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CAD – Computer Aided Design
CAE – Computer Aided Engineering
CAM – Computer Aided Manufacturing 
DOF – Degrees of Freedom
FEA – Finite Element Analysis
FPS – Frames Per Second

[bookmark: _Toc44270645]CAD File Link: ONEDRIVE 
https://uowtsd-my.sharepoint.com/:f:/g/personal/1707339_student_uwtsd_ac_uk/ElBa3FYQWKBDuxQN6AxwqjIBK2pwqA5NAc_hvzaOk7UTEg?e=l9UeRR 

[bookmark: _Toc44270646]Executive Summary 
This report investigates the use of CAE with motion study and finite element analysis for the application of a gearbox, detailing the ‘pros’ and ‘cons’ of the simulation to examine the impact on its relative industry and forming an argument for the use of motion simulation. 
Firstly, it is important to understand the history of drafting and its purpose with industry. As technology developed, CAD was introduced into multiple industries to improve a products time to market, reduce development costs and to eliminate need for physical prototypes. FEA was later developed as the first simulation software and after being highly successful, it led to the development of a quantitative way to simulate kinematics and dynamics, which is now known as motion simulation.  
Secondly, detailed analysis of motion simulation tools was conducted to understand how designers can utilise the software to simulate real life scenarios. The benefit to using solid body contacts over gear rations was discussed, as well as the disadvantage associated with demand of complex simulations. Also, a consideration for how an unconstrained rigid body has six DOF, where an assembly that is over constrained will possess redundant mates, thus decreasing the accuracy of the motion analysis. Four main methods to reduce redundancies was analysed including hinge mates, ridged groups, mate primitives and utilising bushes. 
Thirdly, the actual results from the gearbox study was investigated where sensor triggers where created if certain forces were exceeded. It was emphasised that this is a useful tool to warn designs that the study has exceeded the design criteria. Furthermore, the inaccuracies in data produced was considered, where the output velocity graph produced unsettled results. Therefore, a consideration for friction and opposing torque was made to ensure the simulation was as realistic to a real-life application as possible. Likewise, the reasons for data fluctuation was investigated using contact force analysis, turning torque and displacement graphs.  
As a result, recommendations were made to improve the accuracy of the motion study, including improved design of the gearing to reduce backlash, refining the gearing to ensure the centre distance between reference diameters is correct and increasing the strength of the gearbox where material yield points were exceeded with FEA. Overall, the gearbox assembly has been designed within a CAD package as efficiently as possible utilising design tree configurations, mirroring tools, patterns and variety of sketch tools as well as producing engineering drawings to BS8888 to complement the 3D model.
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[bookmark: _Toc44270647]Introduction
The first form of basic integrated graphics was pioneered in the 1960s by General Motors (GM) to automate a drafting process to form a systems known as ‘Design Automated by Computer’; over the years of development the time saving benefit to quickly change and correct drawings was realised according to (INC, n.d.). However, (Thomas, 2019) suggests that the first real 3D CAD was created between 1966 and 1968 by Renault; known as UNISURF CAD which ‘transformed’ the design industry from drawing boards to automated systems. Only until desktop computer technology became affordable did the use of CAD expand beyond the aerospace and automotive industry in the 1970s and 1980s to merge 3D modelling and designing with software’s such as AutoCAD and Uni-Solid suggests (Thomas, 2019). Throughout the 1990s to today, CAD has been continuously developed to form the efficient and ergonomic packages suggests (INC, n.d.). (Roger, 2015) emphasises a major milestone in CAD development was the introduction of design by simulation and the integration of CAD/CAM with the associated manufacturing processes of numeric control. 
The use of finite element analysis (FEA) was the first simulation tool developed after the introduction of computer-aided engineering (CAE) in the 1980s according to (Corp, 2008). Both (Roger, 2015) and (Corp, 2008) emphasises that FEA has become a versatile and widely adopted tool to aid designers to analyse ‘structural performance’ of products, thus minimising the need to develop physical prototypes to perform destructive testing which saves valuable time and reduces the design to market cost. As a result, the effective use of CAE can make a company more competitive as they are able to be more agile to respond to market pull suggests (Faschin, 1993). The success of FEA become brought about motion analyses to quantify dynamics (reactions, inertial force and power) and kinematics (velocity and acceleration) prior to manufacturing. 
Today’s motion simulation has been integrated into a CAD package that pulls information from designed models, where mates, dimensions and material properties can be transferred into a motion study suggests (Chang, 2015). The designer can choose from a range of functions including linear and rotary motor velocities, interactions between solid bodies, material friction properties as well as producing accurate and measurable result with defined magnitude. According to (Corp, 2008), the advantage to a motion study is that when the required inputs have been defined, without intervention the program automatically performs the mechanical equations and calculations. Another advantage to motion study is that it is relatively efficient at solving a simulation when compared to complex FEA. 
For the motion analysis assignments, a study of angular velocity, contact forces, acceleration and gear ratios of the input and output shafts have been investigated, as well as the turning torque required to rotate the gear assembly. However, before a motion study is performed, background research will be conducted to produce an understanding for efficient designing and effectively use of Solidworks. Plotted results will be captured in graph forms to analyse the gearbox operation, where a relatively instant motion study of the model will be capture with relatable results as suggested by (Corp, 2008). 


