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This report examines the use of motion simulation and Finite Element Analysis in creating a design within the solidworks software. The design is a housing that encloses a gearbox and the report not only examines the features used in the design, but how they would help the design in everyday use. The aim is to produce a design as efficiently as possible using a variety of simple and advanced tools. These tools include fillets, lofts and sweeps. An example of achieving high Efficiency is including all fillets in the 2D sketch rather than in 3D. 
Once all the gears have mated correctly and the housing assembled, the gearbox will be placed through the motion analysis software. This creates a virtual simulation that attempts to see the mechanical features in motion without having to physically build the product. On completion, an attempt will be made to analyse the graphs produced from the study. The graphs will include data comparing the output shafts angular velocity over a complete cycle as well as looking into whether resistance from friction and lubrication would affect the data.
The report will research the history of FEA and Motion simulation along with highlighting the advantages and limitations of both. The research element will attempt to look at the products used with both tools as well as applications and development of each within industry. The report aims to complete an entire gearbox housing using both software tools within solidworks.

















[bookmark: _Toc11594657]Finite Element Analysis 

In all areas of engineering and science it is very useful in understanding the effects of a system when subjected to an external force. This could range from biological systems to physical processes. In terms of engineering, buildings and structural components respond to these forces and undergo stress (Koutromanos, 2018).  Finite Element analysis is a mathematical and visual method of understanding these stresses in shafts, bridges and all mechanical designs. It involves breaking down a large body into elements linked by points known as nodes. When a load is added to the structure, the elements respond with degrees of freedom which creates a variety of equations (Chandrupatla, 2004). It is the solutions to these equations that determine the stress and deformation on an object. 

History
Due to the need to solve complex problems and the increasing rate of failure of engineering structures, FEA theories originated for the need for solutions. During the 1940s many mathematicians began to contribute ideas and formulas to the finite element methods however, it wasn’t until 1960s until an actual engineering problem was first analysed (Bi, 2017). In 1960 the first recorded use of FEA was experimented on aircrafts to reduce stress on their wings. Professor clough worked closely with NASA to improve stress on winged aircraft at cruising altitude (Brauer, 1993). It was in the early 1970s that mathematicians began to work on advanced FEA techniques such as heat transfer and fluid mechanics (Comini, 1994). Today the software is used in a huge variety of fields such as engineering, science, mathematics and aeronautics. 

Applications
One of the most important applications of FEA is its use for engineering purposes. Zimmers & Groover  (1983) suggest that FEA can be used in stress/strain analysis, dynamic analysis and heat transfer. Yang  (2019) determines that FEA can also be incredible usefull in Biomedical applications. It is of great importance to understand the mechanical stresses that occur within human bones to not only help in creating prothetic limbs suitable for the wearer but also to examine fracture risk in patients. Yang (2019) goes on to explain that MRI scans and FEA can work together to find out the exact geometry and stress placed on the bone. This an be very useful in sport and design companies that try and produce products that can reduce the likelhood of injujry.

[image: ]


  Figure 1, CT scan and FEA analysis of a bone, (Yang, 2019).


FEA has use in many other fields of science and engineering. It can be utilised in the automotive industry with regards to examining stress on flywheels, conrods, crankshafts and gears, yet it can also be used in the nuclear industry on pressure vessels. In Ford for example, engineers use FEA to examine the mechanical stresses applied to components of an engine when running at full power. The results can have a huge impact on the materials used or even force an entire change of design (Alavala, 2008).
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                                 Figure 2, Using FEA on the conrod of an engine, (Alavala, 2008)


