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[bookmark: _Toc39464423]1 Introduction
The given chassis in this major project is part of a formula race car, The Formula SAE Series is a competition for students in the team to conceive, design, fabricate, and develop formula student car. The vehicle should have high-performance acceleration, braking, and handling and be adequately durable to complete the events defined in the Formula SAE Rules and organized at the Formula SAE competitions. The competition is divided into three primary phases: technical inspection, static event and dynamic event. Technical check is where the formula student car being inspected using Formula Student rules and Local rules, and then the car has to pass the tilt test, noise test, and braking system test. The second phase is the static events, and the last stage is the dynamic events. The regulation that has to be passed is the vehicle’s structure requires two roll hoops that are braced, and a front bulkhead with a support system and Impact Attenuator, and then side impact structures (Hashfi, 2018).
The major project is about measurement, modelling, optimization, analysis of the chassis, which can be divided into two parts, the first part is group work. In this part, plenty of research works are carried out to get knowledge of chassis, which help the group to finish their project better. What’s more, a model is created in SOLIDWORKS based on the measurements of the chassis. And then same torque and loads will be put on the model and real chassis to test the accuracy of the 3D model.
 Second part is about individual work, in which group members should choose a direction to improve the structure of the chassis in terms of their interest or research work. And analysis, simulation work in this part will be used to modify and test the author’s plan as best result is got. Though optimization plan is just in one direction, it’s important that the strength and stiffness of the chassis can’t be reduced, and cost should be taken into consideration, which means the plan needs to be realistic.
For the group work, group should focus on the way they measure the chassis and create the model to make the further analysis work easier (Modelling is individual work). For example, the whole chassis is better to create in one solid body, which makes it more available to simulate. What’s more, enough research works must be taken before choosing the direction to maintain the feasibility of the plan. Except other researcher’s work, personal idea is the most important that should be involved. 
After finishing the CAD model in SolidWorks based on the measurement results, basic FEA work will be processed on it to test the torsional stiffness of virtual model. In addition, FEA results will be compared with physical testing results to verify the model. If the correlation between FE model results and physical testing results is built, the accuracy of further optimization can be guaranteed.
The optimization direction of individual work is reducing the weight using lighter material, and lightweight work will be carried out on the FE model that has good correlation with real chassis. In addition, the performance of the lightweight model will be test through FEA processing. Definitely, the torsional stiffness should satisfy race’s standards. What’s more, the cost is also a key parameter that should be taken into consideration. Final lightweight layout will be determined through plenty of FEA results.
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To learn more about the given chassis, the group must research and read many relevant papers. The chassis of vehicle can be divided into three categories: bearing chassis, semi-bearing chassis, non-bearing chassis, and the chassis made by steel tubes belongs to the bearing chassis, which  is most appropriate for the race car (baidu). In addition, this structure consists of five portions: front hoop, front hoop bracing, front roll hoop, main roll hoop, side impact bar and main hoop bracing (Jain, 2014) (Yu, 2017).
For the whole optimization process on the chassis are subdivided into four steps: First, confirm several different designs, in which designers should take consideration of plenty of parameters such as drive friendly, centre of gravity, and drew in software. Second, choose the material, which will influence the weight, strength, stiffness and the cost (Jain, 2014). Third, build a finite element model in professional software, then  put loads on the model, like static load, longitudinal torsion (Jain, 2014) and loads in various conditions including acceleration, braking and others (Abdullaha, 2013). Finally, choose the best design by comparing FEA results like torsional displacement, vow mises stress data output from software (Mohamad, 2018). Hence,  for the major project, the group should optimize and analysis their own model again and again (B, 2002).
Lonny designs a chassis for Winston Cup Race, in which the sensitivity of individual structural members on the torsional stiffness is regarded as a guide of modifying the chassis to optimize the stiffness with minimum increase in weight. Hence by putting the structural members in a right position, the torsional stiffness is twice approved at a cost of 40 lb increase in weight (L, 1998).
Abdullah creates three different designs in CATIA V5 R20 to analyse the static, acceleration, braking, cornering four types loads and front stiffness and rear stiffness. Based on the von mises stress values of the simulation, author finds that the safety factors of 3 designed chassis vary from 1.14 to 5.49. Therefore, 3 designs are suitable for the chassis. (Abdullaha, 2013).
Davies takes use of aluminium sandwich panels to build a chassis for Formula Student race car. Different from others, loads in this research are subdivided into four parts and exerted in different directions: main roll hoop, front roll hoop, side structure and front structure. Besides the monocoque chassis, two equivalent space frame chassis are created as the control group. According to FEA results, author finds that the monocoque chassis is structurally equivalent and 3.4 times stronger than the equivalent space frame in some condition (Davies, 2011). 
Hashfi creates one three-dimensional computer aided design (CAD) model of chassis and tests its properties by finite element analysis (FEA), in which loads are exerted to test the torsional rigidity and vertical bending strength. According to FEA results, author finds that: for torsional rigidity, maximum displacement and safety factor of torsional rigidity is 9.9512 mm and 1.7064, the maximum Von Misses Stress is 35.935MPa under twist load. For vertical bending strength, the maximum displacement and safety factor is 8.1214mm and 4.2717, the maximum Von Misses Stress is 29.226MPa. Finally, the results demonstrate that the chassis is stable enough (Hashfi, 2018).
Andrew processed static and dynamic analysis on his FE model. The aim of static analysis is testing the impact of torsional stiffness on being able to maintain the desired lateral load transfer distribution. Dynamic analysis takes use of ADAMS and ADAMS Flex to do the dynamic analysis of the effect of a flexible chassis (Deakin, 2000).
Mohd creates two designs of frame chassis in terms of the specifications of FV2012 in CATIA V5 R20. The analysis carried out under acceleration, bending, braking, torsion conditions approves that two designs are successfully. In addition, the safety factors under different loads also meet the regulations (Azman, 2012).
Elliot optimizes a chassis for Formula Student competitions by improving its torsional stiffness by FEA techniques. What’s more, the chassis take use of hybrid monocoque chassis, in which front and rear steel sub-frames connected by a composite structure, which is stiff, light and has excellent crashworthiness while the construction costs are favourable compared to other manufacture techniques. In addition, the torsional stiffness is 800Nm/degree through analysis, which is close to the aim (Brinkworth, 2000).
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At the beginning, group cleared the rivets on the chassis and extra cover plates. The centre of the chassis is coincident with the centre of the bottom support plate, which makes it easier to measure and model. During the measurement, the group divide the chassis into three parts: the front part (the front part of the front partition), the middle part (the front partition to the main ring) and the rail part (the main hoop and the rear part), then number every independent steel tube. At the same time, record the data.
Before the measurement, group members find that the chassis is a symmetry structure along the long direction. Hence, they decided to only measure half chassis, and put the chassis’ centre line coincident with the Y axis in the SOLIDWORKS, then use the Mirror command to create the whole body. In addition, for the middle part, it’s divided into 3 floors to reduce the mistakes in record and model process. For the measurement, it is very hard to get the accurate result because the real chassis is not an ideal model, many errors generated through the manufacturing process. What’s more, the paint thickness should also be taken into consideration. Because tubes are hollow structure, group choose the centre line of tube as sketch line when drawing the sketch on the paper, which makes it more convenient to create the model in SOLODWORKS using Boss and Sweep commands. Therefore, they should measure the distance between one tube centre line to another tube centre line. For some circle tubes located at space position, they record the coordinate of two ends. In addition, they also take use of the hole on the tube to get the thickness by Vernier calliper. Figure. 3-1 shows the data of different parts recorded on the paper.
