



1. [bookmark: _Toc11607992]Executive Summary 
CAD is widely used for conceptual design and layout of manufacturing of components. The Design Technology Academy (2019) states that CAD reduces design time by allowing precise simulation rather than build and test physical prototypes.
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2. [bookmark: _Toc11607993]Introduction
This report uses a Computer Aided Design (CAD) Solid Modelling package named SolidWorks to produce a three-dimensional solid models of components and assemblies. Additionally the report will explain how the Motion Simulation package was used for the final simulation of the Gearbox, and also analyse the results collected. 
CAD is widely used for conceptual design and layout of manufacturing of components. The Design Technology Academy (2019) states that CAD reduces design time by allowing precise simulation rather than providing the need to build and test physical prototypes. With the support of the CAD package, the following components will be modelled, assembled and analysed;
· Gearbox Input Shaft
· Gearbox Output Shaft
· Gearbox Input and Output Gears
· Gear Shift Fork
· Gear Bearings
· Gear Pinions
· Gearbox Housing












3. [bookmark: _Toc11607994]Assembly Detailing 
The components were assembled to create the following construction;
[image: ]
Figure 1 - SolidWorks Drawing showing the Build of Materials for an Assembled Gearbox (REF)
Figure 1 displays the constructed unhoused gearbox containing spur gears. Spur gears are gears that are in a mesh between parallel shafts, the smaller gear is called the Pinion and the larger gear is called the Gear (Smith, 2003). The unhoused gearbox was originally assembled by using Mates within SolidWorks. According to (SolidWorks Help, 2018), Mates create geometric relationships between assembly components. As Mates are added, the allowable directions of linear or rotational motion of the components become defined. A component will only be able to move within its degrees of freedom, therefore granting a visible representative of the assembly's behaviour. 
1 [bookmark: _Toc11256463][bookmark: _Toc11256482][bookmark: _Toc11607995]
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[bookmark: _Toc11607999]Standard Mates
The Gearbox Assembly originally used a range of different Standard Mates. An explanation to why the assembly required the use of multiple Standard Mates is described below;

[image: ]Parallel Mates;
A parallel mate was used to permit only translational motion of a single part with respect to another, no rotation is allowed (Planchard, January 2018).
For example, the Output Shaft was made parallel to the Top Plane to create a recommended good working foundation to start assembling the subassembly. Figure 2 - Parallel Mate Screenshot 
(SolidWorks - Nia David, 2019)



[image: ]Coincident Mate;
A coincident mate forces two planar faces to become co-planar. The faces can move along one another, but cannot be pulled apart (SolidWorks Help, 2019). 
For example, the coincident mate was used to ensure the outer face of the bearing was co-planar with the outer face of the gearbox shaft.
Figure 3 – Coincidence Mate Screenshot 
(SolidWorks - Nia David, 2019)



[image: ]Concentric Mate;
A concentric mate forces two cylindrical faces to become concentric. The faces can move along the common axis, but cannot be moved away from this axis (SolidWorks Help, 2019).
For example, the concentric mate was used to ensure the diameter of the end Bearing was sharing an axis with the diameter of the Gearbox Shaft.
Figure 4 - Concentric Mate Screenshot 
(SolidWorks - Nia David, 2019)



[image: ]Distance Mate;
A distance mate allows the user to input a set distance between selected entities (SolidWorks Help, 2019).
For example, a 5.00mm measurement was given to set a constant distance between the First Gear Pinion and the End Bearing. The measurement of 5.00mm was chosen to allow realistic spacing between the gear and the bearing.
Figure 5 - Distance Mate Screenshot
(SolidWorks - Nia David, 2019)


[image: ]Lock Mate;
A Lock mate maintains the position and orientation between two components by ensuring the components are fully constrained relative to each other (SolidWorks Help, 2019).
For example, a Lock mate was used to form a rigid subassembly between the two components, in this instance to ensure the gear and shaft rotate together.
Figure 6 - Lock Mate Screenshot
(SolidWorks - Nia David, 2019)

















[bookmark: _Toc11608000]Inter-part Geometry
The Gearbox Assembly is required to be positioned and constrained within the assembly with the correct geometry. Introduction of the correct geometry will optimise the functionality and improve the operational efficiency of the Gearbox. It is critical to calculate the required centre-to-centre distance as shown by the red highlighted dimension in Figure 7 to ensure an appropriate backlash value is generated.
[image: ]

Figure 7 - Diagram Explaining Relationship between Pinion and Gear (Boston Gear, 2019).

