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[bookmark: _Toc38036794]Introduction
Once only utilised by large engineering and manufacturing companies the likes of general motors or Boeing, the use of computer aided engineering (CAE) or finite element analysis (FEA) has since been widely adopted in a vast range of engineering and design driven fields. One area in particular focused upon in this report is the use thereof in the development of an improved bicycle frame.
The reason for such wide adoption and one of the main benefits is cost reduction and reduced product development cycles through reduced physical prototypes. Products also exhibit higher quality in most cases and more efficient usage of material mass. In many cases the FEA study material reaction to loads are very accurate to that of the physical test, well showcased in the video (Developement, 2011). Thus, the large involvement of FEA in modern engineering is understood.
Accurate results need to be correlated between the model and physical testing to ensure an accurate representation and subsequent reaction to the studied situation is produced. There are various physical measurement techniques utilised today as well as data correlation tools to optimise the process. 
With such advances in computational power to handle finer meshes, greater degrees of freedom, optimised CAE packages and previous practical knowledge on a specific load case (think years of bicycle frame testing) is there a point where it is sensible to forgo physical testing? Through discussing how the two work together the report will aim to answer the proceeding question as well as should it?
[bookmark: _Toc38036795]FE Analysis and Physical Testing
CAE with the most notable being FE analysis has become an ingrained element in the modern design cycle within an engineering company in conjunction to physical testing due to the benefits it produces over traditional design methods. At current there are up to 500 different market offerings of FEM specific software packages, as well as over 25,000 research papers on the subject. This has largely been driven by the accessibility and affordability of modern computational offerings (nptelhrd, 2014). To clarify FEA is a computational analysis process otherwise known as finite element method (FEM) used to determine any physical phenomenon of a component under specified loading conditions through numerous simultaneous mathematical equations based on element interactions. Processing is done through what is known as a solver, MSC’s NASTRAN, originally developed for NASA, is a popular variant which many modern market offerings are based off of. The forbearing benefit and widespread inclusion of FEA is illustrated in the design cycle figure below. The use thereof reduces the time taken for the design-to-manufacture cycle as potential design flaws or weaknesses can be identified early on before prototypes are produced, allowing rapid redesign. Many alternative and distinct designs can be tested with negligible financial impact compared to prototype production. Many novel designs are a product of optimisation methods, expanded upon in later. Naturally the time taken in the design stages are increased however this minimal to the time savings in physical prototype validation. Costs are reduced as fewer physical materials need to be acquired, less time is spent developing and fabricating test rigs and the hire/operational time of test laboratories would decrease. Although more relevant to computational fluid dynamic software the same concept applies within aerodynamic testing. The hire of a wind tunnel is approximately £80,000 (Aero Performance Engineering Ltd., 2016) for a small development, and time which can be reduced in testing through initial computer testing can drastically reduce the cost during the wind tunnel development stage. Another benefit to the use of FEA is the ability to visualize the results of complex geometric shapes under loading conditions which otherwise would not be clear. Many programs offer increased deformation and stress gradient colouring further detailing the components reaction to loading. (Altair University, 2020)
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Figure 1 - Improved time to market within the design cycle of a product through the use of FEA. (Naidoo, 2017)
Optimisation and the efficient use of material as touched upon previously is one of the unique features of FEM which make it such a powerful design tool. Streamlining the design process the designer is able to define the packaging constraints, fastening constraints, assign an appropriate material, apply a load and define the optimisation output for desired minimum stiffness as an example (well illustrated in Figure 2). The results of the calculation provide answers as to where is it that material can be removed and where to place stiffening ribs and so forth. Although it requires an experienced design engineer with specific knowledge relative to the problem to interpret the information into a final design. This ability can allow alternative material types to be tested allowing for potential cost savings, or lighter weight in the case of a production sports car wishbone.
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[bookmark: _Ref37687688]Figure 2 - Optimisation process. (Altair University, 2020)
Now it is understood why FEA is widely adopted and the benefits it brings to the design process, in many cases it is still used alongside physical testing. In the case of the development of a novel monocoque composite bicycle frame presented in (Lessard, et al., 1994) the stiffness of the frame was of interest due to the affects it has on rider comfort and the transfer of power to the wheels. In order to evaluate the validity of the stiffness within the novel design without producing a physical prototype a series of steel tube bicycle frames were modelled and tested. The same frame was tested in a specially developed testing rig and measurements taken at various points. The stiffness result of the FEA model and physical model showed a difference of 7%, which according to (Altair University, 2020) is in the acceptable amount within 15%. Further testing on alternative frames with similar result deemed it feasible to conclude that the FEA result would be accurate. Thus, showcasing the use of physical testing for validation and accuracy of results which can be relied upon. Other reasons for joint testing could be the need specified by a ruling organisation to satisfy regulations and prove the validity of a design outcome, a common requirement in the aviation industry (Safarian, n.d.). This is especially essential with components within the transport sector where the design failure could lead to disastrous outcomes.