When the measurement work is halfway done, group begin to create the model. At that time, they find they lost several data, and some data is wrong because it doesn’t match the calculation results. What’s more, some data are misleading. For example, when measuring space tubes, it’s coordinate values of two ends are recorded not the data of centre line. If it’s not clearly marked on sketch, it will be confusing in later work. Hence, they still need to come back to workshop to confirm their data as they create the model.  
[image: ]
Figure 3-1 Data of First Floor of Middle Part (a), Second floor of the Middle part (b), Bottom Support Plate (c), Rear Part (d), Third floor of Middle Part (e) and Front Part (f)
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Based on the measurement results, group could create a 3D model for the further analysis. After finishing the modelling work, group will fix the rear part and put torque on front part to test the torsional stiffness of the model. Then compare the displacement results from FEA and physical testing, which is carried on same boundary condition as in software. The model is shown below in Figure 4-1.
When creating the model, group members mainly take use of the Boss and Sweep commands (SolidWorks, 2019). What’s more, model is created with the help of photos of every bar including its number and other details because the annotation on the sketch is not clear enough. And through the modelling, many small items that have no impact on the strength and stiffness are not shown because they play no role in further analysis. 
For several complex joints, which are combined by circle and square bars in different size, group choose to expand the contact surface to connect bar with biggest diameter. And for plenty of space tubes, 3D-sketch is used to draw the path for sweep process. Therefore, the data of some special points should be measured completely to make it easier to draw the line.
When the model has been finished, it can’t be meshed in SolidWorks. With the help of teacher, the model is amended to make it more accurate, especially in several joints structure as shown in Figure 4-2. 
[image: ]
Figure 4-1 First (a) and Final (b) Edition Model
(a) [image: ][image: ]                             (b)
Figure 4-2 Upgraded Joint Edition (a) Before (b) Late
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There are four main directions of the optimization: lighter, cheaper, stronger and stiffer. What’s more, author should balance every aspect when optimizing one direction to make the modified chassis realizable.  
The aim of the industry is to improve the efficiency of the car, which not only depends on the power, but also production of lightweight. What’s more, with the exhaust of energy, countries have published several regulations about emission and control the using of fuel, which makes companies approve the structure of car. Hence lightweight can also play role in energy conservation (Tsirogiannis E. , 2017).
In order to make the chassis lighter, methodology including space frame structure (like the given chassis), pressed aluminium type or monocoque (Mat, Design and Analysis of ‘Eco’ Car Chassis , 2012) and topology can be adopted. The use of new material can also reduce the weight and maintain the strength, Al-St structural frame has been manufactured in some factories. However, because of the huge difference in nature of aluminium and steel, it’s difficult to get a great joint. In addition, price it’s also a key factor. For the joint, plenty of researchers have done experiments to find the best joining process. However, there are still some good joining process like cold metal transfer and friction stir welding (R, 2013) (Wataabe, 2006).
Sahil carries out lightweight work on the latest chassis and two previous chassis. Based on the model drew in Hyper Mesh, input loads from Multi Body Dynamic are exerted to FE model. By topology optimization, 1.6kg of chassis bulkhead and 3.7kg of  two uprights (front and rear) is reduced, which are 38% and 41% of their basic model mass respectively (Kakria, 2015). 
Hanif designs a chassis for ‘Eco-Challenge’ race series that has the regulation about fuel efficiency, which means the regulation about weight. Hence, he designs a space frame chassis. The CAD model is built in CATIA, and the finite element analysis is carried out in Abaqus under static loads, 4g load, 1.5g acceleration, 1.5g deceleration and 2500Nm/degree torsional loads. In manufacturing process, the square tubes and circular tubes are joined by GMAW (Mat, Design and Analysis of ‘Eco’ Car Chassis , 2012).
Evangelos designs a chassis for Shell Eco Marathon race using 6082 aluminium alloy, which is in high quality of great strength, low mass, great workability, machinability, weldability, and has better stiffness-to-weight and strength-to-weight ratios than steel. In manufacture process, the chassis is joined by TIG (Tsirogiannis E. C., 2018).
John transforms steel into carbon fibre to reduce the weight. His research compares the weight of space frame, semi monocoque, as well as full monocoque in SolidWorks, then choose the carbon fibre monocoque chassis. The FEA work is carried out to test the torsional stiffness, which is relevant to the feasibility of the chassis. At last, the carbon fibre chassis reduces 23kg weight and can provide torsional stiffness of approximately 4000-1000Nm/degree (Christensen, 2015). 
Ken design a steel chassis with better structure for Formula SAE 2011, which has stricter regulations than 2010. What’s more, frame manufacturability is taken into consideration through the design process. In addition, the frame analysis in ‘SOLIDWORKS Simulation’ is like the FEA process in author’s project: fixing the rear part and putting loads on the front part. In comparison to 2010 model, the frame weight of the 2011 model is 15% reduced and the torsional stiffness is increased to 920Nm/degree (Terakawa, 2011).
Lonny designs a chassis for Winston Cup Race. The sensitivity of individual structural members on the torsional stiffness can be made as a guide for modifying the chassis to optimize the stiffness with minimum increase in weight. Hence by putting the structural members in a right position, the torsional stiffness is twice approved at a cost of 40 lb increase in weight (L, 1998).
Razak designs a new chassis for Formula Varsity 2016 (FV 2016) in CAD software. Ansys Space Claim takes reference of topology results and Ergonomic parameters are taken into consideration to meet the regulations. Then the performance of chassis is tested by Rapid Upper Limb Assessment. In addition, the chassis is required to decrease the weight to increase the energy efficiency. According to FEA results, chassis 2016 is 11.07% and 21.74% loss in weight and stress respectively (Razak, 2017).
Lei Yang optimizes a chassis for FSAE. The whole research is carried out in 3steps, which are regarded as typical methodology of this kind of research. Firstly, a model is established in ADAMS/car to test the performance of the designed chassis under acceleration, braking and braking in turn conditions. Secondly, a FE model is created in HyperMesh using BEAM elements to analysis the bending stiffness, torsional analysis and the strength. Thirdly, weight is 22.4% decreased by using OptiStruct solver to do size optimization of the frame. (Yang, 2017).
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Hence, author decides to replace some steel tubes in the chassis with aluminium tubes to do the lightweight work. However, the joining process between dissimilar materials is another problem. Plenty of researches are taken to solve this problem.
Xintao does the optimization works to reduce the weight of chassis. In his research, whole chassis is divided into 20 categories in terms of its characteristics, and two layouts are designed by choosing different material for each part. Based on the FEA results, the optimal material layout cause 13.08% decrease in weight and 7.5% increase in cost (Cui, 2011).
Laurence Claus introduces two efficient joining processes, self- tapping screws and self-tapping thermal forming screws, which are suitable for plates but not tubes (Claus, 2014). Miklos introduces other process like Friction Stir Welding (FSW), Resistance Spot Welding (RSW), mechanical clinching and some hybrid joining techniques (e.g. RSW + adhesive bonding) (Tisza, 2018). Lotus engineers develop an bonding technology to connect the aluminium extrusions because its bad weldability, and the technology is based on a single-part, heat-cured epoxy paste, XB 5315, from Swiss company Ciba Polymers (Schofield, 1996).
For the lightweight work of the chassis, author decides to replace some triangulation bars. In addition, joining process between steel and aluminium is determined as bonding technology. If using weld process, the metal suffers distortion, and the heat of the welding degrades the material's properties. Applying aluminium of greater thickness can eliminate the weld defects but increase the weight (Schofield, 1996). Specialty chemicals company Degussa AG, Dusseldorf, Germany applies bonding technologies on car body, 1 kg adhesives carry 25kg weight reduced and the body are more rigid (Anonymous, 2006). Sika succeeded in applying bonding technology on mixed materials like steel and aluminium. What’s more, the Sika flex® UHM assembly line adhesive technology is suitable for the project chassis (Tucker, 2019).
[bookmark: _Toc39464429]6.1 Adhesives
For the adhesives, it can be subdivided into two types: two-component adhesives and single component adhesives. Two-component adhesives are made up of basic resin (component A) and hardener (component B). Single-component adhesives contains all constituents including inhibitors preventing premature reactions, hence it should be stored under cooled conditions. Adhesives in common use are shown in Table 6-1. From the table, the epoxy adhesive is the most suitable one, which has been applied in raised-seam and brace bonding in industries (BOSCH, 2014). 
Table 6-1
	Adhesives
	Features

