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1. 
Introduction 
Throughout history, the design process has had multiple stages to go through before a final product is produced. The first design processes began with trial and error and gaining experience when things went wrong. From this experience, practical guides were developed which aided in the consequent design of different products. The later development of both experimental and mathematical models drastically changed the design process enabling better predictions of how a product will perform without the need to produce a large number of prototypes, the testing of which had the potential to be dangerous for those involved.
In the past 60 years, the designed process has seen another large step in terms of what is possible. With modern computing technology, the ability to not only calculate but also to simulate what could happen to a product during use has enabled engineers to better design parts in a wide variety of industries from aerospace to construction.
This report aims to qualitatively assess whether Finite Element Analysis could or should replace physical testing. To do this case studies on protective headwear will be used to support the findings.


2. Why companies typically carry out FE analysis alongside physical testing.
2.1.  Physical testing
Physical testing can take two forms, destructive testing is used to test a part to failure. Whether that is in a single loading scenario or a repeated or cyclic loading scenario. Destructive testing is used to find the maximum load or stress a part can withstand before failure. The definition of failure in destructive testing can either be the elastic limit beyond which the part is permanently deformed or the…. Common forms of destructive testing include tensile or impact testing. 
The second form of physical testing is non-destructive testing. Non-destructive testing can be used to find material properties of a material or locate damage in a part without causing any permanent damage to the part common forms of non-destructive testing include thermal imaging and ultrasonic testing. (Hofer, 2018)
2.2.  Finite Element Analysis (FEA)
FEA is a computerised simulation tool that allows engineers to assess how a component, part or product will behave within a certain scenario. There are many different forms of FEA such as computational fluid dynamics  The FEA process is defined by the acronym SIMPLE 
Split the part into small elements
Interpret the geometry
Material information
Physical properties
Loading
Evaluation of the results
The FEA process works by splitting a part into much smaller sections called elements that can be assessed using simpler equations. Once the geometry has been split and assessed and material information and loading conditions have been input into the model the solver will run the necessary calculations at each node (element vertices or vertices and mid sides for second order elements) the solver will also calculate the values iteratively to account or any deformation caused. Because of the high number of calculations required a very accurate solution can take a long time, this can be mitigated by using larger elements or first order elements where possible. (Lake, 2018-2020)
2.3.  Benefits of using FEA in the design validation process 
FEA allows the designer to assess how the part/product would behave under certain loading conditions without the need to create the part(s) and conduct physical testing. This reduces the number of prototypes required and therefore accelerates the entire process, whilst also reducing the cost of the development. This can also benefit the company as tooling does not need to be created for a part that may be determined as a failure or destroyed prototype after physical testing. (Dascotte, 2004)
The FEA process also reduces the need for physical testing of the final product by validating the FE model and testing method (as described in section three of this report) meaning any further testing can be carried out using the same solver. This is a substantial benefit in applications or projects where a part is too large, too dangerous or too expensive to conduct blind physical testing. (Dascotte, 2004)
The use of FEA in the design process can also benefit the user by identifying areas of high stress concentration or deformation, allowing the designer to focus their interests in these areas when conducting any further computational analysis or physical testing.
[image: ]The implementation of FEA lead design benefits the company by further hastening the design process by inputting the fixed points and constraints, using the FEA software to create a base design that meets all the mechanical requirements of the part, then implementing CAD to create a full design instead of designing a part, testing I,t adjusting the design, testing again until the final part is created. As shown in the diagram below. (Lake, 2018/19)Figure 1 A diagram showing how time is saved by earlier implementation of CAE (Lake, 2018/19)

