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INTRODUCTION
Optimisation could be defined as the computational process which allows the designer to find one or more feasible solutions by using constrains and criteria. The usage of optimisation in engineering to maximise factors such as productivity, strength, reliability or efficiency among many other factors, is critical between the technological design process and the engineering design. Also, the optimisation problems can be classified as size, shape and topology optimisation. The past few years has witnessed a growing application of optimisation techniques to a variety of engineering problems, from automotive to civil engineering (Singiresu S Rao, 2020, page 1).
The aim of this assignment is to is analyse the importance of optimisation in different engineering sectors by analysing various examples of optimisation techniques as well as optimising a composite skin structure which belongs to a wind turbine blade in which the main objective is to reduce skin material to maximise the energy generating capability of the wind turbine. 
FINITE ELEMENT ANALYSIS
The Finite Element Analysis (FEA) is the simulation of any possible physical phenomenon using the mathematical technique named Finite Element Method (FEM). The Finite Element Analysis is used by engineers in different processes to obtain the best results achievable by predicting what will happen when the final product is exposed to unique physical conditions and therefore find areas of tension, weak spots, etc, in the design phase. This method uses partial different equations to understand physical phenomena such as stress analysis, heat transfer, fluid flow and electromagnetics (P.Seshu, 2012, page 1).
To understand the development of such a powerful instrument it is necessary to date back to the 1950s, when Boeing and Bell Aerospace in the US and Rolls Royce in the UK developed the first Finite Element Analysis (FEA), but it was not until the early 1960s when E. Wilson created the first finite element program that was widely used. However, this programme was limited to only two-dimensional stress analysis which led to the later development by NASA of a program called NASTRAN, which was more complex and included a large range of tools such as: two- and three- dimensional stress analysis, beams and shell elements and analysis of vibrations and time-dependent response to dynamic loads. Eventually, more linear and non-linear finite element programmes were developed and improved with time (Jacob, F. and Ted, B., 2007).
Some of the main fields where FEA is used are:
· Automotive: Vehicle crash analysis is probably the most well-known simulation in automotive design whose aim is to enable energy absorption to take place throughout the vehicle and therefore allow the car to gradually collapse in the case of impact. Also, another clear example of optimisation used in automotive is vehicle weight reduction to achieve fuel efficiency and reduce material costs (P. Seshu, 2012, page 4).
· Aerospace: FEA is used for various purposes such as aerodynamic performance or mode shapes of the different components (fuel tank, high-lift wing design, etc) (P. Seshu,2012, page 14).
· Electrical and Electronic: It can be used in high-voltage equipment for reliability improvement and optimization of insulation design by accurately finding the voltage stress and corresponding resistance (P. Seshu, 2012, page 8).
· Manufacturing: FEA is used to analyse high tensile stresses and therefore remove them from the solidification stage of numerous manufacturing process (P. Seshu, 2012, page 7).
OPTIMISATION
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[bookmark: _Hlk58279620]Optimisation in FEA is a method which uses numerous techniques during manufacturing stages to improve and enhance the different components during their design phase and therefore develop better products in a shorter period while saving on expenses. The various optimisation techniques namely: topology, size optimization and shape optimization, which are used during the manufacturing stages to achieve different optimisation purposes will be analysed (Singiresu S Rao, 2020, page 1). Whilst the simulation of a system involves coming up with a model for the inputs and a relation between the inputs and outputs while observing the outputs, optimization finds an input to a function which makes it as small (or large) as possible to the subject to some constrains.Figure 1. Todd R. Kelley, 2010, Optimization, an Important Stage of Engineering Design 

Mathematically, an optimisation problem looks for the best values for design variables to reach within specified limitations for certain environmental conditions. Therefore, an optimisation problem could be defined as seen in Figure 2: 
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Figure 2. Karam Maalawi, 2018, An Introduction to the Optimization of Composite Structures
Where: 
F(X), Gj(X) and Gj(X) are the functions of the design vector. 
TOPOLOGY
Topology is an optimization method used in engineering which was developed to improve material distribution within a specific given area to achieve revolutionary lightweight and high-performance designs that are unreachable with other conventional techniques. As Kingman, Konstantinos and Toropov noted, ‘The application of topology optimisation extends to the number of holes, the location, their shape and the connectivity of the structural domain’ (Kingman, et al. 2014). This method is fulfilled by meeting certain limitations that had previously been settled to improve the system’s efficiency, reduce expenses and limit manufacturing resource consumption. Topology optimisation technique uses Finite Elements Analysis to reproduce the stress distribution of an object induced by applied forces to stablish those parts of the object which are less subject to internal stresses and can thus be removed. This optimisation technique has been mainly used in aerospace, architecture, automotive, etc. However, a lot of manual work needs to be done to convert a topology optimisation design into a manufacturable design. From the many Topology Optimisation methods that exist, the SIMP method is one of the most used ones in which material density chosen as the design variable and any intermediate density are penalized (Kingman, et al. 2014).
