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1 Abstract
[bookmark: _Hlk36565103]As the bones of a car, the importance of car chassis is self-evident. For the race car chassis that we chose to optimize, finite element method was used to analyze the performance of the structure. The optimization of the chassis was considered in the design, which was of positive significance for not only improving the strength, torsional stiffness, lightweight of the whole frame, but also reducing the production cost as well.
This paper will be based on the actual measurement of a real chassis to build a FEA model in Solidworks 2019. With a team working together, an original model was built which cost a lot of time to modify in order to do a FEA test. The results in software will be compared with the physical experiment data which can be proved that they follow the same regulation. With the method of increasing the tube thickness by 20% and changing the square tube to round one, the impact between tube thickness or shape and comprehensive frame properties will be found out.
Through the finite element simulation and optimization of the chassis, a solution with better balance between cost and stiffness will be adopted, which will push the car’s limit and make future research profitable.

[bookmark: _Hlk31808328]Key words: chassis, load, stiffness, Finite element analysis, strength, lightweight, cost.
2 Introduction
[bookmark: _Hlk37065196][bookmark: _Hlk37519563][bookmark: _Hlk37009083]2.1 Backgrounds
At present, in the design of automobile chassis, a simplified calculation of the frame is usually performed. However, this method has insufficient calculation accuracy. In order to ensure the strength and stiffness requirements, the design of the chassis focuses mainly on safety, resulting in the final frame structure overweight and increasing design costs. In addition, because the design of the  chassis is separated from the simulation process, the design quality of the frame will also be limited.
[bookmark: _Hlk36977193]With a rapid development of computer technology and calculation methods, the finite element method has received more and more attention and application in the field of engineering design and scientific research. This project will find out how FEA simulations help the chassis design by recording the entire process of finite element modeling from measurement to establishment, then analysis and improvement. To verify the correctness of the simulation process, the basic FEA data will be correlated with the real situation in physical torsion test.
[bookmark: _Hlk36632262][bookmark: _Hlk37009110]2.2 Aims and objectives of the project
This research aims to achieve following objectives:
1). Use Solidworks 2019 to build a chassis structure based on the real frame. Do FEA test and prove that the results on computer have same phenomena as the physical experiment.
2). Change the wall thickness by increasing 20% external dimensions for all tubes.
3). Keep the same external diameters, change the tube size by reducing the wall thickness to leave an overall mass same as original chassis.
4). Replace square tubes with round tubes to find out the impact of tube shapes for chassis stiffness, the total mass remain the same as original one.
5). Repeat step 2 and step 3.
6). Do FEA analysis for each set of model from 1) to 6) so that an intuitive comparison about the influence of tube size, wall thickness and tube shapes to structure performance will be demonstrated.
7). Choose the best solution for the modified chassis, which makes it stronger, stiffer in bending and torsion, but limits the weight growth and costs as cheap as possible.
[bookmark: _Hlk31833515]3 Timing plan
The project has been started since October 2019, which totally costs nearly 7 months to complete. During this period, useful references collection was lasted from Oct 16th 2019 to Apr 20th 2020 in order to keep the project running on the right way.
Measurement for the real chassis and a full-scale model creation in Solidworks lasted about one month and a half, from Oct 16th 2019 to Nov 30th 2019.
The full-scale model was not able to take a FEA simulation at that time because its parts were not matched well then. A set of simplified models were designed for demonstrating the effects of finite element method in the interim viva. These simplified models were built from Nov 28th 2019 to Dec 10th 2019, with a basic FEA test.
After the interim viva, in order to deal with the full-scale model, the simplified models were abandoned for a while until February 24th 2020. The modification about full-scale model was continued from Dec 20th 2019 to Mar 30th 2020, due to the pandemic impact, the FEA simulation was not achieved eventually.
[bookmark: _Hlk31920992]At Feb 24th 2020 a physical experiment about torsional stiffness was done on the real chassis in workshop. And following my tutor’s advice, modifications based on simplified models were resumed (Feb 24th 2020 to Apr 18th 2020), which finally replaced the full-scale model to undertake FEA simulations. 
4 Research / literature survey
With the ultimate goal of being stronger, stiffer, lighter and cheaper, a large number of references were consulted for the major project. During this period, SAE, CNKI, Google and UWTSD online library were the main sources of the literatures. Besides, some Chinese papers also provided a great reference value for designing and FEA simulations.
First of all, an illustration of torsional stiffness will be provided in order to help understand the simulation test better:
[image: ]
[bookmark: _Hlk37927115]Figure 4-1 Physical torsion test about chassis
As shown in the figure, an upward load was applied to a corner of the chassis and meanwhile its rear half was fixed.
Annotation:
1) [bookmark: _Hlk37435235]α: the angle between the front axle to the ground;
2) γ: the angle between the side beam to the ground;
3) b: width of the frame;
4) A: load point on the chassis;
5) B: distance between wheels;
6) l: wheelbase;
7) m: maximum displacement for chassis;
8) H: maximum displacement for wheel.
This illustration restores the scene of the physical torsional test of the chassis, with the difference of l, several data sets for torsion angle α and displacement on both sides can be calculated. The detailed data will be explained in later chapters.
[bookmark: _Hlk37519981]4.1 Influences of different frame structures on chassis
[bookmark: _Hlk23091417][bookmark: _Hlk37497667][bookmark: _Hlk37436668]According to Fazidah’s opinion, a concept about the bended and non-bended frame needs to be mentioned: as two different frame types, when torsional and bending loads are adopted together, modal analysis for chassis stiffness between bended and non-bended frame shows that the non-bended frame has better structural stiffness than the bended frame. It was proved that the bended frame had a changed of mode shape from torsional mode to bending mode. The significance of the results indicates that the bended frame has less stiffness than the non-bended frame and it is not permittable for a race car frame.
[image: ]
[bookmark: _Hlk37927456]Figure 4-2 Non-bended frame (left) and Bended frame (right)
[bookmark: _Hlk39073839][bookmark: _Hlk37438939]The first reason is the natural frequency. For an ordinary engine, the speed range is usually between 1000rpm to 8000rpm (17Hz until 133Hz). When at higher frequency, a change from torsion mode to bending mode is going to happen in bended frame, which will cause the von Mises stress to no longer increase with the natural frequency. In addition, due to the smaller displacement, stiffness of the body structure will be weakened.
Table 4-1 Result from finite element analysis
[image: ]
The second reason is von Mises stress:
[image: ]
[bookmark: _Hlk37927651]Figure 4-3 Von Mises stress of the non-bended frames (a) elastic mode 1 (torsion), and (b) elastic mode 2 (torsion)
For non-bended frames, no matter how natural frequency changed, both elastic modes had the maximum stress value on the roll bar joint (the red area).
[image: ]
[bookmark: _Hlk37927828]Figure 4-4 Von Mises stress of the bended frames (a) elastic mode 1 (torsion), and (b) elastic mode 2 (bending)
However, for bended frames, although the maximum stress value happened at the joint of the roll bar when the natural frequency was low, it occurred on the bended section of the frame in the elastic mode of high natural frequency. More than that, the distribution of von Mises stress was also totally different.
Fazidah gives his own points to balance between structure stiffness and driver safety:
The car must satisfy safety requirements such as roll hoops structure and impact attenuator. Technically, to ensure driver safety, the chassis structure should be rigid. Nevertheless, the balance between strength and weight must be found since weight is critical in a small engine powered car.
[bookmark: _Hlk37501565](Fazidah, 2014, p. 103)
The views above perfectly fit the design concept of the major project: the structurally improved chassis not only needs to increase strength and stiffness, but also ensure sufficient safety. At the same time, limit the weight of the chassis can control production costs, and increase the possibility of promotion in small racing cars as well.
[bookmark: _Hlk37520829][bookmark: _Hlk37520469]4.2 The application of carbon fiber chassis