2.4. [image: ] Case studies 
Currently, sports helmets are primarily tested by physically testing the products using dummies or cadavers. To assess the effectiveness of the product, however, this does not provide reliable data on intracranial pressure, stress or strain induced by the impact on brain tissues. 
Another issue with the current physical testing method is low bio fidelity between the dummy or cadaver in comparison with an in vivo test subject. Physiological condition and mechanical properties of the cadaver or dummy can vary largely, therefore, decreasing the validity of the results. In vivo testing of this nature is strictly prohibited so to improve on the current testing methods an image-based FEA model of the human head has been created to be able to test the helmets. This enables a better understanding of the effects that an impact has on both the skull and the brain. (Luo & Liang, 2013)
Figure 2 (a) a stack of medical images of the head; (b) head finite element model; (c) subject-specific design of helmet; (c) helmet-head system model (Luo & Liang, 2013)

3. How a physical test may be correlated to an FE model.
3.1.  Model validation 
Model validation differs from design validation in that the aim is not to validate the product as much as it is to validate the simulated FE model and testing method. 
The reason for model validation is to show that the simulated model is accurate enough to be comparable with a real-life scenario. This is especially important in products that will not undergo or undergo very little physical testing such as products that have a high unit manufacture cost, therefore, physical testing needs to be kept to a minimum.
Another reason to correlate FEA results with physical test data is any unnoticed errors or uncertainties. There are two types of error in an FE model physical uncertainty which includes 
· Boundary and initial conditions- impact angle, impact velocity, drag, friction etc 
· Material properties- yield stress density manufacturing defects etc
· Geometry- manufacturing tolerances, thicknesses etc 
· Loading- application of load (sudden vs steady), unexpected loads (gusts of wind etc)
There are also numerical uncertainties such as 
· Conceptual modelling- insufficient system knowledge or physical process data
· Mathematical modelling- the accuracy of the mathematical model 
· Discretization error uncertainties- element sizing, element type, mesh density, geometric accuracy
· Numerical solution uncertainty- convergence tolerances, rounding etc 
· Human mistakes- typing errors, mistakes in units or data 
 (Dascotte, 2004)
There are numerous methods for conducting this validation process, detailed below.
3.2.  Correlation methods 

Simplified model testing 
Physical testing can be used to validate an FEA model by producing a part with similar but simplified geometry to but not identical to the prototype, then testing it before comparing the results with an FE model of the same part exposed to the same loading conditions and constraints. The FE model and validation test procedure must be as close as possible to the actual conditions the part/product will endure during use to ensure the validation process is maintained throughout. (Mayes, 2008)
The whole product may be split to sub-assemblies to determine uncertainties in the interfaces between each component and the effects that they may have on the model as a whole (Mayes, 2008). This may be tested for a flexural test example as shown below,BLOCK A
BLOCK B
JOINT/INTERFACE 

If tested as shown above and where blocks A and B were considered as one single block of material the difference would provide the flexural stiffness of the joint. For FEA this could enable the designer to implement more realistic contact conditions. (Lake, 2020) 
The use of FEA can also be used before physical testing to locate high stress/strain areas which can then be used to help locate sensors and gauges during physical testing. This would provide more accurate results from the physical testing. (Wasserman, 2017)
Mesh size and Mesh quality
Mesh size and mesh quality can also have a large impact on the results from a finite element analysis. Physical tests can theoretically be considered the same way that FE models are except that the elements and timesteps are infinitely small this means that the smaller the element size the better the simulation and physical test will be correlated. Another way to increase the accuracy of the analysis is to use second order elements that have nodes on both the vertices and the midpoints of the elements size. This will reduce the distance between nodes increasing the accracy but will also slow down the analysis as more calculations will be needed. FE models are simplified models of a real scenario, the degree of simplification must be decided by the engineer conducting the analysis as to the accuracy of analysis possible within both the timescale for the analysis and the computational hardware capabilities of the PC that the software is being run on. 
Consideration must also be made to the quality of the mesh especially for analysis such as CFD where a small change in the analysed surface could have a large impact on the resulting airflow characteristics. In stress analysis FEA this is impotant as misshapen geometries can cause stress concentrations where there should be none. The mesh must also be checked to ensure that all of the nodes that should be attached to each other are and are not just occupying the same space. This would be checked by comparing the number of elements and number of nodes. This is important as unattached elelments would increase the computational time of the analysis. (Schneider, et al., 2018)
3.3.  Case studies 
FEA is increasingly being used in both the design of protective helmets and in the analysis of head trauma caused by impact to determine the effectiveness of the helmet. To correlate the findings of their studies many researchers will use comparable physical test data (Mayes, 2008). Due to the requirement that the physical tests be conducted anyway there is no additional cost in using the same data to validate the FE model. The model validation process when testing any form of safety equipment especially protective headwear is of paramount importance due to the risks involved for the end user. The continued research and model validation may in time lead to physical testing of protective headwear becoming unnecessary in the future. FE model validation is also important so that a better understanding of the impact energy and forces during impact can be gained allowing a better understanding of how impact affects the brain which could in turn lead to a better helmet design. (Liu & Chen, 2017) (Pinnoji, et al., 2010)


