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[bookmark: _Toc11612743]1. Executive Summary
The purpose of this report was to focus on the motion simulation and design aspects of an assembled gearbox. The correct parameters were identified and simulation results analysed although no specific function or materials were specified, the data returned positive. 
The majority of research for this report was from online resources due to the heavily weighted Computer-Aided Design aspects of the task however academic books were also researched and used.
The report determined that the parameters, design, operation and housing were all successfully created and that further investigation would be needed to highlight this gearboxes usefulness in industry where required.
[image: ]The use of further FEA analysis once missing parameters have been identified could further the credibility of this report and enable the writer to highlight any weak or strong options that may be beneficial in an industry standard environment.
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[bookmark: _Toc11612744]2. Introduction
[image: ]This report studies the operation of an assembled gearbox and the stresses it faces during operation using motion simulation and Finite Element Analysis (FEA) on the SolidWorks package. The housing created for the gearbox encloses the two sets of spur gears, bearings and shafts that are required for operation. Gearboxes in industry are located between a power/driving force and the driven equipment such as mills, screws and pillar drills. Gears are described by Gopinath (2004) toothed members which transmit power / motion between two shafts by meshing without any slip. Hence, gear drives are also called positive drives. He explains how in any pair of gears, the smaller one is called pinion and the larger one is called gear immaterial of which is driving the other. The gearbox requires a housing design in order to accommodate the whole system while allowing access to the gear changer. The housing is vital to the operation of a gearbox as the vibrations present from the meshing of the gear’s travels through the supporting shafts and is absorbed into the housing. Using the SolidWorks software package, the gearbox is to be assembled to the optimum position and a motion study created whereby the operation of the gearbox is monitored and data analysed and presented. 
(Figure 1 – Self Created Exploded View of all Components (SW Motion Analysis, 2019)) 
[bookmark: _Toc11612745]3. Gear Box Assembly and Housing Design
[bookmark: _Toc11612746]3.1 Gear Alignment
[image: ]The gears used in this assembly are spur gears. Spur gears “mesh” together for one to create contact and drive the other. Depending on the use, the teeth of a spur gear can vary in taper angle traditionally from 14.5° to 25°, with the larger angle producing larger teeth and therefore a stronger gear designed for higher torque (Layosa, 2015). Layosa (2015) goes on to expand that teeth with smaller angle create less backlash due to a higher contact ratio, and therefore a smoother and quieter operation, with these properties in mind it is essential for two spur gears to have the same angle when working together and that the spacing between them is correct. Backlash is an important factor when using gears and can be described as “play or clearance with lost motion caused by gaps between one pair of gears” (KG Gear, 2019).
(Figure 2 – Backlash in gears (KG Gear, 2019)) 
For spur gears to operate and wear correctly, the distancing between them needs to be precise. Figure 2 demonstrates how the gears should sit with the centre distance correct when the pitch circle in the image of both gears is touching. If not supplied by the manufacturer then the pitch diameter and centre distance for the gears can be calculated as;


This would then mean the centre distance could be calculated by;


When considering the gears used and the centre distance calculations it was established that the ideal spacing between them was 61.07mm as shown;







Therefore;



Considering the second set of gears;

51.692mm





Therefore;



We can conclude that;


[image: ]Using the smart dimension tool in SolidWorks the measurement between the centres of the shafts was set to 61.07mm and SolidWorks states a given tolerance of +/- 0.5mm which is redundant in this instance due to it being CAD and not a physical component.

(Figure 3 – Centre Distance between Gears (Self-Created CAD Image))

[bookmark: _Toc11612747]3.2 Gear and Shaft Tolerance Fit
For sliding gears the ideal fit is a H7/g6 which does not provide a freely running fit, but in fact a very small clearance for accurate guiding of shafts (Coban Engineering, 2019). Coban Engineering (2019) explain this allows parts to move and turn freely and accurately.
Given the primary shaft 1st gear fits onto a 28mm diameter shaft, the proposed tolerances for the H7 shaft fit are +0/-0.021mm and the corresponding g6 hole of the gear would be -0.007/-0.020mm. Therefore the shaft is acceptable between 27.979-28mm. The hole is acceptable between 27.98-27.993mm.
The primary shaft 2nd gear has to fit onto a shaft diameter of 25mm. The proposed tolerances for the H7 shaft fit are +0/-0.021mm and the corresponding g6 hole of the gear would be -0.007/-0.020mm. Therefore the shaft is acceptable between 24.979-25mm. The hole is acceptable between 24.980-24.993mm.
The output shaft 1st and 2nd gears both fit onto a 24.5mm shaft diameter resulting in the same H7/g6 tolerance fits as the primary shaft gears. Therefore the shaft is acceptable between 24.479-24.500mm. The hole is acceptable between 24.480-24.493mm.

