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Introduction 
We are working on the final design for the Supermileage project at the American 

University of Beirut (AUB). Our main goal was to ensure that our design adhered 

to the supermileage regulations and placed a strong emphasis on being lightweight. 

Specifically, our attention was directed towards the steering shaft, as it experiences 

the most stress within the system. This report delves into the details of our 

approach and considerations in optimizing the steering shaft for improved 

performance. Find the assembled Design Below. 

 

 Isometric View     Front View 

 

Side View      Top View 
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Literature Review 
The steering system is a critical component in the design and operation of 

supermileage cars. Achieving optimal performance in supermileage vehicles not 

only requires exceptional fuel efficiency but also precise steering control. This 

literature review aims to explore the existing research on the optimization of 

steering systems for supermileage cars. The review will discuss various 

approaches, methodologies, and technologies used to improve steering efficiency 

while maintaining safety. Supermileage car steering systems prioritize minimal 

energy consumption and lightweight design to maximize fuel efficiency. The 

components must be lightweight, ensuring precision and responsiveness for 

effective navigation in various conditions. The design of supermileage car steering 

systems emphasizes key factors to enhance overall efficiency. Prioritizing 

lightweight components, such as aluminum or composite materials, not only 

reduces the vehicle's weight but also involves optimizing the design to minimize 

mass without compromising structural integrity. Efficient steering geometry, 

encompassing caster, camber, and toe settings, is crucial for minimizing rolling 

resistance and ensuring efficient handling. To further enhance aerodynamics, 

computer simulations or wind tunnel testing can fine-tune the effects of steering 

system components. Additionally, the integration of low-friction bearings and 

joints plays a pivotal role in reducing mechanical losses, while sealed and 

maintenance-free components are employed to minimize energy-robbing friction 

within the steering system. This comprehensive approach underscores the 

commitment to maximizing fuel efficiency in supermileage vehicles through 

thoughtful material selection, aerodynamic optimization, and the reduction of 

frictional losses. In conclusion, the optimization of steering systems for 

supermileage cars is a multifaceted challenge that requires a careful balance 

between achieving exceptional fuel efficiency and maintaining precise control and 

safety. This literature review has shed light on the critical requirements of steering 

systems in supermileage vehicles, emphasizing the need for minimal energy 

consumption, lightweight design, precision, and safety. As well as showing various 

optimization paths. 
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Analysis of Forces on the shaft 
I. Assumptions 

Material Selected: Aluminum 2024 T3, with Sy=50 kpsi and Sut=68 kpsi 

The main shaft is mostly subjected to torque and has the most stress concentration, so it will be 

the center of our study. 

The average torque used for steering is 20 N.m = 180 lb.in on the whole shaft. 

The initial diameter assumed for the shaft is: 

𝑑 = 0.5 𝑖𝑛 

The bearing is assumed to be of the following dimensions (width = 1in,  OD = 1.125 in, Bore = 

0.5 in). 

II. FBD 
The following figures are the FBD of the shaft in the x-y and x-z planes. 

 

FIGURE 1. FBD OF THE SHAFT IN THE X-Y PLANE 
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FIGURE 2. FBD OF THE SHAFT IN THE X-Z PLANE 

The maximum angle between Part A and the short rod is: 𝜙𝑚𝑎𝑥 = 120°. At this angle, the forces 

applied on the shaft are maximal, therefore being the most critical position of our shaft. 

 

 

FIGURE 3. FBD OF PART A 

 

We have, 

2𝐹 cos 30° = 𝑇 
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Hence,  

𝐹 = 104 𝑙𝑏𝑓 

𝐹1 = 𝐹 cos 60° = 52 𝑙𝑏𝑓 

𝐹2 = 𝐹 cos 30° = 90.07 𝑙𝑏𝑓 

Looking at the FBD in figures 7 and 8, 

In the x-y plane, 

∑ 𝑀𝐴 = 0 

1.5𝐹1 = −1.2𝑅𝐵𝑦 

𝑅𝐵𝑦 = 65 𝑙𝑏𝑓 ↑ 

 

∑ 𝐹𝑦 = 0 

𝑅𝐴𝑦 = 117 𝑙𝑏𝑓 ↓ 

 

In the x-z plane, 

∑ 𝑀𝐴 = 0 

1.5𝐹2 = 1.2𝑅𝐵𝑧 

𝑅𝐵𝑧 = 112.6 𝑙𝑏𝑓 ↑ 

 

∑ 𝐹𝑧 = 0 

𝑅𝐴𝑧 = 202.66 𝑙𝑏𝑓 ↓ 
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We can then deduce the shear force and bending moment diagrams in the two different planes as 

following. 

