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ABSTRACT

This report outlines Birdie Boys completed analysis for their proposed design of a transmission
for a luxury golf cart. The design consists of three shafts: input, idler, and output. There is one
helical gear on both the input and output shaft, while the idler shaft carries two helical gears.
Overall, the gears provide a 7.5:1 speed reduction from the input to output shaft. This report
focuses on the analysis completed throughout the design process and the finalized design
selection.

AISI 4140 steel was chosen for all gears materials, sourced from the KHK helical gear catalog.
The calculation of gear safety factors adheres to AGMA standard 2001-D04, which requires
determining the correction factors for bending/contact strengths and factors for bending/contact
stresses. The final gear train selection must have a yield bending safety factor above 1.2 and
contact safety factor above 1.15, which was an internally set criteria based on the gear
manufacturer’s gear safety factor calculation. Safety factors were considered to provide a reliable
transmission to best prevent gear teeth fatigue failure. Moreover, the bore diameter of the
selected gears must meet the minimum diameter determined from the shaft analysis.

AISI 4140 oil-quenched steel was selected as the optimal shaft material. In accordance with
AGMA recommended DE Elliptic criteria, which evaluates shaft failure, minimum shaft diameters
were calculated at the gear locations. Next, choose the first viable gear bore diameter available
to assess MECE 360 Inc. given deflection and twist criteria and determine if increasing the
diameter is necessary. The finalized shaft diameters at the gear locations are 30mm, 32mm, and
40mm for the input, idler, and output shaft respectively. Additional analysis confirmed that the
angle of twist, linear deflection, and angular deflection at gears and bearings meet required limits.

Birdie Boys aimed to select appropriate single-row ball bearings from the SKF catalogue while
adhering to constraints on bore diameter and performance requirements. Bearings were
evaluated based on dynamic and static loading criteria, considering shaft bending and twisting
constraints, life expectancy targets, and axial-radial load relationships. Iterative calculations
identified initial bearing models, but due to bore diameter limitations, larger conservative
alternatives were selected: model 6305 for the input shaft, model 6306 for the idler shaft, and
model 6307 for the output shaft. The selected bearings meet the required load capacities and
dimensional constraints.
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1. Introduction

Birdie Boys have been tasked with designing a transmission system for an electrically powered
vehicle, specifically a luxury golf cart intended for use at private golf courses in the Edmonton
area. This report summarizes and describes the complete analysis used to reach the transmission
design as well as the final design decisions. The design consists of a three shaft, four gear system
which transmits power from the HPEVS AC-9 48V Electric Motor to the drive system. The primary
objective of this report is providing analysis and determining final selections for gears, shafts, and
bearings. The analysis was executed for gears, shafts, and bearings for an optimal design that
can withstand operational loads, ensure reliability and efficient power transmission. Birdie Boys
have selected the KHK gear catalog to choose high-quality gears that meet AGMA standards.
Helical gears were selected for their quieter operation and smoother meshing compared to spur
gears. The shafts were custom machined to ensure compatibility with the selected gears.
Bearings were selected from SKF catalog to ensure compatibility with the recommended shaft
diameter as well as manufacturability of the assembly. The initial target linear velocity of the golf
cart was 30 km/h which required an output of 348 RPM, but restrictions were imposed on the
design due to necessity of meeting minimum shaft diameter as well as limited variety of helical
gears on the market. Considering the restrictions, the new target linear velocity of the golf cart is
in the range of 25 - 35 km/h.

2. Design Methodology

The design process will be explained in this section. This includes the fundamental design
specifications and assumptions.

2.1. Design Specifications and Assumptions

As an overview on the transmission assembly and how they would look like, figure 1 is provided
below. See Appendix D for the full drawing package.

Input Shaft

Helical Gear 2

Driving Motor Helical Gear 3

Helical Gear 1

(Input) Idier Shaft

Output Shaft

Support Bearings
Helical Gear 4
(Output)

Figure 1 - Final transmission layout.
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An existing electric golf cart in the market was used as a reference for the client’s golf cart
design [1]. The initial plan for the output speed was 30km/h but this was revised due to the
limited amount of options of helical gears available in the market. Therefore, the output speed
was revised to the range of 25-35 km/h, which lies in the acceptable range of typical golf cart
speeds being 19-40 km/h [2]. The engine chosen for the vehicle is HPEVS AC-9 48V Electric
Motor. Considering the maximum torque and RPM of the motor, the ideal gear ratio fell into the
range of about 7.5:1 to 10:1 which aligns with the goal of 25-35 km/h (check Appendix C - C7
for detailed calculations). Following are the detailed specifications assumptions of the overall
design, which support the design analysis in subsequent sections:

1. Motor Specs (See Appendix B - Figure 1)
a. Maximum horsepower: 23.3hp at 3000 RPM

b. Ideal Torque: 41.3 Ib«ft (56 Nem) at 3000 RPM

2. Cart specs
a. Total mass of cart (Including passengers, cargo, transmission): 600kg
i. Cart mass: 350kg
ii.  Carrying capacity: 250kg
ii.  Tire Size: 18 x 8.50 - 8
3. Weather condition
a. Temperature: Maximum of 40°C
b. Weather: Rainy conditions for extreme condition (conservative) analysis
4. Due to the importance of creating a luxurious consumer experience, only helical gears
were used because of the smooth and quiet nature compared to other types of gears

5. Conservative life cycle of 16.632 x 107 for input shaft and input pinion (Appendix C - C1
for derivation of life cycle assumption)
6. Assumed maximum incline
a. 15 degrees
7. Required output torque on rear axle shaft: Greater than 124.4 Nm (Appendix C - C6)

a. This required torque assumes a non-slip condition (tire isn’t screeching).
Maximum torque from the rear axle occurs when maximum static friction is
achieved - at maximum incline (15 degrees) and maximum coefficient of friction
(1.0).

b. This was derived for a conservative analysis of the load on transmission, as all
other vehicle driving conditions will require less torque than this maximum torque
value

8. Operating temperature

a. Assume a cooling system will be installed to ensure the gearbox transmission
temperature is below the maximum operating temperature of 220 degrees
Fahrenheit [3].

9. Meet AGMA standards

a. Selected designs (Gear sets and shafts) must adhere to AGMA standard

ANSI/AGMA 2001--D04 and AGMA 908-B89, to meet the AGMA requirements
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for operating strength, durability, and precision. Any design that doesn’t satisfy
AGMA standards will automatically be eliminated
10. Acceptable gear ratio and corresponding maximum cart speed
a. Gearratio range: 7.5:1 - 10:1
b. This ratio was calculated based on assuming the acceptable output speed in
range of 25 km/h and 35 km/h (Check Appendix C - C7 for calculation)

2.2. Design Analysis Approach

Choose gear train that
satisfies targeted gear ratio

Safety factors < 1 Gear Force Analysis
(fail)

Gear Analysis to calculate Min. Diameter > Gear Bore
AGMA gear safety factors (fail)

Safety factors > 1
(pass)

Shaft Analysis to find
Min. Diameater

Min. Diameter < Gear Bore
(pass)

Acceptable Gear Train

Perform Bearing Analysis

Figure 2 - Design analysis approach flow chart.

3. Analysis

3.1. Required Gear Ratio and Calculation

First, an ideal gear ratio to achieve the desired output speed range was calculated. The
calculation resulted in the targeted gear ratio of 7.5:1 to 10:1 (Appendix C - C7). However, the
torque also had to be considered to finalize the ideal gear ratio range, which resulted in the
range of 2.2:1 to 8.3:1 (See Appendix C - C6 for detailed calculation). However, the gear ratio is
still allowed to exceed the targeted 8.3:1, as it would just be an overdesign that would result in
the tire to screech at maximum torque on the steepest incline with the maximum coefficient of
static friction. Therefore, the ideal gear ratio is finalized as 7.5:1 to 8.3:1, though a range of
8.3:1 to 10:1 remains acceptable.
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3.2. Gears
3.2.1. Gear Analysis Introduction

KHK Gears was selected as the gear vendor as it had the most options available [11]. After
determining the required gear ratio for the transmission design, key criteria for the selected gear
sets were identified:

1. AGMA bending safety factors (n;) must exceed 1.2 and contact safety factors
(n.) must exceed 1.15 in accordance with the gear manufacturer website [12].
a. Bending and contact stresses were calculated using the AGMA 2001-D04
equations, along with geometric factors and properties from the AGMA 908-B89.
b. Bending and Contact Safety Factor Equations:

N
n, =L (Eq. 1)

Op

n, = (Si)z (Eq. 2)

Oc

c. Strengths are corrected to account for factors that affect the performance and
durability of the gears, such as number of cycles, operating temperature, and
material properties

2. Additionally, the bore diameters of the available gears must be equal to or larger than
the minimum shaft diameter at the gear locations to prevent excessive shaft bending or
twisting.

