Methods 
To optimise the structural design and the lamina stacking sequence FEA will be used. When using finite element analysis the failure criteria must be considered. Soden et al (1998) produced a journal article on the comparison of predictive capabilities of current failure theories for composite laminates and found that even at the most simplistic level (unidirectional fibre reinforced lamina) there is a large difference between the failure envelopes from each method varying up to 570%. For this reason, the part of blade will be constrained by maximum allowed deflection instead of maximum allowed stress although this will be taken into account and considered during the optimisation process to ensure that the failure stress of the laminate is not exceeded
3.8. [bookmark: _Toc102750345] Small Manufacturing Enterprises (SMEs)
[bookmark: _Hlk102564985][bookmark: _Hlk102564963][image: ]Small manufacturing enterprises are defined by Kim et. al(2008) as “companies that have significant intangible assets but have a finite amount of capital or other resources to aid their marketing and manufacturing” this is defined further in the report for the European commission (Sylvest et al., 2018) as shown in the table below.[bookmark: _Toc102729238]Table 1 Definition of micro, small and medium sized companies

This is thought to be due to their constantly changing product market and in many cases reliance on word of mouth advertising. Therefore, the enterprise's ability to obtain and manage resources, expertise and personnel is critical to the success of the company(Kim, Knotts and Knotts, 2008). Many companies within the extreme sports industry fall into either the micro or small enterprise categories(Jones, 2017; McConacchie, 2017).
The processes and methodologies used within this research could incur a significant financial outlay for a small or micro enterprise both in terms of the acquisition of physical assets (software and hardware capable of utilising it) and the time taken to learn how to use them effectively or cost of hiring an engineer/consultant that already has the requisite experience. This cost could be greatly reduced by outsourcing the design optimisation process to a consultancy company the cost of which could then be amortised over the life cycle of the product(Lake, 2021). However, consideration should be made for the number of projects that would be outsourced when compared with the cost of an ‘in house’ design and optimisation department. 
3.9. [bookmark: _Toc102750346] Current Paddle Choice and Creation of CAD Models
The currently manufactured paddles used in this report the Gpower rile ergo and the Select river. These are two popular white water kayak paddles currently in use globally. Initially, it was intended that at least three paddles would be used in this research, however, the creation of card models for each of the paddle blades took significantly longer than expected and when combined with the additional time taken to study the hydrodynamic differences between the paddles it was decided that this would be reduced to the two paddles listed above. if further work was to be completed then more current paddle designs should be studied to gain a better understanding of the effects of key features of the paddle blade.
3.9.1. [bookmark: _Toc102750347]Creation of CAD models
A number of different techniques were attempted to enable an easy generation of CAD models of each of the currently manufactured paddle blades including CMM measuring and 3D scans.
Initially, a coordinate measuring machine (CMM) was used to map the surface of the paddle blade to create a 3D point cloud file that could be manipulated to create a CAD geometry file. However, the software used was unable to create a geometry file based off the point cloud map, however, some key information was taken from this process including the offset angle for a cranked paddle.
Subsequent attempts were made to collect a 3D scan of the paddle blade surface using a Kinnect 3D camera. the connect uses multiple cameras placed at different locations to map changes in the geometry of the object in three dimensions. Unfortunately, the slim edge profile of a kayak paddle blade proved to be too thin for the Connect to recognise when aligned in the direction of the camera lenses. This resulted in large distortions of the mapped geometry to the point that it would be inefficient to attempt to correct in the CAD software.
Finally, each of the paddle blades was measured by hand to create the 3D geometry within the Solidworks Software package. This was accomplished by creating multiple planes across the width of the paddle and at set intervals along the length of the paddle and creating 2D cross-sectional sketches that could be linked together by 3D spline curves which allowed the paddle to be lofted from the shaft to the blade tip.