[bookmark: _Hlk58096757]To show how topology optimisation improves the design process, an elaborated high-rise structure and therefore a civil engineering example is given. The Bionic Tower is an architectural project in Abu Dhabi which was exposed to lateral wind loads as well as gravity loads to carry out a topology optimisation analysis of the exterior surface and trusses connecting the core to the perimeter surface. In Figure 3, the Bionic Tower design proposals with no loads applied to the building can be appreciated (a). Also, the current proposal (b) as well as the optimised structures with wind and gravity loads applied to it can be seen (c).  The results obtained from the study showed that not only the trusses were rational trusses layouts, but it also showed that the aesthetic of the structure was compatible with the oddly-shape construction. The optimisation process which took less than 90 minutes enabled the engineers to work and improve the final design project by reducing the volume of material and improving global stiffness simultaneously. The whole building was used as a designable domain in the topology optimisation (Kingman, et al. 2014).
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Figure 3. Kingman.J , Tsavdaridis. K.D and Toropov.V, 2014, Applications of Topology Optimisation in Structural Engineering.
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Figure 4. Kingman.J , Tsavdaridis. K.D and Toropov.V, 2014, Applications of Topology Optimisation in Structural Engineering
Finally, the optimised and therefore the most feasible options for the design of rational trust structures, are visible in Figure 4.
SIZE OPTIMISATION 
Sizing optimization contributes to an optimum relation between stiffness, dynamic behaviour and weight. To solve the optimisation problem, elements such as shell thickness or beam cross-section are modified. It provides material saving with the advantage of increasing comfort and eco-efficiency (G. De Gaetano, et al. 2015).
[bookmark: _Hlk58096204]The importance of size optimisation, in this case in the automotive industry, is shown in the following example in which the BIW (Body in White is a term used in the manufacturing process of a car in which a car’s frame has only been joined together before any other processes have taken place ) of a car are subject to size optimisation (G. De Gaetano, et al. 2015).
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Figure 5. G. De Gaetano, D. Mundo, C. Maletta, M. Kroiss, L. Cremers, 2015, Multi-objective optimization of a vehicle body by combining gradient-based methods and vehicle concept modelling
[image: A picture containing text, red

Description automatically generated]
Figure 6. G. De Gaetano, D. Mundo, C. Maletta, M. Kroiss, L. Cremers, 2015, Multi-objective optimization of a vehicle body by combining gradient-based methods and vehicle concept modelling
The BT and HT Methods were carried out, however, only the BT Method found a feasible solution. By using the BT Method, the BIW showed a reduction of wall thickness as well as a design space reduction showing a sophisticated optimisation procedure that would allow mass reduction maximized at the cost of penalizing functional performance and vice versa (G. De Gaetano, et al. 2015)
Table 1. G. De Gaetano, D. Mundo, C. Maletta, M. Kroiss, L. Cremers, 2015, Multi-objective optimization of a vehicle body by combining gradient-based methods and vehicle concept modelling.
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While Figure 5 shows the structure to be optimised, in Figure 6 and Table 1, the size optimisation results are visible. In Figure 6, the a and b images represent the change in design space, in contrast to the c and d images representing thickness reduction. It is also assumable that the HC method is not feasible due to the noticeable decrement for central and rear beans, as is corroborated in Table 1.
SHAPE OPTIMISATION AND TOPOGRAPHY 
Shape optimisation is a technique that allows structures with settled physical or mechanical models to be optimised. This procedure is mainly used to improve the structural performance of an object by modifying its boundaries. Topography is an advanced form of shape optimisation aimed to maximize stiff without adding mass. Whilst topology is performed to reduce density, topography changes the shell structures by introducing beads parameters to strengthen the structure and therefore improve the structural performance. Shell models can be used instead of solid models with this method, easing the meshing operation and reducing the number of degrees of freedom in the model, and thereby achieving an important computational cost reduction (Yu-Deok Seo et al. 2010).	Comment by Omaira Hernandez mosegue (1802664): 
The following example demonstrates the effect of topography optimisation on an automotive spring lower seat. To minimise maximum deflection of the coil spring lower seat, beads were added in both directions of the support surface. The optimised result showed a reduction of principal stress from 529Mpa to 448Mpa as well as displacement reduction from 1.18 to 0.86mm, which means that the strength and stiffness of the model has significantly improved (Abdullah, Shahrum et al. 2016).
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Figure 7. Abdullah Shahrum, Omar.M.Z, Harris Sallehuddin, 2016, Topological and Topographical Optimization of Automotive Spring Lower Seat.
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Figure 8. Abdullah Shahrum, Omar.M.Z, Harris Sallehuddin, 2016, Topological and Topographical Optimization of Automotive Spring Lower Seat.
The displacement and stress contour plot of the no optimised lower seat design is displayed in Figure 7. The initial mass was 32,4 g and the maximum stress and displacement were up to 364 MPa and 0.68mm. However, once the design was optimised, the new mass, stress and displacement were obtained. The mass reduced from 32,49 g to 19,2 g, the stress incremented from 271 MPa to 529 MPa and the displacement increased from 0.68 mm to 1.18 mm as shown in Figure 8. Therefore, the optimised model was not compatible with the available steel material. 