[bookmark: _Toc44223826][bookmark: _Toc44270648]Main Findings

[bookmark: _Toc44223827][bookmark: _Toc44270649]Key Features of Computer-Aided Design
Today’s industry uses a verity of CAD platforms, including Solidworks, Autodesk, Siemens NX and MicroStation. (Parisher, 2012) suggest engineering companies and contractor must be able to ‘accommodate’ different CAD packages depending on the customer requirements to be competitive in the engineering market.  
According to (Roger, 2015), CAD facilitates the ‘generation, modification and optimization’ of components developed to form an accurate and precise model; which is much simpler than the traditional drafting or 2D style software. CAD utilises a vector graphic technology to produce accurate background mathematical formulas with ‘precise part tolerances’ having minimal errors. (INC, n.d.) suggests the major advantage is the software’s ability to alter and change a model’s parameters by ‘rolling back’ the design tree, especially when integrated with equations to adjust multiple components for a single dimensional change. 
It is suggested that mechanical design automation will enable a protype to be modelled, simulated and easily translated into CAM for integrated additive manufacturing or CNC machines emphasises (Roger, 2015). Once the machine template has been setup with the CAD/CAM package, the model can easily be translated into a ‘code’ to be used with Fanuc interface suggests (Fanuc, 2020). 
An additional key feature of CAD is its ability to select multiple material properties into a simulations that will accurately translate stress and strain as well as mechanical interactions between different material characteristics suggests (Roger, 2015). Likewise, another useful tool that is mould flow analysis for injection moulding simulation but is out of scope for the.   

[bookmark: _Toc44223828][bookmark: _Toc44270650]Motion Simulation/FEA Techniques and their Applications
The use of motion study and FEA is not confined to a single industry suggests (Shaw, n.d.). Instead offers a variety of motion analysis techniques of 3D and six DOF analysis used within biomechanical research, medical science, sports analysis and motorsport industry to study performance characteristics, kinetics and dynamics, motors and force control, human and environmental engineering suggests (MIC, n.d.). The analysed data can be displayed in detailed reports to enable accurate and real time monitoring of a systems motion emphasises (Corp, 2008). 
[bookmark: _Toc44223829][bookmark: _Toc44270651]Modelling Gearbox Geometry with CAD Tools and Motion Simulation
For motion analysis to be successful it is essential that mates are used correctly according to (Chang, 2015). The advantage of CAD for modern day designers is its ability to easily assemble a solid model using twenty-one of the available mates to define and constrain components. 
Solid Body Contacts
According to (Bathe, 2003), the use of solid body contacts will enable a model to be transformed from an animation into real movement. Solid body contacts will enable designers to control the interaction between the material properties utilising static and dynamic friction as well as elastic properties to define impact characteristics suggests (TriMech, 2019).
For an accurate motion analysis solid body contacts should be used instead of defining a gear ratio mate; as two sets of gears with different ratios along the same drive shaft would result in the system locking up suggests (Corp, 2008). This can be proven by Figure 1 screenshot that show the error message generated by Solidworks showing the lock up interaction of the model. [bookmark: _Ref44152417]Figure 1: Error Message Due to Active Gear Mates Lockup