[image: ]Backlash is the clearance or lost motion caused by gaps between the gears. It is necessary to have a small amount of backlash between the gears to prevent binding, however too much of a gap can cause positioning inaccuracies in the shafts, heat generation, abnormal wear or excessive noise (Ricky Smith, 2011). If the shafts are placed too close together then the gap between the gears will be too small and therefore there will be a likelihood of interference and gear binding which can lead to premature wear or failure (Dukkipati, 2007). It is common for spur gears to be manufactured using a H7 tolerance, therefore will produce a backlash between the gears (Riduttori, 2012).Figure 8 - Diagram Displaying Backlash (Ricky Smith, 2011).


A Technology Professor named Robert Donald Smith (2003), explained that gears are used for transmitting power by rotary motion between shafts. Gears are designed to prevent slippage and to ensure positive motion while maintaining a high degree of accuracy of the speed ratios between driving and driven gears. The involute curve shape given to gear teeth is of primary importance in providing a smooth transition of motion. The involute curve is formed by the path of a point on a straight line as it rolls along a circle (Smith, 2003).

	Firstly, pitch diameter can be calculated by using the following equation;

Pitch ø 

Pitch ø Inner First Gear  = 48.30mm

Pitch ø Inner Second Gear  = 51.69mm

Pitch ø Outer First Gear  = 73.33mm

Pitch ø Outer Second Gear  = 70.95mm



Therefore the centre distance for the First Gear is; 

Centre Distance First Gear 

Centre Distance First Gear  = 60.82mm



Therefore the centre distance for the Second Gear is;

Centre Distance Second Gear 

Centre Distance Second Gear  = 61.32mm



Therefore concluding that the final centre distance must be;

Final Centre Distance = 

Final Centre Distance  = 61.07mm



Table 1 - Calculations used to Set Centre-to-Centre Distance (Dukkipati, 2007).


[image: ]Once the required centre-to-centre distance was calculated, the shafts were set 61.07mm apart by using a Set Distance mate. Then, now that the shafts are in the correct position the can be Fixed, therefore allowing the Set Distance mate to be removed to reduce the number of the mates required. Figure 9 - Optimal Distance (SolidWorks - Nia David, 2019).


As stated previously in this report, it is common for spur gears to be manufactured using a H7/g6 sliding fit (Riduttori, 2012). The fit allows for the parts to turn and move freely, whilst keeping the accuracy. 


Using a Zeus Engineering handbook (Roebuck, 2018), the exact dimensions of the part tolerances can be calculated;
	
	Diameter 
	H7 Tolerance 
	Shaft Dimensions
	G6 Tolerance
	Hole Dimensions

	Primary First Gear
	28mm
	+0.000
/-0.021mm
	27.979-28.000mm
	-0.007
/-0.020mm
	27.980-27.993mm

	Primary Second Gear
	25mm
	+0.000
/-0.021mm
	24.979-25.000mm
	-0.007
/-0.020mm
	24.980-
24.993mm

	Output First Gear
	24.5mm
	+0.000
/-0.021mm
	24.479-24.500mm
	-0.007
/-0.020mm
	24.480-24.493mm

	Output Second Gear
	
	
	
	
	


Table 2 - Table Stating Spur Gear Tolerances (Roebuck, 2018)



4. [bookmark: _Toc11608001]Gearbox Housing
5 [bookmark: _Toc11608002]
[bookmark: _Toc11608003]Design Principles
The Gearbox Housing was designed around the Gearbox Assembly geometry, paying particular attention to its position, dimensions and form. SolidWorks tutorials titled “Modelling Techniques” supported the modelling of the gearbox housing. Figure 10 shows the assembled gearbox inside the modelled housing. 

[image: ]
Figure 10 - Transparent Gearbox Housing (SolidWorks - Nia David, 2019).

