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1. Introduction 

Computer aided engineering (CAE) can be a useful tool for aiding the design stage of an item. Not only can CAE be an effective tool to plan and model various parts, dimensions and how an item might assemble together, but with the help of simulation software it can be a useful tool in simulating various stresses, forces, and conditions that the item might experience on a day-to-day basis. This is useful when trying to determine the outcome of an event happening to the item realistically as real-life testing can be very expensive, and so a cheaper alternative to get a gauge on how the test item might be impacted is to run it through simulation software first. When considering modelling items of Ordnance, Munitions and Explosives (OME), this is particularly pertinent as OME trials and testing can be very costly, and so a modelling and simulation route may be the preferable option.
There are, however, some possible downsides to using simulation software and other CAE methods. Software cannot be wholly relied upon yet for accurate results and may miss real-life conditions that cannot be completely realistically modelled within a software.
These concepts are explored in this report through the example of modelling a LEGOTM car. The parts for the car have all had their geometry drawn individually in Solidworks and assembled with the realistic relationships put in place between each part. The car assembly was then transferred to Ansys, where stress studies were carried out. In this report, the studies used were testing how much direct force would need to be applied onto the car, as if a person were stepping on it, for the car to break. 
This study, while not directly applicable to OME concepts, highlights some benefits and some issues with using CAE techniques, and aims to critically analyse the value of using CAE techniques within the wider manufacturing world, as well as with OME items. 


2. Background Literature and Validation

The creation of CAE software has helped develop Engineers’ lives since it existed, with many new tools and features helping aid the design, manufacturing, and production processes along the way. 
The rise of CAE software began in the 1970s, with a large focus of software tackling Finite Element Analysis (FEA) [1].  FEA is a computational method that allows a part or whole model to be broken down into fine elements, and then reconnects these fine parts at points called nodes. FEA is then used to solve various equations to look at how an object may perform under certain stresses and conditions, for example structural or fluid behaviour, or thermal transport [2].  CAE then expanded to include other features on the software, including computational fluid dynamics (CFD), multibody dynamics (MBD), durability and optimization. 
These techniques have been carried through and are used today in modern software, such as Solidworks and Ansys. CAE features include capabilities such as stress analysis (usually using FEA), thermal and fluid flow, multibody dynamics and kinematics, simulation tools for things like casting and die press forming, and optimization capabilities of the product or process.
CAE is widely used in many engineering sectors but is heavily used in the automotive industry. One reason why CAE is heavily used in the automotive industry is due to the cost factor- CAE can be a very cheap solution to finding out what happens to certain parts when specific conditions are placed on them. This is much cheaper than testing real parts in real conditions as this requires a lot more effort and staffing power, as well as the actual cost of manufacturing test parts and test simulation chambers. CAE provides a good alternative to this, with running the simulations being virtually free (once software is purchased and training are given) and so many manufacturers tend to opt for this option. Another benefit to CAE is that in some cases, the CAE software can provide diagnostics and help the engineers in discovering problems with their systems, whereas if this were to happen during live testing then it would be solely down to the engineers to problem solve. This may allow for a quicker diagnostic process and therefore reduce the whole production timeline significantly. These benefits can be replicated in the OME sector, as the cost of doing real tests and trials can be very high, and so a cheaper alternative can be to model the events in CAE software. 
While the benefits of CAE are clear to see, there are also some disadvantages to CAE which are particularly pertinent to the OME sector. The accuracy of CAE results can be questioned, as they have been found to sometimes be unreliable, especially for complex situations such as energetic testing. In a document produced by LinkedIn, there are steps to attempt to minimise the likelihood that data produced by CAE models will be inaccurate. These steps include defining objectives and criteria, validating inputs and models, using best practice and standards, and reviewing and documenting all results [3]. All of these steps were taken when this model was drawn and put into the simulation software, so arguably these results should be the most accurate they can be with the parameters that are given.
The materials used in the simulations in this report were taken from the LEGO website, which states that they use Acrylonitrile Butadiene Styrene (ABS) for the main bricks, and Styrene-Ethylene Ethylene-Butylene-Styrene (SEBS) for the rubber tyre material [4]. Whilst the exact material properties for the LEGO materials are not detailed, properties from the software for ‘general ABS’ and ‘general SEBS’ were used as these seemed to have average values after researching various types of materials.
In terms of validating the results produced by this simulation, the initial validation study comes from LEGO themselves. According to their website section on product safety, LEGO perform many tests including simulating a child stepping on a brick at a force equivalent to 15kg (~150N), to ensure the bricks do not splinter during play [4]. In a further study done by the BBC, it is quoted that in order for the bricks to completely break they would need to withstand over 4000N of force. At this point, the material reaches plastic failure and essentially melts under the pressure [5]. Whilst this is when the material reaches terminal failure, this will not necessarily give accurate results, as the software is not capable of demonstrating damage well. With this limitation of the software, it is a better study to test the 4000N to see if that is correct and whether this can be achieved in a real-life scenario, but to also test various increments up to this to see if the bricks deform at any point before total failure. This may also encapsulate more realistic scenarios at lower forces, for example an adult stepping onto the bricks. In a third validation study, the breaking point of a brick was 4240N, or the equivalent of 430kg weight [7]. This aligns with the previous study by the BBC, so in effect validates this result further. 
	Therefore, this report would expect to see near or total failure of the material at 4000N, with incremented steps before this showing damage leading up to plastic failure. This report will look to find at what point the bricks start to deform and damage, and what this could equate to in real life scenarios. 


