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[bookmark: _Toc38661360]INTRODUCTION
In today’s industry, it is normal practice for companies to carryout Finite Element Analysis (FEA) alongside physical testing. In this report we will try and understand why this is so, also to look at areas where physical testing may be correlated to FE modelling. The report will then look at the evidence from both positive and negative perspective in the use of FEA and to decide whether physical testing can or should ever be replaced by FEA.
The report will initially look at the origin of FEA and how the analysis system works, then the report will turn to the challenges companies are facing in the commercial world and how FEA can help. Then the report will discuss the various different ways of correlating physical testing to FEA, where FEA can helps to validate design concepts or predicting and correcting product failure, with further discussion on the topic of replacing physical testing with FEA.
[bookmark: _Toc38661361]What is FEA
To understand the relationship between FEA (Finite Element Analysis) and physical testing. It is necessary to understand what is FEA.
FEA is the computerized analysis method to envisage how a manufactured product will react to the physical world. The analysis helps with understanding issues like how the product will behave in the real-world physical condition as it is exposed to Forces, Heat Transfers, Vibrations, Fluid/Air Flows and more. FEA is then used to predict if the product is going to Break, Tear, Wear Out or behaving in such a way that it is supposedly to do as it is manufactured for.
[bookmark: _Toc38661362]FEA Design
FEA allows any design of products or equipment to be analysed in detail, it is also beneficial in the analysis of more complex materials such as carbon fibre. In some industry sector, FEA analysis can be a prerequisite to certification or validation of components.
The designs can be constructed, refined and optimised before the product or prototype is manufactured. FEA can be used as a ‘standalone option’ or as part of a suite of analysis options that are used in developing and evaluating a product during the design process.
There are Computer Aided Design (CAD) product in the market that are with FEA function, although most of these products are as powerful as pure FEA products, they could still provide simple solution for the user, these types of product have become more powerful, and CAD product has become more user friendly and diversified.
[bookmark: _Toc38661363]Pre-Phases
There are fundamentally three main phases in FEA, Pre-processing, Analysis and Post-Processing during the pre-phases, all setting determine the accuracy of the FE model. Below are the key factors to achieve greater accuracy:
[bookmark: _Toc38661364]Material Information
Normal FEA package would provide several material’s information to the user. The user can customise own material information to generate more accurate result.
[bookmark: _Toc38661365]Meshing
[bookmark: _Hlk36838257]FE model are made from numerous elements, the elements are then combined to recreate the origin model. Each element has a few nodes, the nodes are the point to apply equation to calculate for the result. The mesh model will not be identical to the origin model, since to make an identical true model requires infinite number of nodes. In theory the more elements and nodes used in the meshing model translates to a more accurate result. However, the computing power or time needed to solve the model would increase accordingly.
[bookmark: _Toc38661366]Different FEA Models and Use
FEA can calculate 1D, 2D and 3D model. Before engineers use Finite Element to help solve engineering problems the structural analysis was restricted to elements connected to only two points in space. The development of FEA had first started with structural analysis restriction to 1D, later evolved to 2D and 3D analysis (Wilson, 1999) Even though 3D analysis could provide more accurate calculations and results, to save time, 1D and 2D analysis are still widely used for basic tasks. For example, to proof of concept and correlation.
Tube structure often used 1D analysis to save time. However, it could not analysis plane structure such as supporting plate, therefore a mixture of 1D and 2D analysis could be made for that purpose.
In 3D FEA model brick element can provide a better quality meshing, but the meshing and solving time will be longer, the Tetrahydro Element have the worst quality due to the angle of the elements, but its solution time is faster.
[bookmark: _Hlk38228194][bookmark: _Toc38661367]Yield Criterion and Force Loading
There are two type of forces that can be applied to the FE model, static and dynamic loading. Static loading is to apply one loading once and then review the results, while dynamic loading means applying the same or different loading in a period and looking at the results at the FE model through that period.
There are also equations to calculate such as the reaction from the material to the forces, the different type of material requires different type of yield criterion, the common type is Von Mises, where Von Mises Stress is a value used to determine if a given material will yield or fracture. It is mostly used for ductile materials such as metal (Simscale, 2020).
[bookmark: _Toc38661368]Analysis
During the analysis phase, the result is being calculated. There are CAD product with FEA function in the market which will automatically go back to the pre-processing phase and refined the model for result analysis immediately after calculation.
[bookmark: _Toc38661369]Post Processing
Post processing is where the user can extract and view the results. The user can look at the results and draw conclusions. There are lots of results that can be calculated though FEA. The list below are the solutions that could be found using FEA from the automobile industry (Crisfield, 1995), different type of results could be found in one FEA simulation.
· Stress Analysis 	– Stress, Strain, Failure Points, Fatigue, Creep
· Thermal Analysis 	– Conduction, Convection, Radiation, Conjugate Heat Transfer
· Vibration Analysis 	– Modal, Harmonic, Random, Transient Dynamic
· Seismic Analysis 	– Equivalent Static, Response Spectrum, Transient Dynamics
· Impact & Crash Analysis 	– Equivalent Static, Short-Duration Explicit Simulation.
There are two results that are often look at, the displacement of where the product had deformed, so that the designer can improve on the weaker parts of the product. The other is the stresses on the product, whether the stresses can be applied evenly, and is there any concentration points to cross to avoid inaccurate results. 
[bookmark: _Toc38661370]Issues Companies Face in the Commercial World 