Safety factors provide a measure of a design's reliability by comparing the corrected material
strength to the applied stresses. If the applied bending stress exceeds the corrected material
bending strength, the safety factor for bending will drop below 1. This indicates that the
component is overstressed and at significant risk of fatigue failure due to bending. The same
logic applies to contact safety factor. A safety factor greater than 1 indicates that the design has
sufficient strength to withstand the applied stresses, ensuring reliability under the specified
operating conditions. However, It's always best to attempt to achieve a higher safety factor to
ensure minimize the risk of the gear failure. During a long term operation, the gear with the
safety factor closest to 1 will fail first.

To begin the analysis and verify whether the selected gear train met these criteria, the gear
material was initially assumed to be AISI 4140 steel, the strongest material available in the
catalog. This choice allowed for potential downgrading to a less expensive material if AIS1 4140
proved to be overly robust for the transmission's requirements.

3.2.2. Gear Analysis Procedure and Assumptions

Some key assumptions were made before conducting gear analysis based on design
assumptions and in accordance to AGMA 2001-D04:

1. Assume lifespan of 166.632 million cycles for gear on input shaft
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2.
3.
4.

a. lIdler and output shaft gear cycle would decrease by the respective gear mesh

ratio (See calculation in Appendix C - C4 —» gear SMath).

Assume all gears have the same hardness (all gears are the same material).
Assume operating temperature is less than 250°F.
Assume reliability of 99%.

Following is the gear analysis procedure (See Appendix C - C4 for detailed execution):

1.

Select Gear Train: Choose a gear train that meets the desired gear ratio and aligns with
design requirements.
Identify Forces: Calculate axial, tangential, and radial forces, as well as moments
induced by the gears, based on the transmission design. (Check appendix C - C3 for
example calculation)
Determine Bending/Contact Stress Factors: Using AGMA 2001-D04 standards, calculate
the bending and contact stress factors (e.g., application factor (Ka) of 1.25, reliability
factor (K;) of 1 for 99% reliability, etc.) based on gear geometry, forces, and
assumptions.
Evaluate Bending and Contact Stresses: Calculate the bending and contact stresses
using the determined factors.
Strength Assessment:
a. Determine uncorrected bending and contact strengths from AGMA standard
(material-specific properties).
b. Apply correction factors for life span, temperature, materials, and operating
conditions to adjust these strengths.
Safety Factor Verification: Ensure the calculated safety factors (strength-to-stress ratios)
exceed 1.2 for bending and 1.15 for contact to confirm feasibility.
Shaft Analysis:
a. Calculate the minimum shaft diameter needed at gear locations to handle forces
without excessive bending or twisting.
Bore Diameter Check:
a. If gear bore diameters are too small for the calculated shaft diameter, restart with
a new gear train as there are not many options for helical gears with bigger bore
diameter in catalog.
b. If bore diameters are bigger, the design is acceptable (smaller helical gear bore
diameters are usually available in catalog).
Optimize Design: In consideration of the design decision matrix (See Appendix A - Table
2) that emphasizes the importance of compact size and durability, if safety factors are
not met or better optimized designs for size or safety could be considered, repeat Steps
1-8.

3.2.3. Results

Detailed overview of the gear analysis result is outlined in Appendix A - Table 3.

5] Page



The first iteration of the gear train, the gear ratio was 7.5:1, which lied right in the predetermined
ideal gear ratio from section 3.1. Looking at the safety factor, the gear on the idler shaft is likely
to fail from contact because its contact safety factor of 1.1555 is smaller than all the other safety
factors of gears and pinions in the same set. Although this gear train passed the safety factor
criteria and met the targeted gear ratio, the input pinion bore diameter of 20mm was smaller
than the suggested shaft diameter of 30mm, which meant new gear train had to be selected
instead. Moreover, it was determined that only AlSI 4140, which was the strongest steel in the
catalog, will be considered for the gear materials, because AISI 1045 steel would certainly result
in a contact safety factor of less than 1.15.

The second iteration of the gear train resulted in the gear ratio of 8:1, which also meets the ideal
gear ratio. Looking at the safety factor, gear 2 will most likely fail first from bending due to a
safety factor of 1.3183. This gear train passed both criteria outlined in 3.2.1 and also met the
ideal gear ratio. However, considering the emphasis of compact size and high reliability from the
design decision matrix, a gear train that consists of gears with smaller pitch diameter and bigger
face width was explored.

