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[bookmark: _Toc11624061]Introduction:

Gears are used for many applications in industry, ranging from aerospace engines, robotic technologies all the way to automotive transmission. There are many variations of gears, the most commonly used in industry are Spur, Helical, Worm and Bevel. The type of gear used in my assembly are spur gears because of their simplistic design, extensive applications and straightforward assembly. 
Although, gears are universally praised, they are not without their limitations, many physical factors can accumulate to cause gear failure according to (Singh, 2017). While this is a common phenomenon, it is costly and inconvenient for customers and manufacturers. Therefore, to meet the demand for more precise gearing systems analysis testing is required. Motion simulation/FEA is predominately used for this type of analysis, to reduce prototype and destructive testing costs (Singh, 2017). Motion simulation/FEA can perform displacement stress and failure analysis on each gear and component in the system, including the gearbox casing.
A set of gear box components have been assembled and motion Simulated/FEA tested on solid works, the results and explanation for all can be found on section 1.8.
[image: ../Pictures/Photos%20Library.photoslibrary/resources/media/master/02/00/fullsizeoutput_238.jpeg]
[image: ../Pictures/Photos%20Library.photoslibrary/resources/media/master/02/00/fullsizeoutput_237.jpeg]
Figure 1:Fully assembled gear box in solid works. (Roberts, 2019).
I have also designed and constructed a gear box housing on solid works, which can be seen further on in this assignment (1.7), accompanied by an explanation for its orientation and design.

1.2 What is Motion Simulation/FEA?

Motion Simulation:
Motion simulation, which is also known as rigid body dynamics is a software which derives material properties from a CAD assembly to define inertial properties of a rigid body (Works Solid, 2008). It has the ability to formulate equations that define the motion of the component. The software gathers and systemizes kinematic information of a rigid body, according to (Works Solid, 2008), 
This includes “velocity position, joint reactions, and forces.” During simulation, all movements are synchronised with outside world factors, including all of the six degrees of freedom; three rotational degrees of freedom and three linear degrees of freedom. Motion simulation is used to simulate real-time component behaviour. It outlines displacements and any collision between moving parts in the mechanism. 
The user decides the speed and direction of the motor, alongside the results they wish to see and the software creates the results. Existing fundamental data can be inputted into the software creating a “realistic approach” (Design Machine, 2008) to developing new component geometry 
through the use of motion simulation. 

FEA:
Finite element analysis (FEA) is a numerical method of analysing stresses and deformations in structures. The software was created to predict how a mechanism behaves over its lifetime in real-world environmental circumstances. These circumstances include: “mechanical stress, fatigue, mechanical vibration and heat transfer” (Autodesk, 2019). According to (Groover, Khemani, Zimmer, 1984), the data received is broken down into small elements of shapes, each with its own specific physical properties to determine when a component might fatigue, or reach plastic deformation. This allows engineers to adapt a CAE approach to their investigations (Works Solid, 2008). The engineer uses a computer programme to obtain analytical results on the stresses exerted from loads on an assembly. (Design Tech, 2015) states that FEA is a tool used for mechanical stress analysis, this can be performed under static of dynamic loading. The software can test the impact of stress, vibration, buckling, fatigue, creep, heat on the design. This helps to simulate possible structural failures, reducing the need for prototypes and physical experiments. 
FEA and motion simulation are typically used in conjunction to one another. Results taken from motion simulation are transferred to FEA for a coupled simulation. Motion simulation determines any displacements or anomalies within the component, the results are submitted into FEA for structural analysis to analyse any stresses or deformations (Works Solid, 2008).




[bookmark: _Toc11624062]1.3 History behind Motion Simulation /FEA:

Motion simulation, or motion analysis originated from motion platforms developed back in 1910. The platform allowed the model to move in the three rotational degrees of freedom. 
Motion analysis in the form of computer aided engineering (CAE) has been around since the “1980’s” (Works Solid, 2008). It has had a significant impact on the engineering industry offering a simulation approach to solving design issues without the requirement for prototypes and expensive testing procedures.