Before FE methods were introduced to help solve engineering problems, products were often being over-design with redundant and costly Factor Of Safety (FOS) features. In order to eliminate or to minimize such wasteful features, it was necessary for engineers to deploy the “Build and Break” Cycle, where initially a prototype (with enough FOS) is built, this is then tested.  From the testing results of the experiment on the prototype, necessary change in design and further prototype production and testing were further carried out, this process was then repeated at the high cost and time to reach a final satisfactory product (MacDonald, 2011).
[bookmark: _Toc38661371]Costs and Time
Today, the target project timescale from concept to prototype definition are very aggressive in the automobile industry, with a typical timescale of no more than 18 months from product conception to finished prototype. The JOINING and ASSEMBLY needs of manufactured components can account for up to 30% of product total manufacturing costs and up to 50% of its total manufacturing time (Kraskiewicz, 2015).
[bookmark: _Toc38661372]Criticality of the Correct Product
The increasing use of common auto-parts and common auto-suppliers across multiple model lines, as well as multiple automakers, puts ever increasing pressure on getting the product right first time for component manufacturers.
In 2016, passenger vehicles recall by manufacturers in the USA had reached 53.2 million units, representing an increase of 7% when compared to the previous year. Such costly exercise helps to remind us time and time again, to minimise or even to eliminate mistakes before going into full production (Gareffa, 2017).
[bookmark: _Toc440230988][bookmark: _Toc38661373]Benefits of FEA for Company
As computation power grew exponentially, outstripping the speed of FEA development itself, we can now see FEA application applied in all major engineering disciplines. Today, it is a fact that Finite Elements Analysis requires the power of computers, for without computers the FE methods of analysis would be like trying to move an automobile without a motor! (Crisfield, 1995).
[bookmark: _Toc38661374]Reduce Physical Testing using FEA
The benefits of influencing design earlier can reduce the number of design cycles, and thus eliminating much of the physical testing needed, analysis is KEY to product design. it can help estimate the performance of a product before it even exists. With the application of FEA, it can also identify the causes of existing or potential product failures, it can be used to help design and optimise new solutions within the constraints of any existing geometry.
Enhanced design and early evaluation of critical design parameters by Virtual Prototyping capability, meaning fewer physical prototypes, are required and which are aligned to rapid prototyping, this method is efficient and less expensive for the design cycles, it helps to increased productivity and profit.
[bookmark: _Toc38661375]Less Risk in the Design Process
Reports can be produced as part of quality control and audit processes, it helps to maximise performance through material selection and cost-efficiency, reduced R&D and development costs. 
[bookmark: _Toc38661376]Certification and Verification
The simulation data output is only as good as the input data. We have the engineering experience, expertise, and calibre to identify any potential anomalies, this will help cross-check and carry out calculations to ensure the data output is correct.
[bookmark: _Toc38661377]Material Choice and Cost Consideration
New materials are constantly being developed to address new consumer demands, like performance, customization, personalization, sustainability, and countless more. With these new engineered materials come new manufacturing processes that have interrelated impact on the material performance.
FEA is a digital way to test designs, built with various materials not only limiting to metallic materials, but can also be Plastic, Rubber, Ceramic/ Composites etc, against predictable forces to determine whether a design will fail, and if so, when and how the material will deform, snap, or collapse. The failure penalty for components are high, as a result, any spending on FEA to product development projects can easily be justified.
[bookmark: _Toc38661378]Problem with Large Structure Testing
It is not realistic to build a full-scale test for some products, due to the time and cost needed in building one. For large structures, such as a building on the ground or a rocket ship for the sky, FEA can help to analyse the whole structure.
The FE Method had been an analysis tool that complemented many engineering with their analytical and experimental research activities, such as in the below engineering projects (Wilson, 1999):
· Reinforcing Buildings and Bridges.
· Earthquake Study & Engineering.
· Bridge and Flyover behaviours.
· Manned Space Program.
· Offshore Drilling to Nuclear Reactors, the analysis in the use of new materials in mechanical engineering.
[bookmark: _Toc38661379]Correlating Physical Testing to FEA
When checking for computation accuracy, we can also look at the correlation it has with any actual physical testing results, often simply by manual calculation checking the mathematical result with the algorithmic computed results. This manual testing data can also be collected by physical measurement from physical models and prototypes.
Where the physical strain gauge measurements and stress comparison readings can be correlated to the strain energy and residuals result data from the FEA, where physical natural frequency comparisons can also be correlated to the reaction forces and moments data from the FEA 
When faced with non-linear FEA, no matter how robust the built-in model can become, engineers will appreciate there will always be the potential for the structure to suffer Elastic Knockdown, that is why there is the stronger need for physical testing on prototypes. Engineers must always bear in mind that any compressive axial load on a structural member will tend to decrease its bending stiffness and vice versa for the tensile axial load (Ross, 1998).
[bookmark: _Toc38661380]Verification and Validation 
It is very important when designers are using FE model to change the design, they must first correlate the baseline before suggesting any changes. If the baseline design does not correlate to the test results, confidence on any of the designer suggestions will be irreparably damaged.
Baseline for validation are set differently for different industries, one would expect a tighter standard for the aerospace industry. In general, a 5% to10% difference in FEA solution to the physical test can be considered as an acceptable result.
[bookmark: _Toc38661381]Checking Mesh Quality
Designers must ask if elements in the critical areas/regions need further refinement, the aim is for the mesh to be representative of the true shape of the physical object.
Below are 2D samples of meshes (Lake, 2020):
Mesh refinement of different sizes:
a. 4 elements  =  1.6MPa
b. 8 elements  =  2.06MPa
c. 16 elements  =  2.48MPa
d. 64 elements  =  3.02MPa
[image: ]
[bookmark: _Toc38653539]Figure 5‑1 2D Different Sizes of Mesh to the Same Object