[bookmark: _Toc38036796]Correlating FE Models to Physical Data
Finite element analysis produces and approximate result. An important point to highlight. It is possible to validate the accuracy of the FEA model through identifying irregularities in stress gradients and concentrations or run multiple studies various meshes sizes and element types. However, this may still only be 20% accurate to real world results therefore physical correlation becomes an important factor (Altair University, 2020). Data correlation is done through comparing the results data from the FEA model to that of a real-world test which replicates the exact same conditions or vice versa, such as the bicycle frame stiffness study previously mentioned. The majority of early correlation methods have been done statically on a worst-case loading scenario using 90th or 95th percentile loads. However more recently a greater need for dynamic (where an object undergoes a linearly increasing or oscillating load over a set amount of time) analysis correlation, mainly due to the recent hardware and software improvements, has become common. 
There are two predominant methods of either static or dynamic correlation. The first is through virtual strain gauges which would be used to replicate the strain gauge used in physical testing, a node closest to that of the original attachment point will be used and the direction of measurement matched. The second method is through the use of a virtual sensor which can measure a multitude to different information such as displacement, motion data, reaction force etc. Again, this will then be able to replicate the sensor used in physical testing. (HBM PRENSCIA INC., 2020)
Returning to the case of the bicycle another study had been done on the natural frequencies of a mountain bike frame by (Sani, et al., 2016). A dynamic FE analysis was conducted to understand the vibrations present from road and rider interaction under different modes of bending and torsional stresses. In order to validate subsequently correlate the findings physical testing was done on the modelled frame in the form of experimental modal analysis (EMA). Illustrated in Figure 3, a fine striking instrument is used to excite the steel causing a vibration measured by the accelerometer sensors positions at specified points on the frame. The resultant correlation from the study showed a maximum error of 8.26% and an average of 5%, deemed accurate. This illustrates the importance of correlation, especially when designing new prototypes of products to be manufactured, such in the case of the novel composite frame discussed previously. The novel study data was correlated using measurements from load cells (strain gauges) to verify the analysis of 5 different frame types. High levels of agreement lead to the conclusion that the results from the novel design did not require validation and thus the outcome could be relied upon as accurate. 
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[bookmark: _Ref37779207]Figure 3 - EMA testing done on a mountain bike frame. (Sani, et al., 2016)
Correlation can also occur before the final result of the study on a smaller scale. The study of a complete airplane would prove challenging to test physically and subsequently to validate the result, therefore specific properties of components that make up the complete assembly can be tested. A bolt with a present or assumed stiffness property maybe be used in the initial assembly testing. An isolated study can be conducted at a later point on the bolt stiffness and the result thereof added to the study, removing known error and improving the outcome of the final result. The same can be done on sandwich panels under impact, such as in the study done by (Li, et al., 2015). Therefore, once the characteristics of a sample are validated within the model the rest of the model can be assumed correct to within a 15% margin.
Correlation requires accurate modelling and set up (boundary conditions, loading, constraints) to achieve the best result. Materials also have to be accurately defined to that exactly used in the physical product, assumption may attribute to error. Lastly, within a study the right analysis method will need to be chosen based to the requirements of the study. Two have already been mentioned, static and dynamic. Within the two a linear or non-linear analysis exists. A linear study assumes that the material has a linear stress-strain curve of infinite length, illustrated in Figure 4. Leading to faster solve times and best suited to metals, it however may lead to inaccuracies and is up to the engineer to decide what is sensible while examining the maximum tensile strength of the material. A non-linear solver refers to the polynomial (non-linear) shape of a stress strain curve, best suited to materials with elastoplastic or elastic properties. 
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[bookmark: _Ref37870638]Figure 4 - Linear static assumption. (Altair University, 2020)

[bookmark: _Toc38036797]Should FE Analysis Replace Physical Testing?