4. [bookmark: _Toc102750348]
Hydrodynamic Study 
This section will detail the process, results and analysis of the computational fluid dynamics study conducted in order to determine the forces acting on the kayak paddle under prescribed conditions. 
4.1. [bookmark: _Toc102750349] Methodology
The Hydrodynamic study conducted within this project was undertaken using ANSYS Workbench 16.2 along with the subprograms ANSYS Geometry (domain construction), ICEM CFD (Mesh set up and evaluation), ANSYS Fluent (Simulation) and ANSYS results (post processing and analysis). 
Before the first simulations could be run many decisions were required regarding how to set up the simulation for the best results, these included; steady vs transient simulation, how best to model a stationary paddle to replicate a non-stationary paddle in practical application, the appropriate fluid velocity to replicate the real world fluid flow patterns and the effects that they would have on the paddle.
4.1.1. [bookmark: _Toc102750350]Set Up Considerations
Steady vs transient
The flow state of the fluid flow simulations depicts the time relative nature of the fluid flow. Steady flow simulations use a flow pattern that does not change over time. This can be used to computationally replicate wind tunnel tests or model fluid flow over a vehicle moving at a uniform velocity. Transient flow simulations, however, have properties that change over time. Transient simulations can be used to model complex flow streams such as those seen on a wind farm (Malalasekera and Versteeg, 1995). Given the nature of the intended application, a transient model may provide more information on the forces acting on the kayak paddle. The transient models are much more computationally and mathematically complex, therefore, given the scope and time constraints of this project, coupled with limited computational power available the decision was made to run the simulations using a quasi-steady state fluid flow and simulate the flow over the paddle at multiple positions along its path to enable an approximation of the fluid flow over the paddle along its travel path.
4.1.2. [bookmark: _Toc102750351]Meshing Considerations
This section will detail the meshing considerations taken when developing the final mesh used in this hydrodynamic study.
Structured vs Unstructured Mesh
The software used in this hydrodynamic study was ANSYS workbench v16.2 within which ANSYS fluent was used to complete the calculations necessary for the simulation. ANSYS Fluent is a finite volume-based software that discretises the domain into smaller 3D elements that can be better approximated to the actual solution than calculating for the entire domain. There are two categories for the creation of volume based meshes, structured and unstructured meshes. Structured meshes have implicit connectivity between elements this allows for easy identification of elements and nodes. Structured meshes allow for the program to enumerate nodes in such a way that adjacent elements or nodes can be called by calculating their position as the size of each element does not change, instead of having to store this information. This can result in faster meshing times and solution times. However, structured meshes are restricted to those cases where the physical domain can be transformed into a computational domain through one-to-one mapping. For more complex geometries, however, such a mapping process may require so much manipulation that they become inefficient. In cases like this structured mesh generation methods are abandoned in favour of unstructured meshing methodologies, where there is no requirement for transformation of the physical domain into the computational domain (Srinivas and Fletcher, 1992; Chung, 2002).
Unstructured meshes use general connectivity (GCON) between nodes. The structure of these meshes is arbitrary and therefore the location data and adjacency lists between elements must be defined and mapped to each node, this can result in longer mesh generation times than the structured meshes detailed above. Unstructured GCON elements are usually non orthogonal triangles (2D) or tetrahedra (3D). However, due to the unstructured nature of GCON meshes they conform more easily to complex geometries and are therefore preferable in certain applications. It is for this reason that it was decided that an unstructured mesh would be applied in the hydrodynamic study carried out in this report (Chung, 2002).
Stationary paddle 
A decision was made that the study would not implement the use of a dynamic mesh (caused by the movement of the paddle within the domain) because this is far more computationally intensive than a standard mesh and would have resulted in a reduction in the mesh refinement possible on the PCs available. Therefore, it was decided that a standard mesh that was further refined in key areas would be used in this study.
Mesh refinement 
Standard practice according to (Yadav and Lanfrit, 2005) was followed in this report. The guidelines provided divide the meshing process into three stages, the first is global adaptation where the mesh for the entire domain is manipulated. This is followed by regional refinement, which allows for greater refinement of the mesh specifically in key areas of interest such as the area in front of the kayak paddle and the wake region immediately behind the paddle. Finally, the mesh controls are considered including the application of different mesh types to better model the near surface fluid geometry interactions than the regionally refined mesh. This methodology is corroborated by (Srinivas and Fletcher, 1992).
During this research, a mesh independence study was attempted, however, the limitations on the maximum number of elements that could be used without causing unreasonably long calculation times prevented the completion of this study. For this reason, the mesh was refined as efficiently as possible to enable further refinement in other locations. 
Convergence criterion 
Due to the change in the geometry of the part being investigated between each of the simulations, it was decided that the convergence criteria were not best suited to this study. To limit the effects of early convergence stopping the simulations all of the simulations were limited to 1000 iterations by which time each of the simulations had converged.
4.1.3. [bookmark: _Toc102750352]Fluid Velocity 
[image: ]The fluid velocity of many white-water rivers varies greatly throughout the year due to different weather conditions. This makes it difficult to determine a single velocity to use in the fluid simulations. Therefore, the fluid flow rate of a range of white water rivers that are used for extreme kayak races on the dates of the respective races was collected along with information on the approximate width and depth of the rivers at their narrowest and shallowest point. This information was used to calculate an approximate flow velocity. [bookmark: _Toc102729239]Table 2 Table of fluid flow velocities for different rivers.(Bandtock, 2004; United States Geological Survey, 2021a, 2021b, 2021c)

The flow velocity calculations for the rivers showed that the largest velocity was at the North Fork Championship (NFC) on the Payette River, Idaho, United States. This was chosen as the velocity for the fluid simulations as it would be the theoretical “worst case scenario” meaning that if the paddle blade could withstand these forces then they could withstand smaller forces. The calculations for the flow velocity are shown below.




Using an experimentally measured cadence (stroke rate) of 120 strokes/minute and an average stroke length of ≈0.75m the paddle blade would be moving backwards at 1.5m/s.



Several assumptions were made to calculate the flow velocity of the river, firstly, that the river is uniform in depth across its width, another consideration is that the dimensions of the rivers used are estimations taken from the United States geological survey website and a popular whitewater kayaking guidebook, however, the river is a part of a natural environment that is constantly changing.
This method of calculation also assumes that the fluid is in a laminar flow state moving through a uniform cross-section, however, this is almost certainly not the case as the different features of the riverbed along with the high velocity of the fluid create a very turbulent flow. However, it is not possible within the scope of this project to obtain more accurately measured flow velocities. This assumption will be taken forward into the hydrodynamic simulations as it is not possible to accurately replicate the flow pattern seen in the natural environment which is also constantly changing due to the erosion and shifting of rocks on the riverbed. Finally, it is assumed that the turbulence caused by the irregular nature of the riverbed has very little effect on the mean fluid velocity. These assumptions were made with the purpose of creating a theoretical worst case scenario for the paddle blade where the peak force would be as high as possible given the flow velocity calculated above
4.2. [bookmark: _Toc102750353] Base case
A base case is the initial run of a CFD investigation used to gather preliminary information about the model and flow patterns around it. The base case is usually run with a particularly coarse mesh with little to no mesh refinement this is set purposely for the run to solve quickly with the understanding that the results will not be greatly accurate. The information gathered from the base case can be used to develop the engineer’s understanding of the simulation and enable the creation of a hypothesis for the remainder of the investigation.



4.2.1. [bookmark: _Toc102750354]Initial Set Up Parameters
	parameter
	value

	Domain size
LxWxH (m)
	3x2x1.5

	Global 
mesh size (m) 
	0.25

	part
mesh size (m) 
	0.005

	flow velocity (m/s) 
	4.513

	outlet condition 
	Pressure outlet
 set at 0Pa

	turbulence model 
	k-epsilon Realizeable


The initial set up parameters for the base case were that the domain size would be







[bookmark: _Toc102729240]Table 3 initial set up parameters for the base case simulation


4.2.2. [bookmark: _Toc102750355][image: ]Results[bookmark: _Toc102729241]Table 4 Base case results table

The base case results show that the domain size was too small and that the domain length needed to be increased both in front of and behind the paddle blade. This is done to prevent the high pressure region in front of the paddle or to ensure the wake region was not attached to or affected by the inlet or outlet. Also the domain width needed to be increased to stop the high pressure region in the wake of the paddle attaching to the sidewalls of the domain. 
The post processing results of the base case showed a very basic flow structure in the wake region behind the paddle blade. These results show that there are two recirculating eddy currents behind the paddle blade of approximately the same size and velocity. However, from results later in this study, it can be seen that this was not the case. The most probable reason for this error inaccuracy is the lack of mesh refinement used in base cases. 
4.3. [bookmark: _Toc102750356] Domain Independence Study 
The purpose of a domain independent study is to determine the size of the domain required so that the domain will have no impact on the results of the simulation (coefficients of lift and drag). However, it is important to remain efficient when conducting the domain independence study because the larger the domain the more elements will be required to fill it. 



