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[bookmark: _Toc166534608]Introduction 
CAE and CAD are becoming an increasingly valuable asset to any design process with its speed and accuracy; however, it is not always the best solution to all problems as there are limitations in the assumptions that a simulation makes which can decrease its precision. Comparing the calculated values from simulations results and experimental values from studies into internal ballistics it can be deduced how effective simulations are at determining true values.
[bookmark: _Toc166534609]CAE and CAD in engineering 
[bookmark: _Toc166534610]What is CAE and CAD
CAE (computer aided engineering) is a term used for software’s that allow the user to model an simulate a product digitally which allows for analyses and evaluation of designs. [1] Using information provided it can assess how the assemble would react to real world problems and condition to assess the performance, safety, and reliability all at a computer. Offer used along side this is CAD (computer aided design). [2]  Allows a user to create a 2D drawing or 3D models of products to visualise and analyse with the ability to make quick design changes without ever needing a physical model.  The CAD models are imported into CAE software to be assessed and possibly modified. The two software’s allow a concept to go through designs, and simulations at a much faster rate than a physical study. It is used in a wide range of industries such as defence, medical, forensics, aerospace, design and automotive [3] . Basic form of CAE and CAD can be traced back to1960 where CAD was first introduced with 2D drawing tools. In the 1970s came 3D modelling followed by basic forms of finite element analysis (FEA) and slowly building more and more from there. Since then, it has grown exponential and drastically changed the design landscape. [4]
[bookmark: _Toc166534611]How is this used in Engineering? 
Though used in a wide range of industries engineering is where it is most prominent due to its versatility it can be used in almost all of the disciplines. A CAD model would be created whether that’s of a full assembly or just apart from full engines or just bolts within. This can then be subjected to conditions required. Primary used to analyse performance and limits as well as for product optimisation. It has become part of the necessary workflow for most engineering products [5]. Although not fully replacing the more traditional methods of design and analysis it is still developing with huge potential ahead.
[bookmark: _Toc166534612]Advantages and disadvantage’s
Advantages of using CAE and CAD are manly its speed. Although creating a highly accurate model and conditions can be time consuming, it is a much faster process overall as the two-work incredibly seamlessly together allowing to optimise a product early on in the design process. The software can take huge amounts of training and hardware to be able to be used efficiently as they are highly complex systems that pose a significant initial cost however in the long run this would be faster than hand drawn modelling and physical testing which could take many iterations before desired results taking huge amounts of time, resources  and money where these software’s can be adapted or modified then evaluated within a day. Though complexity can be dependent on the hardware’s capability. [6] Being able to visualise the product and its dimension to a high degree of accuracy can help discover major problems before its development reducing future risks during its manufacturing or operation. Manufactured or hand draw parts may not have measurements as accurate as the software offers as human error or tolerances in machines can have an effect. Because of these designers have become heavily reliant on this for the bulk of development although a physical product still has to be produced and tested to validate the studies done with CAE, so the cost is not fully reduced. [7] Although the predictions given are highly accurate it will only accommodate the variables that’s the user has chosen and assumptions and the systems simplifications that it makes because of these which means there could still be problems posed by unforeseen or uncontrollable factors that cannot be identified until physical test takes place. The design of a product works best when both CAE and CAD are used alongside real world tests.
[bookmark: _Toc166534613]SolidWorks 
SolidWorks is commonly used a CAD and CAE software for 2D drawings or 3D models with the ability to simulate the designs as well. Allows the user to break down a design into its parts then construct them together to create the assembly with detailed drawings that can be created from the 3D model. [8] It’s an easy-to-use software that allows the user to make complex designs with a large database of basic parts like bolts. It is also incredibly compatible with other CAE tools and can be integrated seamlessly. [9]
[bookmark: _Toc166534614]ANSYS 
ANSYS is a s simulation software that can run complex simulations with a relatively user-friendly interface. This software can perform a variety of analyse such as structural analysis, fluid dynamics, thermal analysis and ballistic. [10] It interacts with CAD software like SolidWorks as well as its own design programs seamlessly. However, it can struggle to perform tasks if there are small problems in the meshing or conditions set. [11]
[bookmark: _Toc166534615]Fundamentals of ballistics 
Ballistics in its most simple form can be explained as a study of projectile motion. This primarily focused on ammunition, artillery shells and rockets, this however is split into serval different areas. [12]
· Internal ballistic. This looks at how the projectile behaves in the barrel before it is fired mostly looking at pressure and acceleration. [13]
· External ballistics. The flight of the projection in-between firing and impact. This looks mostly at the path and stability as well as the drag, wind drift and atmospheric conditions. 
· Terminal ballistics. This is the point the projectile impacts the target.  The Bullets response whether it is penetration and fragmentation along with this as well as any energy transfers that take place.
[bookmark: _Toc166534616]Ballistic simulation and applications 
Ballistics though can be applied to hunting is one of the fundamental concepts in defence. Without the understanding of ballistics designing and optimising weapon and armour systems would become near too impossible. One key part of there development the safety testing of an ammunition so it can be manufacture, transported, and fired with limited risk as well as the safety of the structures and amour if a projectile were to impact them. These both require intensive testing before a conclusion can be made. Being able to model these creates a safe way to conduct initial tests without the risks that an initial firing can bring. The simulation still has to be validated once a safe design is confirmed but the cost of a firing range and risk is significantly reduced by these. [14]  
[bookmark: _Toc166534617]Cad modelling & simulation study
The study will be looking at terminal ballistics, specifically the effect that the bullet has to the plate once it impacts it.
[bookmark: _Toc166534618]Modelling 
For this simulation model of a 7.62mm steel 2006 bullet was used against a 10mm aluminium 7039 plate from ANSYS material data. The two elements were created in SolidWorks. This assembly is shown below. 