Through mesh refinement is helpful to designer, but to determine the right size to best achieve the accurate result is also important, as there is the danger of over meshing and can cause delay to reaching solution.
[image: ]
[bookmark: _Toc38653540]Figure 5‑2 Different Types of Elements in Meshing

The above shows two different types of elements we can use for meshing, here the use of quadrilateral shapes has shown to be more representative than triangle shapes, so the use of quadrilateral shapes are recommended where ever possible.
Also for best result, the ideal shape for a quadrilateral is a square, while the best triangle shape is an equilateral triangle. The further the inner angles of the element changes to their ideal shape (for example the angle becomes very sharp or very wide) then the element would be consider as being very poor and may even lead to error in the solution.
There are also other programmes available to help check the mesh quality.
[bookmark: _Toc38661382]Skewness Check
We can check the skewness of a triangle element by finding its minimum angle between the vector from each node to the opposing mid-side of the element, the vector between the two adjacent mid-side at each node of the element is the triangle skew.
[image: ] 	Triangle Skew  =  
[bookmark: _Toc38653541]Figure 5‑3  Triangle Skew Element



The skewness of a quadrilateral element is found by its minimum angle between the two lines joining the opposite mid-sides of the element. The skew check is performed in the same fashion on the 2D element as it is on all the faces of the 3D elements.

	[image: ]			Square Skew  =  
[bookmark: _Toc38653542]Figure 5‑4 Square Skew Element

[bookmark: _Toc38661383]Aspect Ratio Check
Aspect ratio in 2D element. Dividing the max length side of the element by the minimum length side of the element. The check performed on 2D elements is the same fashion that can be used on all faces of 3D elements as well.