	Silicone and Polyurethane
	Suitable for dynamic loads;
Tightness against liquid media;
Compensate mechanical stresses in bond;
Suitable for high temperature


	Epoxy
	Very brittle and hard;
Less susceptible to swelling in liquid media;
Lack the ability to compensate mechanical stresses;
Reduce the mechanical and energies in crash situation;
Very high strength up to the glass-transition temperature (8.94GPa (Fernandes, Granja, Benedetti, Sena-Cruz, & Azenha, 2015)) Compared with weld bead modulus 57GPA)


	Acrylate
	Fast hardening reactions;
No pronounced thermomechanical performance above 120℃


In order to get best vibration and environmental resistance, epoxy adhesives are the choice. For the two-component adhesives, the properties are shown in Table 6-2 (3M, 2019).
Table 6-2 Two-Component Adhesives Properties
	
	Advantages
	Disadvantages

	Two-Component Urethanes
	Cure rapidly at room temperature;
Provide the required strength;
Good impact resistance and peel strength. 

	Low heat resistance and low modulus;
Need metal priming to fit the challenging environment.


	Two-Component Acrylics
	Bond strongly without priming;
Good high temperature performance.

	Low peel strength and strength maintenance at low temperatures.

	Two-Component
Epoxy
	Good vibration and environmental resistance
	Wide variation about the ability of resisting impact and vibration stress, environmental challenges and provide very high structural strength.


From table 6-2, standard two-component epoxy is too brittle to provide the required strength. Hence in the last decades years, it has been optimized several times. 1970’s epoxy adhesives have better flexibility, which provides great peel strength and impact/thermal stress/fatigue resistance. 1980’s toughened epoxy adhesives are of high modulus, which provides great ultimate impact fatigue resistance. The strength comparation of these adhesives are shown in Figure 6-1.
[image: ]
Figure 6-1. Strength Comparation
What’s more, bars are weld together in original model, hence author need to determine the difference between strength of the bonding joint and other mechanical joining process, which is hard to show in SolidWorks. From 3M company, the comparation results are shown in Table 6-3. 3M’s testing indicates that the ultimate failure force for high end structural adhesives can even meet that of full seam welding, which it’s strong enough to support the lightweight chassis (3M, 2019).
Table 6-3 Testing Results
	
	Rigid Epoxy
	Rivet
	Bolt
	Spot Weld 
	Weld
	Toughened
Epoxy

	Strength of Joint (psi)
	840
	920
	1460
	1700
	3500
	3770

	Relative Weight (final wt./initial wt.)
	1.03
	1.05
	2.02
	1.00
	1.06
	1.03

	Specific Strength (strength/relative weight)
	820
	880
	720
	1760
	3330
	3660
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It does make sense to lighter the chassis for the produced chassis, though the cost of an aluminium body-in-white exceeds the cost of steels if only consider the cost of structures itself. However, the difference of overall vehicle manufacturing cost is considerably less. Furthermore, when the fuel savings benefits of reduced mass of lightweight aluminium are taken into account, the total lifetime usage costs can approach cost parity or even a net benefit related even to conventional vehicle constructions (Tisza, 2018). And for the chassis for the race car, it can also benefit from the optimization work. Analysis by equations about the properties of the race car is shown below. 



 

.
For the race car that pursuing speed, less mass means the less gravity and the running resistance. Therefore, at the balance of the driving force and resistance, the car can get a bigger velocity because of the lighter chassis, hence it’s meaningful to do the lightweight work whatever for race car or production car.
Next step is to determine to replace how many and which bars, hence author does a small experiment first. A simple structure is made, on which the lightweight and simulation is carried out. The simulation results of this sample may give some advice to the further work, FEA results are shown in the Table 6-4, Figure 6-2 to Figure 6-4:
[image: ]
Figure 6-2 Structure in St (a) and in St and Al (b)
[image: ]
Figure 6-3 Displacement of two structure
[image: ]
Figure 6-4 Stress of two structure
Table 6-4 The Simulation Results
	
	Displacement(mm)
	Stress (MPa)
	Mass(g)

	St-Al
	1.082e-2
	3.501
	6983.82(10.62% light)

	St
	6.959e-3
	2.358
	7813.28


In this work, all the triangulation bars have been replaced with aluminium bars, the mass has been reduced partly, and of course the weaker structure, whether it can still meet the race regulations, it needs to be seen.  
Firstly, author try to find the potential of the mass that can be reduced, in which all triangulation bars are replaced. Mass can be calculated in SOLIDWORKS (SolidWorks, 2019), chassis is made of AISI 4130 Steel, annealed at 865℃, and the triangulation bars are made of 6063-T6, Rod (SS) (There is no Al 6083 in SOLIDWORKS). The results are shown in table 6-5 and Figure 6-5, from the table, the mass is 6.35% decreased, which is not a good percentage. However, the FEA work should be started from here to maintain the strength, and there are still several bars can be replaced, like who plays no roles to the structure strength. Based on the FEA results, maybe can expand the lightweight range if the torsional stiffness is in the allowable range.
Table 6-5 Potential of mass can be reduced
	