[bookmark: _Toc11612748]3.3 Redundancies
[image: ]A common occurrence when assembling in SolidWorks is when parts become over-constrained and mates become redundant and need to either be removed or altered. One method of addressing this during the assembling task was to remove distances that had originally been set and replacing them with mechanical mates or fixing certain objects and then being able to remove the constraint entirely. Shown in Figure 4 are a list of redundancies that were present originally but once addressed had been removed as shown in Figure 5.

(Figure 4 – Redundancies Originally Present (SW Motion Analysis, 2019)) 




Once the redundancies had been corrected, the assembly was complete. The corrected list of redundancies can be seen in Figure 5. 
[image: ]

(Figure 5 – Redundancies Removed (SW Motion Analysis, 2019)) 

[bookmark: _Toc11612749]3.4 SolidWorks Tools Used
[bookmark: _Toc11612750]3.4.1 Hinge Mates
When assembling the gearbox in order to create a motion study, redundancies associated with mates used during the assembly stage present themselves. These redundancies not only prevent the motion study from operating in some cases but also result in questionable data if not reduced or ultimately eliminated entirely. 
One method used to reduce redundancies in this study was to introduce hinge joints in place of both a concentric and coincident joint. SolidWorks (2019) describe this as;
“A hinge mate limits the movement between two components to one rotational degree of freedom. It has the same effect as adding a concentric mate plus a coincident mate. You can also limit the angular movement between the two components.”
[image: ]When running an analysis such as SolidWorks Motion, the reaction forces are then linked to the hinge mate instead of a particular concentric or coincident and this reduces the negative effects of redundant mates (SolidWorks, 2019). 
(Figure 6 – Initial Redundancies Present in Motion Study (Self-Created SolidWorks Image))

[bookmark: _Toc11612751]3.4.2 Planes
[image: ]When sketching on SolidWorks, planes are one method that serves as a reference geometry for the creation of a part, they are flat surfaces which serve as a blank canvas to draw a sketch (Jankowski & Doyle, 2005). 
(Figure 7 – Variety of Planes Available on SolidWorks (Jankowski & Doyle, 2005))
[image: ]Planes allowed the housing design process to be possible. For instance, when designing slot in the housing for the gear shifter to operate, a plane was created on that face and the slot was sketched, dimensioned and created as shown highlighted orange in Figure 8. 
(Figure 8 – Highlighted plane the slot sketch was created on (SW Motion Analysis, 2019))

[bookmark: _Toc11612752]3.5 Housing Design
[image: ]The housing design for this assembly was unrestricted. There was no specific application of use nor sizing requirements to enable the gearbox to fit to its specified application. For example, if the gearbox was to be utilised in a food processing or marine environment, than stainless steel or anodised aluminium would be preferred due to their resistance to corrosion being higher than other metals (Design World, 2009). For demonstration purposes the housing in Figure 9 is shown in a clear plastic.
(Figure 9 – Housing Design created in SolidWorks (SW Motion Analysis, 2019))
A blanking plug, shown in Figure 9 as a black circular object around the output shaft, was created to prevent dirt entering the housing as the cleanliness of the grease inside is paramount to reducing wear and improving efficiencies. Further design constraints that need addressing would be the potential to split the housing into two pieces in order to access the internals and also the development of mounting brackets in order to fit it to the machinery it would be driving.
By designing the edges to be rounded circling the shape of the gears, this reduced material usage, and also size which may be important when fitting the gearbox into tight spaces on machinery. The potential for webbing to be included between the two rounded sides of the design would increase rigidity thus reducing vibration in the housing and also provide larger surface area for heat loss. If for example this gearbox was to be used with mineral based oil, it is stated by Alexander (2016) that when gear operation generates higher-than-normal operating temperatures, mineral-based oil can break down and lose some of its lubricating capability. Factors like this need consideration when further operating parameters are specified.