3. The Model
a. Introduction

The item that was chosen to be modelled to demonstrate the CAE software was a toy brick car, made of plastic with rubber tyres on the wheels. This was created from scratch in Solidworks software, and then assembled in Solidworks too. Each part was individually made from real life measurements of the toy bricks, so that the model is accurate in scale to a realistic car that could be made using these standard bricks. The individual parts of the model are listed below in Section 3b.   

b. Parts
Listed below are the individual parts that were used in the assembly of the toy car. The technical drawings for each part can be found in Annex A. 
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Figure 1- Cube part drawn in Solidworks.







Part 2- Slanted brick
[image: A purple toy block on a white background

Description automatically generated]
Figure 2- Slanted brick drawn in Solidworks.
Part 3- Long base
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Figure 3- long base drawn in Solidworks.



Part 4- Steering Wheel stem
[image: A computer screen shot of a computer screen
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Figure 4- Steering wheel base draw in in Solidworks.
Part 5- Steering Wheel
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Figure 5- Steering Wheel drawn in Solidworks.



Part 6- Central Wheel 
[image: A computer screen shot of a purple barrel
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Figure 6- central wheel part drawn in Solidworks.
Part 7- Tyre
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Figure 7- tyre drawn in Solidworks.



Part 8- Chassis
[image: A computer screen shot of a toy
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Figure 8- Chassis drawn in Solidworks.

c. Assembly
After all the parts were drawn out, it was then time to assemble them to make the full car. The important thing to consider at this stage was the relationships between the parts and how they would interact together realistically. In reality, once the pieces are clipped together, they do not move unless removed with some force, so these were assembled as having complete contract with no degree of freedom of movement. The only part that is the exception to this, however, is the assembly of the tyre and inner wheel to create the whole wheel, which was done first before the final assembly. This can be seen below in Figure 9. 
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Figure 9- the tyre and wheel assembled together to make the full wheel piece.

This assembly was done by using the ‘mates’ feature within Solidworks. This allows relationships between two parts to be established, limiting the degree of freedom in movement the parts have individually. In this instance, the purple inner was mated to the inner cylindrical surface of the tyre, as well as the front edges being mated together so that the purple piece cannot move freely within the central hole. This allowed for the wheel to essentially become one part which could then be added into the final assembly. 
The final assembly was then done by creating mates between the individual pieces and building the car up part by part, much like in reality. The final outcome is below in Figure 10. The wheels also have relationships where when one of them rotates, all of the wheels rotate in the same direction. This is to represent the car travelling along a surface and having all of the wheels moving at the same time and direction. 
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Figure 10- Complete assembly of toy car in Solidworks.

d. Evaluation of initial model

When looking back at the method of creating the model and the process that went into the design of the car, initially it appears the car was easy to build and assemble, as that is what the toy bricks are designed for in reality. This made knowing how to assemble the car very straightforward, and also helped for sanity-checking the car to ensure it was built as a real toy car would be. 
However, when actually using the software, it was sometimes difficult to intuitively know how is best to go about modelling a certain part- this can be demonstrated by the top-down or bottom-up approaches that can be taken when using CAE. This pre-requisite of requiring people to have a base knowledge or intuition when using CAE software may mean that certain people may not ‘click’ with the software as easily, and so for more complex parts it may prove quite the challenge to get these drawn up. This could be a disadvantage when considering the ‘modelling vs experiment’ argument, as there would be no need for this intuition or learned ability when making a real experiment. This could also mean that certain people are required to complete the modelling aspect of a project because they have a certain skillset which allows them to understand the software, meaning that workforces that are already in place may not necessarily have these people already in the team. 
Alternatively, this could also be seen as an advantage; more jobs could be created for people with modelling skills, and this allows the existing workforce to continue in their roles and perhaps learn from the new skills that could be brought to a company. 
Conversely to this however, Solidworks was very intuitive as far as CAE software goes, so that made it a lot easier to start fresh and draw a model effectively. When compared to other software interfaces, Solidworks is much more user friendly and so when using an alternative software, it may not be as easy to draw up the scale model, and therefore may take more time and resources to complete the tasks.