Advantages and Limitations
With regards to FEA analysis, there are many advantages in using the software that can help overcome engineering problems or identify solutions. When using FEA, a main benefit is the accruement of a detailed set of results of a products state at any giving location. This may be beneficial if the product needs to work in high temperatures. The software can also be useful to a designer in locating weak areas of the design so that modification can occur. This can lead to a stop in a products failure. The use of FEA on a product not only increases the manufactures confidence in a product , but it also improves customer satisfaction.  All these advantages can occur in a very quick time reducing the cost and increasing the products quality (Koutromanos, 2018)
Even though FEA can be extremely effective in engineering purposes, there are several limitations that need to be considered. One big limitation is the possibility that a design could be modelled wrong. This would not only provide incorrect readings, but it may lead to a product being manufactured on the pretence that it passed he FEA analysis yet could fail when used by a customer. As a result, a company cannot just rely on FEA testing to consider their product safe. Additional testing will need to be implemented to ensure that the model was correct and the product in completely safe. Even though FEA reduces a products time from an idea to becoming manufactured, the actual software is very expensive and requires a knowledgeable person to operate. This can be expensive, especially if the product has many components (Shih, 2014)
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This software is a virtual simulation tool that allows the user to test out designs before they are made. Engineers use the programme on CAD software such as inventor and solid works to either find solutions to problems encountered, or to improve on the existing design (Kuang-Hua, 2012). Motion simulation involves positioning parts in assemblies through mates and then using the simulation software to move the components (Chang, 2014). (Chang, 2018) explains that the software supports engineers by creating a virtual mechanism that answers important design questions. These questions could include whether the motion of the components move according to the intended plan or whether the components conflict with each other.

History 
The first reported used of moving components came shortly after the switch from manual drafting to CAD and it involved 1D simulation. Work by Grummel, mixed mathematic equations with the software to produce basic models of simulations. Along with advancements in FEA, 2D simulations were quickly developed and by 1980, the first realistic simulations were made from the university of Illinois (Sarkar, 2018). This was collaborated into a software known as AutoCAD. At the beginning of the 1990s work by companies such as HITACHI modified all 2D CAD software to incorporate 3D by increasing the depth plane. In 1993 CAD and CAE software programs such as Solid works and Inventor were created as a platform for 2D but also offering 3D simulation. Major improvement and growth were observed during the start of the 21st century with the introduction of the Internet and this allowed many companies to take advantage of the software available. This advanced technology allowed for rapid increase in product quality and this coincided with many new features becoming available in the 3D software. The new advancements include Photo works and 3D experience (Tolk, et al., 2017)

Applications
Motion simulation has many applications with industry and is favoured by many companies due to its ability to produce fast, cost effective designs that speeds up a products ability to go to market. From figure 3 its seen that motion simulation has applications in understanding the motion in engines or anything that uses conrods to convert rotational energy to linear energy. The technology also has a huge number of applications within the automotive industry, especially in formula one. Formula one teams can use the technology to not only test their cars to see if they work but also test out modifications that may give them an advantage over competitors. This can be done relatively quick and at low cost to the organisation (Chang, 2018).
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Figure 3, Exploded view used in                 simulation , (Chang, 2018).









Advantages and Limitations 

One of the major advantages of using the motion simulation software is the ability for it to use a wide range of mechanism. This can vary from simple to extremely complicated designs that use a series of dampers and springs. These would prove a challenge if tried by hand, therefore its useful to include this in the product development (Solidworks, 2008). Reily (2004) suggests that motion simulation makes it incredible easy for engineers to generate motions that would be difficult to achieve by hand. It is also useful to engineers as it reduces the costs of manufacturing and testing the product by testing it on the software. It is very easy to locate and modify potential problems and add different designs or modifications. Even though there are many advantages of using Motion simulation there are some limitations. One such limitation is the software inability to link long series of motion together which some mechanical products require. It also is unreliable in its data for materials such strength and melting points. This can be a disadvantage if a company needs a product to withstand a certain temperature (Salvendy, 2012).
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The components used include an input shaft consisting of two primary gear pinions and a primary combined gear that engages the two. The two ends of the primary shaft contain bearings that fit into the housing and allows smooth rotational movement when torque is applied by the motor. The output shaft consists of two gears with different gear rations that once engaged, will produce a different torque output. The output shaft consists of two bearings that it into the housing. The design includes a shifter fork and rod that connects to the combined gear on the input shaft. The shifter fork allows the combined gears to engage with either of the two input gears. 
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              Figure 4, Assembly of output and input components, (Doyle, 2019)
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                                Figure 5, Side view of assembly, (Doyle, 2019)
Gearbox housings have a very important part to play in many aspects of engineering and it is important that it is designed correctly to carry out its purpose. The gearbox must be not only be safe to protect others from the mechanical motion inside, but also be easy to manual handle. This means not having any sharp edges that may cause injury. It must also be rigid and strong enough to not become damaged or break under the vibrational stresses created by the motor and shafts (Kilcolins, 2012).