The third gear train resulted in the gear ratio of 7.5:1. Looking at the safety factor, gear 3 is most
likely to fail due to contact, having the smallest safety factor of 1.3651. This gear train also
passed both criteria and met the ideal gear ratio. The smallest safety factor of 1.3651 from this
iteration is greater than the smallest safety factors from the previous iterations, and also
provides a more compact design compared to the second iteration as the chosen gears have
the smaller pitch diameter, making it the final selection.

Table 1 - Final gear train selection

Iteration | Gear | Gear Number | Pitch Bore Material | Bending | Contact | Gear Output speed | Output
Type of Teeth | Diameter | Diameter Safety Safety Ratio of of the set Torque
(mm) (mm) Factor Factor the Train | (km/h) (N m)
3 1 Helical 20 60 30 4140 31211 2.5265 | 7.5:11 34.472 420 Nm
(Right) Steel
2 Helical 60 180 32 4140 2.8855 5.486
(Left) Steel
3 Helical 24 72 32 4140 1.3885 1.3651
(Left) Steel
4 Helical 60 180 40 4140 1.5571 3.7817
(Right) Steel
3.3. Shafts

3.3.1. Shaft Analysis Introduction

Shaft analysis was conducted upon verifying all the gear safety factors were met. Shaft steps
were incorporated into the design to prevent axial movement of gears and bearings. Keys and
keyways were used to prevent slippage of gears on the shaft and were selected in accordance
to ANSI-B17.1 [15] standard which governs geometry of keys. To account for the stress
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concentration by shaft steps and keyways, the design uses fillets to reduce stress contraction
factor and improve the fatigue life.

After preliminary research on common golf transmission shaft materials, AISI 4140 steel [10]
was chosen for its high yield strength, durability, and fatigue resistance, making it ideal for high-
torque applications. These design considerations ensure all shafts within the transmission
operate as intended.

Key design objective is to prevent failure due to operation loads, including bending, axial forces,
torque, and fatigue. Moreover, design efficiency must be optimized through iterations by
minimizing shaft length for better overall compactness and reduction of weight. Detailed shaft
analysis calculations can be found in Appendix C - C9 through C15.

In order to pass the shaft analysis, the following criteria must be met:

1. Strength Failure (DE Elliptic Criteria)
a. First Cycle Yield:

(Eq. 3)
b. Fatigue Failure:
no'y 2 no'm 2
(%) +(?) <1 (Eq. 4)
Shaft Twist < 3 deg/m

Linear Deflection at gears < 0.127 mm

Angular Deflection at gears < 0.03 deg (0.0005 rad)

o A w0

Angular Deflection at bearings < 0.004 rad
3.3.2. Assumptions

Some key assumptions were made to conduct shaft analysis:

1. Assume the operating temperature is doesn’t exceed 220 °F
2. Assume lifespan 1.6632 x 108 2 10° cycles therefore, infinite life (see appendix C - C1)

3. Assume 95% reliability — designing for moderate load conditions, high-quality materials,

ensure durability under controlled, low-stress golf course environments

4. Assume constant torque, but will fluctuate between 0 (when not in use) and operating
torque

5. Assume forces on shaft are fully reversed, due to shaft rotation causing a critical
element to switch between compression and tension of equal magnitudes
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3.3.3. Procedure

1. Create diagrams and FBDs. Use the calculated gear forces and resultant moments
acting on the shaft to calculate the support reactions.

2. Once the forces are calculated, use singularity functions to find shear force and bending
moments.

3. After considering the SCF for the keyway, calculate the mean and alternating torque and
bending moment on the shaft.

4. Assume a minimum diameter of 0.11-2” which will be checked later.

5. Calculate the corrected endurance strength using correction factors. Use the
assumptions to get the respective values for correction factors.

6. Use DE Elliptic failure criteria (AGMA guidelines) to iteratively solve for the minimum
diameter at the gear locations. Utilize MATLAB for the iterations (Appendix C-10)

7. Check there is no first cycle failure — consider startup torque (maximum torque)

8. Check the assumptions with the new minimum diameter and ensure they are valid.

9. Use the singularity functions to solve for slope and deflection.

10. Check the evaluation criteria for deflection and twist as outlined in the introduction.

11. If any of the criteria is not met, assume a new minimum diameter and try again until the
criteria is met.

12. Considering the design decision matrix (Appendix A - Table 2), which emphasizes
compactness, the length of the shaft was optimized by positioning the gears between the
shaft shoulders and bearings. See the following figure for schematic.