FEA was developed from an existing analytical technique called the finite element method (FEM), which is a numerical method for solving engineering/ mathematical problems. FEM was initially developed by Hrennjkoff and Courant in 1941, solving civil and aeronautical analysis problems says (Crahmaliuc, 2019). According to (Multi physics Cyclopedia, 2016), the FEM method formulation is used and demonstrated using multiple algebraic or partial differential equations, to solve a range of complex physical phenomena. Particularly those with a structural, thermo-mechanical., electrical and magnetic nature. The geometries are broken down into smaller finite elements and an array of element level equations are solved in order to establish a set of boundary conditions (Bathe, 2014).
Once solved, the smaller, simpler equations are assembled into a larger system of equations, to solve the entire problem. The technique can be used in all areas of engineering analysis. However, as a written technique, it can be time consuming and errors can be easily made. As technologies developed through the years, FEM was developed through the use of a digital computer, and through this development, the method was established as an “effective application” (Bathe, 2014) and now can be referred to as FEA. FEA was initially launched as a numerical method of stress analysis, but has since be developed into a general method for complex engineering problems. 

[bookmark: _Toc11624063]1.4 Motion Simulation/FEA Applications:

Motion simulation offers a realistic approach to virtual testing. It allows the designer to obtain complete quantitive information about the kinematics of a component (Works Solid, 2008).
It can reduce testing time by half, and provide vital information on stresses, strains and potential failure, in a component after dynamic loading. The software automatically “formulates equations” 
(Chameroy, Monnier, Renard, Jules, Wang, 2006) which are solved and produce information on joint reactions, displacements and accelerations. This information is presented in the form of graphs, which are analysed by the appropriate people. Motion software is used for all engineering applications, one being car design and car component design, simulating realistic human behaviour and motion. This process helps to speed up the design process, reduce initial development costs and provide quantative information on the stresses and strains of the component, allowing improved components to be manufactured. According to (Chibing, Fangyong, Yancang, 2010), motion simulation is also used in the analysis of gears, studying the theory of a gear, its geometry and common failures of a gear. The software is utilised alongside FEA to gather accurate data to improve and modify the structure and anatomy of a gear without the requirement for “rapid prototyping” (Chibing, Fangyong, Yancang, 2010), therefore reducing direct and indirect costing. 

FEA is utilised in many industries, one being within the agricultural sector, uncovering potential rotary element failures found in drum mower gears, which was documented by (Akinci, Celik, 2016). FEA aids in the out design of “potential and existing defects” (Babu, Subbaratnam, 2014), producing better components with an extended life cycle. The software has also been adapted for the use in power plant technologies, by detecting and reducing stresses found within the boiler shell region, in conjunction with performing virtual heating and loading conditions to obtain accurate calculations for component development potentially saving customers and manufacturers time and money (Kalinin, Kozharinov, Temis, 2015).
Dynamic motion/FEA is notably used for the investigation and development in spur gears, simulating and analysing the dynamic behaviour of gears. Through this analysis torsion vibrations and mesh stiffness are scrutinised in developing the structure and wear life of a gear and by also investigating tooth selection methods which was reported by (Kalinin, Kozharinov, Temis, 2015). 
The analysis undertaken uses the data gathered from the simulation of material properties for the detection of tooth cracks which was documented by (Bliznyuk, Bortman, Dadon, Klein, 2014) and was also reported by (Akinci, Celik, 2016), who further investigated into the maximum contact stress on a spur gear, allowing design engineers to examine all potential failures and where and how to improve them. All spur gear dimensions are sketched, modelled and assembled in CAD for motion analysis, which is then transferred momentarily to FEA for further examination. 