In the x-y plane: 

 

FIGURE 4. SHEAR FORCE DIAGRAM (X-Y PLANE) 

 

FIGURE 5. BENDING MOMENT DIAGRAM (X-Y PLANE) 
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In the x-z plane: 

 

FIGURE 6. SHEAR FORCE DIAGRAM (X-Z PLANE) 

 

 

FIGURE 7. BENDING MOMENT DIAGRAM (X-Z PLANE) 

 

Point A is a critical point  

At shoulder A, 

𝑀𝑚𝑎𝑥 = 104 𝑙𝑏𝑓. 𝑖𝑛 

𝑀𝑚𝑖𝑛 = −104 𝑙𝑏𝑓. 𝑖𝑛 
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𝑀𝑚 =
𝑀𝑚𝑖𝑛 + 𝑀𝑚𝑎𝑥

2
= 0 

𝑀𝑎 =
𝑀𝑚𝑖𝑛 − 𝑀𝑚𝑎𝑥

2
= 104 𝑙𝑏𝑓. 𝑖𝑛 

 

And, 

𝑇𝑚𝑎𝑥 = 180 𝑙𝑏𝑓. 𝑖𝑛 

𝑇𝑚𝑖𝑛 = −180 𝑙𝑏𝑓. 𝑖𝑛 

Therefore,  

𝑇𝑚 =
𝑇𝑚𝑖𝑛 + 𝑇𝑚𝑎𝑥

2
= 0 

𝑇𝑎 =
𝑇𝑚𝑖𝑛 − 𝑇𝑚𝑎𝑥

2
= 180 𝑙𝑏𝑓. 𝑖𝑛 

 

Hence,  

𝑀𝑚 = 0 

𝑀𝑎 = 104 𝑙𝑏𝑓. 𝑖𝑛 

𝑇𝑚 = 0 

𝑇𝑎 = 180 𝑙𝑏𝑓. 𝑖𝑛 

Then, assuming the following: 

𝑟 = 0.025 𝑖𝑛 

𝑟
𝑑⁄ =

0.025

0.5
= 0.05 

𝐷
𝑑⁄ =

1.125

0.5
= 2.25 

Using the following figures, 
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FIGURE 8 

 

FIGURE 9 

 

We get, 

𝐾𝑡 = 2.2 

𝐾𝑡𝑠 = 1.8 

With, 

50 ≤ 𝑆𝑢𝑡 ≤ 220 𝑘𝑝𝑠𝑖 

From equation 6-35, 

√𝑎𝑠 = 0.246 − 3.08 × 10−3 × 𝑆𝑢𝑡 + 1.51 × 10−5 × 𝑆𝑢𝑡
2 − 2.67 × 10−8 × 𝑆𝑢𝑡

3 = 0.098 
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𝑞 =
1

1 +
√𝑎

√𝑟

= 0.203 

From equation 6-36, 

√𝑎𝑠 = 0.190 − 2.51 × 10−3 × 𝑆𝑢𝑡 + 1.35 × 10−5 × 𝑆𝑢𝑡
2 − 2.67 × 10−8 × 𝑆𝑢𝑡

3 = 0.073 

𝑞𝑠 =
1

1 +
√𝑎𝑠

√𝑟

= 0.255 

Then, 

𝐾𝑓 = 1 + 𝑞(𝐾𝑡 − 1) = 1.2436 

𝐾𝑓𝑠 = 1 + 𝑞𝑠(𝐾𝑡𝑠 − 1) = 1.204 

Therefore, 

𝐴 = √4(𝐾𝑓𝑀𝑎)2 + 3(𝐾𝑓𝑠𝑇𝑎)2 = 455.86 

𝐵 = √4(𝐾𝑓𝑀𝑚)2 + 3(𝐾𝑓𝑠𝑇𝑚)2 = 0 

 