	Mass
	Volume

	St-Al
	52290.90g(6.68%)
	7138426.19mm3

	St
	56036.65g
	7138426.19mm3



[image: ]
Figure 6-5 Chassis in Different Materials: St (a) and St-Al (b)
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For the joint structure that join the steel and aluminium, author has three designs shown in the Figure 6-6, Al monocoque structure maybe the strongest joint, they also need to compared in further FEA work. 
[image: ]
Figure 6-6 3 Joint Layouts
And 3M industries give a joint configuration (design joints where shear and tensile forces predominate (3M, 2019)), which look like not suitable for hollow bars (shown in Figure 6-7).
[image: ]
Figure 6-7 Bonding Joint Designs

[bookmark: _Toc39464432]7 Basic FEA work
After finishing the modifying work of CAD model, author begins to mesh the model. Because of the complex structure of the chassis, the element size needs to be small. Therefore, Global Size of mesh parameters are set to 0.3mm at the beginning, but the memory of computer is not enough to finish the mesh process. Then the size is increased to 3.1mm, it still can’t be meshed after calculation but the memory is enough. Hence the appropriate size is between 0.3 to 3.1. Next, author tries several sizes and determine the 1.6mm global size, then apply the mesh control of 0.6mm, and the mesh settings are shown in Figure 7-1 and mesh are shown in Figure7-2, which will be applied in all further work. (Through this process, author also mesh the FE model in 1.9mm global size and applying 0.9mm mesh control. However, it doesn’t success every time, hence author has to decrease the size). 
[image: ][image: ]
Figure 7-1 Final Mesh Settings: Global Size (Left) and Mesh Control (Right)
[image: ]
Figure 7-2 Model Mesh
Based on the previous mesh, FEA work can be carried out to test the stiffness. Hence the rear four faces are fixed and two 4750N force are put on the suspension places. What’s more, the magnitude is get from some papers, whether it match this chassis needs to see. The sketch map and boundary conditions are shown in Figure 7-3.
[image: ]
Figure 7-3 Sketch Map (a) and Boundary Conditions (b) of FEA Work
Results of first calculation are shown in Table 7-1 and Figure 7-4. Surprisingly, the max stress in original model is bigger than the lightweight model, but the max displacement it’s the smaller one. And the max displacement and stress are generated in front part, especially the loads area. Comparing two models, large displacement is occurred on the front part, and rear part is the safest region. What’s more, the varying trend are same of two models. The bars in the front part is truly weaker, but author still thinks it maybe doesn’t match the real conditions because the force is exerted on front part. Maybe the FE model still need to be modified in further work based on the real testing results. 
Table 7-1 FEA Results
	
	Max Displacement
	Max Stress

	Original Model
	8.708mm
	9.986E08N/mm2

	Lightweight Model
	9.458mm
	8.840E08N/mm2


[image: ][image: ]
Figure 7-4 FEA Results: (a), (b): Displacement Contours of Original Model; (c), (d): Stress Contours of Original Model; (e), (f): Displacement Contours of Lightweight Model; (g), (i): Stress Contours of Lightweight Model   
In order to see the twist degree of the chassis, measure the displacement at different positions by ‘probe’ demand in the bottom surface, which are shown in Figure 7-5. What’s more, 5 points are located at the position with cross bars. The degree can be calculated by equation 7-1, then plot the angle-position diagram to show the stiffness change that is shown in Figure 7-6. And measurement results are shown in Table 7-2.



[image: ][image: ]
Figure 7-5 Point Positions 
Table 7-2 Displacements
	
	Point 1
	Point 2
	Point 3
	Point 4
	Point 5

	Original Model Δ1/mm
	1.249
	1.996
	3.751
	4.855
	4.537

	Original Model Δ2/mm
	1.316
	2.011
	3.746
	4.786
	4.383

	Lightweight Model Δ1/mm
	1.263
	1.942
	4.285
	5.438
	4.733

	Lightweight Model Δ2/mm
	1.269
	1.970
	4.292
	5.380
	4.583

	Cross Length/mm
	990
	990
	812.5
	686
	427.18



[image: ]
Figure 7-6 Angle Position Diagram (EXCEL, 2016)
Two curves are not ideal straight line, because the front is weaker than other parts because of its small dimensions. And stiffness can be plot based on this diagram using equation 7-2, which is shown in Figure 7-7.


[image: ]
Figure 7-7 Stiffness-Position Diagram (EXCEL, 2016)
Therefore, chassis stiffness decreased rapidly along the long direction, and the stiffness of lightweight model has been reduced a little in the front part. What’s more, the 4750N load it’s a little large because the maximum stress in original model is up the yield strength. Hence final load can be determined after the real test.
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In order to verify the CAD model, physical testing is needed. In the real testing, rear of chassis is fixed, and load is put on the chassis through some connecting bars. What’s more, the displacements of chassis in vertical direction are measured by dial gauges. Force is exerted by a jack and measured by the professional software Intercomp RaceWeigh.
Figure below show the pre-treatment on the chassis (Figure 8-1). Rear is fixed on a steel frame by bolts, and the frame is fixed on the ground, also by bolts. In addition, there are 5 measurement points, at where there are cross bars that will change the torsional stiffness. Therefore, 10 dial gauges is put at two sides of chassis to measure the deformation deflected on the 5 grey bars. What’s more, instead of exerting the force on the chassis directly, force is exerted on a square tube connected to the chassis. Assuming the square is named as ‘dowel bar’, the detail of this bar is shown in Figure 8-2. The dowel bar is connected to the chassis by two connectors on two small tubes that are used to connect suspension originally. After exerting the force, dowel bar drives the chassis to rotate around an axis. The rotation axis is located at the middle of the dowel bar and fixed on the ground. In the middle area at the bottom of the dowel bar, some shell is removed to provide space for the support of the rotation axis. At this time, the experiment e condition setting is finished. 
[image: ]
Figure 8-1 Top View, Front View (a) and Right View (b) of Physical Testing (c)
[image: ]
Figure 8-2 Detail of the ‘Dowel Bar’: Front (a) and Top View (b)
In physical testing, the force exerting on the dowel bar is measured by the plate under the jack (shown in Figure 8-1). Firstly, jack will give some preload to the bar, then reset the software (shown in Figure 8-3). Finally, force is slowly increased to 637N. Therefore, the total torque on the chassis is 637N x 845mm = 538.265Nm. At same time, read and record the reading on the dial gauges. Same experience has been carried 3 times and use mean data for further analysis to reduce the errors. The raw data and basic calculation are recorded in Table 8-1, and plot the angle and stiffness diagram in Figure 8-4.
[image: ]
Figure 8-3 Screen of Intercomp Raceweigh (a) and Reading of Dial Gauges in Physical Testing
Table 8-1 Physical Test Displacements
	
	Position
	Point 1
	Point 2
	Point 3
	Point 4
	Point 5

	
	Length
	990
	990
	812.5
	686
	427.15

	
	Distance
	729
	1049
	1797
	2394
	2794

	
	
	
	
	
	
	

	①
	Left
	1.730
	2.030
	3.0890
	4.000
	2.982

	
	Right
	1.395
	1.790
	3.210
	4.010
	2.255

	
	Angle
	0.180858
	0.221081
	0.444192
	0.669008
	0.702416

	
	
	
	
	
	
	