4. Simulation
a. Introduction

After the model was fully composed and assembled in Solidworks, the model was then converted over to Ansys. This software allows for various stress tests to be conducted on the model, with material properties built in to give a picture of how the car may perform in reality when under the same stresses. Below is how the car looked once imported and meshed into Ansys.
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Figure 11- Full car imported into Ansys simulation software.
b. Method
After converting the file format and making sure the model was compatible with Ansys, the material properties were then assigned to each part of the model, with the hard plastic bricks being assigned ABS and the tyres being assigned SEBS. A Polyamide (PA) was used for the chassis, which was also named by LEGO as one of their stronger materials used for connecting joint parts. This is shown below in Figure 12, along with all of the part names. 
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Figure 12- list of geometry parts and materials assigned to these parts.
Once materials were assigned to each part, a double check was performed to ensure that all the existing mates contacts were still in place. This was checked through looking at the contacts section, which shows in Figure 13 that all the relationships previously given in Solidworks had carried over successfully. 
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Figure 13- list of contacts given between each part, as established in Solidworks.

Once these were established, a mesh was made over the car with an element size of 0.1mm. This allowed for a fairly fine mesh to be placed comfortably over every part in the simulation without distorting, but also being detailed enough to get a good understanding of the impact of the forces around the car.
The parameters of the actual simulation were set next- this included assigning fixed supports in the wheels and chassis, and then inserting an initial force of 10N downwards across the whole toy car as to mimic a person standing directly on top of the car. This force started at 10N, but iterations were run at 100N, 1000N, and 4000N to step up to the point of total plastic failure. 
Once the mesh and forces were established, all that remained to do was to set which results would be shown- in this case, the total deformation of the car and the equivalent stress was chosen. 
In order to produce more data points and prove as another form of validation, the exact same studies were also carried out in the simulation part of Solidworks, so that the results can be compared exactly. The results of both the Ansys model and Solidworks simulation are below. 

c. Results
Firstly, Figures 14 and 15 show data from both Ansys and Solidworks when 10N force was applied to the car.
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Figure 14- 10N force applied to car in Ansys.
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Figure 15- 10N force applied to car in Solidworks.


After this step, the force was then increased to 100N.
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Description automatically generated]Figure 16- 100N force applied to car in Ansys.
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Figure 17- 100N force applied to car in Solidworks.




The next incremental step to be applied was 1000N, where more severe deformation was expected.
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Figure 18- 1000N of force applied to car in Ansys.
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Figure 19- 1000N of force applied to car in Solidworks.



Lastly, 4000N of force were applied in an attempt to see complete plastic failure of the model. 
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Figure 20- 4000N of force applied to car in Ansys.
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Figure 21- 4000N of force applied to car in Solidworks.