4.3.1. [bookmark: _Toc102750357]Initial Set Up
the following parameters were used to set up the domain independence study.
	Parameter
	value

	Domain size
LxWxH (m)
	3x2x1.5

	Global 
mesh size (m) 
	0.25

	Part
mesh size (m) 
	0.005

	Flow velocity (m/s) 
	4.513

	Outlet condition 
	Pressure outlet
 set at 0Pa

	Turbulence model 
	k-epsilon Realiseable


[bookmark: _Toc102729242]Table 5 Initial set up parameters for the domain independence study
4.3.2. [bookmark: _Toc102750358][image: ]Progression and Results [bookmark: _Toc102729243]Table 6 results table for the domain independence study

The base case was used as an initial domain independence study run. The post-processing results showed that the domain needed to be extended both in front of and behind the paddle blade. The width of the domain also needed to be increased as the higher pressure region created by the wake of the paddle was connecting with the sidewalls of the domain. However, the height of the domain was not affecting the flow structures created by the paddle geometry and did not need to be changed. 
The base case study conducted in the previous section of this investigation was used as a starting point for the domain independent study. The results of the base case study showed the domain Lengthening and widening so that the flow structures created by the paddle blade were not affected by the walls surrounding the domain. for this reason, the length of the domain was increased to ten metres and the width increased to four metres. The results showed that although the flow structures were no longer affected by the walls surrounding the domain, they were also not close to the domain walls, this meant that the domain could be reduced in size without affecting the flow structures being analysed within the domain. For this reason, in the following and final run of the domain study, the length of the domain was reduced to five and a half metres, whilst the width was reduced to three metres. The post processing results from this simulation showed the flow structures in the wake region had returned to laminar flow prior to exiting the domain through the outlet. Also, the high pressure region in front of the paddle blade was not affected by the inlet conditions, the wake region was also close to the left and right wall of the domain but remained separated by a thin region of laminar flow illustrating that the walls of the domain had no effect on the flow structures analysed within. The post processing results also showed that there was very little unnecessary size of the domain this meant that there was no requirement to further reduce the domain size to lower the mesh element count to allow increased mesh refinement elsewhere.
4.4. [bookmark: _Toc102750359] Mesh Independence Study
4.4.1. [bookmark: _Toc102750360]Initial Set Up
[bookmark: _Hlk102116052]The following parameters were used to set up the mesh independence study
	Parameter
	value

	Domain size
LxWxH (m)
	5.5x3x1.5

	Global 
mesh size (m) 
	0.25

	Part
mesh size (m) 
	0.005

	Flow velocity (m/s) 
	4.513

	Outlet condition 
	Pressure outlet
 set at 0Pa

	Turbulence model 
	k-epsilon Realizeable


[bookmark: _Toc102729244]Table 7 set up parameters for the mesh independence study
4.4.2. [bookmark: _Toc102750361][image: ]Progression and Results[bookmark: _Toc102729245]Table 8 results table for the mesh independence study

[bookmark: _Toc102750362]1st Simulation
For the mesh independence study, the first simulation (run) was taken from the last run from the domain independence study. Using this as a starting point the global mesh and part mesh sizes were already considered to be quite fine and with the mesh refinement efficiency of key importance, it was decided that density boxes would be used to further refine the mesh in the areas of interest instead of refining the global mesh further. 
[bookmark: _Toc102750363]2nd Simulation
[image: ]
[bookmark: _Toc102729305]Figure 12 First mesh density box
For the second run, a density box was created around the paddle geometry appropriately sized to encapsulate the high pressure region in front of the blade and the majority of the large eddy current created behind the paddle blade. This density box had a mesh element size of 0.01m. The mesh refinement contained in the density box resulted in much smoother streamlines in the post processing application, also a much smaller less dominant eddy current peeling off the upper edges of the paddle blade this is shown in the comparison images shown below.a)  						b)
[bookmark: _Toc102729306]Figure 13 Flow pattern comparison between a) no density box and b) 10mm mesh density box

[bookmark: _Toc102750364]3rd Simulation
[image: Diagram

Description automatically generated]
[bookmark: _Toc102729307]Figure 14 Second mesh density box
For the third simulation, a second density box was added to the domain with an element size of 0.025m. this was located to capture the wake region as it moves out of the first density box. This had to be limited in size to ensure that the remainder of the wake was captured with an appropriate mesh element size. The comparison images below show that the second density box also smoothens out the streamlines, it also illustrates that the eddy current in the wake region is longer than the eddy current shown in the image of the second simulation with only one density box. This also illustrates that the separation of the laminar free stream is much longer than previously seen. Finally, both the second and third runs show an interaction between the eddy currents caused by the paddle and the surface wall of the domain the area of higher velocity suggests that there may be some differential in the height of the water between the front and the back of the kayak paddle as Morgoch (2016) illustrated with regard to a canoe paddle.
[bookmark: _Toc102729308]Figure 15 comparison images of the flow structures around a kayak paddle with different mesh refinements (top)no refinement (middle) one 10mm density box around the paddle (bottom) one 10mm density box around the paddle and one 25mm density box around the wake region

4th and 5th simulation
[image: A picture containing fabric

Description automatically generated]
[bookmark: _Toc102729309]Figure 16 Mesh cut plane showing prism layer growth from the part surface
During the 4th and 5th runs the prism layers were added into the mesh around the paddle blade in order to better represent the near wall flow conditions. In the fourth run, three layers were used, this is generally a minimum number for good practice. 5 layers were used in run 5 to act as a comparison for run 4. The additional layers had a minimal effect on the lift and drag coefficients or post processing results therefore it was decided that three prism layers would be used in further the simulations. In a perfect scenario, prism layers would have also been added to the surface wall in the wake region to obtain a better approximation of how the high velocity region close to the surface wall was affected by the proximity to the wall and form a hypothesis about how this flow structure would behave if a free water to air boundary had been implemented.
At the end of the mesh independent study, the domain size is checked to ensure that the increased massed refinement had not highlighted areas where the domain would now be affecting the flow structures created by the kayak paddle.

