     	[image: ]


     




     	[image: ]

- 10 - | Page

Contents

Introduction	- 2 -
Task 1	- 3 -
Task 2	- 5 -
Task 3	- 7 -
Conclusion	- 9 -
References	- 10 -



[bookmark: _Toc38791856]Introduction 

The concept of using finite element analysis to approximate solutions for partial differential equations is not a new idea, in fact the earliest recorded use for a very basic type of finite element analysis was when Alexander Hrennikoff divided the domain of a Civil framework problem into simpler parts (i.e. finite elements) to determine the associated stress concentrations within the framework (Hrennikoff, 1941). The concept of splitting the domain into smaller discrete elements would then be refined over the coming years but complex problems could still not be undertaken by solely using finite element analysis due to the vast amount of calculations needed. This of course was until the age of computing, which then allowed for more complex problems due to the ability to use them to perform difficult repetitive tasks that humans are incapable of solving in an accurate and timely manner. Although the advancements of the finite element analysis have given engineers a very capable and robust design tool, one of the inherent problems is being overconfident in the FEA results and not preform real-world testing to validate the FEA results. This is report will explore if finite element analysis can replace physical testing or if the need for real-world validating will always be needed in order to produce accurate results. 
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Historically, the process to successfully design a component without FE analysis would typically involve making prototypes and then completing a series of physical tests to determine if the solution successfully met the design criteria. Although this method has proven to be successful, it also generates a large amount of errors at the beginning of the design process due to the oversight of certain initial conditions such as materials choice, boundary constraints and component interactions to name a few. In addition, this process can be more time / resource consuming due to the fact that a change in the design means additional prototypes and thus more physical testing would need to be completed in order to guarantee a successfully designed component (Churazova, 2018). Finite element analysis was then introduced into the design process to try and eliminate these short comings. Some of the key benefits of using FE analysis are outlined in the following list below, (UK, 2019):
1. Increased accuracy – The designers must consider all boundary conditions and material choices before prototyping which creates for a more robust initial design due to the fact that key restrictions (i.e. stress concentrations, manufacturing constraints) won’t be overlooked when compared to traditional design methods.  
2. Critical design parameter insight – FEA programs are able to both model the external and internal design parameters of a component, which in turn gives the designer the biggest advantage over traditional methods because the entire structure can be analysed for critical failure points. The ability to determine the critical failure points with interacting components is also a key advantage.
3. Virtual prototyping – The ability to change critical design parameters and virtually test if the change has improved the overall design in a matter of hours instead of weeks due to the steps needed to create hard prototyping is very beneficial when trying to design a robust component in a set amount of time, thus creating a more efficient process. 
4. Increased productivity – The ability to save precious time for each design process within a company setting is very advantageous due to the fact that the saved time can lead to a more productive work force, which can then lead to an increase in overall revenue.  
5. Domain constraints – FEA allows designers to think creatively about solutions due to the amount of time saved over traditional methods, which is especially important when complex problems  arise. The ability to virtual test a wide range of solutions allows for an end design that has been validated throughout the design process and thus producing a robust component.
6. Multiple applications – The ability to solve numerous analysis types, (i.e. Linear or non-linear, static, or dynamic and comparative or absolute (Design, 2017)). This is very important because this allows designers to critically think about the real-world scenario and being able to appropriately design for such implications.
The above advantages of using FE analysis clearly demonstrates the reason why it has been implemented in modern day component design, but this solution does not come without inherent problems as well. The biggest downside associated with FE analysis is being overconfident in the end results and the following list outline’s some of the reasons why designers can be overconfident with bad results:
1. Initial boundary conditions – If the initial setup of the FE analysis is not carefully chosen at the beginning of the design process it can cause hidden issues within the design in the future. Which is why material interactions and boundary constraints must be critically determined at the start of the design process.
2. Program Usability – The current software programs available to engineers have been refined over the last decade and the tools available now are very user friendly. Although this is usually advantageous to engineers, it can also become a big problem due to the amount of background processing the program is making without the designer’s oversight. This lack of input can become especially dangerous if the designer is not aware of the fundamental principles that the software is built upon and instead relies on the software’s best judgement.
3. Bad Assumptions – The current software packages are also able to determine mesh size, mesh strategy, element type and boundary constraints to name a few, without the designer’s input. These assumptions made by the software can cause critical underlying problems that the designer is unaware of and thus the results generated cannot be used with any confidence. 
4. Results – Let’s say that the designer has successfully designed a component and was able to mitigate any assumptions the software has made and has also effectively mimicked the real world situation for the component. The final problem with FE analysis is the way the results are displayed to the user. Typically the results are shown with the von-Mises stress analysis, when in fact another type of stress (i.e. shear stresses) could demonstrate much different results and thus the importance of critically analysing the different result strategies that the program is able to output is very important.
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Typically a designer will use an FE model to predict certain structural / behavioural results in order to determine if the current model will meet the design criteria. The results generated from the model would then be compared to physical testing of the component to ensure the accuracy of the model is within tolerance. This will also validate the design in a real-world application and thus demonstrating that the component has successfully / unsuccessfully met all the design criteria. This way of correlating physical testing to an FE model is usually carried out for one-off or very limited design changes as this method can be time consuming due to the specific design criteria or particular component applications. 