[bookmark: _Toc11624064]1.5 Advantages and disadvantages of motion simulation/ FEA:

Motion simulation:
Motion simulations has many advantages for its use in engineering design. (Siemens, 2014) states 
that it allows development of the part to be confined to the early design process. (Green, 2015) also reports this and explains this is done whilst undergoing extensive testing of every component. During analysis, the engineer will gain clear insight into the product performance through the use of graphs and the comparison between reactions, velocities and accelerations states (Siemens, 2014). This process reduces the cost of physical prototypes significantly, commending the process for its cost effectiveness, time reducing and high accuracy skills. However, (Green, 2015) argues 
the software isn’t without its limitations. The simulation isn’t always 100% accurate and when compared to real world environments, doesn’t fully take into consideration for external factors or unforeseen circumstances, meaning some ergonomic features are missing, showing a clear divide between virtual software and real-life conditions.FEA:
FEA has the ability to increase accuracy of prototypes through the use of virtual analysis, it allows a constant parameter, meaning it consistently analyses every component exactly the same, reducing the need to set up the software every time according to (Manor tooling, 2018). Alongside consistency, (Ayram, 2017) reports that it has the ability to change material properties and automatically calculate the stresses and strains for the user. The software makes allowances for machining deformities within the software to create more efficient components, therefore reducing the need to manufacture multiple prototypes says (Manor tooling, 2018). Much like motion simulation, FEA also has many disadvantages. According to (Ayram, 2017), in order to run FEA the user must have powerful software and equipment which has a high initial investment, as well as extensive training on how to use the FEA software. (Strang, 2013) concurs this and states that the engineer also requires a good understanding of real world physics and unless undertaken a degree or equivalent may not hold that skill set.
[bookmark: _Toc11624065]1.6 Gear Box Assembly Mates:

Using a guide image, CAD tutorials and my own knowledge, I assembled the gear box components. Throughout this section I have compiled a list of components in order of assembly, including detailed descriptions of mates used and supporting images, all images were extracted from my primary gear box assembly.
[bookmark: _Toc11578273]Table 1:All images extracted from primary gear assembly on solid works, with full reference to the components orientation, (Roberts, 2019).
	Table of images extracted from primary gear assembly.

	Component:
	Mate 1 image:
	Mate 2 image:

	Primary end bearing.
	Figure 2a: concentric mate.
	Figure 2b: coincident mate.

	Primary 2nd gear.
	Figure 3a: concentric mate.
	Figure 3b: distance mate.

	Shifter fork and rod.
	Figure 4a: concentric mate.
	Figure 4b: concentric mate. 

	Primary combined 1st/2nd gear 
	Figure 5a: coincident mate, shifter fork and combined gear.
	Figure 5b: concentric mate. 

	Primary 1st gear.
	Figure 6a: concentric mate.
	Figure 6b: coincident mate.

	Primary main bearing.
	Figure 7a: concentric mate 
	Figure 7b: coincident mate. 

	Output bearing fixing.
	Figure 8: securing bearing using ‘fix function’.

	Output bearing and main bearing.
	Figure 9: showing all 4 components assembled to shaft using coincident and concentric mates. 

	Output gear 1 and 2.
	

	Assembled output shaft.
	Figure 11: fully meshed gears. 



I created a new assembly and inputted the primary shaft and all relevant components into my solid works assembly. Once the primary shaft was fixed I proceeded to mate the components to the shaft using coincident, concentric and distant mates. 




Primary end bearing: 
Using a concentric mate (figure 2a), to attach the bearing to the shaft and a coincident mate to secure the bearing in place (figure 2b), by highlighting the neighbouring faces on the bearing and the shaft.
[image: ][image: ]
Figure 2a: Primary end bearing mate 1. (Roberts, 2019).     Figure 2b 1:Primary end bearing mate 2. (Roberts, 2019).

Primary 2nd gear:
I used a concentric mate (figure 3a), to mate the internal diameter of the gear and the external diameter of the shaft, then using a distance mate (figure 3b) to distance the gear and the bearing 10mm apart. 
[image: ][image: ]
Figure 3a 1:Primary 2nd gear mate 1. (Roberts, 2019).      Figure 3b 1: Primary 2nd gear mate 2. (Roberts, 2019).