[image: D : Copy of Copy of Explicit Dynamics - Mechanical [ANSYS]]
[bookmark: _Toc166250165][bookmark: _Toc166256186][bookmark: _Toc166524321][bookmark: _Toc166525503][bookmark: _Toc166525886][bookmark: _Hlk166524429]Figure 1 – modelled bullet and plate for simulation cross section image one.
[image: D : Copy of Copy of Explicit Dynamics - Mechanical [ANSYS]]
[bookmark: _Toc166250166][bookmark: _Toc166256187][bookmark: _Toc166524322][bookmark: _Toc166525504][bookmark: _Toc166525887]Figure 2 - modelled bullet and plate for simulation cross section image two.
[bookmark: _Toc166534619]Meshing 
Once the bullet and plate are placed into ANSYS it must be meshed before a simulation. A mesh is used to simply a complex irregular shape down into tetrahedrons, quadrilateral pyramids, trilingual prisms, and hexahedron elements with known properties to break down the large problem into smaller problems which require much less computer capacity and time. The Size and shape of the mesh can affect its outcome and a finer mesh is a much more complex simulation. [15]
The following assembly of the bullet and plate was meshed as shown below.
[image: D : Copy of Copy of Explicit Dynamics - Mechanical [ANSYS]]
[bookmark: _Toc166256188][bookmark: _Toc166524323][bookmark: _Toc166525505][bookmark: _Toc166525888]Figure 3 – mesh of bullet and plate for simulation.
[bookmark: _Toc166534620]Assumptions 
This was modelled to run as an explicit dynamics simulation as it can amylases a high-speed impact within a short time that has a likelihood of high defamation.
The conditions of the simulation where then inputted into the software constating the 4 edges for the plate as fixed and applying the velocity to the bullet. This simulation would not account for any drag that a physics firing. Air resistance is negated. Assumptions for this modal are that the two elements are uniform rigid bodies, the bullet contacts the centre of this plate. The plate is fixed, and the velocity of the bullet is constant. The mesh is uniform. [16]
[bookmark: _Toc166534621]Results
[bookmark: _Toc166534622]Velocities
	Time
	
	Bullet

	1.18E-38
	600
	600

	2.50E-05
	132.92
	528.37

	5.00E-05
	96.793
	348.5

	7.50E-05
	96.793
	251.42

	1.00E-04
	65.374
	235.77

	1.25E-04
	65.374
	235.62

	1.50E-04
	65.374
	235.64

	1.75E-04
	65.374
	235.57

	2.00E-04
	65.374
	235.65

	2.25E-04
	65.374
	235.69

	2.50E-04
	65.374
	235.67

	2.75E-04
	65.374
	235.67

	3.00E-04
	65.374
	235.57

	3.25E-04
	65.374
	235.68

	3.50E-04
	65.374
	235.64

	3.75E-04
	65.374
	235.69

	4.00E-04
	65.374
	235.71

	4.25E-04
	65.374
	235.67

	4.50E-04
	65.374
	235.72

	4.75E-04
	65.374
	235.68

	5.00E-04
	65.374
	235.69

	
	
