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[bookmark: _Toc10446637]Introduction
This assignment’s main aim was to research the application of a structural optimisation in the design process. A standard desk chair was selected to optimise its material usage by applying topology defining variables, objectives and constraints. The reasons and benefits of reducing a standard desk chair’s material usage is justified ensuring correct loading and boundary conditions are applied in obtaining a realistic topology structural optimisation. Furthermore, throughout this design process practical considerations are noted to ensure manufacture can be sensibly done if the structural optimisation was completed. 


[bookmark: _Toc10446638]Literature Review
[bookmark: _Toc2000837][bookmark: _Toc10446639]Component Identification 
The initial design process stage was to identify an existing component which could be optimised structurally; without a problem identified the design process can be like doodling (ITEA 2007). The selected product was a standard desk chair as shown in figure 1 with dimensions:
[image: ][image: ]
Figure 1: Standard desk chair with dimensions (Amazon 2019).
This component was chosen from Amazon as it accurately represents a standard chair suitable to use at a computer desk workstation. The component retails at a reasonable price of £36.99 with a four-star rating and high review input demonstrating the product’s relative success. Furthermore, the desk chair has an adjustable seat height and is made from faux leather, metal, foam and PVC. In addition, this desk chair has a mass of 10.5kg with a capacity to hold 100kg with easy sitting, lift and movement features. This assignment proposes optimising this standard desk chair by reducing the material it uses for the components backrest and chair rest but must crucially still be able to hold 100kg retaining all other main features (Amazon 2019). 

Thus, the 10.5kg mass of the current desk chair will be reduced, and should be altered this way as there is unnecessary material within regions of the backrest/chair rest that do not contribute to the main function/specification of the chair. Since the main use is for sitting at a computer desk workstation, ensuring ergonomics is still provided, the aesthetics are not of overall importance to the user (Dainoff et al 2007). Moreover, the retailer would be saving a significant amount of money in mass productions by not consuming material in unnecessary regions which do not influence the desk chair’s main functions and can still be retailed at a price of £36.99 (Tsavdaridis, Kingman and Toropov 2015).

Furthermore, if optimisation was carried out on this chair and its mass reduced, there is a logistic advantage; reducing the mass of the chair could allow more chairs to be transported due weight restrictions in addition to easier storage. Reducing the mass of the desk chair also reduces the severity and injury risk if the chair was to fall on a person giving safety benefits, in addition to reducing materials such as plastic providing protection to the environment (BBC 2019). 
[bookmark: _Toc10446640]Optimisation Design Process
With components identified on the desk chair that could be optimised, with reasons and benefits explored, it was essential to explore how this could be carried out.
[bookmark: _Toc10446641]Optimisation Approach
A suitable approach to optimise the desk chair’s material usage is to use computer-aided engineering (CAE) software such as Design Studio and apply an appropriate structural optimisation technique. The advantages of using this is to avoid dependence on a designer’s experience who will create a number of solutions which could result in a successful optimised component after using an analysing tool (Altair 2018). However, several solutions might not develop a suitably optimised component and so this can be time consuming in re-designing, or an over-engineered solution is obtained in addition to analysing all results which lead to high expenses (Christiansen et al 2015). Lastly, it is not always obvious how a component could be optimised and figure 2 below shows this conventional optimised design process:
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Figure 2: Optimisation design process using the conventional method (Altair 2018).
As figure 2 reveals this design process can be cyclic with unknown iterations that could prove costly with numerous hours spent in designing, re-designing, building several prototypes, and testing. Conversely, the benefit of using CAE to carry out optimisation is it designs and analyses a suitable solution simultaneously after applying the component with; loading and boundary conditions; a suitable material; running a load case; an appropriate structural optimisation technique with defined variables, objectives and constraints (Altair 2018). The optimisation design process using CAE can be seen in the below figure:
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Figure 3: Optimisation design process using CAE (Altair 2018).
In contrast to figure 2, figure 3 shows that CAE gives the user a solution that results in optimisation instead of confirming proposed solutions which can in turn remove the re-design cyclic stages. Furthermore, CAE generally takes less time and money to obtain an optimised design when compared to the conventional optimisation method (Lake 2019). CAE is a powerful tool in optimising components but still relies on its correct application and interpretation (Altair 2018). After establishing a suitable optimisation design process in using CAE it is then vital to outline an appropriate structural optimisation technique to apply to the desk chair.
[bookmark: _Toc10446642]Structural Optimisation Technique
Topology optimisation would be an acceptable structural optimisation technique in reducing the desk chair’s backrest and chair rest as argued by Christiansen et al (2015). The technique is a mathematical method that works out the optimum distribution of a material for defined variables, objectives and constraints (Hale 2017); topology takes these user defined parameters to design an optimum structure that satisfies these conditions. Although there is very limited literature in desk chair optimisation there are numerous examples where topology is used to reduce a components material usage in addition to sustaining or improving its main features, such as stiffness; therefore, topology optimisation demonstrates it is a fitting technique in optimising the desk chair.
Application of Structural Topology optimisation perforated steel (Tsavdaridis, Kingman and Toropov 2015).
In this article, topology optimisation was used to design perforated steel in an initial effort to substitute cellular beams. Topology optimisation was applied to an ‘I’ beam with applied boundary conditions and loadings (at either end of the beam) to decide the optimum opening number, shape and size with initial results for varying volume fraction constraints shown in figure 4:

[image: ]
Figure 4: Topology optimisation results for a 5-meter UB 305 x 165 x 40 with varying volume fraction constraints (0.5, 0.4, 0.3).
The red regions define solid material and the blue are openings illustrating areas of high shear stress towards the load points. Furthermore, the results show the vast range of geometries that can prove difficult to manufacture and so a symmetry constraint was applied with another topology optimisation carried out as shown in figure 5:
[image: ]
Figure 5: Symmetry constrained topology optimisation results for a 5 meter UB 305 x 165 x 40 with volume fraction constraints 0.4.
The article continues to a find an optimum web type opening obtaining a final optimised beam with a lower mass, increased stiffness and yield load. Furthermore, Tsavdaridis, Kingman and Toropov (2015) use finite element analysis (FEA) to carry out a virtual test on the optimized design which showed it over performs the cellular beam in loading capacities, deformation and stress intensities.  In addition, as weight was reduced and stiffness increased, the weight to stiffness ratio improved concluding validation that topology optimisation would be suitable in optimising the desk chair in reducing its material usage and obtaining main features such as stiffness i.e. capacity to hold 100kg. 
[bookmark: _Toc10446643]Application of Topology Structural Optimisation 
[bookmark: _Toc10446644]3D SolidWork Model
To implement a topology structural optimisation with the aim to reduce the material usage in a standard desk chair, it would be essential to create a 3-D model of the components in SolidWorks or similar software. For simplicity it is recommended that the faux leather and foam around the backrest and chair rest are not included in this model with only the internal metal structure. Depending on the topology optimisation result, the faux leather and foam can be implemented afterwards to suit the new metal structure layout; the metal will contribute to the stiffness of the chair in withstanding 100kg rather than the faux leather and foam. 

After completion of the model, a new study should be used under ‘simulation’ where materials for individual sections can be chosen in addition to ‘fixture advisors’ and ‘external load advisors’ to fix sections (under a load) and apply suitable loads when in use. At this stage it can be assumed the materials undergoing a topology optimisation i.e. the metal is linear isotropic; anisotropy can have a vast impact on the optimisation outcome (Chiu et al 2018) and therefore, it is not vital to assign materials to the components we are applying topology as this will not affect the optimisation results (Lake 2019).

The figure below shows ‘fixture advisors’ that would be necessary to define on the desk chair for a finite element simulation under an external load: 
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Figure 6: Standard desk chair with ‘fixture advisors’ defined in SolidWorks.
All five castors would be fixed under ‘fixture advisors’ as these are in contact with the floor when under an applied load in addition to the chair cylinder for a given height; in another words these components are fixed in six degrees of freedom that is translation and rotation in the x, y and z components; hence, it is assumed the chair cannot move under this simulation for additional simplicity. Furthermore, figure 7 below reveals the external loads that would need defining under ‘external load advisors’:
                [image: ]
Figure 7: Standard desk chair with ‘external load advisors’ defined in SolidWorks.
Two defined ‘external load advisors’ must be outlined for deformation; that is the backrest and chair rest. For simplicity a worst-case scenario is recommended where the maximum capacity load of 980N (Force = mass x acceleration = maximum capacity x 9.8 ms-2) is applied both directly to the backrest and chair rest; in reality the load applied to the backrest would be much less than the maximum applied load to the chair rest and so it is very unlikely it will see 980N. The pressure distributions on the desk chair vary depending on how the user sits on the component as explored by Zhu (2013); this assignment will assume the external force is applied across the area of the relevant component in contrast to an actual human.