4.5. [bookmark: _Toc102750365]Turbulence model study
For the first three sections of this investigation, a k-epsilon realisable Turbulence model was used, before the angled paddle simulations were conducted it was decided that a turbulence model study would be conducted to evaluate the different recommended models for this investigation.
4.5.1. [bookmark: _Toc102750366]Initial Set Up 
The following parameters were used to set up the turbulence model study
	Parameter
	Value

	Domain size
LxWxH (m)
	5.5x3x1.5

	Global 
mesh size (m)
	0.25

	Part
mesh size (m)
	0.005

	Density box 1 
element size (m)
	0.01

	Density box 2 
element size (m)
	0.025

	Number of prism layers
	3

	Flow velocity (m/s)
	4.513

	Outlet condition
	Pressure outlet
 set at 0Pa

	Turbulence models
	k-epsilon Realiseable
k-omega SST
Transition SST


[bookmark: _Toc102729246]Table 9 initial set up conditions for the turbulence model study
[bookmark: _Toc102729247]Table 10 Turbulence model study results

As the results show there is very little difference in the lift and drag coefficients between the k-omega SST and transition SST models, however, there is a difference between them and the k-epsilon models. Because the k-epsilon model is described as being more appropriate for fully turbulent or fully laminar regions it would be the preferable model to analyse the flow structure in the eddy created behind the paddle blade, however, the high pressure region in front of the blade and its reaction with the laminar flow around it is of more interest to this investigation, therefore, the k-epsilon model was discounted from this investigation.[bookmark: _Toc102729310]Figure 17 Flow velocity streamlines for the k-omega SST model and the Transition SST model

As shown above there was very little difference between the k-omega SST model and the transition SST model. The differences that are there are that the eddy modelled by the k-omega SST turbulence model is slightly longer and taller. A decision was then made based on the computational time taken to complete the simulation. The transition SST model took over half an hour less to complete than the k-omega SST model so the Transition SST model was taken forward in the project.
4.6. [bookmark: _Toc102750367] Angled Paddle Simulations 
It was decided earlier in the project that the flow simulation over the kayak paddle would be taken at separate stages within the paddle stroke to enable an approximation of the forces seen in real world application, whilst enabling greater mesh refinement than would be possible with a dynamic mesh given the computational limitations placed on this project. As a result, it was decided that the paddle would be modelled at 10° increments between 70° and 130° to allow for approximation of the forces seen throughout the paddle stroke. Additionally, if necessary determine where the peak force is seen so that that angle can be modelled and simulated so the peak force data from the paddle stroke can be exported to be used in the structural optimisation study conducted later in this project.
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[bookmark: _Toc102750368]4.6.1. Results and Analysis
GPOWER
[image: ]
[bookmark: _Toc102729248]Table 11 Results table for Gpower Angled paddle simulations[bookmark: _Toc102729311][bookmark: _Hlk102720938]Figure 18 Results graphs for the coefficient of lift and drag for the Gpower paddle blade



SELECT
[image: ]
[bookmark: _Toc102729249]Table 12 Results table for Select Angled paddle simulations[bookmark: _Toc102729312]Figure 19 Results graphs for the coefficient of lift and drag for the Gpower paddle blade



The results from the angled paddle blade simulations followed the expected trend that the peak force would be approximately 90 to 100 degrees from the forward horizontal. This, however, excludes an anomalous result in the Gpower simulations at 130 degrees, after investigation, the cause of this anomaly is still unknown. There was also an anomalous result in the select simulations at the same angle, this result, however, was not higher than the peak at 100 degrees. One potential reason for these anomalous results at high paddle angles from the forward horizontal is related to the way the domain was constructed, indicating that the surface that would be a free surface boundary in the intended application was modelled as a wall for the purpose of simplifying the investigation. By analysing the pressure distribution contours in the post processing application, it can be seen that there is a high pressure region that forms in front of the paddle blade in each of the simulations, however, in the 130 degree simulation for each of the paddles this region is also attached to the surface wall. This would create additional drag that would not have been as established in the lower angle simulations. This is shown below in figure 20.a)  						    b)
[bookmark: _Toc102729313]Figure 20 Pressure contour plots for the 130 angled simulations a) Gpower b) Select

The coefficient of lift results were as expected. The coefficient moved from positive (lifting the paddle out of the water) to negative (pulling it down into the water) at angles higher than ninety degrees.
[image: A picture containing background pattern

Description automatically generated][image: ]The figure below shows the flow structures around each of the paddle blades at one hundred degrees from the forward horizontal using vector paths in post processing.[bookmark: _Toc102729314]Figure 21 Velocity vector plots showing the direction of the flow in the recirculating eddy currents

These results show that whilst the eddy currents behind the Gpower blade were taller in the y axis the eddy currents were longer behind the select paddle, this includes a longer high velocity region pressed against the surface wall by the water being pushed up behind the paddle blades due to the eddy current behind it. This should investigate the effects that this has upon the free surface boundary. Finally, the upper recirculating eddy current created by the Gpower paddle blade was significantly larger than the same eddy current created by the select paddle blade. This is likely due to the higher turbulent energy seen in the upper eddy of the Gpower blade than was seen in the same eddy in the wake of the select paddle.



5. [bookmark: _Toc102750369]Structural Optimisation Study
This section of the report will detail the structural analysis of the kayak paddle blade conducted using design studio finite element analysis and optimisation software. 
5.1. [bookmark: _Toc102750370] Topometry Optimisation.
There are several different options available within the software package design studio 18.0 for different types of topometry optimisation Each of which depends upon the combination of constraint data available and the objective of the optimisation study. 
5.1.1. [bookmark: _Toc102750371]Objectives
The dependent variable or objective of the optimisation is the property of the product that is being optimised. the objective used depends upon the product and application of the product in question. For a white water kayak paddle, for example, the objective would be to reduce the necessary mass to meet the required constraints, however, in other applications the objective may reduce the stress concentrations or maximum deflection of the part under loading.
5.1.2. [bookmark: _Toc102750372]Constraints
The control variable or constraints of the optimisation is the property that is limited to maintaining the functionality of the product. again the constraints used may vary from product to product and even within optimisation of the same product different constraints could be used to optimise different aspects of the product functionality. For example, in motor sports key aerodynamic components may be constrained to a certain stiffness due to regulations and optimised for mass or vice versa. Within the current project developing a white water kayak paddle, the stiffness will be constrained by using the maximum deformations at key points on the paddle geometry to maintain its shape whilst optimising for the lowest mass possible.
There is a philosophical dilemma with the constraints implemented in an optimisation study. this is that in order to complete an optimisation study constraints must be placed upon the part to define the necessary features of the product such as shape deflection limits or mass constraints. However, the more freedom of possibilities you remove from the optimisation software the less validity the result has as a truly optimised product.
5.2. [bookmark: _Toc102750373] Materials Properties 
The materials data shown below was collected via secondary research. if time had allowed on this project physical testing and validation of the materials properties would have been conducted. However, materials data had been found for the 2x2 twill fabric this is not the case therefore for the two by two twill material data was found that had already been validated and scaled by a previous researcher using [image: Table