The design aimed to achieve a level of complexity which would be appropriate for successfully housing all components of the gearbox. The following requirements must be taken into consideration when designing the housing (Naunheimer, 2010);
i. Absorb the acting operational forces and moments
ii. Guarantee the exact position of the shafts and gearwheels relative to each other
iii. Ensure good heat conduction and radiation
iv. Insulating and damping the gearbox noises
v. Easy to fit and remove
vi. Rigid layout and good strength characteristics
vii. Low weight 
viii. Fluid tight housing to hold lubrication
ix. Mechanical protection for internal components from outside contaminants 

The gearbox housing was modelled by converting entities of the gear geometry, to create drawing lines to base the main sketch from. Then, each half of the housing used layers of Boss Extrude to create the two part housing. Figure 11 & 12 show the two halves of the housing, as well as the feature tree associated to each component.
[image: ]
Figure 11 – Part 1, the Top Housing (SolidWorks - Nia David, 2019)

[image: ]
Figure 12 – Part 2, the Bottom Housing (SolidWorks - Nia David, 2019)
[image: ][image: ]
Figure 13 & Figure 14 - Cross Sectional View of Housed Gearbox (SolidWorks - Nia David, 2019).
[bookmark: _Toc11608004]Addition of Equations
Whilst modelling the gearbox housing, it was important to include the use of equations when dimensioning sketches. The introduction of Equations was supported by the SolidWorks tutorials titled ‘Equations’ and ‘Advanced Design’. Figure 15 shows a simple ∑ equation which benefited the model by adding a mathematical relationship to a previous dimension.
[image: ]
Figure 15 - Use of Simple Sum Equation (SolidWorks - Nia David, 2019).



Global variable and equations in (SolidWorks Help, 2019) link various dimensions to a specific value or to one another. This technique helps manage the size and shape of a model by modifying only a few variables; and also potentially prevents forgetting some relations between various dimensions in the future. 
The introduction of Global Variables for bearings and the associated gearbox housing clearance holes for the bearing is very beneficial. The user can now update the equation set value only and all linked geometry will be updated accordingly. In addition, equations and variables could be exploited in a Design Table as a further use of the parametric capabilities to control the model. 
[image: ]


Figure 16 - Introduction of Global Variables (SolidWorks - Nia David, 2019).








[bookmark: _Toc11608005]Self - Review of Modelled Gearbox Housing
The housing was not modelled as efficiently as possible. I believe it would be possible to have achieved the same desired design output by modelling more concisely. For example, the feature tree has the potential to be smaller by including the fillets within the sketch before extruding a part. On review of the modelled part, I learned that there is an advanced feature named Loft, this feature would have allowed the model to be created more proficiently. If I were to remodel the housing, I’d use sweeps and lofts to achieve the same outcome. 
[image: ][image: ]
Figure 17 & Figure 18 - Images showing the use of SolidWorks Loft Feature (SolidWorks - Nia David, 2019).
There is also an opportunity to increase the use of Global Variables within the modelling of the gearbox. Rather than using the feature on the bearings and gearbox housing only, Global Variables could be used with the other gearbox components too such as gears, shafts etc. The introduction of more equations would allow the chance to scale the whole assembly up/down sizes. 
Lastly, the Gearbox Housing shown throughout this report is not the first design, but instead the second design. The first design is shown in Figures 19 & 20 below. The first design was created by resolving around each shaft axis, then cross section the design in half. Next the design was shelled, then mirrored to create the pairing half. Hole Wizard was used to add M4 countersink holes to close the hinged housing. I liked this design however due to difficulties with SolidWorks, the design was lost when the software package expectantly shutdown without saving. Rather than repeating the design, I opted to create a new design to increase my skillset. 
[image: ][image: ]
Figure 19 & Figure 20 – Screenshot from SolidWorks Showing Original Housing (SolidWorks - Nia David, 2019).