Y
A Gaar 2 A Gear2
\ \
[
Gear 3 / benr 3
LA L] ¢ L by Pk
! d
|.|| 7 / Jln bz
T M 3 > EE ] X
—{ ] |+
|1 L Ham
| |~ u.s....;
ﬁ 20_'5:1 /_/
Zin
Yin 22 e
ain 102.5 e
1

Figure 3 - Schematic of changing original shaft length to optimized shaft length.

3.3.4. Results

Given that all the gear lengths are 41 mm and the gears are spaced apart by 20.5 mm (half of
the gear length), the length in between the bearings for all the shafts is 102.5 mm.
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Using re-iteration, the input shaft passed all of the above criteria and it was concluded that the
minimum shaft diameter at the pinion is 30 mm while the minimum shaft diameter at bearing 1
and 2 is 25 mm. Additionally, the fatigue and yield safety factors were recalculated to be 8.80
and 17.02 respectively for this shaft diameter. It can be noted that the obtained safety factors
are both greater than the shaft analysis design safety factor of 1.872, indicating the shaft is safe
for use. Note, such a high safety factor is due to upsizing to the only available gear bore
diameter. The computed minimum diameter from the DE Elliptic failure criteria gives 0.821”
(20.9 mm) which is significantly smaller than the finalized shaft diameter of 30 mm.

For the idler shaft, a minimum diameter around both gears of 32 mm and a minimum diameter
around both bearings of 30 mm has been specified which meets all required conditions and
defined evaluation criteria. Additionally, the fatigue and yield safety factors were recalculated to
be 3.49 and 6.89, respectively for this shaft diameter.

On the output shaft, a minimum diameter at the gear of 40 mm and a minimum diameter around
both bearings of 35 mm has been specified. The fatigue and yield safety factors were
recalculated to be 2.96 and 5.77, respectively for this shaft diameter.

3.3.5. Key Selection

Keys play a critical role in preventing tangential gear slippage on the shafts, ensuring reliable
and efficient power transmission. Since keys don’t require any design customization,
McMASTER-CARR was selected as a vendor for keystock [13]. The chosen material was 1045
Carbon Steel because it is a cost effective choice with sufficient strength. There was no need to
use stainless steel for the keys as the transmission is fully covered in its housing and does not
require corrosion resistance in wet environments.

The procedure for key calculations are as follows:

Select key size according to the ANSI standard, which is dependent on shaft diameter.
Calculate the bending and shear stresses on the key.

Calculate the resulting Von Mises stress.

Compare the Von Mises stress with yield stress of 1045 Carbon Steel.

5. Ensure that all keys pass the stress-strength comparison.

oD~

For detailed key failure calculations see Appendix C - C15.
3.4. Bearing

3.4.1. Bearing Introduction

Upon completion of the shaft analysis, bearing analysis had to be carried out to finalize the
transmission design. Due to the precalculated shaft diameters and geometry (See Appendix B -
Figure 4) as well as the demand from MECE 360 Inc., checklist for the bearing selection was as
follows:
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Bearing bore diameter must be smaller than the gear’s bore diameter (30mm for input
shaft, 32mm for idler, 40mm for output). Gear is assembled to the shaft before the
bearing, so the shaft diameter at the bearing must be designed smaller than the shaft
diameter.

Bearing bore diameter must be close to the gear bore diameter (but still smaller) which
would likely satisfy the shaft deflection and twist requirements and minimize the stress
concentration of the shaft.