 

[image: ] 	3D. [image: ]
[bookmark: _Toc38653543]Figure 5‑5 Elements Demonstrating Aspect Ratio (SEACAD, 2018)

The ideal Aspect Ratio is equal to 1, but generally an Aspect Ratio up to 5 is acceptable.
[bookmark: _Toc38661384]

Warpage Check
Warpage in 2D element is calculated by splitting a quadrilateral element (see 1) into two triangles (see 2) between the two planes which the triangle form.
The quadrilateral element is then split again, but this time using the opposite corners and forming a second set of triangles (see 3) 
[image: ]
[bookmark: _Toc38653544]Figure 5‑6 Warpage Illustration for an Element

The angle between the two triangle planes can then be found, the maximum angle between the two planes is the warpage of the element (note that the warpage on a triangle shape element is zero).
The check performed on 2D elements is the same fashion that can be used on all faces of 3D elements as well, and the ideal warpage is zero degree, but generally a warpage up to 10 degrees is acceptable.
[bookmark: _Toc38661385]Matching Meshing Element Quality with the Program
The FEA system operator needs to input the tolerance from company requirement in each area to the Mesh-Quality-Checking program, the system will then indicate to the operator if the mesh quality chosen was acceptable for use. Below shows an example of a mesh quality checking system in action.
[image: ]
[bookmark: _Toc38653545]Figure 5‑7 Mesh Quality Checking (Lake, 2020)
[bookmark: _Toc38661386]Accuracy on Convergence
It is difficult to decide how many elements are required in a model for best convergence result. We know that for the result to be accurate, then converge to solution must be independent of mesh size, that means further mesh refinement will not affect the result anymore (the results here on is said to be independent of mesh).
Using an interesting example found on the Web (Xceed Eng, 2020)
Where an experiment on a rectangular steel beam had been made, the experiment had deployed a varying number of elements along the beam width, depth and span, the different cases were then solved by FEA, creating the below table of mesh size versus deflection and solve time.

[image: ]
[bookmark: _Toc38653546]Figure 5‑8 Experient Table on Mesh Size Vs Deflection and Solve Time

[image: ]
[bookmark: _Toc38653547]Figure 5‑9 Experiment Chart on Vertical Deflection Vs Number of Elements

A chart was plotted with maximum vertical deflection against the number of elements used in the mesh, the response of the system converges to solution. It was found that the refinement of the mesh (i.e. the addition of more elements to FEA) has little or no effect on the solution after passing a certain point. It is fair to say the FE model has managed to capture the system behaviour and has become independent of mesh size, this will in turn help us decide what best mesh size to use.
Such finding is also helpful for the convergence test to correlating to the dynamic response comparison from physical testing.
[bookmark: _Toc38661387]Validation and Visual Inspection
FEA is approximate and it is not robust, that is why verification is so important as small errors in the initial modelling data input and boundary conditions can lead to much larger errors down the line, these errors can be relatively small and difficult to identify, nevertheless they can still have significant impact on the performance or service life of the final product.
Errors are inevitable in FE model, we can be sure that the more complex the model, the higher the probability that error is present, but the important thing is to have a process in place to help catch these errors before they do any real damage, thus the need for the verification process.
The analysis must first begin with clearly defined goals, accuracy requirements and key assumptions, making sure the simulation result matches the mathematical model, often by simply carry out manual calculation verification where need be. Troubleshooting techniques can be looking at the Boundary Condition, Material Properties, Presence of Residue Stresses, other localized effects such as welding, bolt torque, experimental error.
Or sometime simply by visual inspection and common sense, questioning all aspect of input to FEA. The below diagram shows how deformation becomes apparent when the FEA solution is deliberately scaled up to meet our visual inspection.

[image: ]
[bookmark: _Toc38653548]Figure 5‑10 Scale Up Deformation for Visual Inspection (Puneekumar, 2017)

[bookmark: _Toc38661388]