Description automatically generated]vibrational testing. This data is shown below.[bookmark: _Toc102729250]Table 13 Mechanical properties of the 2x2 twill material(Lake, 2021)


[image: ]Unfortunately materials data that had been scaled could not be found for the unit directional fabric so the values is shown in the table below were taken from (Ma et al., 2016)[bookmark: _Toc102729251]Table 14 Mechanical properties of the unidirectional material (Ma et al., 2016)

5.3. [bookmark: _Toc102750374] Proposed Methodology
During the course of this investigation, the initially proposed methodology was discovered to be insufficient in producing the results expected. This was due to the software package used not being able to even recreate the arbitrary layup that had been used to define the optimisation problem. Both the originally proposed methodology and the subsequently adopted methodology are detailed below.
The first task that must be completed within the optimisation study is to create a baseline. This was used to define not only whether or not the optimisation study has succeeded in reducing the mass of the paddle blade whilst maintaining the same mechanical properties, but also to provide the constraints used to ensure that the paddle maintained a similar shape as it deformed in order to ensure that the shape would not have affected the amount of force acting on the paddle blade as it is pulled through the water. A simple method for achieving this would be to analyse the stacking sequence used in currently available white water kayak paddles, however, this is proprietary information and therefore is not readily available for analysis. Because the stacking sequence used by other manufacturers could not be obtained an arbitrary layup was created with a reasonable maximum deflection to act as a baseline. This allowed the project to develop and evaluate the methodology for the optimisation of white water kayak paddles despite the result potentially not improving upon the currently manufactured competition.
The next task that must be completed is determining the parameters of the study. the objective of the study is to optimise (reduce) the mass. the same materials would be used in the optimisation study as the arbitrary layup analysis The maximum deflection constraints would be determined from the arbitrary layup simulation completed in the prior task. When determining the number of orientations and ply thicknesses in each orientation the engineer should take care to ensure that the orientations are not too close to one another this will reduce the effect the change in orientation has upon the optimised paddle blade, however, as mentioned in section 5.1.2. limiting the number of orientations available further constrains the study which reduces the validity of the study as a true optimisation process.
Finally, a simulation utilising the constraints and objectives detailed above should be conducted and allowed to converge to give a final optimised mass of the kayak paddle blade along with the stacking sequence for the composite materials to be manufactured. This could then be analysed by the engineer to form a more holistic result that would be more appropriate to manufacturing conditions.
5.3.1. [bookmark: _Toc102750375]Adapted Methodology
[bookmark: _Hlk102405440]The first two stages of the adapted methodology are the same as the originally proposed methodology detailed above. However, when the final simulation had been completed the results showed the mass of the optimised kayak paddle blade to be more than 200% of the mass of the arbitrary paddle blade. To discover why this was the case two theories were formed one was that the study was over constrained, and the other was that there were too many variables for the software to manage. A further simulation was then completed with the number of constraints halved, however, this had very little effect on the mass of the optimised blade. The number of constraints was reduced by reducing the number of different ply orientations from every 15° between 90° and -90° to every 30° this proved to have more of an impact on the mass of the paddle blade. For this reason, the methodology was adapted to eliminate any unnecessary variables, this process is discussed below.
The following task of the adapted methodology would be to conduct simulations using each of the materials independently and then combined to determine whether the use of uni directional or 2x2 twill fabric is necessary. If this methodology was to be implemented under more extensive research or for commercial applications, then a greater number of materials should be tested including fibreglass and carbon aramid together with different woven patterns. Kanaginahal et al (2019) have shown this has effects on the tensile properties of woven fabric composites.
The next stage of the adapted methodology was to conduct a simulation further reducing the ply orientations to every 45° between 90° and -90° to determine whether this would have a further effect on the mass of the kayak paddle. Whilst undertaking this study it was decided that this parameter would not be reduced in variables any further as this would result in only one ply orientation being available for one of the materials and only two for the other material.
The final stage of this methodology would be to vary the minimum local reinforcement (patch) size to determine the point at which the result becomes independent.  consideration should be made for the analysis of the resulting suggested layup as a very small minimum patch size will likely result in a very complex layup to attempt to organise into a manufacturable stacking sequence.
5.4. [bookmark: _Toc102750376] Materials Study
To start the optimisation process the materials discussed in section 5.2.  were tested independently within the optimisation software, firstly the unidirectional fabric followed by the 2x2 twill before the materials were combined to provide the software with greater freedom of possibilities for an optimised layup. 
5.4.1. [bookmark: _Toc102750377][image: ]Results and Analysis [bookmark: _Toc102729252]Table 15 Results table for the materials study

The results of this study showed the mass of the optimised paddle blade to be lowest when both materials the two by two twill and the unidirectional fabric were used together. If further research was conducted in this area more materials should be tested to provide a wider understanding of the best materials to use in an optimised white water kayak paddle.
5.5. [bookmark: _Toc102750378] Orientation Study
[bookmark: _Hlk102398012]In an attempt to determine the reason that the optimisation study had not been able to at least match the deflection seen during the analysis of the arbitrary lay up, it was decided that there were two likely causes the first was that the paddle blade constraints were too strict, another was that the number of variables was too much for the optimisation software. A further simulation was conducted with the number of deflection constraints halved, however, this had very little effect on the resulting optimised paddle blade’s mass. In contrast, reducing the number of ply orientations from every 15° between 90° and -90° to every 30° resulted in a mass approximately two thirds lower than it had been previously. Another simulation was then conducted with the range of possible ply orientations further reduced to every 45° across the same range the results for both simulations are shown below. Each of the ply orientations was set up to optimise between 0 and 10 plies meaning that the initial simulation set to every 15° could produce a paddle blade up to 300 plies thick whereas setting the initial setup criteria to every 45° meant that the optimisation software could only produce a paddle up to a maximum of 100 plies thick. 
5.5.1. [bookmark: _Toc102750379]Results and Analysisa)  							b)
[bookmark: _Toc102729315]Figure 22 Graphs showing the optimised paddle mass against the design cycle number a) every 30° b) every 45°