Another way of utilizing physical testing to assist in the validation of an FE model is to determine the discrepancies between the FE model and the physical testing. Once the discrepancies have been determined, the designer can then begin to alter the FE model to account for these differences and thus producing a more robust FE model. Although this process can be time consuming because the number of iterations that must be completed to produce an accurate model can be very high in some cases. This can be due to many reasons, for example, the complexity of the component, component interactions, dynamic real world situations and unknow variables such as environmental changes can play a big part in determining the correlation of physical testing to an FE model. Although this iterative process can be very time consuming, the benefits of successfully minimizing the error between the FE model’s predictions and physical testing results will yield a greater confidence in the FE models future predictive capabilities (Engineering, 2019). This enhanced predictive capability can be very beneficial to a designer when trying to design similar components in the future because the new models will have to undergo less physical testing to achieve a similar amount of confidence due to the already established error percentage. 
[image: Bevel Gears - How Gears Work | HowStuffWorks]In order to highlight how physical testing is correlated to developing accurate and robust FE models the case study published by Carl Gregefors was used (Gregefors, 2016). The report demonstrates the relationship between FE models and physical testing by using a hypoid gear set (figure 1) as the main component in question. The reason why this case study was chosen to demonstrate how physical testing can be linked to FE models is due to the component complexity and precise manufacturing tolerances. These complexities and tolerances found in this case study overemphasize the smallest errors found between the FE model and physical testing and thus the perfectly demonstrate how physical testing may can correlated to an FE model study. The critical design feature of a hypoid gear set is the contact between the pinon (small gear) and ring gear (larger gear). This contact must remain uniform and consistent regardless of the external torque values applied to the gears and this is why determining the contact discrepancies in the FE model and physical testing are important for validation / future designs. The contact pattern results achieved from the case study FE model and physical testing can be seen below in figure 2, which shown a torque value of 100Nm for the top row, 500Nm of torque for the middle row and 1250Nm for the bottom row. [bookmark: _Toc38450418]Figure 1: Hypoid Gear Set (NICE, 2018)
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Figure 2: Contact Pattern Comparison, FE Model Left, Physical Testing Right (Gregefors, 2016)
The results reveal that at lower torque values such as 100Nm  the contact pattern varies by 15-20%, while the 500Nm applied toque only results in a 5 -10% discrepancies and the larger torque value of 1250Nm is within 2% (Gregefors, 2016). The importance of being able to determine the differences between physical testing and FE models in a manner like this can be a very powerful tool because it will allow the designer to have greater confidence when creating future designs of a similar nature. The significance of being able to determine the relationship between FE models and physical testing is clearly a very important step in the design phase due to the ability to validate / create greater predictive capabilities for the FE model.   
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The report so far has highlighted that the relationship between FE models and physical testing can be a very important phase when designing or redesigning components, but can FE models ever replace physical testing entirely? The above case study will be used to help answer this important question. When designing a hypoid gear set there are multiple failure modes, but the most important failure mode to design for is the edge contact between the two gears. This edge contact is the most critical design element due to the large strain values applied to such a small surface area. The two figures below show the edge contact patterns of a hypoid gear set.
[image: ]                             [image: ]
                Figure 3: Ring Gear Edge Contact Pattern			   Figure 4: Ring Gear Closeup Edge Contact
The case study outcomes from exerting 500 Nm of torque from the pinon to the ring gear in the FE model and physical testing resulted in the following graph and table, figure 5 and 6.   
[image: ]
Figure 5: FE Model vs Physical Testing Contact Pattern Results
[image: ]
Figure 6: Raw Data Edge Contact Results
The results demonstrate that the FE model is only accurately predicting the actual strain figures at one location and that the model is also under predicting the peak strain value by up to 17% (Gregefors, 2016). This study highlights the need for physical testing due to the fact that certain complex parameters such as edge contact patterns are very difficult to model correctly in an FEA package. It also demonstrates that with physical testing the FE model can be adjusted accordingly to provide better predictive capabilities. The problem with relying on FE models entirely is that the existing software programs are unable to accurately mimic real-world scenarios with 100% accuracy. This is due to the fact that certain input variables must be slightly modified in order for the program to run smoothly. An example of an input variable being slightly manipulated are the initial boundary conditions that are applied to the component. Typically components in real world situations never have a fixed boundary condition due to the fact that there is always some amount of contraction / movement between other components or with environmental influences. But in order to properly run an FE model the component must be completely fixed in one direction and thus the assumptions the FE model is making will slightly change the results compared to the real world scenario. Now of course this small discrepancy might not play a huge role in the end results for certain components but in other cases this may be the difference between a successful design or a failed design. Not to mention that the initial boundary condition is only one of the assumptions the FE model is making. If you begin to compound the potential small errors caused by multiple variable assumptions that the FE model is making it becomes a much larger issue when trying to validate a design. Which is why I believe that the need for correlation between physical testing and FE models will always play a vital role in component design, especially when the consequences of a failed design will equate to catastrophic failure like the case study example in this report. Even if catastrophic failure is not a governing  parameter, I believe that some sort of physical testing must be used to accurately verify the newly designed component to ensure a successful design. 