Checking for yielding, 

𝜎′𝑎 = √(
32𝐾𝑓𝑀𝑎

𝜋𝑑3
)

2

+ 3 (
16𝐾𝑓𝑠𝑇𝑎

𝜋𝑑3
)

2

= 18.57 𝑘𝑝𝑠𝑖 

𝜎′𝑚 = 0 

Hence, 

𝑛𝑦 =
𝑆𝑦

𝜎′𝑎
=

50

18.57
= 2.69 > 1, no yielding predicted 

 

Checking for fatigue, while assuming the shaft machined, 

𝑆′𝑒 = 0.5𝑆𝑢𝑡 = 34 𝑘𝑠𝑝𝑖, since Sut < 200 kpsi 
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𝑘𝑎 = 𝑎𝑆𝑢𝑡
𝑏 = 2.00 × 68−0.217 = 0.8 

𝑘𝑏 = 0.879𝑑−0.107 = 0.947, since 0.3 < d = 0.5 < 2in 

𝑘𝑐 = 𝑘𝑑 = 𝑘𝑒 = 1 

Hence, 

𝑆𝑒 = 𝑘𝑎𝑘𝑏𝑘𝑐𝑘𝑑𝑘𝑒𝑆′𝑒 = 25.76 𝑘𝑝𝑠𝑖 

𝑛 =
𝜋𝑑3

16
(

𝐴

𝑆𝑒
+

𝐵

𝑆𝑢𝑡
)

2

=
𝜋 × 0.53

16
×

25.76 × 103

455.86
= 1.387 

 

 

III. Bearing Selection: 
Using the following catalog data for ball bearings: 

 

Table 1. 

 

We will choose a deep groove ball bearing, 
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with a=3, x0=0.02, θ=4.459, b=1.483, LR=L10=106, RD=0.99 & af =1.2, and assuming a desired 

life LD=108 

We have: FD =104 lbf and xD=LD/LR=100. 

So, 

𝐶10 = 𝑎𝑓𝐹𝐷 [
𝑥𝐷

𝑥0 + (𝜃 − 𝑥0)[1 − 𝑅𝐷]1 𝑏⁄
]

1
𝑎⁄

= 961.2 𝑙𝑏𝑓 = 4.3 𝑘𝑁 

We choose: 𝐶10 = 5.07 𝑘𝑁 with a bore of 10mm < 0.5 in.  

Therefore, we will choose a ball bearing with a bore of 15mm, and will increase the diameter of 

our shaft to match the bore diameter, hence becoming a shaft of diameter d=15 mm. 

The new selected bearing is then a deep groove ball bearing with: 

𝐵𝑜𝑟𝑒 = 15 𝑚𝑚 = 0.59 𝑖𝑛 

𝑂𝐷 = 35 𝑚𝑚 = 1.378 𝑖𝑛 

𝑤 = 11 𝑚𝑚 = 0.433 𝑖𝑛 

 

Subsequently, our design will need to be modified as follows: 

 Old (in) New (in) 

d 0.5 0.59 

OD (shoulder) 1.125 1.5 

w 1 0.433 

 

The new shaft will look as the following figures: 
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FIGURE 10. UPDATED FBD OF THE SHAFT IN THE X-Y PLANE 

 

FIGURE 11. UPDATED FBD OF THE SHAFT IN THE X-Z PLANE 

 



 

Page | 17  
 

The shear and bending moment diagrams will stay the same, but the critical point at the shoulder 

will be shifted to the right. Therefore, we need to make sure the design is still valid at the 

shoulder. 

At shoulder A: 

𝑀𝐴𝑥𝑦
= 66.742 𝑙𝑏𝑓. 𝑖𝑛 

𝑀𝐴𝑥𝑧
= 115.6 𝑙𝑏𝑓. 𝑖𝑛 

Hence, 

𝑀𝑚𝑎𝑥 = 133.488 𝑙𝑏𝑓. 𝑖𝑛 

𝑀𝑚𝑖𝑛 = −133.488 𝑙𝑏𝑓. 𝑖𝑛 

𝑇𝑚𝑎𝑥 = 180 𝑙𝑏𝑓. 𝑖𝑛 

𝑇𝑚𝑖𝑛 = −180 𝑙𝑏𝑓. 𝑖𝑛 

Then, 

𝑀𝑚 = 0 

𝑀𝑎 = 133.488 𝑙𝑏𝑓. 𝑖𝑛 

𝑇𝑚 = 0 

𝑇𝑎 = 180 𝑙𝑏𝑓. 𝑖𝑛 

With, 

𝑟 = 0.025 𝑖𝑛 

𝑟
𝑑⁄ =

0.025

0.59
= 0.0424 

𝐷
𝑑⁄ =

1.15

0.59
= 2.542 

Using the following figures again, 
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FIGURE 12 