[bookmark: _Hlk37518620]As a world-famous supercar company, Ferrari said that its most powerful road car ever would be published at the Detroit auto show in January 2013 several years before. The highlight of the new car was not just a gasoline-electric hybrid system, a chassis made by carbon fiber also used the latest technology at that time. "To save weight, we switched to the carbon fiber used in Formula One race cars rather than the Resin Transfer Molding normally used." (Amedeo Felisa, 2012, p. 6) 
This improvement allowed Ferrari to make the chassis 20 percent lighter than the Enzo's chassis, though torsional rigidity has been increased 27 percent and beam stiffness is up by 22 percent.
[bookmark: _Hlk37583542](Ciferri, 2012, p. 6)
The reference above illustrates the positive impact of using carbon fiber chassis on strength, stiffness and lightweight, but due to the excessive manufacturing cost, this technology is currently only used in some sportscars and supercars, which means that most people cannot afford such expensive vehicles. In order to understand the carbon fiber chassis more directly, the figure below shows the chassis for McLaren Senna, which equips a carbon fiber chassis similar to Ferrari’s structure.
[image: ]
[bookmark: _Hlk37927952]Figure 4-5 McLaren Senna’s carbon fiber chassis
However, there are still some methods to create a low-cost chassis architecture: when combined recycled carbon fiber, drinking straws and aluminum together, a chassis for low- volume sports cars can be built:
[bookmark: _Hlk37600498]A man called Dodworth continued to work on the problem until he came up with a novel solution: McDonald's drinking straws. He grabbed a handful of drinking straws in a local McDonald’s, glued them together and chopped them to a uniform thickness. “We could have used any plastic we wanted, but we wanted one with a fairly high melt temperature, and recycled polycarbonate- as in the straws- fit the bill.” (Dodworth, 2014, pp. 26-27) 
Acted as I-beams, the straws separate the recycled carbon fiber skins and connect the top skin to the bottom. Dodworth pointed out that the completed material's modulus was 97%-98% that of continuous carbon fiber, and its tensile strength was 60%-70%. So far, the problem of excessive production costs of carbon fiber chassis has also been well solved.
[bookmark: _Hlk37520134]For the major project, after it was determined that the existing chassis material could not be changed, the application of carbon fiber chassis could only be left in the conception stage.
[bookmark: _Hlk37520954][bookmark: _Hlk37602679]4.3 Safety and NVH reduction
[bookmark: _Hlk37602659]4.3.1 Safety
To meet the body’s overall layout requirements, the most important thing is to ensure that every assembly components fixed on the chassis do not interfere each other during the complex driving environment.
[bookmark: _Hlk37601582]Firstly, the influence of body rigidity on vehicle safety cannot be ignored. Through the vehicle impact test results, if the front end of the chassis has too large rigidity, the absolute value of acceleration during the collision will become bigger, which means that the degree of injury to passengers during a high-speed collision will be significantly increased. On the contrary, if the rigidity of the front end is too small, the intrusion amount of the front wall will be very huge during a high-speed collision and threaten the living space for passengers.
[bookmark: _Hlk37601869]Secondly, the chassis should be strong enough to withstand shock, twist, vibrations and other stresses. The critical point which has the highest stress needed to be located because it is one of the factors that may cause the fatigue failure. The magnitude of the stress can be used to predict the life span of the chassis, and meanwhile some strengthen about the critical point should be done to overcome the stress better.
Vehicle rollovers are something we never expect, which can be divided into two categories: tripped and un-tripped:
Tripped rollovers are caused by forces from an external object, such as a curb or a collision with another vehicle. Un-tripped crashes are the result of steering input, speed, and friction with the ground. 
(Rajpal, Thorat and Kothavale, 2014, p. 44)
[bookmark: _Hlk37602046]In our daily life, we can find out that trucks, vans and off-road vehicles have higher risks to rollover than sedans or sporty cars, regardless of the strong wind or excessive cornering speed. The reason behind this is that cars tend to rollover generally have a higher center of gravity. To overcome this shortcoming, the most useful way is to make the center of gravity lower when design a chassis, which will give the car more stability.
Finally, the optimization of bending process also helps to improve the safety of chassis. To achieve this goal, parts like thin gauge, high strength steel tube with a bending, pre-forming and hydroforming process are built, and during the bending optimization procedure, both challenging grades and bend severity need to be carefully checked.
A paper described the importance about realizing the type of a given tube:
The range of tube bend geometries achievable for a given tube diameter and thickness varies with the mechanical properties of the tube. It is therefore important for a tubular component designer to know what bend severity (bend die radius, bend angle) can be readily achieved for a given type of tube.
(Koganti et al. 2010)
Moreover, the paper also recommended that a series of trial bends should be made before setting up a bender for an optimization. Although it is not realistic to perform a large number of trial bends on target tubes in real physical testing, with the help of the FEA, a similar effect can be achieved by modal analysis of the final structure.
As a manufacturer famous for safety, Volvo has always been at the forefront of vehicle safety research. Take the new V60 as an example, six different types of steel were applied at different parts of chassis. It can be seen from the figure that not only the A, B, C pillars of the vehicle, but also main beams at the bottom and sides of the passenger compartment had the highest strength requirements. The application of mild steel could better buffer the impact force during collisions and improve safety performance. In addition, to reduce the weight of the front end, aluminum material was adopted at the front, which improved handling and indirectly increased safety performance as well.
[image: ]
[bookmark: _Hlk37943007]Figure 4-6 The chassis structure of the all-new Volvo V60
More than that, in order to realize how accidents will affect the traffic environment, the mission in Volvo Car Safety Centre is to study accidents and use the data to make their cars safer.
To develop safer cars, the automaker starts with traffic accident research. The real accidents data help Volvo design safety features, which are tested and put into production. The process is repeated once a new model goes on sale and is involved in accidents.
Depending on the damage to the car, an investigation at Volvo's laboratory can take one to two days, or possibly as long as a month. An accident may be reproduced using computer analysis, for example. Researchers may look for injuries caused by intrusions into the car's interior.
(Kranz and Rick, 2006, p.4)
“We may compare dummy values in the laboratory with actual injuries in the field crash to determine if our development crashes actually performed as well as we expected.” (Gronvall, 2006, p. 4)
For conclusion, taking Volvo as an example, there are four ways to improve safety:
1) Sends teams to major accidents;
2) Analyzes crash, injury data from accidents;
3) Determines whether safety features work as predicted;
4) Determines methods to reduce injuries, avoid similar crashes.
Though we could not make a real accident to test our chassis, a simulation in Solidworks could be helpful for the modification. And by searching references, author found that a proper rigidity at the front end of the chassis was important to keep passengers’ safety. In addition, strengthen the critical point, lower the center of gravity and optimize the bending process would make the chassis stronger and more stable.
4.3.2 NVH reduction
NVH (Noise, Vibration, Harshness) is a comprehensive problem to measure the quality of automobile manufacturing, which gives car users the most direct and superficial feelings. Based on the data, about 1/3 of the vehicle's faults are related to the their NVH problem, and nearly 20% of the research and development costs of major companies are spent on solving vehicle NVH problems.
For cars manufacturing, NVH problems exist everywhere. Because not only the occupant's comfort feeling in the car needs to be tested, but also the strength and life of vehicle parts due to vibration are in the category of NVH research, which means that the study of automotive NVH characteristics should focus on the entire vehicle. However, due to the automobile system is extremely complex, it is often decomposed into multiple subsystems for research, such as the engine NVH, the body NVH and the chassis NVH. In the automotive industry, a full NVH process flow is showed below:
[image: ]
Figure 4-7 The full NVH process flow in automobile industry
Harshness can also be called irregularity or impact characteristics, which is related to the transient nature of vibration and noise. It describes the subjective feelings of human body on vibration and noise, and cannot be directly measured by objective measurement methods. For the chassis part, resonance is one of the root causes of NVH problems. If the vehicle chassis has a large resonance while driving, the noise and vibration will both be increased, which will make the harshness worse and affect the overall comfort.
