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1 Introduction

This report will primarily be about using finite element analysis on a paddle blade, as well as touching on the history of it, whilst discussing the future developments. The advantages and disadvantages will also be discussed during this paper. 

2 Discussing FEA optimisation

Finite Element Analysis, or FEA for short, is a way of imitating characteristics using technologically without the need to use physical prototypes. Using this technology, conditions can be changed, whilst also optimising the properties to meet the requirements needed, (TWI, 2021).
The first deformation predictions of simple shapes came about during the late 1800’s, when John Rayleigh came up with a method for anticipating the final shape of a distorted structure. Further work was expanded on with this method, by Walter Ritz, which later went on to become the Rayleigh-Ritz method, known for estimating the displacement and stress of a structure, (O'Donnell Consulting Engineers, 2021).
FEA was developed by American aerospace companies Bell Aerospace and Boeing, as well as by Rolls Royce in the 1950’s. One of the first papers discussing this method was published in 1956 by M.J. Turner, R.W. Clough, H.C. Martin, and L.J. Top. Berkely became home for research on FEA during this time, as well as early development of it too. Ray Clough, a professor of Berkeley and author of the paper mentioned above, proceeded to write a second paper mentioning  “finite elements”. Another professor at Berkeley, named E. Wilson, developed one of the earliest and most popular FEA programs at that time, which was used for several years in the 1960’s and used by many universities. Other types of FEA were made and used from the 1950’s through to today for different purposes. Such example are NASTRAN, used by NASA which cost approximately $30,000,000 in today’s currency, LS-DYNA, developed by John Hallquist whilst working at Livermore National Laboratory in 1989, mainly used for simulations of prototypes and sheet metal bending, and ANSYS, which is a type of software used for analysing nuclear reactors, developed by John Swanson in the 1960s, (Tipton, 2017).
FEA will likely change in the future, just as everything does. At the moment, technology is limited by the amount of calculations it can do over a time period, so the more calculations needed, the longer it will take the computer to do. The way FEA works is by having a surface of the object called a mesh, which is split into many small sections. The amount of calculations is related to how accurate the mesh is. As technology advances, the calculations will be quicker, so more can be determined within that same time period, which means the results of the mesh will increase in accuracy as technology improves. Alternatively, there are some methods that don’t use meshes at all, which may become more popular in the future, (Roade, 2020).
Another limitation that might be enhanced in future FEA software is improving the use of fatigue analysis from continuous or repetitive loads. This can cause a material to bend or snap after a given amount of time or repetitive loads. Although it may be accounted for, it is not always accurate or representative in reality, as it may often differ from the simulation. This may be improved upon in future software, but only time will tell, (Penner, 2021).
3 Assessing the stiffness

The first step in this FEA process is to asses the paddle blade as if it were as stiff as 1 millimetre of steel. The task at hand is to make the paddle as stiff as steel, whilst also being as light as possible and using as little material as possible too.
The first step of assessing the stiffness is to open up design studio, either by using the app on a computer on campus or remotely accessing one. The next step is to download the predetermined file from teams and then import it into design studio. From this stage, the model has already been created, which is important to consider as it might not always be this case. The 3-dimensional shape should now be appearing on the screen, and should look like the image below.

[image: Image preview]

At this stage it is essential to save it into a file, creating a place for it to be stored, otherwise the data could be lost, or saved to an unknown location. From here, the material needs to be defined, which can be done by going into analysis, then scrolling down to materials on the drop down list, and then clicking the ‘new’ icon. From here, select MAT8, which can only be used on shell elements, and “is used to define a two-dimensional orthotropic stress-strain relationship”, (MSC Software Corporation, 2021). After this, name the material, and then enter in the given values as shown in the image below, which will represent the materials characteristics.
[image: ]

The results entered should look like the image below. The boxes not filled in are to do with thermal analysis, which does not need to be considered for this assignment. Once this step has been completed, click finish to finalise it.
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4 Creating a model in design studio

There are some assumptions that will need to be made, and in this case it is assumed that the paddle will be a flat surface, instead of a curved surface. This means that the force will only be acting downwards, rather than perpendicular to every tiny surface on the paddle.
Another assumption made is that the load will be distributed uniformly throughout the paddle, which is essential to consider, and is often left out from hand calculations.
The following steps are to correctly align the vectors. To do this, go to analysis, find element on the dropdown box, and click on the select all box followed by the generate theta vectors box below it. This will show all of the vectors in different directions, as shown in the screenshot below, so they all need to be aligned now. 

[image: Image preview]

To do this click on select all again, then click modify to change the directions of them all. Click on Change 2-D Element’s Theta, click next and then tick the Use Vector box. Tap on By 2 Grids, and select 2 corners of any box on the model. This will give some X, Y and Z outputs, so change them to 0, 1 and 0 respectively to align them with the Y direction. Once this has been done, finish this and then select generate theta vectors again to align them all.
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The next step is to make the laminate of the material defined a few steps ago. To do this, go to Analysis, drop down to Group Properties, select New and name it laminate. Select PCOMP/PCOMPG, then choose a colour for the mesh. In this scenario, it will be yellow and cyan, to stand out from the initial red and green. Go to Next, and select unidirectional from the dropdown box below. Change the thickness layer to 1mm (or 1e-3), and then switch the angle to -90°. Click the plus sign (+) on the side and repeat this step 4 more times, adding 45° to the angle each time, as shown in the image below. These layers represent the plies placed at different angles placed on top of each other. Once this has been completed, finish it.
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Now the elements need to be changed, so to do this start by going into Analysis then dropping down to Elements and then selecting Select All. Click on Modify, then Change Element’s Group, click Next, pick out the PCOMP recently created, and finally finish. At this stage the colour should change to yellow (or whichever colour selected). The other shells serve no use, and can now be deleted by going into Display, Manage Groups and by selecting the two that need to be deleted and by then tapping on the delete button (rubbish bin icon). At this stage it is important to remember to save often, as progress can be lost. 
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Now run a single analysis by going to Genesis at the top left of the screen, and going down to Single Analysis. Wait a few moments for it to be complete, and then import the analysis. Check the results by going to Post, and then Deform Mesh/Colour Mesh and selecting the displacement mesh. The colour of the key varies depending on which tile is selected. Currently, as shown above, the colour represents the displacement of the steel paddle, and as shown it is 12mm at the end of the paddle, which is the largest displacement. Now the mass needs to be checked. To do this, select Analysis, Elements, Select All, and then Calculate Mass/Volume. 