Testing Large Structure
Testing a large physical structure is not realistic in terms of finance and time needed, it would be prudent to dissect the structure into a number of smaller representative structures, and by using FEA to help validate each and every one of these smaller constituent structures so that once the results of all these smaller structures had been achieved, we can apply the same setting on FEA to represent the final larger structure. For example, if we need to build a large tank structure, we can break down the structure into its smaller constituent structures such as in the form of its supporting beams, metal sheet casings and so on.
[bookmark: _Toc38661389]Replacing Physical Testing with FEA
Although FEA can help to reduce time and cost, but without the correlation of Physical Testing to FE Modelling, the FEA finding will not be able to stand alone as valid solution to the problem. Real life factors are simply not addressed in FEA, considering all these left out or simply overlooked components to the problem, a 100% accurate solution from FEA may still be a tall order, even though we have taken into consideration the daily advance in computing power and FEA automation.
[bookmark: _Toc38661390]Real Life Factor
With homogenous material say steel at 99.9% purity, we can be reasonably confident how this material will behave, yet with non-homogenous material like Carbon Fibre Reinforced Plastic (CFRP) which contains carbon fiber reinforcement embedded in a matrix of epoxy resin, this means we have two distinct constituents where each of these constituents can affect the mechanical behaviour of the composit material. Though the carbon fibre will carry most of the load, when the fibers are discontinuous, the epoxy resin will also help transfer load among the reinforcements too!
Think of an isotropic material which tend to have the same properties in all direction, and yet if we then look at a thin sheet of wood which is an orthotropic material, it will have different material properties in two directions!
Then there is the consideration of material failure due to fatigue, deformation, creeping and damping are just some of the many real life factors faced by design engineers.
[bookmark: _Toc38661391]Human and Machine Error in Manufacturing
Even the design of a product is flawless, during the manufacture of the product, it may be made not to the precise specification of the design. Human and even machine can introduce error to a manufacture processes, if a welder welds two pieces of metal together, the weld can not be the same ever time. Even though automation can reduce error, it can not terminate the error, that is why manufacturer are still taking sample of their products for physical testing for quality control.
The pedestrian bridge in the Florida International University had collapsed on 18th March 2018, the reason for the collapse was before the bridge was fully installed, two of the beams had already been damaged, but the installation had continued anyway causing the collapse (NTS USA, 2019). 
[bookmark: _Toc38661392]Material Properties
Without doing any correlation with real testing, the material property could only be a guess and could not be refined in FEA. Even when the correct data is available on the material property, the quality of the material may be below the manufacturer’s tolerance level, or that the property of the metal has changed due to corrosion, all these can affect the product result.
[bookmark: _Toc38661393]Issues from FEA
FEA is only as good as its designer, even with the best FEA package in the market, there are still factors in these FEA packages that can benefit from further improvement, and definitely these packages are not going to improve themselves without the ability to correlate with physical testing at the moment.
[bookmark: _Toc38661394]Simplified CAD Design
When solving problems in FEA, especially when solving 3D design problem, the original design may be further simplified due to time constrain in achieving solution by the system. Although such change is considered to be only a minor one, nevertheless it would still affect the overall result to the solution.
[bookmark: _Toc38661395]Meshing Element Quality 
The mesh model can never be identical to the physical product, because to be identical to the real thing, the mesh model will have to have an infinite number of nodes. Then there is also the boundary condition, skinless and other factors yet to be inputted to the system.
An easier way for manufacturer is to allow the pre-processing phase to have tolerance parameters inputted to system that does match the company’s own tolerance standard. In the real world, companies often do have their own standard of tolerance, by applying the already set up company tolerance figures, operator are sure of deriving acceptable solution within company tolerance, to enable the company to produce acceptable product for themselves.
Yet if we think about these company standards, we can see that they are dictated by years of experience in their industry, and it is ionic that such experience tend to have its roots at physical testing.
[bookmark: _Hlk30946941][bookmark: _Toc38661396]

Conclusion
FEA is just a computer program, always keeping in mind of the reality that "Garbage In equals Garbage Out!", the FEA is only as good as what had been put into it by its designer. After reviewing all the facts found in this report and weighing the arguments for and against, believe FEA can only complement rather than outright replace Physical Testing in the near future.
Finite Element Analysis (FEA) has brought numerous opportunities for product design engineers and manufacturers and is now an integral part of product development process in the Automotive Industry as well. FEA does not eliminate the need for prototypes, but it can shorten the process to the actual prototype production. Often only one or two prototypes are needed to be built and tested before anything new goes into production. But when using FEA, the operator must first establish credibility by verification and validation, establishing a connection between modelling and the physical testing based on the correct principles of physics.
Although FEA is a powerful tool to help solve engineering problem in the motorsport industry, without correlation with physical testing, FEA would always just be a test with estimated data, such FEA result simply cannot be rely on when unchecked FEA solutions can easily be translated to life and death scenario!
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