Bearing cannot be customized and has to be chosen from the bearing catalogue
Single row ball bearings will be considered to enable calculations using equivalent
dynamic load table (See Appendix B - Figure 9)

3.4.2. Bearing Analysis Assumptions and Procedure

Assumptions:

. All selected bearings have inner rotating rings (Rotation Factor, V = 1)

Operating temperature of the transmission never exceeds 240 degrees fahrenheit as per
design specification, to avoid damage to lubrication. [14, p. 37]

Life expectancy of 166.32 million cycles for input shaft bearings, 55.44 million for idler,
22.176 million for output, as per gear analysis

Procedure (See appendix C-C16 for detailed execution of this procedure):

No

Take the reaction forces calculated from gear/shaft analysis to calculate dynamic loading
Reference SKF bearing catalogue (Series 634 - 6324 M) to find the corresponding static
loading

Referring to the equivalent dynamic bearing load table, if the axial load divided by the
radial load at bearing is greater than the “e” value, interpolate the X and Y factors. If less
than “e”, no need to consider the axial load

Using the X and Y factors, calculate the equivalent dynamic bearing load, Fes

Treating Ferras the new radial load, calculate the new dynamic load and check its
corresponding static load and bearing model

Repeat steps 3-5 until the iterations converge to the same bearing model

Ensure the bearing’s bore diameter is close to but smaller than the gear bore diameter
If the bore diameter is too small, select the bearing with a bigger diameter from the
catalogue. Bearings with a greater diameter from the same catalogue can carry even
greater loads so it would be a conservative design.

3.4.3. Results

The bearing analysis was conducted for a single row ball bearing on SKF bearing catalogue,
series 634 - 6324M. For the bearings on the input shaft, the iterations converged to bearing
model 6300 and 6303 for left and right bearing respectively (left bearing is on the opposite side
of the motor, right bearing on the motor side). However, these two bearings had the bore
diameter of 10mm and 17mm respectively, which was significantly smaller than the gear bore
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diameter of 30mm. Therefore, bearing 6305 was chosen as it had a greater diameter of 25mm,
which was also smaller than the input shaft gear bore diameter of 30mm.

For the bearings on the idler shaft, the iterations converged to bearing model 6303 and 6301 for
left and right bearing respectively. However, these two bearings had the bore diameter of 17mm
and 11mm respectively, this was also significantly smaller than the gear bore diameter of
32mm. Therefore, bearing 6306 was chosen as it had a diameter of 30mm, which was the
closest to the idler shaft gear bore diameter.

For the bearings on the output shaft, the iterations converged to bearing model 6303 and 6302
for left and right bearing respectively. However, these two bearings had the bore diameter of
17mm and 15mm respectively, this was also significantly smaller than the suggested minimum
diameter of 40mm. Therefore, bearing 6307 was chosen as it had the closest diameter of
35mm.

4. Design Compliance

All initial specification requirements were met, with the exception of the initially set maximum
speed of 30 km/h. The transmission would require a speed reduction of 8.6:1 or higher in order
to meet this maximum speed. Due to a lack of available helical gears with high teeth count that
fit the criteria of gear bore diameter greater than minimum shaft diameter, the gear ratio had to
be adjusted. This meant that the maximum speed of 30 km/h had to be adjusted to the range of
25 - 35 km/h. Although the team initially imposed a specification of 30km/h, it remained within
the acceptable range of a mainstream golf cart speed, making it a justifiable change.

5. Project Management

5.1. Time Management

Appendix A - Table 1 shows the finalized GANTT chart used throughout the entire project.
Overall a majority of the projected time allocation remained accurate. However, there were
small deviations during heavy exam preparation periods, when more time was spent on the
project in the 1-2 weeks leading up to deliverables dates. Despite the deviations, Birdie Boys
were able to complete all required tasks on time while meeting all the goals and criterias set for
the transmission design project. The chart below shows the time spent on each aspect of the
design process.
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Figure 4 - Time Allocation by Project Section

5.2. Meeting Minutes

Appendix E shows the detailed meeting minutes that were taken and used throughout the
design process. Meeting minutes were mostly used to keep track of the tasks and deadlines for
each member, and the plans for subsequent meetings.

6. Other Considerations

Time constraints required selecting a design early on and committing to it, limiting the
exploration of alternatives. Potential improvements include incorporating additional shafts and
gears to achieve the exact target speed of 30 km/h, and considering energy-efficient
transmission designs. Furthermore, optimizing the connection to the golf cart’s axle to minimize
energy loss during power transfer could enhance performance.

/. Conclusion

This report provides an in-depth analysis of the procedure conducted and presents the final
design for the luxury golf cart transmission. Following material selection, the gear, shaft, and
bearing analysis were carried out. Gear analysis ensures the selection of optimal gear sets in
accordance with the design decision matrix that are compliant to AGMA standards. Shaft
analysis ensures designs capable of withstanding operating conditions in compliance with
AGMA standards. Finally, bearing analysis ensures it is strong enough to withstand operational
forces.
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While the initial criteria were met, some areas showed room for improvement. For instance,
gear 3 had the lowest bending and contact safety factors of 1.36 and 1.39 respectively,
suggesting a potential risk of failure as the manufacturer recommended guidelines for bending
and contact safety factor of 1.2 and 1.15, respectively. Enhancing these safety factors, without
modifying the design, would involve selecting stronger materials. However, material availability
from manufacturers limited alternatives that met all design constraints.