	②
	Left
	1.730
	2.040
	3.111
	4.000
	2.973

	
	Right
	1.410
	1.790
	3.190
	4.065
	2.270

	
	Angle
	0.181726
	0.221659
	0.444333
	0.673601
	0.703221

	
	
	
	
	
	
	

	③
	Left
	1.740
	2.030
	3.069
	4.018
	2.942

	
	Right
	1.380
	1.779
	3.070
	4.018
	2.250

	
	Angle
	0.180569
	0.220444
	0.432909
	0.671179
	0.69638

	
	
	
	
	
	
	

	Mean Angle/°
	0.181051
	0.221061
	0.440478
	0.671263
	0.700672

	Stiffness/N/mm
	2980.918
	2441.708
	1243.355
	801.9618
	772.9399
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Figure 8-4 Diagrams of Angle (Left) and Real Test (Right) (EXCEL, 2016)
From the results, it can be seen that the stiffness results of real testing are really different from the previous basic FEA results. Stiffness of FE model varies from 15494N/m to 1817N/m, which is too much stronger than the real one. Therefore, there must be something wrong in the FE model. However, the trend of the FEA results are correct. In addition, the load in basic FEA is too large, the stress even exceeding the yield strength. In order to find the problem in virtual model precisely, FEA is carried again under the same load as the physical testing, and the mesh and condition settings are same as the previous work. In addition, total torque is 538.26Nm, because the force is put on the face of front part, hence the force equals to 538.26Nm/478mm=1126.077N. The FEA results are shown in Figure 8-5 and data is recorded in Table 8-2 and Table 8-3.
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Figure 8-5 FEA Results: (a), (b): Displacement Contours of Original Model; (c), (d): Stress Contours of Original Model; (e), (f): Displacement Contours of Lightweight Model; (g), (i): Stress Contours of Lightweight Model   

Table 8-2 FEA Results
	
	Max Stress
	Max Displacement

	Original Model
	2.154e+08Pa
	2.065mm

	Lightweight Model
	2.095e+08Pa
	2.242mm



Table 8-3 Displacements and Calculation Results
	
	Point 1
	Point 2
	Point 3
	Point 4
	Point 5

	Original Model Δ1/mm
	0.2962
	0.4731
	0.8898
	1.151
	1.076

	Original Model Δ2/mm
	0.2957
	0.4766
	0.8864
	1.135
	1.039

	Lightweight Model 
Δ1/mm
	0.2995
	0.4603
	1.015
	1.289
	1.122

	Lightweight Model 
Δ2/mm
	0.3010
	0.4671
	1.018
	1.275
	1.087

	Cross Length/mm
	990
	990
	812.5
	686
	427.18

	Distance Length/mm
	729
	1049
	1797
	2394
	2794

	Angle of Original Model/°
	0.034256
	0.054963
	0.125254
	0.19093
	0.283676

	Angle of Lightweight Model/°
	0.034754
	0.053673
	0.143363
	0.214149
	0.296283

	Stiffness of Original Model/N/m
	15713.04
	9793.143
	4297.391
	2819.17
	1897.466

	Stiffness of Lightweight Model/N/m
	15488.01
	10028.63
	3754.563
	2513.503
	1816.722


Plot the stiffness diagram in Figure 8-6, FEA results are still different from the testing ones. In order to analyse the angle more clearly, compare the angle diagrams with the left view of the model (shown in Figure 8-7). From these figures, it can be determined that there is problem in FE model. In the diagram, there is an abrupt change of stiffness at rear and angle at front, which seems unreasonable because curves of real model are smoother.  Therefore, the front and rear part of FE model need more focus in modifying process.
[image: ]
Figure 8-6 Diagram of Torsional Stiffness
[image: ]
Figure 8-7 Angle Diagram with Corresponding Left View of Chassis









[bookmark: _Toc39464434]9 FE Model Optimization
For the FE model, the correlation between FEA and physical testing results is very important. Generally, only 10 to 15% difference between these two is know as a good correlation (Lake, Creating a CAE FE model, 2020).  After comparing the results of FEA and physical testing, it can be found that there is nearly no correlation. In addition, the best way to build the correlation is comparing testing results then determining which parameters are lost. In this FE model, only the model of chassis is put into analysis. However, in the physical testing, the dowel bar and the rear frame structure are also taken part in the testing. Because the deformation exists in every component including the dowel bar, rear frame and other bolts and connectors, it’s unreasonable to only analysis the chassis. Hence, the additional front and rear component should be taken into consideration. In addition, there is another point that only the front component put on the chassis impacts the torsional stiffness because the rear is fixed. Which one is correct?  Results will tell the truth.
Firstly, author measures the rest components (Figure 9-1) and adds it in SolidWorks. In addition, because the chassis need to be able to rotate around the axis, the whole model is built as an assembly model (Figure 9-2). 
[image: ]
Figure 9-1 Measure Data of Front (a) and Rear (b) Component
[image: ]
Figure 9-2 Front (a), Left (b) and Axonometric (c) View of New Assembly Model
[bookmark: _Toc39464435]9.1 Original Model
Next, the main task is meshing the model. Global size is set as 1.90mm, and failed twice times at 1.6mm and 1.5mm mesh control size. Then, because of the lockdown, the meshing work can’t continue in the computer studio. Hence, the rest work will be carried out on a simplify model. The simplify model is a part of the original model as shown in Figure 9-3.
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Figure 9-3 Original Model (a) and Simplify Model (b)
In this model, also the rear is fixed, and force (800N) is exerted on two faces at front. Hence, total torque equals to 800Nx600mm=548.8Nm. For the mesh, global size is set as 3mm, then apply the mesh control of size 2mm (Figure 9-4). And 3 points are chosen to see the change of stiffness (Figure 9-5). Then solve the model, and the results are shown in Figure 9-6 and Table 9-1. As was expected, the results are not correct because the model is not perfect. At this time, author found that there is a mistake in previous work. In the physical testing, it is deformations in vertical direction are measured. However, author used to measure the resultant displacements in FEA results. Because the file is in studio, hence the displacements can’t be measured again. Though these two type deformations are not totally the same, resultant displacements still partly reflect the level of the stiffness. Therefore, the previous analysis is still convictive. But in further work, FEA deformation results will show in vertical direction. What’s more, this FEA is a little attempt. And this model is named as original model.
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Figure 9-4 Boundary Conditions and Mesh of Simplify Model
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Figure 9-5 3 Measuring Points
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Figure 9-6 Displacements (Left) and Stresses (Right) 

Table 9-1 Displacement and Calculation of Original Model
	Position
	Point 1
	Point 2
	Point 3

	Δ1/mm
	0.093
	1.135
	1.895

	Δ2/mm
	0.095
	1.137
	1.892

	Cross Length/mm
	990
	812.5
	686

	Distance/mm
	320
	1068
	1665

	Angle/°
	0.01088
	0.10296
	0.316296

	Stiffness/N/mm
	50439.27
	3423.676
	1735.083


[bookmark: _Toc39464436]9.2 Optimization Model
In order to optimize the model, author decided to add a ‘dowel bar’ to the front part shown in Figure 9-7. Though there is a hole in the middle of the bar, rotation axis is not added on this model because assembly model is more complex than the model in one body. Optimization work is carried step by step out of concern for the memory of PC. In FF model, force is exerted like the physical testing, and the internal face of the hole of the bar is also fixed. In order to guarantee the same torque, the force equals to 548.8N/906mm=605.74N. The boundary condition and FEA results are shown in Figure 9-8 and Table 9-2. In further work, this model is named as optimization model.
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Figure 9-7 Front, Right, Axonometric View and Boundary Condition of the Optimization Model
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Figure 9-8 Displacements and Stresses Results of FEA
Table 9-2 Displacement and Calculation of Optimization Model
	Position
	Point 1
	Point 2
	Point 3