Therefore, for the pinon gear interactions, a gear mate with the corresponding ratios have been used to connect the gears in the design model only. The gear mates have been supressed for the motion study.
Constraints and Degrees of Freedom
Multiple types of constraints can be used to define 3D models including standard and advanced coincident, concentric, gear, hinge, rack and pinion, screw and u-joint as (Chang, 2015) suggests.[bookmark: _Ref44156999]Figure 2: Six DOF

There are six degrees of freedom (DOF) in an unconstrained rigid body, ‘three rotational and three translational’ on three perpendicular axes shown in Figure 2 presented by (Solidworks Help, 2016). Every constraint (mate or joint) added between two bodies removes DOF and each constrained movement is a free DOF according to (Chang, 2015). For example, a concentric mate between the inside diameter of the ‘shift fork’ and outside diameter of the ‘fork rod’ as shown in Figure 3 screenshot, allows one translational DOF along the centre axis in the Z direction and one rotational DOF around the Z axis; therefore allowing the rod ‘two free DOF’. Also, if a coincident mate is made between the two component centre planes (mating the two planes relative to X and Y) will set the rods position along the Z axis and to eliminate the translational DOF; thus producing an assembly where the rod can spin as the rotating DOF around the Z axis is remains. 
Figure 4 presented by (Majarad, 2018) shows an example of the types of constraints used within an assembly and makes a consideration for what DOF are removed. [bookmark: _Ref44156081]Figure 3: Concentric Mate Between Fork and Rod

Unlike a fixed model, an assembly must have some DOF left to permitted desired movement for motion analysis suggests (Chang, 2015). For example: the gearbox housing will be fixed having zero DOF, but for accurate analysis a rotational DOF for the gearbox input shaft will remain to simulate the use motion within the bearings and will be driven by a rotary motor at a defined constant velocity. [bookmark: _Ref44158166]Figure 4: Table to Show Examples of DOF vs Mates

However, according to (Solidworks Tutorial, 2019) the motion of an assembly can be over constrained, known as redundant mates, leading to inaccurate motion analysis results. (Younis, 2011) emphasises over constrained assemblies to be ‘statically indeterminate’ meaning the assembly has ‘infinite solutions’ for reaction forces and joint types. Multiple techniques can be used to improve the motion study calculations by using hinge mates, ridged groups, primitive mates and bushes to minimise these redundant mates. (Majarad, 2018) suggests that Solidworks automatically removes redundancies but warns that complex designs may result in the motion study automatically removing a mate from the wrong mechanism leading to an incorrect analysis. 


Hinge Mates[bookmark: _Ref44160760]Figure 5: Hinge Mate for Bearing

When a component needs to be constrained with a concentric and coincident mate, a hinge mate can be used to combine both types of constraints to reduce the redundant mates suggests (Solidworks Tutorials , 2019). According to (Dassault Systems, 2018), hinge mates have one rotational DOF by limiting two components movements. (Dassault Systems, 2018) suggest the advantages to using a hinge mate is (1) during modelling the designer only needs to apply a single mate instead of two different mates and (2) during simulation the hinge mate is associated with the reaction forces/results. Thus, reducing the associated ‘negative effect’ of the motion study due to redundancies. Figure 5 screenshot shows the use of a hinge mate for the bearings relative to the shaft and thus reducing the overall number of redundant mates from twenty-eight to twelve.  