Primary combined gear and the shifter fork and rod:
Initially I mated the shifter fork and rod together using a concentric mate (figure 4a), using a concentric mate (figure 4b), I secured the shifter fork and combined gear together. I selected the side of the shifter fork and the side of the combined gear aperture and created a coincident mate (figure 5a) to ensure all 3 components acted as one unit.

[image: ][image: ]Figure 4a 1:Shifter fork and rod mate 1. (Roberts, 2019).  Figure 4b 1:Shifter fork and rod mate 2. (Roberts, 2019).
.[image: ]
Figure 5a 1:Primary combined 1st/2nd gear mate 1. (Roberts, 2019).
Using a lock rotate concentric mate (figure 5b) I attach the combined gear unit with the shaft. I then fixed the shifter rod so it could move along any axis.
[image: ]
Figure 5b 1: Primary combined 1st/2nd gear mate 2. (Roberts, 2019).

Primary 1st gear:
The same procedure as gear 2 was carried out (figure 6a), but this time I used a coincident mate (figure 6b) to ensure the gear was mated to the shaft correctly. 
[image: ][image: ]
Figure 6a 1:Primary 1st gear mate 1. (Roberts, 2019).     Figure 6b 1 :Primary 1st gear mate 2. (Roberts, 2019).

Primary main bearing:
Just like the primary end bearing I used concentric (figure 7a) and coincident mates (figure 7b) to secure the bearing to the shaft, I now floated the shaft and fixed the bearings, so the shaft could move freely. 
[image: ][image: ]
Figure 7a 1:Primary main bearing mate 1. (Roberts, 2019).  Figure 7b 1:Primary main bearing mate 2. (Roberts, 2019).
[image: ] 
Figure 8 1:Output bearing fixing on solid works. (Roberts, 2019)
The output shaft (figure 8) and all relevant components were now inserted. I fixed the output shaft and using coincident and centric mates secured the components. 

Output bearing and main bearing:
Exactly the same process as the primary shaft bearings, using concentric and coincidence mating.

Output gears 1 and 2:
I lined the gears up by eye and used coincident lock rotate mates for both gears and distanced both gears 10mm away from each end bearing. 

[image: ]
Figure 9 1 :Assembled output shaft in solid works. (Roberts, 2019).
Once everything was on the shaft I fixed the bearings and floated the shaft, I now needed to distance the centre of the shafts the required distance which was currently unknown to me.
Using the below equation, I worked out the centre of the shafts. 
[image: ../Desktop/Screen%20Shot%202019-06-01%20at%2002.21.06.png]
Figure 10 1: Gear Spacing Equation for 1st and second gears in assembly. (Layosa, 2015).
Primary gear 1 – Diameter 52.5mm/23 teeth.

23 x 52.5 / 25 = 48.3mm

48.3 +73.32 / 2 = 60.81mm
Output gear 1- Diameter 77.4mm / 36 teeth.

36 x 77.4 / 38 = 73.32

Distance for gear 1 is 60.81mm

Primary gear 2 – Diameter 56mm / 24 teeth.   	Output gear 2 – Diameter 75 / 35 teeth

24 x 56 / 26 = 51.69mm 				35 x 75 / 37 = 70.94mm

51.69 + 70.94 /2 = 61.31 mm 				Distance for gears 2 is 61.31mm

As the values are slightly different from one another I took an average value of 61mm, in real world situations if the correct distances were not implemented the teeth on the gears could become worn and swaged, for the purpose of the simulation this is sufficient. 

I now distanced the shafts by selecting the internal holes on both shafts and distanced them 
61mm apart. I then fixed all 4 bearings and deleted the distance mate as it was over constraining the assembly. 
[image: ] 
Figure 11 1:Fully meshed gears from primary gear assembly, side view. (Roberts, 2019).

The mates used in the assembly of my gear box, are versatile, yet basic. Many of the mates used were changed during the simulation process to reduce redundancies and to speed up the process, they can be found at 1.8. 