 

FIGURE 13 

 

We get, 

𝐾𝑡 = 2.4 

𝐾𝑡𝑠 = 1.9 

With, 

50 ≤ 𝑆𝑢𝑡 ≤ 220 𝑘𝑝𝑠𝑖 

From equation 6-35, 

√𝑎𝑠 = 0.246 − 3.08 × 10−3 × 𝑆𝑢𝑡 + 1.51 × 10−5 × 𝑆𝑢𝑡
2 − 2.67 × 10−8 × 𝑆𝑢𝑡

3 = 0.098 
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𝑞 =
1

1 +
√𝑎

√𝑟

= 0.203 

From equation 6-36, 

√𝑎𝑠 = 0.190 − 2.51 × 10−3 × 𝑆𝑢𝑡 + 1.35 × 10−5 × 𝑆𝑢𝑡
2 − 2.67 × 10−8 × 𝑆𝑢𝑡

3 = 0.073 

𝑞𝑠 =
1

1 +
√𝑎𝑠

√𝑟

= 0.255 

Then, 

𝐾𝑓 = 1 + 𝑞(𝐾𝑡 − 1) = 1.2842 

𝐾𝑓𝑠 = 1 + 𝑞𝑠(𝐾𝑡𝑠 − 1) = 1.2295 

 

Therefore, 

𝐴 = √4(𝐾𝑓𝑀𝑎)2 + 3(𝐾𝑓𝑠𝑇𝑎)2 = 514.28 

𝐵 = √4(𝐾𝑓𝑀𝑚)2 + 3(𝐾𝑓𝑠𝑇𝑚)2 = 0 

 

Checking for yielding, 

𝜎′𝑎 = √(
32𝐾𝑓𝑀𝑎

𝜋𝑑3
)

2

+ 3 (
16𝐾𝑓𝑠𝑇𝑎

𝜋𝑑3
)

2

= 12.7 𝑘𝑝𝑠𝑖 

𝜎′𝑚 = 0 

 

Hence, 

𝑛𝑦 =
𝑆𝑦

𝜎′𝑎
=

50

12.7
= 3.94 > 1, no yielding predicted 
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Checking for fatigue, while assuming the shaft machined, 

𝑆′𝑒 = 0.5𝑆𝑢𝑡 = 34 𝑘𝑠𝑝𝑖, since Sut < 200 kpsi 

𝑘𝑎 = 𝑎𝑆𝑢𝑡
𝑏 = 2.00 × 68−0.217 = 0.8 

𝑘𝑏 = 0.879𝑑−0.107 = 0.930, since 0.3 < d = 0.5 < 2in 

𝑘𝑐 = 𝑘𝑑 = 𝑘𝑒 = 1 

Hence, 

𝑆𝑒 = 𝑘𝑎𝑘𝑏𝑘𝑐𝑘𝑑𝑘𝑒𝑆′𝑒 = 25.3 𝑘𝑝𝑠𝑖 

𝑛 =
𝜋𝑑3

16
(

𝐴

𝑆𝑒
+

𝐵

𝑆𝑢𝑡
)

2

=
𝜋 × 0.593

16
×

25.3 × 103

514.28
= 1.98 

IV. Clearance 

Using the following table (table 2), we will choose the sliding fit (H7/g6), with 𝑑 = 𝐷 =

0.59 𝑖𝑛. 

 

Table 2. 

 

Now, from the following table (Table 3), we find the tolerance grades: 
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Table 3. 

Therefore, 

𝐼𝑇7 = Δ𝐷 = 0.0007 

𝐼𝑇6 = Δ𝑑 = 0.0004 

In addition, using the table below, we find the fundamental deviations: 

 

Table 4. 