Ridged Groups[bookmark: _Ref44158880]Figure 6: Rigid Groups for Output Shaft

Forming rigid groups results in components being hypothetically made into subassemblies to minimise the effects of the redundant mates, where this is a specific method used to improve the accuracy of motion study calculations by combining multiple components together suggests (Ascent, 2018). (Solidwork Tutorials, 2019) emphasises an alternative method by physically combining multiple components in a subassembly to achieve a similar result. It is suggested that either method will create local mates in the background of the software that will only exist in motion analysis and not the ‘assembly model’. Figure 6 shows a screenshot of the gearbox motion study, where originally the assembly has twelve redundant mates, but after the use of rigid bodies and supressing the replaced mates, the redundant mates reduced to three as shown in Figure 7 screenshot.

[bookmark: _Ref44235792][bookmark: _Ref44235782]Figure 7: Reduced Redundant Mates with Rigid Groups

Primitive Mates
According to (Dassault Systems, n.d.), the two most DOF are constrained with a mate primitive, replacing a standard and redundant mate, where each component can limit the DOF. (Solidworks Tutorial, 2019) suggests that mate primitives should be the last step to further reduce constraints within a model. Therefore, a mate primitive has been used as shown in Figure 8 by adding two defined mid points at (1) Primary Second Gear and (2) Primary Shaft where a hinge mate was used to reduce the redundancies from three to one as shown in Figure 9.
[bookmark: _Ref44244790]Figure 8: Primitive Mate Replacement



[bookmark: _Ref44244835]Figure 9: One Redundant Mate

Replacing Redundant Mates with Bushes
As a last resort, (Dassault Systems, 2018) suggests replacing mates with bushes to remove redundancies. (Solidworks Tutorial, 2019) warns this will increase the calculation time of the motion study but offers an alternative method to define mate relationships instead of using mate primitives. For the assignment, the Combined Gear Front Plane and Primary Shaft Front Plane mates were replaced with a bush that resulted in zero redundant mates as shown in Figure 10 and Figure 11. However, the bush mate was removed from the motion simulation because this produced inaccurate results as shown in Figure 12 of the output shafts angular velocity. It is believed the bush changed the interaction between the combined gear and output shaft that interfered with the gear change; and even though different bush properties where tested (such as a translational resistive force) the results were incorrect, thus this has been de-selected for this motion study and the final redundant mates remains at a quantity of one. 
[bookmark: _Ref44245147]Figure 10: Bush Mate Replacement

[bookmark: _Ref44245156]Figure 11: Zero Redundant Mates

[bookmark: _Toc44223830]
[bookmark: _Ref44245216]Figure 12: Issue with Bush Mates

[bookmark: _Toc44270652]Motion Analysis Results
Results from a motion analysis can be plotted to show force, velocity and displacement relative to duration in time or the animation frame number suggests (Dassault Systems, 2016). 
Sensor Alerts
The major advantage when using Solidworks is its ability to create sensor alerts that immediately notify the designer when the sensors value deviates from the specified limits. (Dassault Systems, 2016) refers to this as a sensor trigger alert if values are equal to, greater than or less than the specified limit. 
Therefore, for the assignment an alert was setup to shown when the gear mesh contact force exceeded 3N to prove the sensors principle as shown in Figure 13; but has recently been adjust to a realistic 100N maximum limit. Figure 14 shows a peak contact force of 82.1N experienced measured by the sensor.
[bookmark: _Ref44247115]Figure 13: 3N Sensor for Max Contact Force



[bookmark: _Ref44247126]Figure 14: Contact Force Experienced Between Meshed Teeth

Fiction
 (Dassault Systems, 2017) suggest friction occurs at joints in the motion study and is a resistive force opposing motion. The simulations calculation can become complex, where the contact area needs to be defined for accurate magnitudes of friction. Thus, (Kato, 2011) emphasises the part must initially overcome the static friction and maintain motion through dynamic fiction. [bookmark: _Ref44164957]Figure 15: Friction added to the hinge mate