To deal with the NVH problem, a paper demonstrated that whether the vehicle performance can be maintained with a reduced mass cradle structure:
Aluminum and magnesium cradles were compared with the baseline steel cradle. First, the steel chassis alone is analyzed with the refined finite element model and validated with experimental test data for the frequencies, normal modes, stiffnesses and the drive-point mobilities at various attachment mount/bushing locations. The super element method in conjunction with the component mode synthesis (CMS) technique was used for each component of the vehicle such as Body-In-White, Instrument Panel, Steering Column Housing & Wheel, Seats, Cradles, CRFM, etc. After assemblage of all the super elements, analysis was carried out by changing the front and rear cradle gauges and the material properties. The drive-point mobility response was computed at various locations and the noise (sound pressure) level was calculated at the driver and passenger ears.
[bookmark: _Hlk37697186](Bennur, Posthuma and Lewitzke, 2006)
During this research, the range of the structure-borne noise frequency was considered between 25Hz and 250Hz, which proved that an aluminum frame can achieve the same NVH performance as a steel one while reducing weight.
Today, light-weight materials and vehicle performance are two main desires which driving the popularity of aluminum, magnesium, and composite materials. Although it was too expensive for mainstream automobiles at past, aluminum is one of the most-used materials now, just behind steel and iron. And for the high strength aerospace steel 4130 in this project, it seems that there is also a material similar to aluminum, which can improve the NVH performance of the vehicle while being lightweight. At the same time, the assembly accuracy of the chassis should be improved and appropriate damping materials can be added to minimize resonance.
4.4 About finite element analysis
Based on mathematical approximation, the finite element analysis uses a finite number of unknown elements to approach an infinite unknown real system. When the concept was proposed in 1960s at first, it was only applied to the aerospace industry and difficult to calculate. With a development of computer technology and calculation methods, finite element analysis is widely used not only in the automotive industry, but also in engineering designs and scientific researches.
[bookmark: _Hlk36977803][bookmark: _Hlk37698410]If a FEA test is required, there are usually three steps to follow: preprocessing, simultaneous solving and postprocessing. 
In the pre-processing section, parameters about each part need to be set, including dimensions, material properties, boundary conditions, etc.
A simulation based on the model will be done during the simultaneous solving section, which turns the discrete units into a continuous whole. In addition, results about the finite element analysis will be presented.
In the postprocessing section, the final experimental data will be shown, some statistical analysis and comparison for the data are supported at this stage.
Here is a description for element selection:
[bookmark: _Hlk37697015]Element selection is the foremost step in finite element analysis process. The selected element must conform to the physical situation of the loading to which the vehicle is subjected. Range of elements is available for meshing of the structure. One-dimensional, two-dimensional and three-dimensional elements are available in the software library.
(Deulgaonkar, 2019, p.64-68)
In this major project, the finite element model of the chassis will be measured and built based on the real structure. But due to the original frame structure was too complicated, in order to reduce the time and difficulty of pre-processing and simultaneous solving, the model was finally simplified to a certain extent. At the same time, when meshing the finite element model, the more complicated and sensitive parts are divided more closely to obtain more accurate results.
Today, automobile industry updates faster and faster, and at the same time it has higher requirements for lightweight, comfort and production costs. As an emerging calculation method and technology, the finite element analysis has changed the automobile industry a lot. If FEA can be combined with traditional physical testing, which not only makes the testing process more intuitive and efficient, but also ensures the credibility of the test results and reduces the overall cost, which will benefit the manufacturing industry a lot.
[bookmark: _Hlk31998835]5 Work carried out
All work about the major project can be divided into two parts: teamwork and individual tasks. In this report, they will be presented separately:
[bookmark: _Hlk37067351][bookmark: _Hlk37341165]5.1 Group work
At the beginning of the project, initial modeling was based on the same chassis for all of us. For the purpose of improving work efficiency and teamwork ability, it was decided to jointly measure the real chassis and establish a finite element model in cooperation.
[bookmark: _Hlk37526015][bookmark: _Hlk37082741][bookmark: _Hlk37095512]5.1.1 Chassis data measurement
The chassis was located in the workshop, where all physical tests about the project were conducted. It was transported from Brazil, since some other mechanical tests have been undergone before, a certain degree of deformation and metal fatigue might be existed.
[image: ]
[bookmark: _Hlk37944079][bookmark: _Hlk37926673]Figure 5-1 Upload metal plates on chassis
The chassis we saw at the beginning was not just a frame structure composed of tubes, but several metal plates were welded to the tubular frame to form a cockpit. In order to measure the chassis, the first task for us was to unload these metal plates by using electric hand drills. 
Although it was just a preparation work, the electric hand drill also required a certain skill to use: if the drill bit was loaded unevenly when rotating, it not only had the risk of breaking itself, but might also cause injury to the operator.
When all these metal plates were off, the measurement was begun. To distinguish different tubes, a classification by tube location was made and each part of the chassis had a unique code. For example, letter ‘A’ represented tubes at the bottom of the frame, ‘F’ stood for front, ‘B’ indicated tubes that were not parallel to the ground and ‘C’ meant that the tube was on the second level of the frame.
[image: ]
[bookmark: _Hlk37944186]Figure 5-2 Different parts of the chassis
[image: ]
[bookmark: _Hlk37944217]Figure 5-3 Different parts of the chassis
Ruler and tape measure were the main tools for the measurement. Although ruler had better accuracy, it cannot be applied in some narrow spaces. When using the tape measure, to ensure that the tape measure was fully straightened, at least two people were required to work together. Due to the existence of errors with the measurement, the results needed to be constantly checked. The whole process lasted for several weeks in order to make sure that each part had a correct value.
5.1.2 Construction of proportional model in Solidworks
After obtaining tube dimensions from the real chassis, a proportional model based on Solidworks 2019 was tried to build. As a task completed by teamwork, each of us was responsible for building part of the model. The part assigned to me was the bottom of the chassis and several vertical square tubes.
[bookmark: _Hlk37944370][image: ]The coordinate origin of the model had been previously defined in the real chassis. With data measured before, tubes perpendicular or horizontal to the centerline were easy to make by stretching (the button is shown on the right). More than that, it was the most convenient method to let the tube section from plain surface to curve surface as well.
[image: ]
[bookmark: _Hlk37944501]Figure 5-4 Tube connected between plain surface and curve surface
Considered that some small parts would have no significant effect on final results, they were omitted in the modeling process. This could not only reduce the difficulty of modeling as much as possible under the premise of achieving simulation requirements, but also help to improve the operational efficiency of the software.
[image: ]The last point should be highlighted was the swept order.
For tubes composed of straight parts and bent sections, it was impossible to draw in the software only by stretching. If a swept order was required, the first step was to make a path for the tube to extend along. It was usually a set of lines including straight lines and curves. Then a proper profile should be defined, which was usually the tube section. Finally, after the start point and end point were determined, the composite tube shown in the figure could be generated:
[image: ]
[bookmark: _Hlk37944962]Figure 5-5 Tube which is suitable for scanning
With everyone’s efforts, a full-scale chassis model was completed. However, we were disappointed to find that this model cannot be used for finite element analysis, or even be meshed. The reason for its failure was largely due to the differences in the modeling methods of us. Because the new part did not fit well with the old one, there would be too much interference between the parts in the entire model. In addition, some slightly dimensional differences could also cause an unsmooth transition between sections, so even if the element size of the mesh was set to be small enough, it was impossible to achieve meshing.
At that point, the stage of teamwork modeling had ended. Next, in order to realize the simulation analysis of the full-scale model, it has been significantly modified.