[bookmark: _Toc11612753]4. Motion Simulation and FEA
[bookmark: _Toc11612754]4.1 Motion Simulation
Motion simulation, also known as rigid body dynamics, offers a simulation approach to solving those issues (SolidWorks, 2019). A motion study, or simulation, is a term used to analyse the movement of mechanical assemblies and mechanisms using computer-aided software in order to identify any potential errors in the design or risks of safety (PES Performance, 2019). The gearbox assembly in this report is a study of dynamic motion as this is the motion that occurs as a result of forces, such as a driving motor (Physics Hypertextbook, 2019). 
Finite Element Analysis has its limitations, to find velocities, accelerations, joint reactions and power requirements it is motion simulation that designers use as a more powerful tool (SolidWorks, 2019).
In this study, the motion simulation tool has been used to analyse the gearing when in operation and switching between different speeds when powered by a motor. The data gathered from the simulation indicates any design flaws or areas that could drive improvement. Motion simulation, as with this study, monitors rigid mechanical components, it is then FEA that gathers data and results on the flexible side of structures and the stresses those materials face during the motion created (SolidWorks, 2019). 
[bookmark: _Toc11612755]4.1.1 Motor and Operating Limits Selected for Analysis
[image: ]A motor is a driver in motion simulation. The motor chosen for the gearbox was a rotary motor as the shaft needs to turn in order for the gearbox to operate. The direction for this assignment is irrelevant however the speed is important. The revolutions per minute (RPM) selected was 100, therefore given there are sixty seconds in one minute, this RPM was divided by sixty and multiplied by three hundred and sixty to give a recording sample for every degree of rotation when a graph was produced to analyse the performance. Therefore the animation was set at 600 frames per second (FPS). 
(Figure 10 – Motor Selection Tab (SW Motion Analysis, 2019))
[image: ][image: ]
(Figure 11 – Motor Settings (SolidWorks 2019))      (Figure 12 – Motion Study Properties – (SolidWorks 2019))
[image: ]


(Figure 13 – Rotary Motor duration set in Motion Analysis Tree (SW Motion Analysis, 2019))
[bookmark: _Toc11612756]4.1.2 Forces
[image: ]The force option in SolidWorks Motion Study allows you to apply forces, moments, or torques with uniform distribution to faces, edges, reference points, vertices and beams in any direction for use in structural studies (Dassault Systems, 2019). In the study this report focuses on, a force is required along the horizontal axis in both directions at different times. This is to replicate the gear selector operating in each direction to enable both speeds at alternate times as it shifts. The forces are added to the simulation and the Motion Study tree indicates that they act at alternate time periods as shown in Figure 14.

(Figure 14 – Forces Acting set in Motion Analysis Tree ( (SW Motion Analysis, 2019))




[bookmark: _Toc11612757]4.1.3 Solid Body Contact
[image: ]When creating a stress analysis using motion study in SolidWorks you must be very careful to ensure that you accurately represent how the parts interact with each other (Whyte, 2010), this is where solid body contacts come into play. Solid body contacts allow the user to select which faces/parts that interact with each other ensuring they do not drive through each other and operate in the desired way, such as the gear teeth meshing correctly in order to drive. The solid bodies selected for this simulation are highlighted in Figure 15 and include all the input, output and selecting gear sprockets.
(Figure 15 – Solid Body Contacts ( (SW Motion Analysis, 2019))






[bookmark: _Toc11612758]4.1.4 Rigid Groups
[image: ]Rigid groups allow the used to reduce motion analysis simulation time by selecting components and grouping them into a rigid group. For instance the bearings operate in a similar way therefore were grouped as a rigid body so that motion between the components in the group is ignored, mates are ignored and the mates become visible in the MotionManager design tree under the Rigid Group as shown in Figure 16.
(Figure 16 – Rigid Group in the MotionManager Design Tree (SW Motion Analysis, 2019))

[image: ]
(Figure 17 – Components Selected for Rigid Group (SW Motion Analysis, 2019))