As Figure 15 screenshot shows, friction was added to the hinge mate to simulate resistance from at both the input and output shafts as the results graph for angular velocity was unsettled. Standard dry steel static and dynamic friction was used, but if needed the coefficient of fiction can be manually defined as (Solidworks Tutorial, 2019) suggests.  
However, the initial motion studies performed for the gearbox witness software glitches that resulted in inaccurate (and sometime zero) representation of friction. To resolve this issue, a new assembly was created to eliminate all possibilities of corruption which did reduce the unsettled graph as described above. 
Opposing Torque
After utilising the friction, further investigate was made to understand how the simulation could become more accurate to a real-life scenario. The gearbox system would normally witness a resistive torque from the output shaft if connected to a final drive chain and sprocket to drive a rear wheel on a motorcycle as suggested by (Martin, 2012). Therefore, an opposing torque was applied to the output shaft. 
During the initial trials, the opposing force was continuous through the who cycles, but it was noted that this unrealistic approach resulted in the gearbox retarding to a stop and then to rotate in the opposite direction when the combined gear was unloaded ready for a gear change. As (Bladwin, 2018) infers, a clutch would be used to disengage the drive. Therefore, as the gearbox assembly does not utilise a clutch or even a synchromesh, the opposing torque within the motion simulation was disengaged for the gear change at points just before and after changing gear.  

[bookmark: _Toc44223831]

[bookmark: _Toc44270653]Angular Velocity and Turning Torque
The combined gear and the input shaft are mated so both turn at a constant phase angle. The input shaft is driven at 300 deg/sec where its drive is transmitted through the gearing to the output shaft; which initially turns at an average of 193 deg/sec pre gear change and finally at 205 deg/sec for post gear change. The angular velocity of both shafts has been captured as shown in Figure 16, where it is apparent the difference between the velocities would be due to drive train losses as suggested by (Martin, 2012). Therefore, friction and the opposing torque has a negative effect on the gearbox assembly’s efficiency. 
Also, looking at the average velocities from both sets of gears, the has been a successful gear change to increase the output shaft’s speed. However, it is evident that pre gear change, the combined gear is loading and unloading continuously, hence the large peaks and toughs between 0 and 4.5 seconds even when there is a constant input velocity. Post the gear change, the gear interaction results have a relatively constant angular velocity with regards to fluctuations in loading.  
[bookmark: _Toc44223832][bookmark: _Ref44248111]Figure 16: Input vs Output Angular Velocity


Even though the input velocity is constant, the torque required to turn the input shaft was measured, where Figure 19 corresponds with Figure 16’s velocity outputs. This shows the pulse like engagement through the gear assembly. (Dassault Systems, 2017) suggests utilising friction to smooth out impulses, however it is noted that changes in friction have no effect on the current motion study.  
[bookmark: _Toc44270654]Contact Force[bookmark: _Ref44250383]Figure 17: Contact Force Between Combined and 1st Gear
[bookmark: _Ref44250392]Figure 18: Contact Force Between Combined and 2nd Gear
[bookmark: _Ref44249425]Figure 19: Torque Required to Turn Input Shaft

To further support the theory that the combined gear having a pulsing engagement effect, the contact force between the faces of the combined gear and engagement gear before and after the gear change was investigated to support the argument of inconsistent results. Figure 17 and Figure 18 show how the meshing contacts between the gears are not constant.  

[bookmark: _Toc44270655]Shift Fork Displacement
[image: ]Shift fork displacement graph shows how the displacement relates to the linear motor driving the gear change. The gear change is initiated at 4.9 seconds, where the inertia of the combined gear causes an overshoot with a corresponding rebound at 5.25 seconds until the combined gear reengages with the second gear. As a solution, friction or resistance forces could be used to stop the overshoot, where the combined gear will only move the distance that is inputted from the linear motor.  