In summary, the design fulfills all fundamental requirements. However, there is room for
improvement, particularly in aligning with the design decision matrix's focus on reliability,
durability, and size. Refining key gear specifications such as pitch diameter, number of teeth,
and material could significantly enhance the design's overall performance.
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Appendix A (Tables)

Table 1 - GANTT chart used to track progress throughout the design process.

eI Za g iy Golf Cart

Design

i (G UM LU Birdie Boys
[T Tag ISP TS Ben Cote, Cole Pilgrim, Hyunseok Jang, Tahir Anjum, Wiliam Plate IS 0/4/2024

TASKTITLE TASKOWNER DATE  DATE  DURATION  COMPLETE |M TWERFS M
Lecterofinten (.01 Sept 13,2024 I
Basic Researcn AL glafaozs | sisizoas ] | |
Scope of Venicie ALL slgiz034 | giaa/zoas 3 | ||
Scenario and Design Constraints ALL gloia024 | 9ia2/2024 4 | |
Team Name ALL sh132024 | 9iaz/a024 t | | | |
Logo William 811242024 | gjazl2024 s | | |
Concept R Sept a7, 2024 [ [ I

& Group-impased AL shisiaozs | oidizons | 3 * | |
Project Expectations ALL 9/16/2024 | 928/2024 3 ‘ ‘ ‘
Gantt Chart Ben 9/8ia024 | giania0z4 3 | | |
Legal/Standard Requirement Research Hyunseok 3/18/2024 ;l;ofm:n 3 ‘ ‘ ‘
Summary Timeline (Table) Ben gla3ia024 | gfasf2024 2 | | |
Selection of Motor ALL sia3ir034 | gl2al2024 N | | |
Design Specification Matrix Hyunseok & Cole | gl1a/2024 | 512412024 5 | | |
Writs Progress Report AL si23/2025 | 9i25(2024 3
Review Report 1 ALL gi27i2024| gf2i2024 1

port (AR) - Progress Repart 2 Nov 8, 2024
Determining Necessary Analyses ALL 10/2/2024 | 10/4/2024 %
Group-to-Group Peer Review of PR 1 ALL 10/7/2024 | 10f7/2024 1
Assumptions, Schematics, FBD's Ben & Hyunseok | 10/7/2024 | 30/31/2024 s |
Gear Analysis Will & Hyunseok | 10/1 /1B/: 5 ‘
Snaft Analysis Ben f251: 5 |
Bearing Analysis Hyunseok 10/28/2024 | 10/30/2024 3 ‘
Solid Modeling William 10/2102024 | 1141j2024 1 |
Determining Future Analysis ALL 10f30/2024 | 11/1/2024 2 {
Write Progress Report 2 ALL 13j2/2024 | 13/6/2024 6 |
Review Report 2 ALL 127812026 13/8/2024 1 |
Fins Report Dec 9, 2024 =]
Group-to-Group Peer Review of PR 2 ALL 21/18{2024 | 11/18/2024 : |
Final Analysis Ben & Hyunseok J22/; 5 |
Finalize Solid Modeis & Drawings William /23/: 5
Discuss Design (design compliance} ALL 21/25/2024 ! 13/27/2024 3
Final Timeline & Hours Spent Ben 1143712024 | 112702024 1
Write Cover Letter SenaCole | 1sfspjacag aufas 3
Write Final Report ALL 1/29/2024 | 1214/2024, § || |
Prepare Team Orai Presentation ALL 121212024 | 12062024 H [ 1 [ | [
Review Final Report AL 12isiz0n| 12l62004] 2 | | | ] |
Final Team Presentation (Oral Presentation) | ALL 12/712025 | 120702024 1 [ 1] [
Final Peer Review of Group Members ALL 12jgi2025 | 12/g/2024 N | | | | |
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Table 2 - Decision Matrix Applied to Gear Set and Shaft Selection (0-30% is not very
important, 40-70% important to an extent, 80-100% very important).