[image: ]The results from both subsequent orientation study simulations show a significant reduction in the mass of the optimised paddle blade as the number of ply orientations available is reduced. This is highlighted above, the graphs show the variations in the mass of the kayak paddle blades for each simulation against the design cycle number. The decision was made to only model ply orientations at every 45° going forward.[bookmark: _Toc102729253]Table 16 Results table for the orientation study

5.6. [bookmark: _Toc102750380] Local Reinforcement Study 
[image: A picture containing wall, indoor, colorful

Description automatically generated]Once the orientation study had been completed an exhaustive sweep was used to investigate the local reinforcement (patch) size to determine the point at which the patch size becomes independent of the results or becomes too small to be manufacturable. The sweep was started at a patch size of 100mm and was reduced by 25mm with each simulation. The PSHELL thickness displays can also be seen below.[bookmark: _Toc102729316]Figure 23 PSHELL thickness displays a) 25mm b) 50mm c) 75mm d) 100mm

5.6.1. [bookmark: _Toc102750381][image: ][image: ]Results and Analysis
The above results show that the mass was further reduced by reducing the patch size and thereby loosening one of the constraints on this study. Lowering the reinforcement patch size also increases the number of variables in the study. It is believed that this is why the optimised mass starts to increase again once the patch size decreases below 30mm.  
Information taken from the mass objective graphs for the local reinforcement study (appendix 8.1.) also shows that the smaller patch sizes also correlated to much tighter convergences on the final result than were seen in the 75 and 100mm patch size simulations, however, this is likely to be caused by the increased mass of the larger patch sizes. 
5.7. [bookmark: _Toc102750382] Final Simulation 
To satisfy scientific curiosity one final simulation was conducted the number of ply orientations was further reduced. Taking into account the orthotropic nature of the materials, there appeared to be no reason to have two different ply orientations, variables where the properties of the material would be identical due to them being symmetrical, therefore,  any ply orientations that would have a symmetrical duplicate were removed. 
5.7.1. [bookmark: _Toc102750383]Results and Analysis 
[image: ]
The results of this final simulation were significantly lower in terms of optimised mass than any of the optimisation studies, more importantly, this result was also lower than the mass of the arbitrary layup and was still within the stiffness constraints created from the same layup. 
The result of the final simulation was a kayak paddle of mass five hundred and twenty grams, while this is lower than the arbitrary layup at five hundred and forty two grams the difference is less than five percent. When compared with the cost of the required software packages and appropriate hardware to run them, together with the cost of hiring an expert engineer, the small reduction in mass seen in these results may not be enough to over come the inhibitive financial barrier for small and micro enterprises. 
The above figure displays the resultant PSHELL thickness for the final simulation at convergence. Based on a lamina thickness of 0.26mm the resultant laminate has patches up to 21 plies thick on the back of the spine of the blade and as low as 1 ply thick in other areas. This would require adaptation before manufacture to determine how to best layout the thicker and thinner sections to reduce stress concentrations created by the sharply varied thickness of laminate in already high stress areas. Irisarri et al (2014) provide a comprehensive set of guidelines for the design of composite laminates. While some of these guidelines may be easy to follow for the optimised laminates, others may not be such as the guideline on maximum taper slope that states “the taper angle should not exceed 7° , i.e. the minimal stagger distance (the length of the increment of thickness) is about eight times the thickness of the dropped plies.”. This may be possible in some areas of the proposed laminate, however, in areas where there is a high ratio of the number of plies this may not be possible whilst also meeting other guidelines. The thicknesses for each of the ply orientations and materials can be seen below (full size images can be seen in the appendices). [bookmark: _Toc102729317]Figure 24 PSHELL thickness for the final simulation
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[bookmark: _Toc102729318]Figure 25 individual layer thicknesses at each orientation a) UD -90° b) UD -45° c) UD 0° d) UD 45° e) Twill 45° f) twill 0° g) Twill 0° (cover layer)
5.8. [bookmark: _Toc102750384] Evaluation of the methodology
The methodology for the optimisation of the layup of a white water kayak paddle as discussed in section 5.3. has produced a result that meets the success criteria that the paddle blade should be as stiff or stiffer than the arbitrary layup whilst also weighing less mass. The methodology, however, was not completely successful, the originally proposed methodology failed to meet the criteria and the adapted methodology implemented to correct this ended up guiding the optimisation study to the point that questions must be raised on the validity of the process as an optimisation process and not just a method for the development of existing products. 
Another problem with the methodology utilised in this report is that it relies upon a baseline created from the current product or a competitor’s product. A Quote from Lake (2021) states
 “One of the fundamental issues with reverse engineering a product and then optimising a new component to have the same mechanical characteristics of the original, is that if the original component was over engineered, then the new component will also be overengineered.”.
 This concept is also applicable to this project. Whilst this project did not use a current or competitors’ component the arbitrary layup used to create the baseline for the optimisation study was used in their place. This was used because manufacturers would not give out proprietary manufacturing information. The stiffness of the arbitrary layup was overly high, a paper found in research after beginning the structural optimisation study showed that the deflection seen in a Sprint canoe paddle per unit load was much higher than had been allowed for in the arbitrary layup. While a sprint canoe paddle is very similar to a white water kayak paddle the forces seen on a sprint canoe paddle used on flat still water would be significantly smaller. Therefore, the maximum deflection distance expected of a sprint canoe paddle would be lower than that of a white water kayak paddle manufactured to the same stiffness. This means that whilst the paper shows that the stiffness constraints used may have been overengineered they were not incorrect.
5.9. [bookmark: _Toc102750385] physical testing validation methodology
To validate the details of the results above from the optimisation study physical testing would have been completed had time allowed. The proposed methodology for this validation is outlined below.
Both paddles (arbitrary and optimised) would be manufactured using the same materials manufacturing techniques, tolerances, and conditions. The paddle blades would then be weighed to ensure the mass of the paddle blades correlated with the mass of the computational results.
Each paddle blade would then be set into an identical paddle shaft using epoxy resin to bond the two components. Once hardened on water physical testing of the paddle would be conducted at similar fluid velocities, to provide a method of qualitative testing of the optimised paddle blade in comparison with the arbitrary layup used in the design process. 
Once this has been completed quantitative laboratory validation would be considered. Two potential methods for this validation process could be used. The first would be to clamp the paddle shaft at the same points that the athletes’ hands would be, then hang a mass from the paddle blade and measure the deflection seen in each paddle blade at the same points used in the computational model. Disadvantages to this methodology include the difficulty in distributing the load over the paddle blade in the same way that would be done naturally by fluid flow over the paddle blade. 
The second method for quantitatively testing the two paddle blades would be to use strain gauges set up on the paddle as seen in (Aitken and Neal, 1992; Fleming et al., 2012) and then conduct further on water testing. This would present a number of additional difficulties not seen in the papers above as the white water environment is much more unpredictable and therefore the potential for equipment getting damaged or lost whilst in use is much higher. Therefore, considerations must be made to protect the equipment both from water damage and loss whilst not affecting the purpose for which they are there.
It is recommended that both of these methodologies are considered and if possible, conducted to provide the best validation possible of the computational model results.