Backlash
The clearance between mating gears is used to enable correct meshing without the gears binding as well as to providing adequate space for a film of lubrication to minimise wear suggests (O'Neil, 2002). However, (Mobley, 2001) argues that too much clearance will cause inaccurate motion between the two drive shafts and thus making it difficult to position the ‘system’ for the gear change. (O'Neil, 2002) emphasises three ways to reduce backlash by utilising precise and dimensional accurate gearing, adjustable gears to adjust backlash as they wear as well as harmonic or epicyclic drives. 
Motion analysis was used to measure the backlash of the combined gearings which occurs in the first 0.1second as shown in Figure 20. As a short-term improvement, the position of the combined gear was moved to minimise the backlash in the driven direction. However, the large gaps between the meshing gears is the root cause of the issue, where a future improvement would be to increase the number of teeth on both sets of gears.  [bookmark: _Ref44249025]Figure 20: Initial Combined Gear Backlash




[bookmark: _Toc44270656]Model Assembly and Component Design 
Input and Output Shaft Centre to Centre Distance
To calculate the centre to centre distance, first the reference diameter and thus the module size and number of teeth must be calculated. For the application of the gearbox, the reference diameter was estimated as these are normally defined by the manufacture according to (Gearseds, 2018). 
Module Size
Module size is the unit representing the gear tooth size according to (ISO, 2020) and can be calculated using the pitch which is the distance between one tooth’s point to the adjacent tooth’s point relative the reference diameter. 

Reference Diameter 
For two gears to correctly mesh, the centre to centre distance needs to be set so that the two ‘reference diameters’ (also known as ‘pitch circle’) are in tangential contact. It is emphasised that this is the geometrical starting point for designing gears according to (Gearseds, 2018) and (KHK, n.d.).  

Centre to Centre Distance
The centre distance is half the sum of both reference diameters, therefore two pinion gears can be calculated using the following formula according to (Gearseds, 2018) and (KHK, n.d.). 

Calculations
 The first calculation will look at the ‘Primary 2nd Gear’ (circled in red) and ‘Output 2nd Gear’ (circled in blue).Figure 21: Screenshot to show which gears were analysed

	Feature
	Primary 2nd Gear
	Output 2nd Gear

	Pitch
	6.938
	6.283

	Module Size
	2.208
	2

	Number of Teeth
	24
	35

	Reference Diameter
	53
	70

	Centre Distance
	61.50mm








[bookmark: _Toc44223833][bookmark: _Toc44270657]Finite Element Analysis 
FEA enables designers to investigate the stress distribution throughout a components geometry suggests (Mills, 2007). This is supported by (Bi, 2018) who emphasise FEA will show the response of the system to an external load. Therefore, this allows designers to optimise the solution based on the design criteria. For the application of the assignment, the mounts in the output gearbox configuration were tested at component level to show the reaction of the system if the gearbox was impacted by an external 10N force as shown in Figure 22 screenshot. The FEA was not performed in the assembly due to the high computing demand needed, as the requirements for stress analysis can quickly become demanding suggests (Giraldo, 2019). The results show that only the mount closes to the force exceeded the material’s yield strength limit. Therefore, if this design was to further developed the boss wall thickness should be increased to prevent the gearbox housing cracking in the event of an impact. 
[bookmark: _Ref44182207]Figure 22: FEA of Gearbox Mounts





[bookmark: _Toc44223834][bookmark: _Toc44270658]Equation
According to (Dassault Systems, 2018), the use of equations will enable a designer to make efficient changes to a component, where a single change to a featured can change multiple parameters in another feature. This is supported by (Brinkhuis, 2019) who also suggests equation will make a model ‘smarter’. Therefore, equations have been used in the gearbox assembly.  
[bookmark: _Toc44270659]1. Equation to maintain a constant wall thickness about the corner radius
To maintain a constant wall thickness about the corners of the casing, an equation has been created to enable auto adjustment of the casings radius if the designer chooses to change the shell thickness in the future. According to (Bayer, 2009), to maintain a constant wall thickness about a corner the following equation remains true: 