[bookmark: _Toc11612759]4.1.5 Data Gathered and Results
[image: ]When the simulation was run the first time, noticeable factors can be identified in the graph produced. Initially Figure 18 shows the angular velocity over time. A sudden flat spot, followed by a spike of movement and another flat spot indicates the shifter not engaging immediately. Once located, a relatively steady reading can be seen from approximately 0.5 seconds to just over 2.0 seconds when the shift disengages and slides across to the opposite gear, resulting in another flat spot on the graph. From approximately 3.0 seconds to 5.0 seconds another reading can be seen when the shift engages, however this reading portrays a less steady result with slightly higher spikes. The explanation for the higher spikes in the second gear is due too that gear recording a higher velocity than the first. Each simulation is run assuming there is no resistance on the parts.
[image: ](Figure 18 – Screenshot of graph produced on first animation (SW Motion Analysis, 2019))
(Graph 1 – Enhanced image of graph produced on first animation (SW Motion Analysis, 2019))


[image: ]The alignment of the shift and gearing initially was adjusted to accommodate for the two flat spots shown in Graph 1, resulting in the single flat spot while the shifter moved to engage with the driving gear. The readings from each gear remained at the same level of readings, however the timing between the shifter changing gears was reduced in order to provide longer durations of contact and operation, as shown in Figure 19 and Graph 2 below.
[image: ](Figure 19 - Screenshot of graph produced on first animation (SW Motion Analysis, 2019))
(Graph 2 – Enhanced image of graph produced on second animation (SW Motion Analysis, 2019))





[image: ]Upon further analysis and inclusion of the rigid body the simulation was re-calculated and produced the following results in Figure 20.
(Figure 20 - Screenshot of graph produced on first animation (SW Motion Analysis, 2019))[image: ]
(Graph 3 – Enhanced image of graph produced on third animation (SW Motion Analysis, 2019))
The result in Graph 3 shows a smooth transition between gear changes and a steady increase in velocity which is maintained throughout the operation. The slight spike at the beginning of the analysis indicates where the shaft spins freely until it engages with the gear which then results in a drop of angular velocity but an increase in stability when driving. The slight fluctuations in the graph once the gears are engaged may potentially be down to the increase and decrease of resistance during the rotational cycle as the meshing state changes and linked to potential backlash in doing so. The increase in angular velocity in Graph 3 is approximately from 380 deg/sec to 420 deg/sec.


[bookmark: _Toc11612760]4.2 Finite Element Analysis (FEA)
SimScale (2019) is a computer-aided engineering (CAE) software product based on cloud computing who state that the Finite Element Analysis (FEA) is the simulation of any given physical phenomenon using the numerical technique called Finite Element Method (FEM). They continue to explain how engineers use it to reduce the number of physical prototypes and experiments and optimize components in their design phase to develop better products, faster.
[image: Image result for FEa analysis on gearbox]The finite element method (FEM) became one of the most popular and effective numerical procedures for boundary value and eigenvalue problems (Williamson, 1980). Williamson explains how although initially developed by Richard Courant in 1943, a simpler method was redeveloped in the American and European aircraft industries in the 1950s and 60s. Since the 1980s, when computer-aided engineering (CAE) methods first became available in design engineering, FEA became the first widely adopted simulation tool (SolidWorks, 2019) and to this day, FEM is referred to as the mathematical foundation for FEA, the computer-aided tool which allows visualisation of where structures bend or twist, and indicates any stress which is distributed over the structure (PES Performance, 2019). FEA allows the application and results based data around stress, thermal, vibration, seismic and impact analysis in order for design engineers to work out many glitches in the design before any physical prototypes are created, saving both time and money while reducing risk and improving safety for the final design (PES Performance, 2019). 
(Figure 21 – Example of FEA Analysis on Working Spur Gears (Karthik, 2014))

[bookmark: _Toc11612761]5. Conclusion
In order to thoroughly conclude the design is fit for purpose, further static and dynamic analysis of the gearbox would be required in order to check if the stresses placed upon the gears does not exceed material limits, and secondly if the housing was designed to cope with the desired operation. The housing may for example, experience high stress and strain values when vibration is considered and therefore a thicker material would be looked at to improve this. However, given the limitations of the report whereby the gearbox operation was not specified nor the physical exertions it will be placed upon specified, this would require further analysis in the future. 
Given the data shown in graph 2 it is apparent that the smooth operation of the gears due to their alignment and speeds is acceptable given the steady line of operation being uniformed. Dependant on the planned implementation of this gearbox, those speeds would need to be adjusted and analysed further to see if the same steady results remained, or if further development or consideration was needed.
This study confirms however that the assembled gearbox provides a steady and reliable operation and thus would need to be tested under FEA circumstances for stress analysis once a specified material selection and purpose for the gearbox was stated to ensure the design and the chosen manufactured process was sufficient. The design can remain the same initially and the motor drive can be altered to suit accordingly and more data can be drawn from the motion study and analysed.
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torque (Layosa, 2015). Layosa (2015) goes on to expand that teeth with smaller angle create less