[bookmark: _Toc11624066]1.7 Gear box Housing Design:

The housing of the gear box was designed to be lightweight and basic, to reduce material wastage, manufacturing costs and the effective dissipation of heat. I designed the housing so it would follow the internal contours of the gearbox. 
Within the housing there is recessed apertures for the secure location of all 4 bearings and a slot for locating the shifter rod. In order to secure the housing together I have included 4 tapped holes in body 1 (figure 25a/b) and 4 countersunk holes in body 2 (figure 26). On the exterior of the housing, two additional tapped holes can be seen for the insertion and extraction of oil, this allows the lubricant to be replenished and changed without the need to strip down the entire housing. 3 locating struts are included into the outer design of the housing, for safe locating onto the mounting frame. 
I have also included the use of cooling fins on the outside of the gear box, to increase surface area, allowing better heat rejection, therefore improving cooling efficiency (Wernik, 2017). 
The following information will include sub headings on all relevant files; how I created the housing and why I used the particular tools and mates. This will be demonstrated through the use of descriptive text and images. 

[bookmark: _Toc11624067]Part 1: Housing.
In order to design a concise housing, I used my actual gear box as a template and visual guide, allowing me to visually decide a sufficient housing diameter. I inserted a new part into my primary gear box assembly, and oriented the assembly to side view, exposing the output main bearing and primary end bearing. I created a new sketch on the bearing faces and converted entities using the outer diameter of both bearings and the radius on the shifter fork. I offset entities for all diameters; output main bearing 84mm, primary end bearing 64mm and shifter fork radius 34mm, I trimmed away all surplice lines and was left with a sketch to work from (figure 11).
[image: ../Downloads/part%201%20sketch.png]
Figure 12 1:Initial housing sketch saved as part 1. (Roberts, 2019).
I then boss extruded the sketch to 20.50mm, which is the thickness of the output main bearing. To ensure the gear box remains as lightweight as possible, I have attempted to reduce the amount of material created, while ensuring the housing stays structurally strong. To achieve the full-length housing, I started a new sketch on the extruded surface, concerted entities of the sketch and offset it to 2mm inside the housing, allowing a 2mm thickness over my housing components and extruded it 113.50mm which is to the surface of the primary main bearing.  
[image: ../Downloads/part%201%20extruded%202mm%20to%20113mm.p]
Figure 13 1:Housing Sketch 2, extruding housing to face of bearings. (Roberts, 2019).
I created a new sketch on the face of my newly extruded surface, converted entities and then extruded it to 20.50mm, which is the bearing diameter. Material needed to be taken away, as the output bearing is set back 14.30mm from the primary main bearing. I converted entities on the area I wished to extrude cut and then cut it back 14.30mm (figure 13), creating a stepped look, which not only was a better fit for the bearing but removed unnecessary material. 
[image: ]
Figure 14 1:Stepped external bearing face on body 1. (Roberts, 2019). 

The housing needed to be cut into two in order for me to modify the interior, I used reference geometry and created a new plane (plane1), using the centre holes from the bearing apertures as reference points. I split the component using plane 1 and saved the components as body 1 and body 2. 
[image: ../Downloads/part%201%20split.png]
Figure 15 1:Split body on solid works to create body 1 and body 2. (Roberts, 2019)

[bookmark: _Toc11624068]Body 1: Housing.
I started by converting entities on the internal face adjacent to the output bearing and extruded it 10mm, the extrusion was to extend the aperture face for the output bearing to sit snug inside the housing. 
[image: ../Downloads/figure%2014.png]
Figure 16 1: Output bearing extrusion in gear box housing, (Roberts, 2019).
This process was repeated for the face adjacent to the primary end bearing, this time I extrude cut the face. 
[image: ../Downloads/figure%2015.png]
Figure 17 1:Primary bearing extrude cut inside gear box housing, (Roberts, 2019)