COMPOSITE STRUCTURES
Composites is one of the most important manufacturing materials formed by a combination of two components, a strong constituent in elongated form encapsulated in a softer component, with different physical and chemical properties.  The world-wide importance of composites is mainly due to the combination of foremost material properties required in engineering components, such as: stiffness, strength, toughness, lightness and corrosion resistance, something that makes it perfectly adaptable to the performance conditions required (Marcus Randall, 2016, page 578). The mechanical and physical properties of the composite can often differ with orientation, which must be considered when working with on composite material. This is due to the variations in strength with direction as well as the effect of the material properties variation with different crystal orientations (anisotropic composite) has in stiffness on the stresses created in the component under external load. Alternative, when the material properties are the same in all direction, the composite is known as isotropic (Marcus Randall, 2016, page 579).
In many instances, composites are combined with reinforcement materials, such as polymers, metals or ceramics, to achieve better property combinations unreachable in monolithic materials. However, numerous optimisation processes must be carried out in order to achieve an equilibrium between the external load and the summation of the volume-averaged loads bone by the components (composite and reinforcement), which must be equal (Marcus Randall, 2016, page 580).
COMPOSITE OPTIMISATION
INTRODUCTION
An optimisation on the composite skin of a wind turbine blade section that adopted the same material properties of a baseline product, a steel plate in this occasion, was executed in Design Studio in order to reduce skin material and therefore maximise performance. 
ANALYSIS 
A baseline steel plate was imported into Design Studio and used to create a Carbon Fiber Reinforced Polymer with specified material properties (Figure 7) to then optimise it. To create the new composite material, named UD, the isotropic element was substituted by a PSHELL/COMP orthotropic element and the new material properties allocated. 
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Figure 9. Carbon Fiber Reinforce Polymer (assignment specifications)
No theta vectors were modified as it was assumed that the fibers were running along the length of the structure. To lay the composite material up, 5 layers formed by a total of 25 plys which were allocated at -90 degrees (5 plys), at -45 degrees (5 plys), at 0 degrees (5 plys), at 45 degrees (5 plys) and at 90 degrees (5 plys). The next step was to transfer the baseline steel plate group properties to the new PSHELL/COMP material. Subsequently, the new material was created and analysed on Design Studio to corroborate and review the new mass (Figure 9), maximum deflection (Figure 8), stiffness and stiffness/mass and therefore optimise those values
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Figure 10. Maximum deflection of the composite baseline (personal collection)
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Figure 11. New composite material weight (personal collection)
Based on the non-optimal design, the maximum deflection was up to 0.06 mm as well as the mass was 0.182 kg or 182 g. In a further step, the objective to minimise mass, the variables to define the set of possible solutions and the constrain to set an upper bound limit displacement of 0.2 mm were all defined. Finally, topology optimisation was performed.







OPTIMISATION RESULTS
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Figure 12. Optimised composite with a deflection of 0.2mm (personal collection)
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Graph 1. Objective and maximum constrain plot (personal collection)
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Graph 2. Layers thickness distribution during each cycle (personal collection)
It can be seen on Figure 12 how the mass reduction was obtained with a maximum deflection of 0.2 mm. Moreover, Graph 1 shows that the optimisation started at 0.18 kg without breaking the constraints, however, a drastic mass reduction was appreciated with a 543,2% condition violation shown in cycle one compared to design cycle 2, in which an increment in the thickness of the plys with only a 5,3% constraint infraction. After design cycle 3, mass was not longer removed and constrains were met continuously until the last cycle (cycle 20). In Graph 2, a plot of how the different variables or thickness of each layer changed in every cycle over time is displayed. 
Table 2. First and last cycle (personal collection)
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Table 3. Baseline composite and optimised composite numerical information (personal collection)
[image: Table

Description automatically generated]
By using the design variables of the last cycle demonstrated in Table 2, the new material thickness can be calculated. New thickness= 0.1 + 0.1 + 0.8 + 0.2 + 0.1= 1.3 mm.          
Also, the resultant material weight can be deducted from the objective of design cycle 20 as 0.0918 kg or 91,9 g. 
As required, the weight of the composite skin of the blade for a wind turbine was decreased to almost half of its initial weight with a smaller thickness of 1.3 mm and a maximum deflection of 0.2 mm. Despite the greater stiffness (Force/Displacement) of the baseline composite compared to the optimised composite, the new material is two times more efficient in terms of stiffness to weight ratio (Stiffness/Weight x 9.81) than the original material.  
CONCLUSION
In this paper, optimisation on the composite skin of the blade for a wind turbine is presented as well as various optimisation techniques are discussed by showing the work of numerous researchers in different engineering fields.  To achieve the greatest performance in wind turbine energy, blade weight reduction is one of the most important points to achieve a material cost reduction. By using topology optimisation, a weight and material reduction were accomplished. However, to manufacture the optimised blade, decimal odd number of plys must be considered and be converted to even numbers, otherwise the fabrication of the product would be unfeasible. Furthermore, other barriers to the use of topology optimisation should be examined such as: the challenge of optimising dynamics and non-linear behaviour problems as well as the complications to find an optimal solution to manufacture complex geometric designs. On the other hand, 3D printing could offer a solution to complex geometric designs. 
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