backlash due to a higher contact ratio, and therefore a smoother and quieter operation, with these
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properties in mind it is essential for two spur gears to have the same angle when working together.
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Backlash is an important factor when using gears and can be described as
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For spur gears to operate and wear correctly, the distancing between them needs to be precise.

2

Figure XXX demonstrates how the gears should sit with the centre distance correct when the pitch

A
circle in the image of both gears is touching. If not supplied by the manufacturer then the pitch

2 diameter and centre distance for the gears can be calculated as;
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Circumferential backdash

Fig.17 Backash

Great care i taken t0 produce the gear with zero deviation. However we are unable to completely elminate de-
Viation from manufacturing and surface heat treatment. A gearalways has innate deviations of Tooth profile,Pich,
‘Runout Tooth thickness and Heli by manufactuing process.

The Gearbox hasinnate devation from manfacturing process. Fr example,shorter Centre distance compared with
designed dimension,insuffcient paraleism o axis o naccurateright angl.

When sarts the operation for gearbox, generation of heat from the oad causes the gearbox o deform. Continu:
ous operation increases the temperature of gearbos and therml expansion of each part. Asa resul, swellng of the
teeth causesosclltion, nose, sand burning and damages the tooth o bearing.

Proper backash rom the “Playinthe gears"are necesary o absorb the deviaions of nolse and osclation i order
0 have smooth roation.

When asembling the gears, please provide the proper backash between flarks.

Methods that provide the proper backlash o the gears are asfollows;

1) Method to shift centre distance away.(Locating distance for Bevel gear)
This method does not provide the modicaton to the Tooth thickness,a t does not decrease Tooth thickness. This
‘method simply shift Centre distance away to obtain proper backash o flanks.

2) Method of deeper cut during gear cutting pocess.
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mechanical assemblies and mechanisms sing Computer-aided SOTware I order to identity any

potential errors in the design or risks of safety (PES Performance, 2019). The gearbox assembly in
this report is a study of dynamic motion as this i the motion that occurs as a result of forces, such as

a driving motor (Physics Hypertextbook, 2019).

Finite Element Analysis has its limitations, to find velocities, accelerations, joint reactions and power

requirements it is motion simulation that designers use as a more powerful tool (SolidWorks, 2019).

In this study, the motion simulation tool has been used to analyse the gearing when in operation and
switching between different speeds when powered by a motor. The data gathered from the
simulation indicates any design flaws or areas that could drive improvement. Motion simulation, as
‘with this study, monitors rigid mechanical components, it is then FEA that gathers data and results
on the flexible side of structures and the stresses those materials face during the motion created

(solidworks, 2019).

4.1.1 Motors

4.1.2 Operating Limits Selected for Analysis

12

¥ English (United Kingdom)

M1 UWTSD MyDsy - myday

Aaron Prit.. | ) Share

P Find -

2B Replace

< c 0

X | @R Mail-apritchard151481@stude X % notes 02_04pdf x 4+

@ Nttps://www.me psu.edu/sommer/me481/notes_02_04.pdf

I} Select~
5 Edting

4) Type of Motion Study
At the lefi upper comer side of the the MotionManager toolbar, pull-down a
Analysis for the Type of Study.

B e v E

5) Drivers
Lefi-click on the Motor icon in the MotionManager toolbar. A Motor PropertyManager pane
will appear to the left of your SW model.

EX AN X

Notes_02_04 2014

Choose a Rotary Motor. For the Face entry in the Component/Direction window, lefi-click on
the front face of the crank in your SW model. You may reverse motor direction by clicking on
the arrow icon in the Motor definition pane.

ComponentDiection A
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In the Motion area in the Motor PropertyManager pane, pull-down and select Constant Speed
and then set the speed to 30 rpm. Be certain to lefi-click the green arrow in the Motor
PropertyManager pane to save it. A RotaryMotor! element will appear in the MotionManager
tree.
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