All internal faces, adjacent to bearings were converted and offset 3.5mm and extruded to a thickness of 2mm. This created a ‘lip’ which holds the bearing in place, stopping it from migrating into the internal housing. An example is shown on the next page. 
[image: ../Downloads/figure16.png]
Figure 18 1: Bearing ‘lip’ inside gear box housing, (Roberts, 2019).
The same procedure was done on the external of the housing, to create a uniformed ‘lip’ on both
Sides of the bearing aperture, ensuring the bearing is fully secured in the housing. 
[image: ../Downloads/figure17.png]
Figure 19 1:Uniformed bearing ‘lip’ inside gear box housing, (Roberts, 2019).
Within the gear box there is a shifter rod, to ensure it stays secure during operation, I created a recessed slot within the housing for the shifter rod to sit in. This process however was not simple. When I split the housing, I used the centres of the bearings as my plane, my shifter fork is offset from the bearing centres, therefore the split did not occur directly central to where my shifter rod would sit, meaning one slot is 3mm deep and the slot in the top half is 5mm deep. To create the slot, I created a sketch of my shifter fork slot inside the housing, which I copied on the opposite side, I worked out the distance the shifter fork travelled in the housing and extruded both sketches accordingly, allowing the shifter fork room to traverse. 

[image: ../Downloads/figure%2019.png]
Figure 20 1: Shifter rod extruded slot inside gear box housing, (Roberts, 2019).

[image: ../Downloads/figure18.png]
Figure 21 1: Completed shifter rod slot inside gear box housing, (Roberts, 2019).

For securing the housing together, four M8 threaded holes were extruded into the boxy 10mm. 

When the gear box is in operation, it can produce tremendous amounts of heat within and around the components, which can affect the integrity and structure of the components. When the components heat up, so does the oil lubricant, which results in evaporation and friction between contact parts. I have therefore, added cooling fins to the external of my housing to increase air flow around the housing. To do this sketched and extruded one fin on the outside of the housing and using circular pattern, copied the fins across one half of the housing. For aesthetic and safety purposes I have chamfered all ends of the cooling fins. 
	
[image: ../Downloads/figure%2021.png]	
Figure 22 1:Extruded fin and circular pattern on the outside of the gear box housing, (Roberts, 2019).

[image: ../Downloads/figure%2023.png]
Figure 23 1: Chamfered cooling fins on the outside of the gear box housing, (Roberts, 2019).

There is two extruded M8 holes on the top and bottom of the housing for the removal and top up of lubricating oil, without the need to disassemble the entire housing. 
[image: ../Downloads/figure%2024.png]
Figure 24 1: Extruded M8 oil aperture on the outside of the gear box housing, (Roberts, 2019).
To create the M8 holes, I created a new plane and sketched my M8 aperture, I extruded out the external diameter in order to create more threads for the bolt to lock into. To finish off the housing I used a 1mm fillet inside the housing to stop the oil hardening in the corners and inside the bearing apertures to suit the 1mm fillets on the bearings. For aesthetics purposes, I filleted the outside also. 
[image: ../Downloads/figure%2025.png]
Figure 25 1: 1mm internal and external fillets on the gear box housing, (Roberts, 2019).

To ensure the gear box is air tight, some edges were not filleted. This was to allow a gasket to be fitted. Body 1 completed housing is shown below:

[image: ../Downloads/figure%2026b.png]
Figure 26a 1: Gearbox Housing, Body1, View1, (Roberts, 2019).

[image: ../Downloads/figure%2026a.png]
Figure 26b 1: Gearbox Housing, Body1, View 2, (Roberts, 2019).

[bookmark: _Toc11624069]Body 2:Housing.
Body 2 housing is identical to body 1 housing accept 3 minor differences, the 4 holes are clearance and counter sunk, there is 2 locating struts and the cooling fins only continue across half the housing, due to design alterations. 
[image: ../Downloads/body%202.png]
Figure 27 1:Gearbox Housing, Body 2, (Roberts, 2019).