[bookmark: _Toc22637031][bookmark: _Toc38791860]Conclusion	 

The results generated from this report highlight the important role that FE analysis currently has when designing components and systems. It has also demonstrated how FE models are correlated to physical testing to validate / enhance the future predictive capabilities of the model and thus providing a more powerful tool for engineers to rely upon. More importantly, this report has established that FE analysis should never entirely replace physical testing for high risk components (i.e. where the risk of failure is catastrophic). This is due to the assumptions and unknown variables that current FEA software implements. In conclusion this report has verified that when an engineer / designer is creating a component without any previous data physical testing is a must to ensure a robust and accurate FE model, and even when previous data is available, some sort of physical testing should be implemented to verify a successfully designed component.    
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Figure 13 - Left: Entire ring gear mesh. Right: The ring gear teeth identified by HFM
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to be in contact during a load step.

3.4 Results of contact pattern comparison

B found in this case study overemphasize the smallest errors found between the FE model and physical

L testing and thus the perfectly demonstrate how physical testing may can correlated to an FE model study.

B The critical design feature of a hypoid gear set is the contact between the pinon (small gear) and ring gear

B (larger gear). This contact must remain uniform and consistent regardless of the external torque values

B applied to the gears and this is why determining the contact discrepancies in the FE model and physical

; testing are important for validation / future designs. The contact pattern results achieved from the case

: study FE model and physical testing can be seen below in figure 2.
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B _If you think that FE analysis can (or should) ever replace
- physical testing
- The report so far has highlighted that the relationship between FE models and physical testing can be a
N very important phase when designing or redesigning components, but can FE models ever replace physical
- testing entirely? The above case study will be used to help answer this important question.
n When designing a hypoid gear set there are multiple failure modes, but the most important failure mode
h to design for is the edge contact between the two gears. This edge contact is the most critical design
Z element due to the large strain values applied to such a small surface area. The two figures below show
" the edge contact patterns of a hypoid gear set.
. the key design criteria is the edge contact between the two gears.
B The problem with relying on FE models entirely is that the existing software programs are unable to
N accurately mimic real-world scenarios with 100% accuracy. This is due to the fact that certain input Figure 28 - Exported ring gear mesh with contact pressure converted into nodal forces
variables must be slightly modified in order for the program to run smoothly. An example of an input for 495 Nm oftorque.
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MSC Marc 2014 where the model was solved and the strains and stresses were

evaluated.
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the key design criteria is the edge contact between the two gears,
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variable being slightly manipulated are the initial boundary conditions that are applied to the component.

2
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Typically components in real world situations never have a fixed boundary condition due to the fact that
there is always some amount of contraction / movement between other components or with
environmental influences. But in order to properly run an FE model the component must be completely

fixed in one direction and thus the assumptions the FE model is making will slightly change the results
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compared to the real world scenario. Now of course this small discrepancy might not play a huge role in

= 7 Figure 29 - Left: Exported edge contact nodal forces included in the FE model. Right:
b The same tooth with the edge contact forces excluded.
The edge contact is made up of the nodal forces located at the very top of the teeth, see
Figure 29. In order to identify which nodal forces represent the edge contact each
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Figure 31 - Measured vs. calculated strains in the ring gear for 500 Nm of torque with
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- Figure 5: FE Model vs Physical Testing Contact Pattern Results
. o Table 7 — Strains and error measurements for 500 Nm of torque with edge contact.
H Strain gauge no. Gauge 1 | Gauge 2 Gauge 3 | Gauge 4
; -6
Measured strain [107°] 835 1523 1936 942
; —6
Calculated strain [107°] 361 1499 1592 797
P —6
The results demonstrate that the FE model is only accurately predicting the actual strain figures at one Stram dlfference [10 ] 474 23,8 344 145
location and that the model is also under predicting the peak strain value by up to 19% (Gregefors, 2016). — S
This study highlights the need for physical testing due to the fact that certain complex parameters such Relative error [A’] 56,8 1’56 17,8 15’4
as edge contact patterns are very difficult to model correctly in an FEA package. It also demonstrates that -
Stress difference [MPa] 98 49,3 71,1 30,1
with physical testing the FE model can be adjusted accordingly to provide better predictive capabilities.
The problem with relying on FE models entirely is that the existing software programs are unable to
accurately mimic real-world scenarios with 100% accuracy. This is due to the fact that certain input
variables must be slightly modified in order for the program to run smoothly. An example of an input n
variable being slightly manipulated are the initial boundary conditions that are applied to the component.
Typically components in real world situations never have a fixed boundary condition due to the fact that +
there is always some amount of contraction / movement between other components or with 26
environmental influences. But in order to properly run an FE model the component must be completely
fixed in one direction and thus the assumptions the FE model is making will slightly change the results N
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