After ‘fixture advisors’ and ‘external load advisors’ have been defined it is key to outline a mesh that will represent the desk chair when undergoing a simulation or topology optimisation. It is recommended to use ‘draft quality mesh’ with 20mm length for the initial simulations; ‘Draft quality mesh’ is also known as first order which meshes the desk chair with tetrahedrons calculating the FEA at each of the four corners (four nodes) taking the average to obtain a value a single element. In contrast, a second order meshing strategy could be used where there are six additional nodes with an extra one located between two corners of a tetrahedron. The disadvantage of using a second order over a first order is they can provide inaccurate elements that are near high stress points; most of the nodes will lie in a low value region with the minority of nodes in the high value region. The average of all the nodes will be taken for the tetrahedron given a low value for elements near the high stress points where first order would be more accurate i.e. on top of a cantilever with an applied load (Lake 2019). Regardless, second order meshing should be carried out in addition to first order and results compared for clarification; deformation with second order is generally more accurate than first order (Hussain 2016).

Once meshing is complete the quality should be checked particularly to skewness and orthogonal quality as these can produce FEA errors and lead to inaccurate topology optimisation (Christiansen et al 2015). Thereafter, FEA should be carried out through ‘run this study’ to simulate the component under the fixings and external loadings defined previously to produce results similar to figure 8 below:
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Figure 8: FEA example on a glass chair (The Tech Report 2018).
SolidWorks will give regions of von Mises disclosing areas that are most likely to yield or fracture within the boundary conditions and loadings set out; this can give an early indication to regions where material could be removed. The FEA from this simulation should then be exported into a NASTRAN deck ensuring it is saved in short fixed format and in SI units; if the NASTRAN deck is opened into notepad or a similar software all node locations and tetrahedrons are noted along with their FEA values. Now the file is ready to begin the process of applying a topology structural optimisation design to reduce the material usage of the backrest and chair rest.
[bookmark: _Toc10446645]Design Studio Optimisation
The NASTRAN deck can now be imported into design studio which is an effective piece of software for applying various structural optimisation techniques. The load cases applied in SolidWorks can be observed and checked under ‘analysis’, ‘load cases’ and highlighting the data shown. In addition, the FEA values obtained in SolidWorks can be carried out in Design Studio through using ‘genesis’ and running a ‘single analysis’ or importing the results directly from SolidWorks. Furthermore, using ‘post’ then ‘deform mesh/colour mesh’ and selecting the ‘solid stress’ data the original data from SolidWorks showing stress locations can be seen. 
[image: ]
Figure 9: Single analysis post results for a cantilever beam – in design studio (Lake 2019).
The meshing elements defined in SolidWorks can be seen in Design Studio that form the component as shown in figure 9 for a cantilever beam; it is important to note at this stage that using a finer mesh can produce more accurate results but has the disadvantage of the software running longer to solve the solution. As discussed previously, it was decided a topology structural optimisation should be used in reducing the material of the desk chair’s backrest and chair rest. This can be done through Design Studio in selecting a new topology region and selecting the standard desk chair data specifying the initial material usage of 0.3 as a good starting point (Lake 2019). At this stage a topology optimisation cannot be completed until variables (designable and non-designable regions), objectives and constraints are defined. 
[bookmark: _Toc10446646]Defining variables, objectives and constraints
At this stage it is important that the components identified from the desk chair should be optimised in terms of variables, objectives and constraints. Already we have identified a variable in the form of topology in the backrest and chair rest with initial material usage of 0.3 to control the largest dimension (Lake 2019). With these components identified as regions that will be designable using topology, it is essential to specify the non-designable regions where topology must not be applied including the armrest, chair cylinder and castors etc.  

Secondly, the topology study needs an objective outlined as this is the standout parameter in the design process; the main objective suggested in this scenario is to minimise strain energy on both the backrest and chair rest.; in other words the topology will be set out to optimise the stiffness of both the backrest and chair rest structurally in order to minimise strain energy under specified loadings. Lastly, topology constraints need establishing; the mass fraction for both backrest and chair rest need limiting to 30% of its original mass for a starting point as suggest by Lake (2019) and Tsavdaridis, Kingman and Toropov (2015). 