[bookmark: _Hlk38377665]Here are the three-dimensional graphs of the first model:
[image: ]
[bookmark: _Hlk37949957][bookmark: _Hlk38559667]Figure 5-6 Three-dimensional graphs of the full-size model
[bookmark: _Hlk37345395]5.1.3 Physical torsion test based on real chassis
To realize the torsional properties of the chassis better and serve as a reference for the FEA test, a torsion test based on the real chassis was completed by teamwork. 
[image: ]
Figure 5-7 The main bar and crossbeams in physical torsion test
Except for the main bar which was used to apply load, five crossbeams were installed at different parts of the chassis to measure the displacement and torsion angle. Since data on both sides of the chassis needed to be analyzed, there were a total of ten sets of tube displacement and angle data on five beams, which would be transmitted to the computer through the measuring instrument and gat the final results. The chassis was fixed by the engine compartment frame at the rear through four points, so that it would not be overturned during the torsion test.
[image: ]
[bookmark: _Hlk37950308]Figure 5-8 Location of four fixed points
[bookmark: _Hlk37156441]In order to record the displacement of each part in the loading process, we first needed to make sure that each of the ten displacement meters was properly installed. After that, each of us needed to observe the changes of two different displacement meters during the experiment. Although this work was not difficult, it had high requirements for the degree of care, and meanwhile our teamwork ability was further strengthened.
5.2 Individual work
Individual work could be divided into four parts, including finding references, modifying the original full-scale model, establishing a simplified model, and comparing the effects of different tube sizes on the chassis structure. There are separate chapters for reviewing references and modifying proportional models in this report, so in this chapter, the author mainly discusses the establishment of simplified models and the comparison of tubes of different sizes.
[bookmark: _Hlk37424929]5.2.1 Construction of simplified models in Solidworks
[image: ]
[bookmark: _Hlk37950624]Figure 5-9 The initial simplified model
In order to illustrate the experimental effect of FEA in the interim viva, a simplified model based on the real chassis was produced.
The model data of the simplified model was not completely based on the original dimensions of the frame, only tube diameter and wall thickness were consistent.
It could be seen from the figure that the simplified model only included the main part of the original chassis, and the structure of the front, rear and upper parts were all omitted. In addition, some differences between the shape of the model and the actual structure could be found as well.
4130 steel was selected as the chassis material, and its properties could be found in the appendix. With the same shape and external diameters, the model was divided into two groups by different wall thickness:
[bookmark: _Hlk37352328]Group A had 4mm wall thickness, which weighed 67.209kg;
Group B had 1.5mm wall thickness, which weighed 27.846kg.
[image: ]
[bookmark: _Hlk37951152]Figure 5-10 Boundary conditions of the initial simplified model
For boundary conditions, the entire back surface of the model was fixed, and a total of 200N force loaded at both ends of the left half of the front upper tube. Mesh density setup remained middle and curvature-based mesh was selected. With an element size growth ratio of 1.2, the maximum element size was equal to the minimum one.
The results of finite element analysis could be divided into three parts: stress, displacement and strain. In the stress part, it could be seen that due to the same boundary conditions, the stress distribution of both two groups of models were basically the same: the von Mises stress value on the left side of the model was significantly larger than the right side. More than that, the left-side upper long tube and short reinforcement tubes had greater von Mises stress, which reached about 2.6e+06N/m^2 in group A and 4.8e+06N/m^2 in group B.
In the following comparisons, the models in the upper half of the figures were all group A, and those in the lower half were group B.
[image: ]
[bookmark: _Hlk37951220]Figure 5-11 Stress (von Mises) results for the initial FEA test
This comparison demonstrated that the thinner wall thickness would lead to greater von Mises stress when maintaining the boundary conditions and the outer diameter of the tube unchanged.
[image: ]
[bookmark: _Hlk39265460][bookmark: _Hlk37951346]Figure 5-12 Displacement results for the initial FEA test
The displacement results of the two groups were also strongly correlated, but the difference in displacement at different areas was much greater than the difference in stress or strain. As the figure showed, the displacement of the tube was relatively small near the fixed surface, generally not exceeding 1.2e-02mm. As the distance from the loading tube became closer, the displacement of the component would increase. According to the displacement from blue to red in the figure, the maximum displacement points of both the two groups appeared in the front left corner of the chassis:
[bookmark: _Hlk37411973]Group A was about 5.2e-02mm, about half of the value 1.2e-01mm in group B, which meant that when at the same position, smaller wall thickness caused bigger displacement.
The last part to compare was the strain. Strain and stress had relatively similar distribution rules, which was also confirmed in the final results:
[image: ]
[bookmark: _Hlk38357436]Figure 5-13 Strain (Equivalent) results for the initial FEA test
Due to a larger wall thickness, the group A had a maximum equivalent strain about 6.8e-06. But in group B the maximum equivalent strain was doubled, which reached about 1.4e-05.
In conclusion, it showed that the maximum stress, maximum displacement and maximum equivalent strain all increased when changing the wall thickness from 4mm to 1.5mm. Besides, the total mass became lighter so that the chassis would be more economical when the walls were thinner. Based on this result, author thought there should be a better solution to balance both total mass and torsional stiffness.
After the interim viva, the simplified model was also modified with more details, which played an important role in further simulations.
[bookmark: _Hlk38455598]5.2.2 Pandemic impact
Due to the outbreak of Coronavirus worldwide, in order to avoid the spread of epidemic, the school was closed and computer room had been no longer available since mid-March. Until then, despite the appearance of the full-scale chassis looked fine, a lot of interference between different tubes still existed. Besides, with the limitation of laptop performance, mesh process for the full-scale model was time-costing and difficult to carry on, which put the entire project into a deadlock.
Because of the strong correlation between some tube dimensions of the original chassis, in the process of modifying the full-size model, it was very common for such warnings to appear in the sketch:
[image: ]
[bookmark: _Hlk38364397]Figure 5-14 Warnings for the sketch
It took a long time to correct the sketch problem, but these improvements could not help to achieve the final mesh analysis. Noticed by the software's prompt, the first cause of mesh failure was mirror image 65. Although the mirror image 65 itself was not reported an error in the full-scale model, many of the sketches behind it were reported due to the high correlation between the tubes.
[image: ]
[bookmark: _Hlk38462793]Figure 5-15 The first reason for mesh failure
Besides, for the reasons of the structure complexity, no matter a standard mesh or a curve-based mesh, the process had strict requirements on computer’s comprehensive performance.  According to the personal experience from a teammate, even if a computer with higher performance in the school computer room was used, to achieve a more detailed finite element analysis for the full-scale model, it needed more than 24 hours of analysis round the clock. And for author’s laptop, it took several hours to complete the finite element analysis even for those simplified models specially designed for the interim viva. In addition, as long as a slight misoperation was made during the process, the computer would be likely to crash.
Considered the above factors, the full-scale model was eventually abandoned and replaced by a simplified model that retained the main structure. Although it was based on the previous simplified model, extra structures were added both at the front and rear. With this improvement, the simplified model could be achieved the same boundary conditions as the full-scale chassis, and would have better correlation to the real conditions.
Here are the three-dimensional graphs of the simplified model (version 2), it can be clearly seen that some small parts and composite tubes were omitted or replaced by a simpler structure:
[image: ]
[bookmark: _Hlk38562983]Figure 5-16 Three-dimensional graphs of the final simplified model
And the boundary conditions for the FEA simulation shows below:
[image: ]
Figure 5-17 Boundary conditions of the FEA simulation
To achieve a similar load effect as the real test, about 1550N of force in opposite directions was applied to both sides at the front of the chassis. Same as the physical test, the load direction on the right side was upward.
The force on each side of the FEA model was calculated by the equation below:

(Equation 5-1)
[bookmark: _Hlk38573165]Among this equation,  stands for the load in the physical test or the load at one side of the FEA model, and  represents the distance from the load point to centerline in the real chassis or the distance between the two load points in the FEA simulation.
The four faces at the tail of the chassis were set as fixed points of the finite element model. Based on the real chassis, the structure behind the cockpit was added on the simplified model in order to maintain a high consistency with physical tests.
After completing the above settings, five different modifications to the chassis tube dimensions were made, which will be explained in the next chapter.
[bookmark: _Hlk37009305]6 Results analysis
[bookmark: _Hlk32076269]This section will be divided into two parts to explain the results of physical testing and FEA simulations separately.
[bookmark: _Hlk38378997]6.1	Physical torsion test
[bookmark: _Hlk38398733]For the physical test, torsion angle and displacement on both sides were measured. In order to better understand the test method, a schematic diagram of the ten measurement locations is provided below:
[image: ]
[bookmark: _Hlk38463135]Figure 6-1 Locations of the ten measurement points
The locations of the five crossbeams can be displayed intuitively from the diagram. Because of the five crossbeams are coincided with the five most important transverse tubes at the bottom of the chassis, the displacement value for both ends of these transverse tubes can be measured by placing 5 displacement meters on each side of the chassis separately.
After obtaining the displacement value at both ends of the transverse tubes, the corresponding twist angle can be calculated then. In order to reduce the test error, a total of three sets of data were measured under the same test conditions, including not only the displacement of ten measurement locations, but also the mean twist angle:
[bookmark: _Hlk38706459]Table 6-1 Result of the physical torsion test
[image: ]
It can be seen from the table that the load of the first set of data was 64.5kg, while the load of the second and third sets were 65kg. This is because it was difficult to accurately control the applied load during the manual loading of the chassis, and the error of 0.5kg was therefore acceptable. Since the load was only applied to the left side of the chassis in the physical test, the absolute values of displacement on the left side were slightly larger than the right side from the overall results. L means the length of the crossbeam, and the crossbeam through position 4 had the biggest displacement which was more than 4mm. The reason is that this beam has the closest distance from the main bar where the load was added on. 
Besides, the twist angle of each crossbeam was calculated as well. However, unlike the distribution of displacement, the twist angle increased continuously with the increase of distance from the fixed point. In the physical test, the distance from the fixed point had 5 different values: 729mm, 1049mm, 1797mm, 2394mm and 2794mm. And the twist angles corresponding to these five positions were 0.113443°, 0.135932°, 0.218225°, 0.293303° and 0.371818° respectively. The angle diagram below shows the result clearly:
[image: ]
[bookmark: _Hlk38466386]Figure 6-2 Twist angle diagram of the physical test
[bookmark: _Hlk38790247]6.2	FEA simulations
At this part, a total of six FEA models with different tube sizes will be analyzed, and the effect of different tube sizes on chassis performance will be explained by comparing their results.
The basic information for the six FEA models is showed below:
1) [bookmark: _Hlk38448635]Group 1: Square tubes, 30mm external diameter, 4mm wall thickness;
2) Group 2: Square tubes, 36mm external diameter, 7mm wall thickness;
3) Group 3: Square tubes, 36mm external diameter, 3.17mm wall thickness;
4) [bookmark: _Hlk38448848]Group 4: Round tubes, 30mm external diameter, 5.38mm wall thickness;
5) Group 5: Round tubes, 36mm external diameter, 8.38mm wall thickness;
6) Group 6: Round tubes, 36mm external diameter, 4.16mm wall thickness.
For group 2 and group 5, the external diameter was increased by 20% as group 1 or group 4, in order to keep the same internal diameter, the wall thickness remained the same amount of increase as external diameter.
To maintain the same cross-sectional area as group 1, some formulas below were applied to calculate the wall thickness in group 3, group 4 and group 6:

[bookmark: _Hlk38454485](Equation 6-1)

(Equation 6-2)

(Equation 6-3)
[bookmark: _Hlk38454735]For the equations above,  and  are represented for the wall thickness and external dimension in group1, group 3, group 4 and group 6 separately.
[bookmark: _Hlk38704966]6.2.1 Modal analysis
Vibration modes are the intrinsic and integral feature of elastic structures. Through the modal analysis method to understand the properties of the main modes of the structure in a certain susceptible frequency range, the actual vibration response of the structure in this frequency band under the action of various external or internal vibration sources can be predicted.
[image: ]
[bookmark: _Hlk38470856]Figure 6-3 Modal analysis result of group 1
1st order (left); 2nd order (right)
[bookmark: _Hlk38487019][bookmark: _Hlk38472209][bookmark: _Hlk38472586]Here is the modal analysis result in group 1. With a similar total grid number, the maximum value in the eigen mode contour plot between the two conditions were only had a small difference, which were 5.307 and 5.755. It should be noticed that in the second-order contour plot, the red area on the upper part of the chassis was longer than that in the first-order state, but on the contrary, the red color was quickly replaced by orange at the bottom. Besides, at the rear of the cockpit, the first-order state had lighter contour color, indicating that the change of contour gradient in the first-order chassis was lower than that in the second-order state. Calculated by software, the first-order inherent frequency was 16.758Hz and the second-order inherent frequency was 51.75Hz.
[image: ]
[bookmark: _Hlk38481021]Figure 6-4 Modal analysis result of group 2
1st order (left); 2nd order (right)
[bookmark: _Hlk38483204][bookmark: _Hlk39089433]For the result of group 2, the maximum number of grids increased from 539641 to 654148 (1st order) or 523588 to 653901 (2nd order), and the contour distribution followed the similar laws. The maximum value was still 5.307 in the first-order state, but increased a bit to 5.984 in the second-order condition. Furthermore, the contour distribution on both sides of the second-order model also had some difference, where the upper right corner of the cockpit had a higher value than the upper left. The inherent frequency for the first-order was 18.42Hz, and for the second-order was 54.03Hz, both of them have increased a little bit.
[image: ]
[bookmark: _Hlk38486634]Figure 6-5 Modal analysis result of group 3
1st order (left); 2nd order (right)
[bookmark: _Hlk38555145][bookmark: _Hlk38492020]The contour plot of group 3 showed the same trend. Although the external dimensions were remained the same as group 2, the maximum number of grids was 788012 in the first-order stage, and 787772 in the second-order stage. The maximum contour value dropped to the lowest among the first three groups: 4.803 for the first-order stage and 5.345 for the second-order stage. The inherent frequency for the first-order was 17.51Hz, and for the second-order was 51.88Hz, which was between the value in group 1 and group 2.
Since the cross-sectional shape of tubes had changed from square to round in the last three groups, the contour plots of modal analysis were made a big difference. In group 4, it was obvious to see that the sliding interval of the second-order contour value was much reduced compared to the first-order model. Besides, the maximum contour value occurred at different locations of the two stages: in the first-order stage, the front of the chassis had the highest contour value; but in the second-order stage, the maximum value appeared at the front of the bottom central tube.
[image: ]
[bookmark: _Hlk38550837]Figure 6-6 Modal analysis result of group 4
1st order (left); 2nd order (right)
[bookmark: _Hlk38491192][bookmark: _Hlk38490984][bookmark: _Hlk38553356]In the first-order stage, the contour value varied between  and , and the corresponding number of grids were 112018 and 806553. In the second-order stage, the contour value varied between  and , with the corresponding grid number of 53469 and 805507. Although the maximum grid number between the two states were almost the same, the minimum grid number in the second-order model was less than half of that in the first-order state. The inherent frequency for the first-order was 16.57Hz, and for the second-order was 54.15Hz.
For the contour plot in group 5, the maximum contour value in the first-order state was 5.330, which increased to 13.36 in the second-order state. Unlike the result showed in group 4, the minimum contour value in both states were reduced to zero. The minimum number of grids in both states were 112812, while the maximum grids was 806553 in the first-order model and 805507 for the second-order state. The inherent frequency for the first-order was calculated as 19.15Hz, and for the second-order was 64.18Hz.
[image: ]
[bookmark: _Hlk38553809]Figure 6-7 Modal analysis result of group 5
1st order (left); 2nd order (right)
[image: ]
[bookmark: _Hlk38707623]Figure 6-8 Modal analysis result of group 6
1st order (left); 2nd order (right)
In group 6, the maximum number of grids remained the same as group 5, and the smallest contour value in both states were zero as well. The maximum contour value increased a little bit: it was 5.352 in the first-order model, and was 14.85 in the second-order model. Besides, it was interesting to see that the minimum grids number was jumped from 112812 to 829474. The inherent frequency for the first-order was 18.39Hz, and for the second-order was 61.42Hz, which was between the results in group 4 and group 5.
6.2.2 Static analysis
First of all, the total mass of chassis in each group is provided:
[bookmark: _Hlk38823795]Table 6-2 Total mass of chassis in each group
	Group
	1
	2
	3
	4
	5
	6