	


[bookmark: _Toc166256189][bookmark: _Toc166524324][bookmark: _Toc166525506][bookmark: _Toc166525889]Figure 4 – velocity results for the simulation.

[bookmark: _Toc166524325][bookmark: _Toc166525507][bookmark: _Toc166525890]Figure 5 - velocity time graph from the simulation.
[bookmark: _Toc166534623]Stress
	time
	
	
	

	1.18E-38
	0
	0
	0

	2.50E-05
	9.04E+05
	1.23E+09
	2.07E+08

	5.00E-05
	0
	1.09E+09
	3.92E+08

	7.50E-05
	0
	1.21E+09
	2.93E+08

	1.00E-04
	0
	7.23E+08
	1.99E+08

	1.25E-04
	0
	8.25E+08
	1.83E+08

	1.50E-04
	0
	9.09E+08
	1.91E+08

	1.75E-04
	0
	9.14E+08
	1.80E+08

	2.00E-04
	0
	7.67E+08
	1.49E+08

	2.25E-04
	0
	7.64E+08
	1.54E+08

	2.50E-04
	0
	8.79E+08
	1.79E+08

	2.75E-04
	0
	7.47E+08
	1.83E+08

	
	
	
	

	3.00E-04
	0
	7.69E+08
	1.47E+08

	3.25E-04
	0
	8.74E+08
	1.37E+08

	3.50E-04
	4.70E+06
	8.81E+08
	1.69E+08

	3.75E-04
	8.69E+06
	7.27E+08
	1.75E+08

	4.00E-04
	7.72E+06
	7.26E+08
	1.54E+08

	4.25E-04
	4.73E+06
	7.12E+08
	1.26E+08

	4.50E-04
	1.15E+07
	6.97E+08
	1.49E+08

	4.75E-04
	3.99E+06
	7.03E+08
	1.70E+08

	5.00E-04
	1.09E+07
	9.99E+08
	1.60E+08


[bookmark: _Toc166256190][bookmark: _Toc166524326][bookmark: _Toc166525508][bookmark: _Toc166525891]Figure 6 – results for stress of the simulation.
[image: ]
[bookmark: _Toc166524327][bookmark: _Toc166525509][bookmark: _Toc166525892]Figure 7 – time step 1 impact stress results for the simulation.
[image: ]
[bookmark: _Toc166524328][bookmark: _Toc166525510][bookmark: _Toc166525893]Figure 8 – time step 2 for impact stress results for the simulation.
[image: A blue and black garment bottom
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[bookmark: _Toc166524329][bookmark: _Toc166525511][bookmark: _Toc166525894]Figure 9 - time step 3 for impact stress results for the simulation.
At initial impact the plate has a stress value of 4.10e8 at its centre point. Once the bullet as entered this value is shown to remain at this value 5.468e8 before it exits.
[bookmark: _Toc166534624]Strain 
	Time 
	
	
	