Mechanical Rib

[image: ]






	Figure 6, Mechanical Rib on Design, (Doyle, 2019)


Due to the constant vibration and movement of the mechanical parts, it is important to design the housing to withstand the forces. The rib design not only supports the two different diameter parts of the housing, but it also increases the designs stiffness (Mizohuchi, et al., 2016). Beaumont (2016 ) suggests that component rigidity is improved escpecially when the design does not have particulary thick walls.  

Fillets 
[image: ]






	Figure 7, Fillets used in the CAD, (Doyle, 2019)

Several Fillets have been incorporated into the design and these have been achieved as efficiently as possible to reduce the feature list and make the design concise. It is seen in Figure 8 which shows the radius being incorporated into the sketch rather than the filleted in the feature command. The use of fillets is extremely important in the design and have several applications. One of the main advantages is the reduction in sharp edges than can cause injury. The use of fillets also enables a simpler manufacturing method by using just one tool and also the they have an important ability to distribute  stress over a larger area making the component more durable (Ugural, 2018).
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                   Figure 8, Creating fillets in the sketch to reduce the feature list, (Doyle, 2019)

Efficiency of Design 

To make the design as concise as possible it is possible to produce a centre line and draw the bottom half of the design. Once complete, the revolve bottom allows you to revolve the design 360 degrees to make the required shape.

[image: ]

Figure 9, creating the shape below the centre line to be revolved, (Doyle, 2019)




[image: ]                            Figure 10, The shape once revolved, (Doyle,2019)

Its clear to see that the revolve tool eliminates the need for cutting and extruding therefore increasing the efficiency in producing the design. Another way of creating a concise and efficient design is by using the Circular Pattern tool. This allows you to produce your same feature in a number of positions in a circular pattern without having to design it again. Figure 11 shows this example. 
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Figure 11, Showing the ciruclar pattern tool creating the same design in a circular pattern, (Doyle 2019)



To be able to move the combination gears, handles have been including. These are created using advanced tools such as lofts that allow you to design a profile between two different designs. Figure 12 illustrates the use of two drawings in two different planes and then connecting them via a profile through a guide curve. 
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Figure 12, Using two drawings on two different planes to create a loft design, (Doyle, 2019)
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Figure 13, Lofts are used as handles to control the combination gear, (Doyle, 2019)







After using a variety of techniques and tools, they were collaborated to produce a gearbox housing. The house is safe, efficiently produced and allows for the complete rotation of the shafts without any interference on the torque. 
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                                     Figure 14, The final design, (Doyle, 2019)
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After doing a Motion simulation of the two shafts, it is useful to examine and produce graphs showing the effects of the different gear ratios on the Angular velocity of the output shaft. For this motion analysis, the time period is set at 5 seconds and the force from the motor is applied after at 0 seconds. After 2.25 seconds, a force of 10 Newtons is applied to the shifter which causes the combination gear to encounter one of the input shaft gears. This is illustrated by the spike in the graph from 0 to 400 deg/sec. 
After approximately 2 seconds, the force is released, and a 10 Newton force is applied in the opposite direction. The combination gear encounters the second input shaft gear and creates a different angular velocity in the output shaft. The sudden increase in the graph at 4.04 seconds is generated by the initial acceleration on contact with the both gears and this stables to a lower velocity. The graph demonstrates the difference in gear ratios as each display a different angular velocity. The first gear generates an angular velocity of 400 deg/sec compared to 370deg/sec created by the second gear