	Δ1/mm
	0.007
	0.089
	1.402

	Δ2/mm
	0.029
	0.304
	0.49

	Cross Length/mm
	990
	812.5
	686

	Distance/mm
	320
	1068
	1665

	Angle/°
	0.002083
	0.027727
	0.158023

	Stiffness/N/mm
	263405.1
	19792.85
	3472.917


The maximum displacements takes place on the dowel bar. From the stiffness diagram, results of optimization model are even worse the original model. Therefore, assembly model is the only choice. In addition, the load condition is different in two models. In order to analysis the influence of this factor, author modifies the load condition before applying assembly model.
[image: ]
Figure 9-9 Diagram of Torsional Stiffness

[bookmark: _Toc39464437]9.3 Different Load Condition Model
In this model, force is exerted on the faces at where ‘dowel bar’ is connected (Figure 9-10), and FEA results are shown in Figure 9-11 and Table 9-3. However, the stiffness diagram (Figure 9-12) shows that load condition doesn’t influence the results. In further work, this model is named as different load condition model.
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Figure 9-10 Load Condition of Original (a) and Different Load Condition Model (b)
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Figure 9-11 Displacements (Left) and Stresses (Right) Results of FEA
Table 9-4 Displacements and Calculation of Different Load Model
	Position
	Point 1
	Point 2
	Point 3

	Δ1/mm
	0.094
	1.138
	1.905

	Δ2/mm
	0.095
	1.149
	1.902

	Cross Length/mm
	990
	812.5
	686

	Distance/mm
	320
	1068
	1665

	Angle/°
	0.010938
	0.161354
	0.317967

	Stiffness/N/mm
	50172.4
	3401.221
	1725.968



[image: ]
Figure 9-12 Diagram of Torsional Stiffness
[bookmark: _Toc39464438]9.4 Assembly Model
Assembly model is shown in Figure 9-14, and two parts are rotation axis and rest bodies. At this time, the axis is fixed. When meshing the model, global size is set as 3mm. And the mesh processing is finished at 1.8mm mesh control size finally (Figure 9-13). In further work, this model is named as assembly model.
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Figure 9-13 Assembly Model and Mesh
However, it cost too much time and memory to run the study. In addition, author is guided by software to use contact sets instead of component contact to define the connections. Then only two faces in contact of axis and dowel bar are defined as no penetration, and the rest is defined as bond. But the mesh is still too large to solve because the direct spare solver is still not enough. Therefore, author has to expand the mesh size. First time, the global size and mesh control is expanded to 10mm and 8mm respectively. At this time, mesh is processed successfully and solved in a short time. However, the FEA results show that the maximum displacement is 14.46mm (Figure 9-14), which is a too large compared with former data. Considering the mesh element size will influence the accuracy of FEA results (Lake, FEA v Hand Calculations Example, 2020), author decides to reduce the mesh size to see whether the displacements will change. 
[image: ]
Figure 9-14 Displacements of Assembly Model of First Mesh
Then the global size and mesh control size is reduced to 5mm and 3mm respectively, the maximum displacement is reduced as expected. In order to get a more accurate results, global size and mesh control are reduced to 4mm and 2mm again. This time the maximum deformation is 5.351mm (Figure 9-15), hence there is no need to continue reducing work. After comparing the stiffness of different model in Table 9-5 and Figure 9-16, it seems that the assembly plays no roles in improve the model. Hence, the only way to build the correlation is adding the rear frame.
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Figure 9-15 Displacements of Assembly Model of Third Mesh
Table 9-5 Displacement and Calculation of Assembly Model
	Position
	Point 1
	Point 2
	Point 3

	Δ1/mm
	0.057
	0.676
	1.111

	Δ2/mm
	0.085
	0.937
	1.532

	Cross Length/mm
	990
	812.5
	686

	Distance/mm
	320
	1068
	1665

	Angle/°
	0.008218
	0.113801
	0.220747

	Stiffness/N/mm
	66778.76
	4822.438
	2486.099



[image: ]
Figure 9-15 Diagram of Torsional Stiffness
[bookmark: _Toc39464439]9.5 Rear Model
Based on the assembly model, the rear frame is added on the part of chassis shown in Figure 9-16. In FE model, the plate and axis are fixed, then set and run the study in same way, and the boundary condition and FEA results are shown in Figure 9-17 and Table 9-6. In further work, this model is named as rear model.
[image: ]
Figure 9-16 Front (a) and Right (b) View of Rear model.
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Figure 9-17 Boundary condition and Displacements Results of FEA
Table 9-6 Displacement and Calculation of Rear Model
	Position
	Point 1
	Point 2
	Point 3

	Δ1/mm
	1.578
	4.8
	6.928

	Δ2/mm
	1.642
	5.03
	7.26

	Cross Length/mm
	990
	812.5
	686

	Distance/mm
	320
	1068
	1665

	Angle/°
	0.186356
	0.693532
	1.185004

	Stiffness/N/mm
	2944.902
	791.3115
	463.1209


Plot the stiffness diagram in Figure 9-18, it can be seen that the value of stiffness has been reduced sharply and the trend of curve is becoming much smoother. What’s more, the stiffness of physical testing varies from 772N/m to 2980N/m, which is like the range of rear model from 463.1209N/m to 2944N/m. Comparing the results of rear model and physical testing in Figure 9-19, curves of two models are very close. Absolutely, the simplify chassis is a little weaker than the real chassis because it has less bars. Therefore, the rear model is a reasonable model that has good correlation with real chassis. Hence, further lightweight work can be carried out on this FE model. In addition, it’s incorrect to think that the simplify model can’t reflect the performance of real chassis. Because the physical testing data including the performance of many other components, so if the aim is getting the same results as real test, the rear model is the only suitable one. However, the simplify model is still correct but can only reflect the performance of chassis.
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Figure 9-18 Diagram of Torsional Stiffness
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Figure 9-19 Stiffness (Left) and Angle (Right) Comparation
Lightweight method on simplify chassis is also replacing the triangulation bars with aluminium bars. Hence, do basic lightweight work in the rear model and test the stiffness by FEA. The FEA results are shown in Figure 9-20 and Table 9-7.
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Figure 9-20 Displacements Results of FEA
Table 9-7 Displacements and Calculation of Lightweight Model
	Position
	Point 1
	Point 2
	Point 3