Through using variables, objectives and constraints it is now possible to initiate an optimum design process; without these CAE optimisation cannot be done (Lake 2019). The CAE program Design Studio will optimise the chair’s backrest and chair rest to the stated variables, objectives and constraints. 
[bookmark: _Toc10446647]Optimisation and Analysis
It is highly recommended before carrying out optimisation that the maximum design cycles carried out by Genesis are defined for the first stage as 30 (Lake 2019). With completion of setting up a new topology design process with designable/non-designable regions, objectives and constraints all defined, optimisation can now be commenced. Design Studio will now optimise the defined variables through several cycles showing the design history; an example of this is shown in the figure 10 below for a cantilever beam:
[image: ]
Figure 10: Optimisation for a cantilever beam – in design studio (Lake 2019).
The cantilever beam optimised in figure 10 has similar variables, objectives and constraints to the desk chair. Initial output data shows the iterations taken place to optimise the component; in this example convergence occurred in the 16th iteration. The top graph reveals the number of cycles against the objective/normalised objective; in this case we see the strain energy has fallen to 10% of its original value at the end of the iteration; and a second graph displays iteration number against max constraint violation; figure 10 demonstrates the material has not exceeded 30% of the original material that was initially set out. Moreover, these optimisation results can be imported into ‘post’ and using ‘post’ the density Isosurface through each iteration can be viewed; an example is again shown below:
[image: ]
Figure 11: Isosurface density for a cantilever beam – in design studio (Lake 2019).
As figure 11 shows and through using ‘options’ then changing the Isosurface value areas of essential material can be seen highlighting how CAE is a powerful tool. Furthermore, this optimisation process using Design Studio or a similar CAE software can be implemented into optimising the desk chair in terms of identifying the essential areas of metal required in the backrest and chair rest. Hence, the overall weight of the chair is reduced but still maintains its main functions especially its specification to hold 100kg. Moreover, with the main objective to minimise strain energy there is possibility that the chair could hold in excess of 100kg providing another benefit; this is contrast if the main objective was to minimise mass with a constraint to minimise strain energy. 

However, it is essential at this stage to understand it is the responsibility of the user to interpret the results in the topology optimisation results ensuring the components can be manufactured (Altair 2018).
[bookmark: _Toc10446648]Optimisation Design
A disadvantage of topology optimisation is results could provide difficulties in manufacturing where Additive Manufacturing (AM) should be considered thereafter; this method makes it possible to manufacture complicated geometries by using computer technology such as Stereo Lithography (SLA) which can read CAD files to create models/prototypes (Chiu et al 2018) (Additive Manufacturing 2019). An alternative recommendation, as Tsavdaridis, Kingman and Toropov (2015) found their initial topology to be hard to manufacture, is to implement an additional constraint; a symmetric constraint would be suggested down the center of the both the backrest and chair rest which could result in an optimisation that could be manufactured. Furthermore, it also has to been considered if faux leather and foam can be fabricated and fitted to suit the new optimisation metal in the backrest and chair rest. 

After successful interpretation of the desk chair topology results, it is then possible to output a coarsened surface from Design Studio (in IGES file format) to give to a designer or use again to create another FEA model and analysis similar to Tsavdaridis, Kingman and Toropov (2015). The IGES file can be read back into SolidWorks or CAD along with the original component in order to carryout re-design. A FEA analysis can be carried out again on the new component to see if fails ensuring the desk chair meets its original functions and specifications.
[bookmark: _Toc10446649]Recommendations 
A further optimisation is recommended to explore after topology in the form of size; determining the optimal thickness of the metal used for the desk chairs backrest and chest rest. It is important to note that this design variable may need to be discrete instead of continuous due to manufacture restrictions i.e. different metal thickness manufactured (Lake 2019). This optimisation would require different variables, objectives and constraints when compared to topology. 

In addition. it is recommended a prototype of the new desk chair design should be manufactured and tested to fully evaluate it and to confirm whether the original product design specification is met; particularly the prototype would need to determine the manufacture cost and weight to see if the product can remain retailing at £36.99 in addition to the main objective of reducing the material usage in the desk chair and so reducing weight. Lastly, a Failure Modes and Effect Analysis (FMEA) is recommended to pinpoint any new potential failures in the new design. FMEA has its advantages in effectively identifying, evaluating and prioritizing potential failures of a product or procedure in this case the new desk chair design (Najafpour et al 2017).
[bookmark: _Toc10446650]Conclusion 
A thorough research into the application of a structural optimisation in the design process has been carried out. Particular attention was using topology to optimise a standard desk chair’s material usage through defined variables, objectives and constraints with justifications and benefits with having this optimised. The design process in applying topology to the desk chair has been described and evaluated identifying loading and boundary conditions in order to obtain a realistic structural optimisation taking practical considerations. Lastly, recommendations have been made for further optimisation techniques to be implemented on the desk chair in addition to carrying out an evaluation of optimised results with a prototype. 
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Fig. 4. Symmetry constrained topology optimisation study on 5 m span UB 305 x 165 x 40 with a constraint on the volume fraction of 0.4,
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