[bookmark: _Toc11624070]1.8 Gear box motion simulation and analysis: 

I inserted body 1, body 2 (the full housing) and the frame into the gear box assembly. I attached 2 
bearings to the housing using hinge mates to limit the angular movement between the housing and the bearing, and the other 2 bearings using coincident and concentric mates to ensure I was not over constraining my assembly. 
The frame was attached to the housing using hinge mates just to hold it in place. I later deleted them and fixed the frame as the frame at this point was for visual purposes only.
[image: ../Downloads/full%20assembly%201.png]
Figure 28a 1: Full gear box assembly, view 1, (Roberts, 2019).
[image: ../Downloads/full%20assembly%202.png]
Figure 28b 1: Full gear box assembly, view 2, (Roberts, 2019).
Now my gear box and housing was assembled, I then went into solid works simulation to begin simulating and analysing the full gear box. 
I ensured that all solid works add ins were on, I added a motor to the primary shaft with a speed of 100RPM, which was my driving power. 
[image: ]
Figure 29 1:Gear box motion simulation motor. (Roberts, 2019).
In order for the simulation to recognise that there was gears present in the simulation I used contacts in the motion simulation on each pair of gears and for all 3 gears together on the primary shaft. I choose steel greasy for the type of material between the gears for a more realistic simulation. 
[image: ]
Figure 30 1: Gearbox motion simulation contacts. (Roberts, 2019).

I applied two 15N opposing forces to on either side of the shifter fork to drive it back and forth between gears 1 and 2.
[image: ]
Figure 31 1: Shifter fork 15N force. (Roberts, 2019).
Whilst running the gearbox, I noticed the output shaft gears were chattering and dragging, therefore I applied a 10N torque force in the opposite direction to the motor to counteract any backlash, I quickly realised this wasn’t sufficient force and increased it to 100N, I also added a 1N damper to reduce any vibration.  I noticed the gears on the output shaft were not turning correctly, I therefore changed the mate on both gears to lock instead of lock rotate, this allowed the gears to move smoother and as one complete unit. 
During simulation, the combined gear did not move, even after a force was applied, this was also lock rotated to the primary shaft. Using a coincident mate, I mated both the primary shaft and combined gear along the same plane so they could only move along the y axis. I simulated the gear box again and this time it worked correctly. 
Now that I had simulated the gearbox, I noticed I had 30 redundancies. In order to reduce these redundancies, I need to introduce hinge mates throughout the assembly where necessary to reduce the degrees of freedom. I went back into my model and hinged all 4 bearings to the shafts in which they were already mated to. E.g. primary main bearing to primary shaft etc. I also hinged the 1st gear on the primary shaft to the actual shaft and hinged the shifter fork to the combined gear. This reduced my degrees of freedom and redundancies down to 23.

[image: ]
Figure 32 1: Hinging Gear box components. (Roberts, 2019).
Using Rigid bodies in the motion simulation, I grouped both parts of the housing, all 4 bearings and the shifter rod into one rigid body, this reduces deformation between all components to a minimal and ensures that any forces are distributed consistently across all components. 
I also grouped the output shaft and both output gears into one rigid body, so the simulation recognised it as one complete unit. This brought my redundancies down to 20 and all unnecessary mates were deleted, but only in motion simulation. This brought my redundancies down to 11 and removed most degrees of freedom from the assembly. 
I had now reduced my redundancies as much as possible and could set about analysing the simulation through the use of graphs, I wanted to analyse the angular velocity in the y direction of the output shaft compared to the input shaft. 
[image: ../Downloads/choosing%20results.png]
Figure 33 1: Choosing graph results for plot 9. (Roberts, 2019).
When I initially created my graph, I noticed the data was very spaced apart and you couldn’t really get an accurate understanding of what was happening during simulation, I therefore changed the frames per second to 600. I calculated this by dividing the 100 RPM by 60 because there’s 60 seconds in a minute, which gave me 1.667 re occurring, I then times it by 360 which is one complete revolution and the value was 600 frames per second. This gives you a more accurate and detailed graph. 