	Mass(kg)
	145.767
	200.717
	145.767
	147.289
	208.975
	147.289


It can be seen that when the cross-sectional area became larger, the total mass of the square-tube chassis and the round-tube chassis was improved by 37.69% and 41.88% respectively.
For the static analysis, the maximum von Mises stress and the maximum displacement will be given by color nephogram separately:
[image: ]
[bookmark: _Hlk38708451]Figure 6-9 Stress color nephogram of square-tube chassis
Group 1 (left); Group 2 (middle): Group 3 (right)
It can be seen that the maximum von Mises stress of all three groups appeared at the same areas. The maximum value of each model was 46.71MPa, 55.69MPa and 46.52MPa, which indicated that a bigger tube external dimension with a larger wall thickness would have to withstand greater forces in the same unit area.
[image: ]
Figure 6-10 Stress color nephogram of round-tube chassis
Group 4 (left); Group 5 (middle): Group 6 (right)
For the three round-tube groups, the results were quite similar: with the largest external tube diameter and the biggest wall thickness, group 5 had the maximum stress about 124.5MPa. Coincidentally, the maximum stress value of group 4 and the group 6 were both 112.4MPa. Compared with square-tube chassis, the maximum stress in round tubes were more than doubled.
The displacement results are close behind. Just like the stress nephogram, the deformation nephogram will be also divided into square-tube chassis and round-tube chassis:
In the first three groups, the distribution of the displacement contours showed a high degree of uniformity. Due to the loads were added at both sides of the model, the contour had a high degree of symmetry. The maximum deformation occurred at the upper corner in front of the chassis, just behind the loading points. When the external tube dimensions were increased, the maximum displacement would reduce. Because of the thickest tube wall, the displacement value of group 2 was the smallest, which was only 0.24mm. As the original model, group 1 had the biggest displacement value of 0.34mm, but under the same cross-sectional area, the maximum displacement in group 3 was just about 0.29mm due to the larger tube size.
[image: ]
[bookmark: _Hlk38818265]Figure 6-11 Deformation color nephogram of square-tube chassis
Group 1 (left); Group 2 (middle): Group 3 (right)
[image: ]
Figure 6-12 Deformation color nephogram of round-tube chassis
Group 4 (left); Group 5 (middle): Group 6 (right)
The deformation results of round-tube chassis also showed the same contour distribution. The biggest displacement value appeared in group 4, which reached about 0.1825mm. The displacement value of group 5 was 0.1115mm, which was the smallest among the three. The maximum displacement of group 6 was 0.1281mm, indicating that its chassis deformation was slightly larger than that in group 5.
Compared the results between square tubes and round tubes, the maximum displacement in square-tube model was always bigger than the corresponding round-tube one. The twist angle diagram below can illustrate that point clearly:
[image: ]
[bookmark: _Hlk38826621]Figure 6-13 Twist angle diagram of 6 groups
[bookmark: _Hlk39260446]Table 6-3 Twist angle data of 6 groups (front to rear)
[image: ]
Note: The unit of twist angle is degree (°).
Based on the diagram above, the relations between twist angle and displacement can be explored in further researches.
In order to make a clearer comparison between different tube dimensions, scores about torsional stiffness, weight and cost of each group will be given by the table below. The letters A to F indicate the score of each group of chassis in different test items (from good to bad).
Table 6-4 Scores of 6 groups in different items
	