	1.18E-38
	0
	0
	0

	2.50E-05
	9.04E+05
	1.23E+09
	2.07E+08

	5.00E-05
	0
	1.09E+09
	3.92E+08

	7.50E-05
	0
	1.21E+09
	2.93E+08

	1.00E-04
	0
	7.23E+08
	1.99E+08

	1.25E-04
	0
	8.25E+08
	1.83E+08

	1.50E-04
	0
	9.09E+08
	1.91E+08

	1.75E-04
	0
	9.14E+08
	1.80E+08

	2.00E-04
	0
	7.67E+08
	1.49E+08

	2.25E-04
	0
	7.64E+08
	1.54E+08

	2.50E-04
	0
	8.79E+08
	1.79E+08

	2.75E-04
	0
	7.47E+08
	1.83E+08

	3.00E-04
	0
	7.69E+08
	1.47E+08

	3.25E-04
	0
	8.74E+08
	1.37E+08

	3.50E-04
	4.70E+06
	8.81E+08
	1.69E+08

	3.75E-04
	8.69E+06
	7.27E+08
	1.75E+08

	4.00E-04
	7.72E+06
	7.26E+08
	1.54E+08

	4.25E-04
	4.73E+06
	7.12E+08
	1.26E+08

	4.50E-04
	1.15E+07
	6.97E+08
	1.49E+08

	4.75E-04
	3.99E+06
	7.03E+08
	1.70E+08

	5.00E-04
	1.09E+07
	9.99E+08
	1.60E+08

	
	
	
	


[bookmark: _Toc166256191][bookmark: _Toc166524330][bookmark: _Toc166525512][bookmark: _Toc166525895]Figure 10 – results for strain in the simulation.
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[bookmark: _Toc166524331][bookmark: _Toc166525513][bookmark: _Toc166525896]Figure 11 – time step 1 for impact strain results for the simulation. 
[image: A low poly blue and green garment
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[bookmark: _Toc166524332][bookmark: _Toc166525514][bookmark: _Toc166525897]Figure 12 – time step 2 for impact strain results for the simulation. 
[image: A low poly blue and green garment

Description automatically generated]
[bookmark: _Toc166524333][bookmark: _Toc166525515][bookmark: _Toc166525898]Figure 13 - time step 3 for impact strain results for the simulation.
Initial impact shows a small stain at 0.02159.
When the bullet leaves the plate, it is showing it stain as 0.15265 at the exit.
[bookmark: _Toc166534625]Deformation 
	Time
	
	
	