[bookmark: _Toc11624071]Observations from the graphs:
The graphs on the following page display the angular velocity over a time of 4 seconds, I will analysis and explain both graphs in depth. 
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Figure 34 1: Plot 9 graph, of angular velocity taken from primary gear assembly. (Roberts, 2019).
As you can see from the graph, there is an initial spike at the start of the simulation, which is the combined gear engaging with primary gear 2. There is another spike at 2 seconds which is the gear change, it is considerably longer due to the combined gear and gear 1 not initially lining up. 
The graph shows primary gear 2 and output gear 2 in motion from 0 – 2 seconds, and I will refer to them as gear 2 and primary gear 1 and output gear 1 in motion from 2-4 seconds, which I will refer to as gear 1 in this section. When gear 2 is in motion there is a considerable amount of chatter and vibration, which can be seen in the graph as sporadic angular velocity. This could be due to the extra clearance on these gears opposed to the clearance on gear 1
Which has tighter more refined clearance. The same chatter can be seen in gear 1 but this time not as sporadic and more organised which is what you’d expect to see in a simulated gear box. At gear 2 the velocity is higher, indicting it is running at a higher RPM and gear 1 looks to be running at a lower RPM due to the decrease in velocity. 
To prove my assumptions, I have used a number of equations to compare and analyse both the primary shaft and output shaft RMP and angular velocity. 

To start off I worked out the gear ratios for gear 2 and gear 1. 
The equation is shown below (x-engineer, 2019):
Number of teeth in driven gear 		Gear 2: Drive: primary gear 2: 24 teeth. 35/ 24 = 1.46:1 ratio.
Number of teeth in drive gear			Driven output gear 2: 35 teeth.

					Gear 1: Drive: primary gear 1: 23 teeth.   36/23= 1.57:1 ratio.
					            Driven: output gear 1: 36 teeth. 
We know that gear 2 ratio is lower than gear 1, which indicates that the lower the ratio the higher the angular velocity. To prove this further, I wanted to find the RPM of the output shaft for each gear set. The equation is show below (Deziel, 2018):
S1 x T1 = S2 x T2 
S1= speed of primary input	T1 = Number of teeth on output gear 	S2= speed of output gear
T2= Number of teeth on primary gear. 
Gear 2 set: 100 x 24 = S2 x 35 so ... 2400 = S2 x 35 ... 2400/35 = 69 RPM.
Gear 1 set: 100 x 23 =S2 x 36 so … 2300 = S2 x35 … 2300/35 = 64 RPM.

The equation tells us that gear 2 is in fact running at a higher RPM than gear 1, reaffirming my existing assumption. I now wanted to gather a more precise number for the angular velocity in gear 2 and gear 1. Using the RPM and the below equation I came to an approximation for the angular velocity (Deziel, 2018):

RPM x 6 = Angular velocity 
Gear 2: 69 x 6 = 414 deg/sec.
Gear 1: 64 x 6 = 384 deg/sec.

Looking more closely at the graph it is apparent that my calculations are correct and the average angular velocity is accurate. to gather more evidence, I used the primary shaft and created an angular velocity graph.
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Figure 35 1: Plot 13 graph, angular velocity of primary shaft, from primary gear assembly (Roberts, 2019) 


As you can see from the graph, gear 2 has a higher angular velocity than gear 1, however on gear 1 there is far less vibration and chatter. I believe there is a direct link between the number of teeth on the output gears and the speed and angular velocity. Gear 1 is slightly lager in diameter and has more teeth than gear 2 and therefore runs at a lower RPM, in effective it could be used to slow down the gearbox when in simulation. 

[bookmark: _Toc11624072]1.9 Conclusion:

As you can see from the essay, motion simulation can be directly used to simulate real world situations to discover any problems or negative factors. From the simulation, I discovered that clearance gaps caused sever chattering and vibration in gear 2, which in future could cause damage to the gears, reducing production life. 

My gear box components were assembled to the best of my ability, bearing in mind my knowledge and experience of solid works was minimal and almost non-existent. Through the use of the internet, solid works tutorials and guidance from my lecturer, I assembled a full gear box, designed and created a gear box housing, assembled and motion simulated it by myself. 
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