	Δ1/mm
	1.622
	5.083
	7.343

	Δ2/mm
	1.677
	5.288
	7.625

	Cross Length/mm
	990
	812.5
	686

	Distance/mm
	320
	1068
	1665

	Angle/°
	0.190928
	0.731701
	1.25015

	Stiffness/N/mm
	2874.381
	750.033
	438.9872


Two simplify chassis of different material are shown in Figure 9-21. And the calculation reuslts and characteristices comparation are shown in Table 9-8, 9-9. 
[image: ]
Figure 9-21 Two Models of Different Material
Table 9-7 Mass Comparation
	
	Mass/grams
	Volume/mm3

	Original Model
	21958.59
	2797272.60

	Lightweight Model
	19837.71(9.7% reduced)
	2797272.60


Table 9-8 Stiffness Comparation
	Position/Point
	2
	3
	4

	Stiffness of Original Model/N/m
	2944.902
	791.3115
	463.1209

	Stiffness of Lightweight Model/N/m
	2874.381
	750.033
	438.9872

	Percentage Reduced/%
	2.4
	5.2
	5.2


From thes data, it can be seen than the mass is 9.7% reduced at cost of 5.2% stiffness loss, However, the percentage of mass loss is bigger. Hence, maybe it’s a reasonable optimization work. However, this is just a basic lightweight work because  the joing process between steel and aluminum is still undetermined. In addition, the connections in all previous FE model are defined as bond, which is convinient but not realictic. Therefore, the joining process should be taken into consideration in further work, or all FEA and lighweight results are just an ideal figure. After all, they are not bonded together.





[bookmark: _Toc39464440]10 Joining Process 
For the real chassis, all bars are welded together. In addition, weld feature is easy to implement in SolidWorks. There are two ways to define the weld feature, one in ‘Weldments’ module and another in ‘Simulation’ module. Though weld process is not suitable for joining different materials, bonding is a good choice. 
[bookmark: _Toc39464441]10.1 Bonding 
As mentioned, bonding technology using 3M two-component epoxy adhesive is chosen to realize the connection. Because of the lockdown, it’s unavailable to do the bonding joint test. Hence, the strength and the structure of this joint are determined by papers and others’ experiment results. According the data provided by 3M company (shown in Table 6-3), adhesive DP420NS can provide even little stronger strength than weld, and the strength weight is close to the weld. What’s more, 3M has conducted a check test between spot weld and toughened epoxy, shown in Figure 10-1. Experimental results also show that it’s a very strong adhesive. In addition, other researchers also test the adhesive in other ways. A YouTube user named ‘Doctorbass’ proved that the shear strength of DP420NS is over 40000psi (Doctorbass, 2020). If applying DP420NS on contact surface of original joints, they still provide enough strength similarly. Hence, it’s no need to improve the joint structure of lightweight model. Therefore, it’s reasonable to do the lightweight work on simplify chassis in chapter 9 directly.
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Figure 10-1 Pendulum Impact Test (3 lb weight on a 20° swing arm)
[image: ]
Figure 10-2 Doctorbass’s Real Test
[bookmark: _Toc39464442]10.2 Weld Bead
Next, author test the strength of bond and weld in SolidWorks. Because the correlation has been proved and the aim of this part is determining the strength of joining process, it’s no need to add the dowel bar and rear frame. If using demands in ‘Weldments’ module, first step is drawing the sketch. Hence, a sketch based on previous simplify model is drew and shown in Figure 10-3. Then, determine the size of square tubes using demand ‘Structural Member’. However, there are only 4 choices: 20x20x2, 30x30x2.6, 40x40x4 and 80x80x5 (mm), and 20mm and 30mmm are chosen. Hence, this structure is quite different from the simplify one. The final frame structure is shown in Figure 10-3. Then add ‘Weld Bead’ for every joint, the bead size is set as 2.5mm. The detail of the bead and the finish plan are shown in Figure 10-4. Then 800N is exerted and same material and fixture settings. There is not need to set the mesh size, unlike former studies, the meshing running process are very quick this time. In addition, the element looks very big, which maybe the reason of quick meshing and running. Also 2 points with cross bars are chosen to see the change of stiffness. The mesh and FEA results are shown in Figure 10-5 and Table 10-1. 
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Figure 10-3 Sketch (a) and Corresponding Frame (b)
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Figure 10-4 Detail and Finish Plan of Weld Bead Feature.
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Figure 10-5 Mesh (a) and Displacement Results of FEA (b)
Table 10-1 Displacements of Weld Bead / Original Model
	Position
	Point1
	Point2

	Δ1/mm
	0.1408
	0.2355

	Δ2/mm
	0.1435
	0.2429

	Cross Length/mm
	630
	630

	Distance/mm
	600
	1000

	Angle/°
	0.025856
	0.043508

	Stiffness/N/m
	19492.68
	11583.97


It can be seen from the table that the magnitude of stiffness is close to FEA results of simplify model. In other words, the weld bead structure has succeeded. Hence, lightweight work is also processed as a control group, and the results are shown in Figure 10-6 and Table 10-2.
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Figuer 10-6 Displacement Results of FEA
Table 10-2 Displacements of Weld Bead Model / Lightweight Model
	Position
	Point1
	Point2

	Δ1/mm
	0.2713
	0.4211

	Δ2/mm
	0.2739
	0.4301

	Cross Length/mm
	630
	630

	Distance/mm
	600
	1000

	Angle/°
	0.049584
	0.077413

	Stiffness/N/m
	10164.65
	6510.537


Because connections of structure defined in ‘Weldments’ module can’t change to bond, a new same model is built in one solid body. Then run the FE model. In addition, the corresponding lightweight analysis is processed. Because the lightweight model must be a multibody model, there is some difference between two CAD models. The model and results are shown in Figure 10-7 and Table 10-3.
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Figure 10-7 CAD Model and Displacements Results of FEA of Original (a)(c) and Lightweight (b)(d) Model
Table 10-3 Displacements of Bond Model / Original and Lightweight Model
	Position
	Point1
	Point2

	Original Δ1/mm
	0.1383
	0.2356

	OriginalΔ2/mm
	0.1392
	0.2382

	LightweightΔ1/mm
	0.2476
	0.3957

	LightweightΔ2/mm
	0.2472
	0.3981

	Cross Length/mm
	630
	630

	Distance/mm
	600
	1000

	Angle of Original Model/°
	0.025237
	0.04309

	Angle of Lightweight Model/°
	0.045
	0.072193

	Stiffness of Original Model/N/m
	19970.34
	11696.43

	Stiffness of Lightweight Model/N/m
	11200.02
	6981.317


Plotting the stiffness diagram of four models in Figure 10-8 and Table 10-4, it can be seen that weld model truly a little bit stronger than bond model but just a little. Because two lightweight models are not completely same, hence the comparation data is useless. In addition, the percentage doesn’t reflect the difference between weld and bond but the stiffness difference between the weld and bond model in this chapter. 
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Figure 10-8 Stiffness Comparation
Table 10-4 Stiffness Comparation
	Position
	Point 1
	Point 2

	Original Bond
	19970.34
	11696.43

	Original Weld
	19492.68 (2.3%↓)
	11583.97(1.0%↓)

	Lightweight Bond
	11200.02
	6981.317

	Lightweight Weld
	10164.65(9.6%↓)
	6510.337(6.7%↓)