	1.18E-38
	0
	0
	0

	2.50E-05
	0
	1.49E-02
	6.22E-03

	5.00E-05
	0
	4.59E-02
	1.12E-02

	7.50E-05
	0
	7.77E-02
	1.48E-02

	1.00E-04
	0
	0.10942
	1.73E-02

	1.25E-04
	0
	0.14118
	1.99E-02

	1.50E-04
	0
	0.17294
	2.23E-02

	1.75E-04
	0
	0.20471
	2.49E-02

	2.00E-04
	0
	0.23646
	2.73E-02

	2.25E-04
	0
	0.26823
	2.98E-02

	2.50E-04
	0
	0.3
	3.24E-02

	2.75E-04
	0
	0.33176
	3.49E-02

	3.00E-04
	0
	0.36352
	3.74E-02

	3.25E-04
	0
	0.39528
	3.99E-02

	3.50E-04
	0
	0.42705
	4.24E-02

	3.75E-04
	0
	0.45881
	4.49E-02

	4.00E-04
	0
	0.49058
	4.74E-02

	4.25E-04
	0
	0.52234
	4.99E-02

	4.50E-04
	0
	0.55411
	5.25E-02

	4.75E-04
	0
	0.58587
	5.49E-02

	5.00E-04
	0
	0.61763
	5.75E-02


[bookmark: _Toc166256192][bookmark: _Toc166524334][bookmark: _Toc166525516][bookmark: _Toc166525899]Figure 14 – results for the deformation of the simulation.
[image: ]
[bookmark: _Toc166524335][bookmark: _Toc166525517][bookmark: _Toc166525900]Figure 15 – time step 1 for deformation results for the simulation.
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[bookmark: _Toc166524336][bookmark: _Toc166525518][bookmark: _Toc166525901]Figure 16 – time step 2 for deformation results of the simulation.
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[bookmark: _Toc166524337][bookmark: _Toc166525519][bookmark: _Toc166525902]Figure 17 - time step 3 for deformation results of the simulations.
At initial impact it is showing little deformation. The exit of the bullet shows the deformation as 0.017575.
[bookmark: _Toc166534626]Validation 
[bookmark: _Toc166534627]What is a validation? 
A validation is done after a simulation study to verify the rest of the study. Using the calculated results found by the designers from the simulation model it is then compared to experimental data either obtained by the engineers or found though published literature [17]. This creates a much fast way to obtain results that would otherwise be difficult at a much cheaper cost. A validation can be done though a qualitive or a quantitative analyse depending on results that are achieved from the model. [18]
[bookmark: _Toc166534628]Importance of validation 
A validation is one of the most import steps of a simulation, its confirms whether the study conducted produces results that represent the physics properties and behaviours of the materials to make informed decisions on there design processes and more confidently suggest improvements [19]. This can also identify weaknesses in the model that will either have to be considered when reviewing or used to modify assembly increasing the trustworthiness of later simulations that may be conducted. A lot of the time simulations can be used to prove that a product meets any regulation or rules however a validation though literature or experiment values received must be done so show the simulation can be proven to be realistic. [17]
[bookmark: _Toc166534629]Experimental results
The following images show a steel bullet firing at 629m/s at an aluminium plate. The plate closely resembles the simulation physicals. The real bullet is shown to tumble as it exists the plate. This feature is not shown in the simulation but is seen in a firing, the result visibly resemble. Though it shows the bullet leaving the plate with just core. The simulation complete was unable to model the full projectile so just the core is shown to penetrate. The bullet also does not deform which is shown on the simulation.
[bookmark: _Toc166426613][image: ] 
[bookmark: _Toc166524338][bookmark: _Toc166525520][bookmark: _Toc166525903]Figure 18 – steel bullet aluminium plate image from a real firing. 
The graph taken from an article in the materials and design journal [20]  shows the numerical depiction of velocity of the bullet penetrating the 9mm plate as well as a diagram showing roughly what stage these velocities represent. The velocity follows a similar pattern to the one simulated how it starts at a higher velocity though the pattern is the same. The bullet is also shown to penetrate the plate which although slightly thinner than the one simulates the concept is the same. The bullet also does not deform upon exit.
[image: A diagram of a pen and pencil
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[bookmark: _Toc166524339][bookmark: _Toc166525521][bookmark: _Toc166525904]Figure 19 - velocity/time graph 9mm plate from experimental results.
This report also states the calculated and experiment velocity of the bullet which is shown to have 34m/s difference which shows although the two values are close factors that cannot be simulated make the experimental value lower than the calculated.
[bookmark: _Toc166534630]Validation of assumptions 
Changing different variables in the simulation can affect the result received. To prove that these variables are the most accurate to it true result multiple other simulations were taken. 
[bookmark: _Toc166534631]Velocity 
The 600m/s velocity that was used was proved to be a result that closest resembles the experimental values seen. A second simulation was run at 300m/s to how the results would differ from its original value. 
300m/s
The simulation was run a 300m/s to see how this effects the two elements and how that compares to a live firing. The simulation is shown below. 
[image: A yellow object with a pointy tip
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[bookmark: _Toc166524340][bookmark: _Toc166525522][bookmark: _Toc166525905]Figure 20 - strain result at impact from validation study done at 300m/s.
[image: A green rectangular object with a blue background
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[bookmark: _Toc166524341][bookmark: _Toc166525523][bookmark: _Toc166525906]Figure 21 – stress result at impact from validation study done at 300m/s.
[image: ]
[bookmark: _Toc166524342][bookmark: _Toc166525524][bookmark: _Toc166525907]Figure 22 - post impact of a bullet and plate deflection and deformations from validation study done at 300m/s.
At the initial impact it has s strain of 0.0024161 a lower stain the 600m/s simulation. However, its stress when the bullet impacts the plate 3.2113e8 level is reality similar to that of the main simulation. The main difference with these is after impact the nose deforms and the bullet deflects of the plate. Though the nose can deform the previous studies above show that this is usual not the case. The plate also has a high stress and strain compared to the 600m/s simulation as the bullet disperses its energy one to the plate instead of going straight though like the pervious sim. 