	Group 1
	Group 2
	Group 3
	Group 4
	Group 5
	Group 6

	Torsional Stiffness
	F
	D
	E
	C
	A
	B

	Weight
	A
	C
	A
	B
	D
	B

	Cost
	A
	B
	A
	C
	D
	C


The result of the comparison showed that each group had their advantages and drawbacks. Due to the design is always a compromise between different factors, according to actual needs, parameters in different groups can be used at different positions of the chassis.
6.3	Comparison between FEA and physical test
In this section, a line chart of twist angle and tube displacement will be provided separately to compare the results of the two test methods. And for the FEA model, group 1 was used as a comparison object because it had the same tube dimensions as real chassis.
The first part is the twist angle. It can be seen from the diagram that as the distance from fixed points increases, the torsion angle in physical test became much higher than that in the finite element simulation. The biggest difference occurred at the first interval where at the rear of the chassis: the slope of the physical testing was much greater than the FEA model, which meant that the full-scale chassis had a higher torsional stiffness. But after that, the angle increasing rate in both models showed a similar trend:
[image: ]
[bookmark: _Hlk38878071]Figure 6-14 Twist angle diagram of different test methods
The figure below is the displacement diagram:
[image: ]
Figure 6-15 Displacement diagram of different test methods
As can be seen from the diagram, for the physical chassis, there is a certain difference in the absolute value of the displacement on the left and right sides: although both of them had the maximum displacement at position 4, the displacement on the right side was a bit smaller at position 1, position 2 and position 5. For the simplified model in the FEA, the displacement showed the same trend but was much smaller. The maximum displacement occurred at position 4 as well, which was only 0.2638mm. A larger slope in the diagram means that the physical chassis has better torsional stiffness than the finite element model.
[bookmark: _Hlk39069573]Due to differences in model structure and errors between measurement methods, the two sets of data cannot meet a high degree of unification. But whether the twist angle or displacement, both sets of models showed similar changes, confirming the correlation between finite element analysis and physical testing.
[bookmark: _Hlk37009416]7 Discussion and conclusions
By using a variety of different methods to change the tube size, this project explored ways to improve the overall performance of a racing car chassis. During the study, a large number of references helped to determine the research direction. For example, the requirements of a chassis are not only strength and rigidity, but also a proper torsional stiffness. In order to get better torsional stiffness, a non-bended chassis is more suitable for the modification because its elastic mode will maintain torsion mode while the natural frequency increases. However, the torsional stiffness cannot be too high, otherwise the chassis will be deformed to a great extent. 
Modifications about the original chassis were based on finite element method by Solidworks 2019. Although the chassis was not fully restored in the simulation, analysis results of the finite element model basically showed the change trend consistent with the physical experiment. As an emerging technology, the FEA can not only predict and avoid product failures to a greater extent, but also help to reduce the number and cost of physical prototypes, which allows new products to be released faster.
The results of modal analysis illustrated that no matter how the tube size changes, the natural frequency of the second-order vibration was about three times that of the first-order. With the same tube shape, chassis which has the biggest wall thickness also has the biggest inherent frequency. When the cross-sectional area remained the same, bigger external tube dimension would have larger frequency. Though the first order frequency looked similar between square tubes and round tubes, the second order frequency of the round-tube chassis was a bit higher than the square one. Based on the results above, automobile manufacturers and parts companies will find better solutions to reduce the NVH problems and avoid resonance as much as possible, which will help the vehicle achieve higher drivability.
Due to the control of the cross-sectional area, the total mass difference between the square-tube chassis and the corresponding round-tube chassis was very small. When the tube shape was the same, the von Mises stress of the largest wall thickness chassis was the biggest, and with the same cross-sectional area, the round-tube chassis always had bigger stress value. However, the tube displacement and twist angle showed an opposite result: the square tubes always had bigger deformation, which meant that it had better toughness. The chassis was a complex structure, on the one hand, a certain degree of torsional stiffness had a positive effect on improving drivability, on the other hand, the cockpit needed to have higher strength to resist deformation when the vehicle rolled over. Considering that the round tubes have higher manufacturing costs than square ones, the tube dimensions in group 6 will be applied only for the cockpit of the modified chassis because a high torsional stiffness is needed at this part. Tube dimensions in group 3 will be chosen at the front and the rear of the chassis because it has proper toughness and great overall performance. Due to higher total mass and higher material costs, group 2 and group 5 are no longer considered as the best option.
As the contour diagram showed, the maximum stress and deformation always occurred at the area around load points. In order to achieve better overall performance, it is important to enhance the strength in this area. In reality, many small reinforced structures and detachable tubes are installed on the chassis so that it can achieve greater adaptability.
To sum up, during the study, some new test methods had been attempted and new skills had been learned. For example, the torsion angle was calculated by measuring the displacement of both ends of the tube in the physical test, and modal analysis in the FEA simulation helped a lot to understand the natural frequency of the chassis. Besides, both teamwork ability and hands-on ability had been improved during the chassis data measurement. What’s more, the major project has proved the importance about FEA simulations in automotive design and showed its broad development prospects. In the future where computer technology becomes more sophisticated, the parameters of finite element models and boundary conditions will be closer to the actual situation, which will provide a more efficient, intuitive and low-cost solution.
8 Recommended further work 
Firstly, the FEA simulation of the full-scale model was not realized due to the Coronavirus. In order to obtain accurate experimental data, the simplified model should be replaced by the original chassis in further study. Besides, the parameters about boundary conditions need to be reset so that they will have no difference as the real environment.
Secondly, restricted by the research direction, only tube sizes was considered in this project. However, the references illustrated that different structures and materials also have a strong impact to the chassis properties. To achieve better overall performance, recycled carbon fiber and aluminum can replace 4130 steel to a certain extent. Because they can not only reduce the weight, maintain sufficient strength and stiffness, but also have better tensile properties and not increase the total cost too much.
The last thing recommended to do in the further research is NVH reduction. Since NVH studies of the full-scale chassis can be done based on the modal analysis results, not only the noise and vibration of the chassis will be greatly reduced, but also the feeling of harshness will be better than before. By avoiding the coincidence of natural frequency and working frequency, the drivability of the vehicle will be significantly improved.
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10 Appendix
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Figure 10-1 Properties of 4130 steel
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Fig. 2: Non-bended frame Fig. 3: Bended frame
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Table 3: Result from finite element anal

Elastic Natural Yield Von Mises Displacement
Mode Frequency  Strength Stress (mm)
(Hz) (Nm?) (Nm?)
Non-Bended Frame 1 (Torsion) 46.06 25x10°  254x 10" 539.93
2 (Torsion) 69.74 25x10°  4.67x10° 525.48
Bended Frame 1 (Torsion) 47.82 2.5x 108 2.61x10"° 503.52
2 (Bending) 62.16 25x10°  2.72x 10" 304.33
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(b)

Fig. 4: Von Misses stress of the non-bended frames (a) elastic mode 1 (torsion), and
(b) elastic mode 2 (torsion)
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Fig. 5: Von Misses stress of the bended frames (a) elastic mode 1 (torsion), and
(b) elastic mode 2 (bending)
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position 1 2 3 4 5 load

a dis left 173 2.03 3.089 4 2.982 64.5kg
dis right 1395 179 321 4.01 2255
L 1580 1610 1640 1570 805
Angle 0.113322 0.135944 0.220065 0.292318 0.372743
@2 position 1 2 3 4 5 load
dis left 173 2.04 3111 4 2.973 65kg
dis right 141 179 319 4,085 221
L 1580 1610 1640 1570 805
Angle 0.113866  0.1363 0.220135 0.294325 0.37317
@ position 1 2 3 4 5 load
dis left 174 2.03 3.069 4.018 2.942 65kg
dis right 138 1779 3.07 4.018 225
0 312 3.809 6.139 8,036 5192
L 1580 1610 1640 1570 805

Angle 0.113141 0.135553 0.214475 0.293267 0.36954
Mean Anc 0 0.113443 0.135932 0.218225 0.293303 0.371818
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Material

v [i5) SOLIDWORKS Materials
v i) steel
1023 Carbon Steel Sheet (S5)
201 Annealed Stainless Steel (55)
A286 Iron Base Superalloy
AIS| 1010 Steel, hot rolled bar
Als| 1015 Steel, Cold Drawn (sS)
Als1 1020
AlS| 1020 Steel, Cold Rolled
AIS| 1035 Steel (55)
Als| 1045 Steel, cold drawn
AlsI 304
AIS| 316 Annealed Stainless Steel Bar (S
AIS| 316 Stainless Steel Sheet (55)
AIS| 321 Annealed Stainless Steel (SS)
AIS| 347 Annealed Stainless Steel (SS)
AIS! 4130 Steel, annealed at 865C
AlS| 4130 Steel, normalized at 870C
Als| 4340 Steel, annealed
Als| 4340 Steel, normalized
AIS| Type 316L stainless steel
AIS| Type A2 Tool Steel
Alloy Steel
Alloy Steel (55)
ASTM A36 Steel
Cast Alloy Steel
Cast Carbon Steel
Cast Stainless Steel

Chrome Stainless Steel

X

Properties Appearance CrossHatch Custom Application Data Favorites Sheet Metal

Material properties

Materials in the default library can not be edited. You must first copy the material to

a custom library to edit it

Linear Elastc Isotropic
S -N/m*2 (Pa) 2
Steel

AIS! 4130 Steel, annealed at 865C

Save model type in library

Defined
Property value |units ~

Elastic Modulus 205611 |N/mh2

Poisson's Ratio 0285 [N/A

shear Modulus gerio  [/m~2

Mass Density 7850 [kg/m"3

Tensile strength /560000000 [N/m*2

Compressive Strength N/m~2

Vield strength 1460000000 [N/m*~2

‘Thermal Expansion Coefficient 3

o 7 i v
< >

Close Save | | Config.. | Help
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