Therefore, if the designer wants to change the wall thickness in the future then both the internal and external radius will automatically update to maintain the recommended designers ratio. 
In this case, the external radius at 12mm will produce an internal radius of 6mm based on a 6mm wall thickness as shown in Figure 23 and Figure 24. 
Major Casing Radius Equation
Major Internal and External Radius
Minor Internal and External Radis
Minor Internal/External Radius 2
[bookmark: _Ref44266668][bookmark: _Ref44266647]Figure 23: Position of Major and Minor Radius




[bookmark: _Ref44254543][bookmark: _Ref44254533]Figure 24: Global Variable and Equation to Maintain Constant Wall Thickness

Minor Casing Radius Equations

Figure 25: First Minor Casing Radius Equation













Figure 26: Second Minor Radius Equation



[bookmark: _Toc44270660]2. Equation for the Offset of the Rod Mount/Guide relative to the Casings Length [bookmark: _Ref44254974]Figure 27: Rod Mount Offset Equation

Figure 27 shows the equation created to ensure the fork rod mounts maintain a relative offset to the casing length. 











[bookmark: _Toc44270661]3. Equation for Flange Centre Hole
Figure 28 shows the equation used to maintain the flange centre holes position relative to the casing’s length. All other flange holes are reference from this master hole. 
4. Equation for Casing Split Location [bookmark: _Ref44255145]Figure 28: Equation for Flange Centre Hole
[bookmark: _Ref44255334]Figure 29: Equation for Casing Split Location

Figure 29 shows the equation used to maintain the flange location relative to the casings split plane. 



























[bookmark: _Toc44270662]Design Tree Configuration 
Component configuration within the design tree has been used in accordance with (Solidwork Tutorials, 2019) to produce a two halves of a split casing. This has proved to be an effective and efficient method as shown in Figure 30. [bookmark: _Ref44255838]Figure 30: Design Tree Configuration


Samuel da Rosa – 1707339


7

12

[bookmark: _Toc44223840][bookmark: _Toc44270663]Engineering Drawings and BS8888
Figure 31 and Figure 32 can been drafted in accordance with BS8888 standard according to (ISO, 2020). [bookmark: _Ref44256273]Figure 31: Input Casing Drawing








[bookmark: _Ref44256281]Figure 32: Output Casing Drawing



[bookmark: _Toc44223841][bookmark: _Toc44270664]Conclusion
In conclusion, CAD developers are continuously refining and revising their software packages in order to suit the need of the engineering companies that use then according to (Parisher, 2012). Most CAD packages are ‘free’ to download but required a licence for the software to become usable suggests (Autodesk, n.d.). Also, (Autodesk, n.d.) states the license approach enable companies to subscribe to Autodesk and to not be tied to a single product as this enable companies to flexibly to choose the type of software that suits the business needs. 
The assignment successfully demonstrates the use Motion Study and FEA to analyse a gearbox assembly, where results and data have been interpreted in the form of graphs. (Chang, 2015) emphasises how DOF and redundant mates affect the accuracies of motion studies, so the gearbox assembly has been refined to only contain a single redundant mate. Also, to enable the designer to easily make future developments of the model as  (Brinkhuis, 2019) suggests, equations have been utilised. 
However, as a design improvement, the combined gear utilised within the assembly is crude; only having four teeth resulting in excessive backlash. Therefore, a future improvement would be to increased quantity of teeth and design the gearing with improved precision as suggested by (KHK, n.d.).  
[bookmark: _Toc44223838]Furthermore, to improve the motion analysis results as (Chang, 2015) suggests, a higher frames per second will result in a more accurate motion study, especially if the study length is relatively short. The standard 25 FPS was too slow for the rotary motor’s velocity of 50 RPM. As a result, a capture rate of 300 FPS was chosen, anymore FPS put too much demand on the computer running the simulation.  
Finally, ‘Precise Contacts’ should replace the standard contacts that approximately use the geometry of ‘many sided polygons’; where the former corrects contacts analytically suggests (Change in Motion Study Properties in SOLIDWORKS Simulation, 2013). However, it is highlighted that the time to analyse will increase with complexity.  
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