Hence, 

𝛿𝐹 = −0.0002 
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Then, 

𝑑𝑚𝑎𝑥 = 𝑑 + 𝛿𝐹 = 0.59 − 0.0002 = 0.5898 𝑖𝑛 

𝑑𝑚𝑖𝑛 = 𝑑 + 𝛿𝐹 − Δ𝑑 = 0.59 − 0.0002 − 0.0004 = 0.5894 𝑖𝑛 

And, 

𝐷𝑚𝑖𝑛 = 𝐷 = 0.59 𝑖𝑛 

𝐷𝑚𝑎𝑥 = 𝐷 + Δ𝐷 = 0.59 + 0.0007 = 0.5907 𝑖𝑛 

V. Deflection 
We’ll be calculating the angular deflection of the shaft. 

From the simulation, we can extract that the displacement of a point on the surface of the shaft is 

on average ∆𝑥 = 4 × 10−4 𝑖𝑛𝑐ℎ𝑒𝑠 at the bearing. 

The perimeter of the shaft is: 

𝑃 = 2𝜋𝑟 = 𝜋 × 0.59 = 1.8535 𝑖𝑛 

Using proportionality, 

Distance (in.) Angle (degrees) 

1.8535 360 

4×10-4 a 

 

𝑎 =
4 × 10−4 × 360

1.8535
= 0.0777° = 0.00136 𝑟𝑎𝑑 

 

Table 5. 
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Our angular deflection falls within the allowable interval from table 5. 

Drawings: Assemblies, Subassemblies, and Parts 
The Steering Column assembly consists of five parts: two ball bearings, two 

shoulders, a steerer, a steering column, and a bolt to attach the steerer to the 

steering column. The Figure 14 below shows this assembly on it owns. 

 

Figure 14. Steering System 

The steering column is the component that transfers rotation of the steering wheel 

to the rotation of the steerer. Since weight is an important specification, this 

column will be made out of aluminum, but 2024 T3 aluminum. This material was 

chosen dues to its higher yield and shear strength. This feature can be seen in 

Figure 16.  
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The Steerer is a part that will translate the rotational movement of the steering 

column to the short tie rod as shown in the figure 15 below. 

 

Figure 15. Steerer 
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Figure 16. Steering Column 
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Bill of Materials 

 

Fig.17. Steering Shaft 

 

Item No. Description Material Quantity 

1 Steering Column Aluminum 2024-T3 1 

2 Steerer Aluminum 6061-T6 1 

3 Socket Head Screw Black-Oxide Coated Steel 1 

4 Clamping Shaft Collar Aluminum 2024 2 

5 Deep Groove Ball Bearing Steel 2 
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FEA Analysis 

 

FEA Analysis on SolidWorks of the steering shaft presenting Von Mises, Deflection, and Safety Factors. 
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Appendix 
Tables 

 

Table 1. 

 

Table 2. 
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Table 3. 

 

Table 4. 

 

Table 5. 
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Graphs 

 

Figure 12. 

 

Figure 13. 

 
 

 

 

 

 

 

 



 

Page | 33  
 

References  
1- https://www.shellecomarathon.com/about/global-rules.html   

2- https://sites.aub.edu.lb/cogsandcaffeine/2021/02/04/supermileage-car/  

3- https://www.gabrian.com/2024-aluminum-properties/   

4-  https://www.aalco.co.uk/datasheets/Aluminium-Alloy-6061-T6-

Extrusions_145.ashx  

5- https://www.skf.com/mena/products/rolling-bearings/ball-bearings/deep-

groove-ball-bearings   

https://www.shellecomarathon.com/about/global-rules.html
https://sites.aub.edu.lb/cogsandcaffeine/2021/02/04/supermileage-car/
https://www.gabrian.com/2024-aluminum-properties/
https://www.aalco.co.uk/datasheets/Aluminium-Alloy-6061-T6-Extrusions_145.ashx
https://www.aalco.co.uk/datasheets/Aluminium-Alloy-6061-T6-Extrusions_145.ashx
https://www.skf.com/mena/products/rolling-bearings/ball-bearings/deep-groove-ball-bearings
https://www.skf.com/mena/products/rolling-bearings/ball-bearings/deep-groove-ball-bearings