[bookmark: _Toc11608006]Motion Simulation and FEA
[bookmark: _Toc11608007]Over-constraining Mates
The Gearbox Assembly initially used Standard Mates only, however whilst reading tutorials (SolidWorks Help, 2019); in particular ‘SolidWorks Motion’ and ‘Motion Analysis & Mate Redundancies’; it was found that Mates can over-constrain component motion resulting in inaccuracies in the motion study calculations. Such over-constrained Mates are referred to as a redundancy. Initially with standard mates only, the Gearbox Assembly had a total of 41 redundancies. 
SolidWorks 2019 Help page recommends to use any of the four techniques for reducing or eliminating Mate redundancies. 
x. Create a rigid group to ignore redundant mates in motion calculations.
xi. Replace redundant mate pairs that form a hinge with hinge mates.
xii. Replace redundant mates with mate primitives.
xiii. Replace mates with bushings.
The most beneficial technique for rapidly reducing redundancies was suggestion 
ii). Replacing redundant mate pairs that form a hinge with hinge mates. Substituting Standard Mates for Hinge Mates reduced the total redundancies from 41 to 12. 
Hinge Mate;
A Hinge mate limits the movement between two components to one rotational degree of freedom. It has the same effect as adding a concentric mater plus a coincident mate. Hinge mates also allow the angular movement to be limited between two components (Planchard, January 2018). 
For example, the model included lots of pairs of concentric mates and a coincident mates that could be replaced with a hinge mate. A Hinge mate was used for the Primary Shaft and the Primary End Bearing.
[image: ]
Figure 21  - Hinge Mate Screenshot (SolidWorks - Nia David, 2019)
Solid Bodies;
SolidWorks has the capability to convert assemblies to Bodies, which will resultantly reduce the feature tree and condense it down to a single feature, yet maintaining any geometric references from other parts, assemblies, or drawings. The introduction of the Solid Body feature improved the time needed to recalculate the motion simulation due to the reduced feature tree.
[image: ]
Figure 22 - Evidence of use of Solid Bodies (SolidWorks - Nia David, 2019).
Rigid Groups;
Rigid groups can be defined in a motion study to treat the components in the group as a rigid body.  Rigid groups are motion study entities and are not incorporated into the assembly model features in the ‘Feature Manager’ design tree.
[image: ]
Figure 23 - Evidence of use of Rigid Groups (SolidWorks - Nia David, 2019).
The assembly considered using other Mechanical Mate options such as Cam, Slot, Gear, Screw etc. however the most beneficial mechanical mate was the Hinge Mate. The option of a Gear Mate would be the most obvious selection however it was not best for the two spur gear set up. The Gear Mate forces two components to rotate relative to one another around a selected axis only. 
[image: ]
Figure 24 - SolidWorks Screenshot Showing Final Redundancies Value of 8 (SolidWorks - Nia David, 2019).
[bookmark: _Toc11608008]Motion Simulation
Now that redundancies have been heavily reduced from 41 to 8, the Gearbox Assembly can undergo Motion Simulation. SolidWorks Motion is a computer software tool that supports engineers to design mechanisms then simulate and analyse the mechanical performance. Using SolidWorks Motion early in the product development stage could prevent costly redesign due to design defects found in the physical testing phase therefore the software package contributes to a more cost effective, reliable and efficient product design process (Chang, 2011).
[bookmark: _Toc11608010]Difficulties When Using Motion Simulation
Whilst trying analyse the motion of the gearbox assembly, there were error messages showing. These error messages were primarily due to my lack of experience using the software, however the SolidWorks tutorials helped resolve the issues. One of the big drawbacks of using the Motion Simulation software is that it is heavily dependent on the inputs of the user, however if the user inputs the incorrect information the data will resultantly be incorrect too. After some problem solving, all issues were resolved and the Motion Simulation ran perfectly as expected. 
[image: ]
Figure 25 - Example of Error Messages during Motion Simulation (SolidWorks - Nia David, 2019).

	

Figure 26 - Historic Timeline Summarising FEA Development
 (O. C. Zienkiewicz, 2000)


 Finite Element Analysis
The Finite Element Analysis (FEA) is the simulation of any given physical phenomenon using the numerical technique called Finite Element Method (FEM). Engineers use FEA to reduce the number of physical prototypes and experiments required. The software supports the optimisation of components in their design phase to develop better products faster (IMechE, 2016). The Journal from the IMechE continues to explain that FEA software is one of the most widely used modelling applications in the industry, and uses highly optimised algorithms to predict how products will react to different real world forces.
FEA could help hugely when analysing the gearbox housing. The software would be able to test whether the selected material steel would withstand the operational forces. The software could also test the heat transfer and the thermal stresses: FEA can be used to calculate the effect of heat on a components strength and temperature distribution (O. C. Zienkiewicz, 2000).