6. [bookmark: _Toc102750386]Conclusion
A number of conclusions can be drawn from this research. 
Firstly, although the research detailed above does achieve its aim of developing an optimised layup for a competition spec white water kayak paddle that was lighter than the current product, which could still withstand the forces seen in a ‘worst case scenario’ application, the reduction in mass is approximately twenty two grams. This is less than a 5% reduction in the overall mass of the paddle blade which translates to a 3.4% reduction in mass of the overall product (two blades one shaft). Due to the high financial cost to the OEM to begin to implement the optimisation process within the design of their products and the low percentage reduction in mass the cost benefit analysis may not benefit the OEM sufficiently to encourage them to invest. However, the increase in prominence of cloud based licensing solutions, which allow access to licensed products at a reduced cost to when they are needed may reduce or remove this barrier to implementation. Another consideration that should be made when conducting a cost benefit analysis for the implementation of optimisation techniques within the design process is the amount of waste material created due to these optimisation techniques, as seen in the images above the optimised stacking sequence requires not only small additional patches to localise reinforcement but also the removal of small patches from plies to reduce the overall mass of the paddle. While some of these patches may be large enough to use in other areas of the paddle or other applications some will be too small, thereby, increasing the OEMs waste materials and cost per unit.
It must also be concluded that there were several assumptions made in this project. Where possible the option was chosen to create the ‘worst case scenario’ for the kayak paddle blade. This decision was made to ensure that the resulting optimised paddle could withstand any likely scenario that would be seen during normal use. It should be noted, however, that this probably resulted in an arbitrary paddle construction that was over engineered this would have resulted in the optimised paddle also being over engineered. If this project was to be commercialised or explored further academically then the further work section should be consulted for recommendations to resolve and reduce these assumptions.
As stated in section 5.8. during the evaluation of the methodology used in the structural optimisation portion of this research, Questions must be raised over the validity of the methodology as a true optimisation process. The study had to be constrained repeatedly to provide an answer that would meet the success criteria for the project. Further work should be conducted to investigate the true cause of this rather than addressing the symptoms. 
Finally in conclusion if this project was to be taken further academically or commercialised then further knowledge of the application of the product and currently available products would be required. Along with research into outsourcing or cloud licencing as potential enablers to implementation of this process for small and micro enterprises.




7. [bookmark: _Toc102750387]Further Work
This section will outline further work recommended in this report to further progress knowledge and understanding in this area.
For the hydrodynamic study, there were several areas where the project could be improved or progressed. firstly if the research was to be taken further or commercialised then more appropriate input data could be collected by experimental methods. This would include more accurate flow velocity data and turbulent flow conditions.
Next, the use of transient models in the hydrodynamics study would allow for better modelling of the inlet flow Characteristics and therefore give a better representative result for the flow structures around a paddle which would result in more accurate force data.
the use of a dynamic mesh to better model the kayak paddle blade moving through the water would increase the accuracy of force data in between the currently calculated positions. this would also enable a better understanding of how the flow structure changes throughout the paddle stroke.
The validation of the results of the computational models both CFD and FEA should be completed as part of any further work while the scope of this project did not allow for on-water testing of the paddle or physical testing in a lab It should be considered a priority for continued research to verify the results collected in this research.
The implementation of fluid and structural analysis simultaneously would allow the researcher to understand how the deformed shape of the paddle blade affects the flow structures around and therefore forces acting on the paddle blade. This would have been conducted within this research if possible however licencing issues prevented this from happening. 
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Property Supplier Values | Scaled Values
‘Youngs Modulus in the longitudinal direction (E_1) | 56.1 GPa 23.0GPa
‘Youngs Modulus in the lateral direction (E_2) 56.1 GPa 23.0GPa
Poissons Ratio (Nu_12) 08 08

Inplane shear modulus (G_12) 35GPa 2.4GPa
Transverse shear modulus (1-Z plane)(G_1z) 35GPa 24 GPa
Transverse shear modulus (2-Z plane)(G_2z) 35GPa 24 GPa
Mass density (Rho) 1.49 g/lem® 1.49 glcm®
Allowable longitudinal stress in tension (Xt) 641.2 MPa 641.2 MPa
Allowable longitudinal stress in compression (Xc) 605.8 MPa 605.8 MPa
Allowable transverse stress in tension (Yt) 641.2 MPa 641.2 MPa
Allowable transverse stress in compression (Yc) 605.8 MPa 605.8 MPa
Allowable inplane shear stress (S) 62 MPa 62 MPa
THICKNESS /laminate 0.26mm 0.26mm
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Mechanical property Units Supplier value