4. If you think that FE analysis can (or should) ever replace physical testing.
4.1.  arguments for 
Finite Element Analysis provides a substantial benefit to the engineering sector both financially and in time saved. 

Finite Element Analysis (FEA) allows the designer to assess how the part/product would behave under certain loading conditions without the need to create the part(s) and conduct physical testing. This can also benefit the company by meaning that they don’t have to create tooling for a part that may be determined as a failed or destroyed prototype after physical testing. (Dascotte, 2004)
The FEA process also reduces the need for physical testing of the final product by validating the FE model and testing method (as described in section three of this report). This is a substantial benefit in applications or projects where a part is too large, too dangerous or too expensive to conduct blind physical testing. (Dascotte, 2004)
The use of FEA in the deign process can also benefit the user by showing areas of high stress concentration or deformation allowing the designer to focus their interests in these areas when conducting any further computational analysis or physical testing.
FEA lead design benefits the company by accelerating the design process by inputting the fixed points and constraints and using the FEA software to create a base design that meets all the mechanical requirements of the part. (Lake, 2018-2020)
FEA software can also be used to create topology studies which show areas that are of little structural benefit to the product allowing the designer to remove unnecessary material. This is especially beneficial in products that have a high economic or environmental material cost. (Morgan, 2019)
4.2.  Arguments against 
A large barrier to this is the legal requirements for many products to undergo standardised testing (CE, EN, ASTM). FEA could still reduce the amount of physical testing required by calculating and simulating the results of physical testing. (Parlimentary Under Secretary of State, 1998)
The first step splitting the geometry into small elements, the size of these elements should be determined by the engineer and depends on a wide variety of factors such as the shape and size of the part. The size of these elements may have a large affect on the computational time and results of the analysis.
During the FEA process, there are assumptions made that may cause contrast between the simulated and physical test data. These include manufacturing defects, internal damage, residual stresses etc. (Lake, 2018-2020)
Finally, the CAD model is often simplified in larger models to save computing time. Methods such as removing unnecessary or unaffected parts and removing features such as bolt holes if they \are not likely to significantly affect the results. This is done at the discretion of the engineer conducting the analysis, who needs to balance accuracy with computing time, there is no benefit to having the most accurate result if the deadline is missed. (Lake, 2018-2020)

4.3.  Case Studies 
There is a clear benefit for the use of FEA in the design of protective helmets both inside and outside of the extreme sports industry. Although the FEA process is thought to be more accurate than current experimental methods there are also too many assumptions and approximations made, therefore,  for the FE model cannot be considered as a definite assessment suitable for a product with such high consequences if it fails. As mentioned above currently all helmets must be certified by a safety standards agency (CE, EN, ASTM) a process which includes multiple physical tests, therefore, making the complete replacement of physical testing impossible. 	Comment by Elisabeth Downing: Does it have a part to play in partical testing? Initial testing before prototype


5. Conclusion 
In conclusion there is a clear benefit to the combined implementation of both FEA and Physical testing and although there may be a small number of products that are suitable to be tested through FEA studies alone protective helmets are not one of them. This is due to the high risk for the end user and current regulations that mean a helmet must be certified by a standards agency which requires Physical testing.
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