[image: ]

It is shown above that the total volume is 0.0001m^3, and that the total mass is 1.102kg.
Now that the displacement has been discovered, which will be used as a constraint for the unidirectional paddle, the model now needs to be reassessed but only with the unidirectional plies instead of the steel plies. Once this has all been changed, go to objectives and constraints to change the outcomes and limitations of the paddle. To do this, go to Design, and then Objectives in the dropdown box, and then by ticking the Mass and Min boxes, which means it aims to calculate the lowest possible mass, followed by the finish button. To complete the following step, go to Constraints this time, and then click on Displacement, type in 12mm (12e-3, as found from the steel paddle) as the upper bound to limit the displacement the unidirectional paddle can travel, and then click Next. Now tick the Translation Magnitude box, and then Finish to finalise the constraints. 
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The image below shows the paddle displaced after the force has been acted on it. The original black net is where the paddle originally was, and the yellow is where the paddle is currently being displaced to.
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One more step needed is to go into Design Variables and change the initial values to 1mm (1e-3), the lower bounds to 0.2mm (2e-4), and the upper bounds to 3mm (3e-3). This ensures that the limits are correctly aligned, so they can be sorted out for the final step before optimising, which is to position correctly the layers with the thicknesses. To do this, drop down to sizing, and apply each thickness to it’s corresponding layer, to ensure the optimisation runs smoothly and does not confuse each layer for another.
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5 Optimising the structure

Optimising is getting past the stage of making the structure as strong as steel, or in other words, giving it the same stiffness as 1mm of steel. Stiffness can be derived from the formula k=F/x, where k is the stiffness, F is the Force, and x is the displacement. Since the force should be the same, and the stiffness should also be kept constant (or greater), the displacement should be less or equal to that of the steel paddle’s displacement. All that is important is that the displacement must not outstretch that of the steel paddles, otherwise it will not be as stiff. 










To start the optimisation process, go to Genesis, then select Optimise. This will start the optimisation process. At this stage, however, a fatal error occurred, so further work could not be completed at this stage.
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However, the work expected is that the objectives would decrease by a smaller amount each time, and then increase slightly on the last cycle, as there cannot be a fraction of a ply.

6 Discussing the production and testing of a prototype

Using common sense, paddles go in and out of water, whilst displacing the water as it moves. As this happens, the blade is likely to bend slightly, or deform in other words, but as the blade stops pushing the water it returns to its original shape (for the vast majority of the time paddle blades are used), so from this it can be assumed that the blade’s stiffness has a linear relationship with the displacement, or the force acting on it, (Systems, 2014).
Another factor to consider is that over time, the paddle might bend or snap, or if it is exposed to many repetitive loads, causing fatigue on the paddle. This would be more noticeable in reality, as opposed to a linear simulation that might not consider it. On the other hand, nonlinear simulations might consider the maximum load-cases a given material can bear, (Penner, 2021).
One key aspect to remember is that simulations aren’t reality, but they can only predict what will happen in reality. This means that they are not always 100% accurate all the time. An example of this is back in section 3, where it was mentioned that thermal energy does not need to be considered. In reality, it may play an important role in the characteristics of a material. For example, a material could change its state if it is heated beyond its melting or boiling point, or even heating it may be enough to change certain important values that effect the characteristics. There are many other factors that need to be considered when designing a model on Genesis, as they all play a role in the outcome of the part.
However, an instance when simulations are essential is when dealing with forces. They can be even distributed, instead of just in one area, which makes this method superior to hand calculations in this aspect.
Some other limitations that should be discussed with the accuracy of the software is how user friendly it is, or if not entirely easy to use, how much knowledge the user has to begin with. Not everyone starts modelling with all the knowledge of how to use it, which could be problematic if they do not consider everything that needs to be considered, (Post, 2019).
Overall, a simulation, a quick hand calculation and a model may be best to simulate enough reliable results when put together to support one another, but each of those alone may not provide a suitable result, as it could be unreliable. A simple hand calculation may be too rough and exclude too many variables, whilst a large simulation could be incorrect due to human error, or other factors neglected, but it is always a good idea to do one nonetheless to see if the simulation is reliable. However, a model in a simulated environment may have too many uncontrollable irregularities, so the exact results would be difficult to calculate, (Kreij, 2016).

7 Research and recommendations

The material will be made of carbon fibre reinforced plastic, which is a strong material that has many purposes, and can prove useful for many situations, being much stronger that the average material, and even as strong as steel when used correctly, (Obrien, 2021).
In reality, the paddle might have greater forces exerted on it due to the fact that the shaft of the blade is long, as the torque about the paddle increases as the paddle shaft increases, (University of Guelph, n.d.).

8 Conclusion

To summarise, simulation software has become incredibly practical over the years, and can be useful when the user has been properly notified on how to utilise the program, but when this is not the case, the whole operating system can become overwhelming and complex.
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