Longitudinal Tensile Modulus Gpa 139.2

Transverse Tensile modulus Gpa 8

Poissons Ratio 0.32

Shear Modulus in the 1-2 Plane Gpa 5

Shear Modulus in the 1-3 Plane Gpa 5

Shear Modulus in the 2-3 Plane Gpa 5

Density kg/m^3 1800
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material % constraint violation Mass (kg)

number of itterations 

to reach convergence

UD only 0 1.85 24

Twill only 0 1.67 31

UD and Twill 0 1.42 43
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Orientation % constraint violation mass (kg)

number of itterations 

to reach convergence

every 15 0 1.42 74

every 30 0 0.965 12

every 45 0 0.7893 20
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patch size % constraint violation mass (kg)

number of itterations 

to reach convergence

100 0 1.0390 29

75 0 0.8606 32

50 0 0.7893 20

30 0 0.7532 13

25 0 0.8280 18
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patch size % constraint violation mass (kg)

number of itterations 

to reach convergence

100 0 1.0390 29

75 0 0.8606 32

50 0 0.7893 20

30 0 0.7532 13

25 0 0.8280 18
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simulation % constraint violation Mass (kg)

number of itterations 

to reach convergence

final simulation 0 0.52 48
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Fig. 1 Superimposed cost and design paradox curves (adapted from Agouridas ef al. [15])
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Company categoryStaff headcountTurnover (euros)Balance sheet total (euros)

Medium-sized <250 ≤50m ≤43m

Small-sized <50 ≤10m ≤10m

Micro-sized <10 ≤2m ≤2m
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Flow

Date of Width | Depth Velocity
Race River Location Rate
Race (m) (m) (m/s)
(m/s)
Addidas
Oetz Oetztal, Austria | 23/09/2021 51 20 2 1.275
sickline
North fork
North fork Idaho, United
of the 20/06/2017 113 25 1.5 |3.013333333
championship States
Payette
King of the
Passer Merano, italy 03/06/2019 15 20 0.75 1
alps
Little white Little white Washington,
03/06/2021 42 15 2 1.4
salmon race salmon United States
North Carolina,
Green race Green 06/11/2021 13 2 2.5 2.6

United states
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BASE CASE

RUN NUMBER  DOMAIN LENGTHDOMAIN WIDTHDOMAIN HEIGHT IN FRONT OF BLADE BEHIND BLADEGLOBAL MESH SIZEPART MESH SIZE NUMBER OF ELEMENTS  NUMBER OF NODES  CD CL

1 90 3 2 1.5 0.5 2.5 0.25 0.005 250,982 44,285 1.4414E+00 -4.6406E-02

MESH SIZE (m) DOMAIN SIZE (m) RESULTS (1000 ITT) PADDLE ANGLE FROM 

REAR HORIZONTAL (°)
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GLOBAL 
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PART 

MESH SIZE

NUMBER OF 

DENSITY BOXES

DB 
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BOX 1 SIZE

DENSITY 

BOX 2 SIZE

DENSITY 

BOX 3 SIZE

PRISM

 LAYERS

CD CL

1 90 3 2 1.5 0.5 2.5 0.25 0.005 0 N/A N/A N/A N/A 0 1.4414E+00 -4.6406E-02

2 90 10 4 1.5 2 8 0.25 0.005 0 N/A N/A N/A N/A 0 1.2290E+00 -3.6995E-02

3 90 5.5 3 1.5 1 4.5 0.25 0.005 0 N/A N/A N/A N/A 0 1.2804E+00 -3.8489E-02

PADDLE ANGLE FROM 

FORWARD HORIZONTAL (°)

DOMAIN SIZE (m) MESH SIZE (m) RESULTS (1000 ITT) 
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CD CL

K-EPSILON REALIZEABLE 90 1.0935E+00-3.2033E-02

K-OMEGA SST 90 1.1693E+00-3.9303E-02

TRANSITION SST 90 1.1627E+00-3.8741E-02
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RESULTS (1000 ITT) 
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ANGLED SIMULATIONS PADDLE AREA

RUN NUMBER  CD CL m^2 DRAG LIFT DRAG LIFT

1 70 1.1648E+00 3.9610E+00 0.0684785 8.0758E+02 2.7462E+03 807.575733278496N 2746.22894876041N

2 80 1.1843E+00 1.8401E-01 0.0723425 8.6743E+02 1.3478E+02 867.426931878536N 134.776010922038N

3 90 1.1693E+00 -3.9303E-02 0.0729775 8.6396E+02 -2.9040E+01 863.95732971005N -29.0396946289182N

4 100 1.2571E+00 -2.6548E-01 0.0716199 9.1155E+02 -1.9251E+02 911.551344142569N -192.505489494049N

5 110 1.2401E+00 -5.0098E-01 0.0681575 8.5575E+02 -3.4571E+02 855.751813846563N -345.7096554317N

6 120 1.2168E+00 -8.3051E-01 0.0649632 8.0032E+02 -5.4625E+02 800.321106195187N -546.248094926171N

7 130 1.7916E+00 -1.7455E+00 0.0607341 1.1017E+03 -1.0733E+03 1101.66946875351N -1073.32220233827N

RESULTS (1000 ITT)  FORCE CALCULATIONS PADDLE ANGLE FROM 

REAR HORIZONTAL (°)
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ANGLED SIMULATIONS PADDLE AREA

RUN NUMBER  CD CL m^2 DRAG LIFT DRAG LIFT

1 70 1.1760E+00 5.1819E-01 0.0678180 8.0748E+02 3.5580E+02 807.476839960387N 355.804782057035N

2 80 1.2160E+00 2.9349E-01 0.0716724 8.8240E+02 2.1297E+02 882.395168461373N 212.972169401092N

3 90 1.2536E+00 7.4677E-02 0.0734799 9.3262E+02 5.5556E+01 932.620512709239N 55.5562396518729N

4 100 1.2822E+00 -1.5034E-01 0.0732024 9.5030E+02 -1.1142E+02 950.295544294945N -111.423671914913N

5 110 1.2757E+00 -3.8583E-01 0.0708352 9.1490E+02 -2.7671E+02 914.903090233987N -276.708520267288N

6 120 1.2420E+00 -6.3322E-01 0.06642738 8.3531E+02 -4.2587E+02 835.307496708586N -425.872313257497N

7 130 1.2429E+00 -9.4606E-01 0.0601248 7.5660E+02 -5.7590E+02 756.601887310271N -575.9037585556N

PADDLE ANGLE FROM 

REAR HORIZONTAL (°)

RESULTS (1000 ITT)  FORCE CALCULATIONS
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