Finite Element analysis has been proven to shorten the time spent on prototypes, however, does it have the capability of doing without any physical testing at all and producing a viable final design. In the initial studied paper by (Lessard, et al., 1994) the final design was concluded upon without physical testing, but through a range of data correlation of multiple frame and complimentary FE analysis’. Thus, with enough empirical data the final design was deemed accurate, and therefore physical testing of the final product was mitigated. Hence it can be considered that with enough empirical data in a specific area it is possible to create a final design without the need for a physical test. This does not mean that a novel bicycle frame can be drawn up and analysed with reasonable outcomes and be considered as the final design for production, no. A multitude of empirical data would need to be referenced and correlated against in order to proceed, and for this purpose correlation tools do exist. Another method which physical testing can be avoided is through the consideration of the safety factor (governed by the materials ultimate tensile strength respective to the element and test situation) and maintaining stresses well below the limit, thus ensuring the point of yield or failure would not be reached. In some application areas this is deemed sensible if well backed (Safarian, n.d.). Consumer products of low risk can be considered a design item/component which could forgo physical testing, such as a lamp, bookshelf etc… The advances in technology allow for that. A recent technological achievement demonstrating this was the design of Philippe Starck's A.I. chair for Kartell, chair designed through prototype generative design software (Jordahn , 2019). Though fully defining the requirements, manufacturing process, loads etc. the software package was able to output a final functioning product.
The main area of concern arises when areas of high risk are being considered. Transportation mediums are all high risk with aviation being believed to beat the top of the list, (Brooke, 2019) argues that the automotive safety concerns are higher due to the more modes of failure and varied conditions. Temperature testing ranges from -40˚c to 125˚c, it is important to consider if that large range of material temperature data is needed to replicate such studied accurately. With such high demands and the strain on rapid turn around being hindered by rigorous testing some companies are suggesting that “it was time to loosen the adherence to Automotive Grade Practices…Deploy first validate later.” Said in reference to the production of computer chips the concept equally applies to component design through FEA. Less validation would improve product turn around but impact the level of safety and integrity of the end product. The case of the bicycle teeters in the middle of this range, a general consumer bicycle used for daily commuting and ridden on public roads could result in a fatal accident if a failure would occur during the lifespan of the vehicle and can be looked upon in the same situation as the passenger vehicle. A performance bike involved in competition series undergoes rigorous development aimed at producing marginal gains in performance from one season to the next. This means very short development times and thus the least amount of physical testing would save time and spare the financial resources. Minimal testing would be preferred, and it is thus up to the engineer and team to decide what is a reasonable risk to take.
Therefore, the replacement of physical testing is dependant of situational factors. If the item is a consumer product within a low risk application, the need for physical testing is low and can be done at the final stages of product development. The load case will need to be thoroughly understood and would require experience in that field. High risk applications where the safety concerns are weighed with that of performance gains such as in the case of a race bred bicycle frame, physical testing can again be minimised on for greater risk. Lastly, high risk options which feature the final use by the public with varied use conditions can not forgo physical testing as validation is required to ensure the safety of the end user. Within this over arching statement exceptions do exist even in a high-risk design case, where enough empirical data and a high safety factor can go without physical testing if deemed appropriate. This would typically be applicable to a component within an assembly. However, the general opinion is that there must be some form of validation present which more than likely would take shape as a physical test. 
[bookmark: _Toc38036798]Conclusion
The vast adoption of FEA can be clearly understood through the ability it allows to model complex engineering problems, in addition to the cost and time savings it brings to the design process. The time spent on physical testing is drastically reduced however not made obsolete as it is still relied upon, whether directly or indirectly applied to the end product as showcased in the case of the novel composite bicycle frame.
It is understood that the analysis result of a study is only an approximate result, a key point as discussed. Therefore, methods are required to validate a study and as a result correlation and correlation tools play an active role. Alternative methods of validation apart from physical testing do exist but do not offer a definite answer. The use of correlation is found in either the complete assembly or components which make up the study, especially when it is as large as an airplane, both adding to the final accuracy. Correlation is done largely through the replication of a physical test and comparing data produced from a virtual strain gauge or sensor to that of the physical test variant. 
“Is the need to speed development worth loosening the industry’s adherence to Automotive Grade Practices?”, the benefits of FE analysis is vast but above all it saves time, the question sums up the dilemma of can and should physical testing by the former be replaced. The answer which can concluded upon is not straight forward and thus depends on the situations. In the case of consumer product of low risk, such as the AI design chair this route is logical and physical testing can be avoided. Within high risk application the safety and validation of results are important thus it would not be wise to forgo physical testing especially with the range of usage conditions. The final decision of if it should be done rests on the designer especially when it comes under competition situations. Is the win worth the risk?
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