[bookmark: _Toc11608011]Results 
All of the following graphs were collected whilst running the motion simulation sequence listed below in figure 27;
[image: ]
Figure 27 – SolidWorks Screenshot showing Motion Simulation Sequence (SolidWorks - Nia David, 2019).




















[bookmark: _Toc11608012]First Graph
The graph shown in Figure 28 represents the angular velocity (deg/sec) against time (sec) under the following conditions;
· Rotary motor at 100 rpm
· An opposing torque of 100 N/mm applied
· No resistance between parts
· 100 frames per second
The graph shows a high peak for angular velocity approximately 571 deg/sec when the rotary motor first starts as it is spinning freely prior to engagement with the Primary First Gear. The angular velocity then drops to around 400 deg/sec and fluctuates uniformly as a result of continuous changes of the resistance as the gears and pinion mesh. When the Shifter Fork is moved to the Primary Second Gear, the angular velocity created is much lower, around 100 deg/sec. The lower angular velocity value is due to the shaft already being in motion hence less energy is required. Finally once the Shift Forker engages with the Primary Second Gear, the angular velocity steps down to around 380 deg/sec at a lower speed due to the design of the gear to act as a reducer.

[image: ]
Figure 28 - Motion Simulation Graph with Rotary Motor and Opposing Torque only at 100 fps.
 (SolidWorks - Nia David, 2019).





[bookmark: _Toc11608013]Second Graph
The second graph shown within Figure 29 represents the angular velocity (deg/sec) against time (sec) under the following conditions;
· Rotary motor at 100 rpm
· An opposing torque of 100 N/mm applied to act as a dampener
· Friction between all parts set by inputting the material as steel (greasy)
· 600 frames per second
The introduction of internal friction on all greased steel parts represents a much more realistic simulation. Increasing the frames per second (fps) from 100 to 600 ensured data was collected for every degree of rotation due to;

[image: ]
Figure 29 - Motion Simulation Graph with Rotary Motor, Opposing Torque and Internal Friction at 600 fps.
(SolidWorks - Nia David, 2019).
[image: ]
Figure 30 - Addition of Friction to all Gearbox Parts (SolidWorks - Nia David, 2019).




[bookmark: _Toc11608014]Third Graph
The third graph shown within Figure 31 represents the angular velocity (deg/sec) against time (sec) under the following conditions;
· Rotary motor at 100 rpm
· An opposing torque of 100 N/mm applied
· Friction between all parts set by inputting the material as steel (greasy)
· 1200 frames per second
The graph surprisingly did not change as much as expected for increasing the frames per second from 600 to 1200. The value of 1200fps was decided due to the equation below;

Figure X shows twice as much data than the 600fps, therefore it would be expected to see a smoother plot however the additional fps made very little difference. From this information, future graphs relating to the gearbox motion simulation should be run at 600fps as any higher only slows the running time down without added value.[image: ]
Figure 31 - Motion Simulation Graph with Rotary Motor, Opposing Torque and Internal Friction at 1200 fps.
(SolidWorks - Nia David, 2019).
5. [bookmark: _Toc11608015]Conclusion
This report successfully used a Computer Aided Design (CAD) Solid Modelling package named SolidWorks to produce a three-dimensional solid modelled gearbox. SolidWorks supported the modelling with the added benefit allowing quick and easy design changes when required. The alternative method of hand drawing the gearbox housing and gearbox assembly would have made the task much more difficult. 
Additionally, the Motion Simulation package was used to test the final simulation of the enclosed gearbox assembly. The data collected from the Motion Simulation relating to angular velocity over time provided very detailed, realistic results without needing to purchase material, machine parts, manually assemble and test. The software required a numerous number of hours to get the required output however, it is a much faster route to getting data than the alternative of creating the experiment in real life. Overall, the report was a success. A suggested improvement would be to run FEA analysis on the gearbox assembly too. FEA analysis would be very interesting to see whether the housing could withstand the operational forces, vibrations, and heat distribution.
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