d. Discussion and Evaluation
Initially, when looking at the 10N force applied to the car, we can see from the results that in both pieces of software there is no real deformation on the car, but that there is tension showing mainly in the centre of the car on the long base piece at the bottom. It is also reasonable to conclude from these results that the pieces are not near breaking point at this stage, and so are very safe in terms of children playing with them or standing on the pieces. In terms of the comparison between the two pieces of software, Ansys shows the maximum deformation at 0.087mm, whereas Solidworks shows this as 0.54mm. This is quite a vast difference, however visually the models look fairly comparable. The maximum value may be in one small insignificant area of the model and down to an error in applying the force, i.e. the force may be too concentrated in one area. Aside from this, the models look in similar condition and a total displacement of maximum 0.54mm is very small in comparison to a breakage of the system. 
When comparing the 100N simulations, we start to observe some bending in the middle section of the car, indicating that the force on the car is deforming it slightly, but not yet causing it to break. This aligns with LEGO’s statement that ~150N would not break the bricks, as 100N is not too dissimilar from 150N and this can be used as a fair comparison. In terms of maximum deformation shown by each software, Ansys shows this as 6.82mm, a significant rise from the 0.087mm that was shown with 10N. Solidworks shows the maximum deformation to be 0.054mm, which is not correct as it is even smaller than that shown in the 10N simulation. At this stage, the expected results are being shown by Ansys whereas the results shown in Solidworks are not logical at all, so it is safe to assume that the results from Solidworks are not reliable in this study. There may be a number of reasons for this, including human error, incorrect distribution of force, or perhaps incorrect calculations, but for the 100N study these results cannot be aligned together. 
Moving on to the 1000N simulation, it would be expected that at this point there would be significant displacement but not total failure, as this is roughly simulating 102kg standing on top of the LEGO piece. As seen in the results, the car bends significantly in the middle again, with the steering wheel also starting to deform. As the stresses look as though they are greatest on the underneath of the long base piece as it stretches around the force, this is likely where some cracks or fracture may start to occur at this point. In terms of maximum deformation, Ansys shows 8.70mm displacement, which is roughly what would be expected but potentially a higher number would expect to be seen. Due to the Solidworks results being unreliable for total deformation, instead Figure 19 shows the total stress felt by the model, which is shown as 2.87e8 N/m2.  This stress is mainly seen in the underside of the long base, as also seen by the deformation shown by the Ansys simulation. Conversely, there is little to no stress seen on the steering wheel in the Solidworks, whereas this is a large area of displacement on the Ansys software. This again could be down to the force being applied differently- due to the two pieces of software having different methods for applying the force, the Ansys method is more thorough and so may cover more areas than the Solidworks software. This again could also explain the previously unreliability of the results from Solidworks. 
Finally, when comparing the two results at 4000N, it is clear to see that the model has reached failure at this force. The car has misshapen completely and looks bent, however in reality this would be the bricks snapping. The cause for this difference is that the simulation represents them meeting their plastic terminal failure, and so demonstrates the material ‘melting’ rather than being brittle and shattering. This is still however what was expected to be seen. As shown in both results, it is clear to see that the middle long base part is the weakest part as this is where the failure is, and Ansys also shows this failure in the steering wheel and steering wheel pole as this has completely misshapen. This was also expected to happen as they are made from very thin parts, so should be weaker overall than some of the more supported areas of the car. The final maximum displacement shown in Ansys is 34.8mm, which is significantly higher than all other results. This also aligns with the theory that this is the complete failure point of the bricks, as the displacement is so high.  In terms of stress, in Solidworks the maximum stress value is shown as 1.1e9N/m2. As this is a whole magnitude greater than the stress shown at 1000N, it is also fair to conclude that this demonstrates the bricks having total plastic failure. At this level we can also see that the stress is great on the steering wheel post, which also aligns with the findings from Ansys showing that this is a particularly weak part and may indicate that this would snap first. 
Although total plastic failure was reached at 4000N, realistically this is comparable to ~408kg, which is similar to approximately 6.5 adults standing on the car. This would never actually likely happen realistically, so it can be concluded from this that the average person standing on the LEGO car is not likely to break any of the blocks.

5. Comments on Overall Performance
After looking at results from both Ansys and Solidworks, it is clear to see that the reliability of these results can easily be questioned. The results from Ansys do follow the trends that were expected to be seen and identify a rough point of plastic failure for the model. However, the data provided by Solidworks was vastly different, and clearly defied logic and so can be concluded to be incorrect. A possible reason for this could be that Solidworks performs well as a drawing and assembly tool but lacks capability in simulation. The simulation features are much less advanced than those of Ansys, so perhaps the software is not properly able to computational determine the outcomes of complex stress situations. Conversely, Ansys seems to have coped with the task well, with the results shown as being in alignment with those found in literature. 
In terms of being compared to real life test, in this scenario it would perhaps have been easy and cheap to test these stresses, however one benefit of using the software is being able to accurately use the right amount of force, whereas standing on a block in reality will not produce a stable force at one point. To combat this, perhaps a better solution would be to run a practical test and use machinery such as a hydraulic press to gauge an accurate measure of where the exact point of failure is for this particular material. 
When considering the benefits of CAE for OME items, the reliability of the results shown in this demonstration may be cause for concern, as the margin of error for OME items is great. While this testing would be much cheaper than an OME event, if the reliability of the data is lacking then it may be most reliable to perform live trials and tests. This being said, there are more specialist software programmes which may be able to cope with OME effects more effectively, and so this data gathering from Ansys and Solidworks is only a guide as to how results and data can differ from programme to programme, and to ensure vigilance if relying on said data. 
6. Conclusion
After testing various parts of CAE programmes, it is clear to see that the drawing and assembly element of CAE is without doubt a very useful tool to Engineers. The benefits of CAE include cheap cost and quick production, making it easier to design and assemble multiple products in the same time as it would take to do one by hand. Having said this, it is clear from the comparison results above that the data produced by the simulations can be unreliable, and therefore caution should be used when relying on this data. In regard to OME, CAE is an incredibly useful tool and allows Engineers to have a gauge on how an item might perform under test conditions and is a lot cheaper than real energetic testing. This being said, due to the unreliability of CAE data it should be used in conjunction with practical testing to ensure the most accurate data is produced as possible. 
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7. Annexes
a. Annex A- Technical drawings for all parts.
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