A study shown in the report published in experiment mechanic’s journal [21] depicts a travelling at 261m/s fired at a 20mm plate. 
[image: A close-up of a metal object
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[bookmark: _Toc166524343][bookmark: _Toc166525525][bookmark: _Toc166525908]Figure 23 – image of 271m/s steel bullet through 20mm aluminium plate.
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[bookmark: _Toc166524344][bookmark: _Toc166525526][bookmark: _Toc166525909]Figure 24 – image of 217m/s steel bullet through 20mm aluminium plate cross section.
The bullet is shown to pass directly though without deforming. Though the plate is thicker the speed is lower so from this it can be determined that the simulation is not actuate to a real firing as at a higher velocity and thinner plate is does not penetrate which it could be assumes it would from the following study. This is why the 600m/s was selected as the main study as it resembles the experimental values the most and at lower speed it is proven inaccurate. 
[bookmark: _Toc166534632]Mesh 
Cuboid 
The mesh used was tetrahedral mesh though there are 3 others that can also be used. Some versions were run with the quadrangles to see which mesh creates nodes that better represent these materials.
[image: F : suqare mesh one - Mechanical [ANSYS]]
[bookmark: _Toc166524345][bookmark: _Toc166525527][bookmark: _Toc166525910]Figure 25 – image of different mesh for a validation simulation.
The same simulation with the same fixed points and 600m/s velocity was run but with this new generated mesh the following results were found.
[image: A computer screen shot of a colorful object
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[bookmark: _Toc166524346][bookmark: _Toc166525528][bookmark: _Toc166525911]Figure 26 – stress result of the different mesh simulation for validation.
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[bookmark: _Toc166524347][bookmark: _Toc166525529][bookmark: _Toc166525912]Figure 27 - strain result different mesh for the validation simulation.
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[bookmark: _Toc166524348][bookmark: _Toc166525530][bookmark: _Toc166525913]Figure 28 - strain result different mesh from the validation simulation.
The bullet is shown to deform and deflect of the plate while also leaving an indent to where it had landed. The change in mesh complexly changes the results of the simulation. The stress vales are shown to be withing 3.00e8 – 6.00e8 at impact which is the same result shown in the original simulation. The strain is values at 0.0243 for the new mesh. The result of the simulation shows higher stress, strain, and deformation than that of the original but preforms the opposite to that of the original simulation. This bullet does perforate the plate however, but this results in the high deformation of the bullet that is not seen in other results.
Density 
The high density meshes take longer amounts of time to evaluate as there is a higher volume of calculation that are needed to be done. Within the meshing however you can select specific sections of the plate to lower the mesh density were there will be little interaction with the 2 elements to lower the run time will keeping the results the high-density mesh would allow for. 
The following study though results differ as different materials were used found the high-density mesh worked bets on their simulation. mesh was shown below. [16] 
[image: ]
[bookmark: _Toc166524349][bookmark: _Toc166525531][bookmark: _Toc166525914]Figure 29 –image working dense mesh taken from a study.
 A similar mesh was then created for the materials used. 
[image: G : mesh change - Mechanical [ANSYS]]
[bookmark: _Toc166524350][bookmark: _Toc166525532][bookmark: _Toc166525915]Figure 30 – the denser mesh created for simulation validation. 
However, this mesh would not run on the software without an error so the results could not be obtained for this. This shows some of the limitations of the software as it struggled to run with increased nodes.
[bookmark: _Toc166534633]Limitations of the ballistic simulation 
Some of the limitations found while conducting the simulation is the materials often had a wide variation in the results with the main issue found in the meshing and the capability to run the denser mesh that could have produced a more trustworthy result. [22] The model used was a simplified version of a true ballistic study which would be a multi-physics simulation that takes a significant time to run which was not possible to achieve with the simplistic design as well. All the assumptions and limitation are listed before the study. This specific field is also challenging to validate due to the limited studies that are publicly available which makes dimensions and experimental values difficult to find and material properties hard to verify. [23]
[bookmark: _Toc166534634]Future of CAE
The deployment of simulations software is still rapidly improving with innovations in machine learning and artificial intelligence could bring predictions and optimisations without having a user to manually input them [24]. Computers are getting more powerful each day allowing complex simulations to get more and more assessable with time. The more this develops the less reliant the world can become on validations studies and with virtual reality becoming more common this could bring a whole new perspective to the design process and simulation. However, there is still a long way to go to produce a fully realist simulation study. [25]
[bookmark: _Toc166534635]Conclusion
In conclusion, a simulation can be used as a basis for a study, but it is not yet advance enough to account for unexpected factors that an experimental result would give you. Ballistic being a highly advance simulation has to be simplified to be simulated giving a basic understanding but not the full picture, so CAE for this simplified version of a simulation is not suitable on its own as the results calculated though validation is not proving accurate. 
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