[bookmark: _Toc39464443]10.3 Edge Weld
Another way to realize the weld feature is in connection setting of ‘Simulation’ module. In addition, because there are only groove and fillet weld in ‘Edge Weld Connector’, the weld beads of triangula bars can’t be realized by this demand. Hence, a much simpler multibody model is built to determine the strength of weld (Figure 10-9). In order to apply the weld feature, all faces need to be defined as shell faces. Then define the weld type and size, shown in Figure 10-11. Finally, exert 100N force, add fixtures and mesh the model. Global size and mesh control size are set as 4mm and 2mm respectively. After boundary condition settings finished, run the study of weld and bond connection.  All results are shown in Figure 10-12 and Table 10-5.
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Figure 10-9 New Multi-body Model
[image: ]
Figure 10-11 Weld Sizing (a), Detail (b) and Finish Plan (c) of Edge Weld.
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Figure 10-12 Displacements Results of Weld (a) and Bond (b) FE Model
Table 10-5 Displacements of Weld and Bond Model
	Contact Type
	Edge Weld
	Bond

	Δ1/mm
	0.06589
	0.05809

	Δ2/mm
	0.06588
	0.05808

	Cross Length/mm
	300
	300

	Torque/Nm
	30
	30

	Angle/°
	0.025166
	0.022187

	Stiffness/Nm
	1192.074(11.8%↓)
	1352.153


Definitely, the strength of edge weld and bond is also different. In addition, because of its boundedness, it’s not suitable for the FEA for frame structure, in which there are many tubes at complex position. Therefore, ‘Weld Bead’ demand is a more feasible choice. Hence, the final lightweight work will be based on the results in chapter 10.2.


















[bookmark: _Toc39464444]11 Final Lightweight Work and Cost
[bookmark: _Toc39464445]11.1 Final Lightweight Work
According to the results in chapter 10, the difference between weld and bond is very little. Hence, it’s convictive to use bond to replace the weld connection. Therefore, use the lightweight results of rear model (shown in Figure 11-1 and Table 11-1) from chapter 9.5 as final lightweight results because it can be verified by physical testing results and it’s closer to the complete chassis. 
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Figure 11-1 Lightweight Results of Rear Model: CAD model and FEA Displacements Results of Original (a)(c) and Lightweight Model (b)(d)
Table 11-1 Lightweight Results
	
	Original Model
	Lightweight Model
	Reduced Percentage/%

	Mass/grams
	21958.59
	19837.71
	9.7

	Maximum Displacement/mm
	21.96
	22.97
	4.5

	Stiffness of Point 2/N/m 
	2944.902
	2874.381
	2.4

	Stiffness of Point 3/N/m
	791.3115
	750.033
	5.2

	Stiffness of Point 4/N/m
	463.1209
	438.9872
	5.2


Generally, the torsional stiffness has been reduced a little bit. However, this result is under the premise of applying bond to replace weld feature. In addition, if using DP420NS adhesive, the joint structure maybe even stronger than the weld and bond connection in SolidWorks. Because the strength of bond and weld can’t be defined by customers in software, hence author can only assume: the torsional stiffness of lightweight model is not weaker than original model at the very last because experimental data approve that tough epoxy bonding joint is very strong. Therefore, the lightweight chassis is still able to perform well in the race.
[bookmark: _Toc39464446]11.2 Cost of Lightweight Model
Another important part it’s the total cost of the lightweight model (the rear model) should be acceptable.  This work should be process in software CES Edupack in computer studio, but it’s unavailable because of the lockdown. Therefore, author can only do a rough calculation of the cost. The material of original and lightweight model is AISI4130 steel and 6063-T6 respectively. The price of steel and aluminium tube, shown in Figure 11-2, is $400-$450 (Alibaba, 2020) and $1650-$2400 (Alibaba, 2020) per ton respectively, equalling to £320-£360 and £1320-£1920 per ton. In addition, the price of adhesive is £119.76. For the weld work, use UK national average cost range (£450 (bidvine, 2020)) to calculate because many weld parameters are unknown. In addition, other expense of labour is not included in rough calculation.
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Figure 11-2 Price of Steel Tube (a), Al Tube (b) and DP420NS Adhesive (c)
Because the price of tube is relative to the weight, determine the mass of all aluminium triangulation bars and steel bars of same volume, results shown in Table 11-2. Then determine the range of cost in Table 11.2. 
Table 11-2 Cost Calculation Results
	
	Triangulation Bars
	Rest Bars

	Volume/mm3
	418249.89
	2658103.45

	Mass of 6063 T6/grams
	1129.27
	-

	Mass of AISI 4130/grams
	3283.26
	20866.11

	Cost of 6063/ £
	1.49-2.17
	-

	Cost of AISI 4130/ £
	1.05-1.18
	6.78-7.51

	Cost of Weld
	300-500


Table 11-3 Total Cost
	
	Original Model
	Lightweight

	Cost of Material/ £
	7.83-8.69
	8.27-9.68

	Cost of Weld/ £
	450
	450

	Cost of Adhesive/ £
	-
	119.76

	Total Cost/ £
	457.83-458.69
	578.03-579.44


From the results, there is little difference about the cost of material, but main cost increase is the adhesive. Therefore, in the rear model, with weight reduced 9.7% and cost increased £120.20-£120.75, the lightweight work is finished. 
















[bookmark: _Toc39464447]12 Conclusion
In this report, study is carried out on a real chassis of a race car and can be subdivided into 4 steps: Firstly, the dimension of chassis is measured; Then, build the model in SolidWorks based on the measurement results; Next, process physical testing to modify the CAD model; Finally, choosing one direction to optimize the model by FEA. Work mentioned above including measurement and physical testing are group work, and rest are individual work.
After cleaning the chassis, measurement work is not finished once because many problems can only be found in modelling work. Therefore, modelling work is also not finished once because author needs to go back to workshop to correct and add data. In order to mesh the model, the model has been modified several times.
When the model is able to be meshed and put into basic FEA study, do physical testing and FEA under same boundary condition and loads to see the difference of torsional stiffness between CAD model and real chassis. After that, comparation results show that there must be something wrong in CAD model. Hence, the virtual model needs to be modified.
Modifying work is processed on a simplify model. Through inspection, it can be found that the problem of the virtual model is that some components used for doing the physical testing is not built. Then, the model has been modified 5 times until the stiffness results of FE model is very close to the physical testing results. In this model, all components used are built.
Optimization work is carried out in software based on the modified model. The direction of optimization is reducing the weight by using 6063-T6 aluminium bars to replace AISI 4130 steel bars. In addition, the joining process between steel and aluminium is determined as bonding using adhesive DP420NS. Because the strength of DP420NS joint is even stronger than weld and the connection strength of bond in SolidWorks can’t be defined by customers, the stiffness of lightweight model is assumed not weaker than original frame. What’s more, weld features are not shown in final lightweight model because the strength of bond and weld connection in SolidWorks is compared and proved to be very close. For the cost of model, it’s only a rough calculation because professional software CES Edupack is not available. Therefore, based on the assumption and comparation conclusion, the lightweight work of simplify model reduces 9.7% mass and increase £120.20- £120.75 cost.
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