[image: ]






           

                Figure 15, Graph comparing angular velocity of output shaft with time, (Doyle, 2019)

The next motion analysis studies the relationship of angular velocity against time when a counter force is added to simulation friction by the contact of the gears and lubrication such as grease/oils. The graph shows that it requires a longer period of time to reach the final angular velocity of 4.20 deg/sec. Once the combination gear begins to move to the second input gear, the graph depicts a rapid decrease in angular velocity, this is again contributed to the counter force of 50 newtons that starts to decrease the rotations of the output shaft. It would continue further, however this is stopped due to the contact of the combination gear on the second input gear. The initial contact again causes a sudden spike in angular velocity, however this is reduced to the final angular velocity of 350 deg/sec. 

[image: ]
Figure 16, Graph depicting angular velocity with time when a counter force is introduced, (Doyle, 2019)
To make the design more efficient in motion simulation, a folder containing rigid bodies were included to attempt to reduce the redundancies that were redundant in the simulation. These are components and mates on the design that were not needed in the simulation. Other attempts can be seen made with regards to reducing mates. Any coincident and concentric mates were placed into a hinge mate to reduce a redundancy,
A very important aspect of the motion simulation is Frames Per Second. To display a graph that is smooth and is easy to analyse, the correct RPM needs to be selected. The required rotational speed is 100 RPM which gives a figure of 576 fps. 
100/60 = 1.6
1.6 x 360 = 576 fps.
[image: ]Figure 17 displays the graph that would occur when a 100 fps is used. You can see it is very irregular and can be extremely difficult to obtain data.
[bookmark: _GoBack]                                 Figure 17, Graph displaying 100 fps, (Doyle, 2019
[image: ]Another aspect of analysis is to focus on the angular acceleration that occurs during the cycle. This angular acceleration is measured on the output shaft. From figure 18, its seen that there is a spike in acceleration when there is first contact with the combination and first gear on the input shaft. This is because the first gear is motionless and then subjected to a very high torque. Once the first gear has reached the same velocity as the combination gear, the acceleration decreases, and a constant speed is achieved. This process is repeated for the second gear ; however, the acceleration isn’t as quick due to a difference in the second gear ratios.

Figure 18, Graph showing angular acceleration, (Doyle, 2019)
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The research section of the report highlights the incredible fast development of both motion simulation and FEA. The technologies are forever evolving, and many companies are using them effectively to not only improve the quality of their products but to increase their customers confidence. Even though there are many advantages that companies exploit, the research shows that using computers does not yet eliminate the need for further testing once the products have been manufactured and the technology still requires a financial burden to use it effectively. However, despite the limitations, the research suggests that there is going to be a further increase in their applications  with the technology branching out into further fields of science.
When using the motion simulation and assembly in solidworks to produce the gear box housing, the report demonstrates that a few of the advanced tools were used. They included the loft tool, ribs and circular patterns on the ribs. In the future and with more experience, other tools could have been tested such as sweeps along with the use of equations on the bearings. With regards to the simulation, once competed the software highlighted several redundancies that were redundant. To reduce the redundancies, hinge mates were used instead of coincident and concentric mates. Another method that was used is the introduction of rigid bodies. These include components of the product that includes mates but that is not used in the motion analysis. This not only shows that attempts were made to increase the effectiveness but also to make the design more concise. 
For the analysis of the data, many metrics were used to compare, such as angular acceleration and angular velocity. The data of the graphs show that there is an increase in velocity and acceleration on the initial contact between the rotating gear and the stationary gear. In the future and with more experience it may be possible to include a huge variety of comparison data to achieve a more comprehensive set of results. From the report and research it is clear that the technology has a variety of applications and can be used in nearly every aspect of science and engineering. 
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