Factors

Description

Weighting

Size

Compact (Smaller pitch diameter of gears, and smaller
diameter and length of shafts and if possible) and lighter
gear sets and shafts are preferred. It should easily fit within
the wheelbase of 165cm X 135 cm, which is not difficult to
achieve considering gear and shaft dimensions will be well
within this dimension. Hence this factor was assigned the
lowest weighting. This weight is increased from the
previous design matrix since minimizing the transmission
size can also be preferred due to its contribution to
improved mileage.

(/100%)
60%

Durability

Should withstand 16.632 x 10" input cycles without failure
(output cycle will be less than the input cycle due to the
gear ratio). This is computed based on the assumption of 3
years of operation, for 2 hours a day, 7 days a week, for 5
and a half months (May until mid October). This life cycle
assumes that a luxury golf course will replace outdated golf
carts frequently (hence only 3 years of use) and that the
golf cart will only be in active operation for a maximum of 2
hours during 10 hours of playing time per day. Since the
transmission failing would result in dissatisfaction of
customers as well as higher cost for warranty and
maintenance, this was assigned higher weighting than the
size and manufacturability factor.

70%

Operating
Environment

The transmission box gets as hot as 175-220 Fahrenheit
during operation. The gears and shafts should withstand
this temperature. Also, gear and shaft material should
preferably be water & corrosion resistant. This is goes
hand-in-hand with durability, and therefore assigned the
same weight

70%

User Experience

Selected gears are assessed based on the noise level they
produce. The gear set characteristics that reduce the noise
level can be found in the following [16]. The shaft with less
deflection will lower the chance of gear failure and reduce
the risk of noise and vibration [17]. Since the design
emphasizes a high-end driving experience (less vibration
and noise of the cart), the weighting on this is assigned
higher than the other categories.

80%
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https://khkgears.net/new/gear_knowledge/gear_technical_reference/how_to_reduce_gear_noise.html#:~:text=A%20bigger%20contact%20ratio%20lowers,produce%20a%20larger%20contact%20ratio.&text=Enlarging%20the%20overlap%20ratio%20will%20reduce%20the%20noise.
https://www.sciencedirect.com/topics/engineering/shaft-design#:~:text=locating%20added%20components.-,Shafts%20must%20be%20designed%20so%20that%20deflections%20are%20within%20acceptable,and%20cause%20noise%20and%20vibration.

Manufacturability

Gear sets and shaft designs that would cause less
complexity while resulting in less cost of production is
preferred. However, due to our main customer being the
luxury golf course, the cost and final price of the golf cart is
less of a concern as long as the vehicle provides a
superior driving experience. Therefore, it was assigned the
lowest weight compared to other factors.

50%

Power Output

Should ensure that the gear ratio allows the tires to reach a
maximum angular velocity of 220.458 - 464.143 RPM
which corresponds to a linear velocity 19 - 40 km/h. Due to
our motor's optimal output of 3000 RPM, we will be ideally
using a gear reduction of 6.46:1 to 13.6:1 to reach our
optimal speed. This is a necessary condition for the vehicle
to operate according to the design purpose, and hence
was assigned highest weighting. Whichever set that
provides the speed closest to our optimal speed of 30km/h
will be assigned a higher score. For the shaft, power
dissipation can be reduced if we use a lighter shaft that
has less bending and twisting.

100%

18 | Page




Table 3 - Gear combinations (sets) Comparison

Iteration | Gear | Gear Type Number | Pitch Bore Module | Material Bending | Contact | Gear Ratio Output speed of | Output Torque
of Teeth | Diameter | Diamete | (mm) Safety Safety of the Train the set (Nm)
(mm) r (mm) Factor Factor (km/h)
1 1 Helical 20 60 20 3 4140 Steel | 3.1013 2.3529 | 7.5:1 34.472 420 Nm
(Right)
2 Helical (Left) | 50 150 30 3 4140 Steel | 2.8164 41716
3 Helical (Left) | 20 60 20 3 4140 Steel | 1.3269 1.1555
4 Helical 60 180 30 3 4140 Steel | 1.5334 3.9203
(Right)
2 1 Helical 30 60 30 2 4140 Steel | 1.4706 1.6893 | 8:1 32.318 448 Nm
(Right)
2 Helical (Left) | 100 200 35 2 4140 Steel | 1.3183 4.1242
3 Helical (Left) | 25 75 35 3 4140 Steel | 1.3191 1.3394
4 Helical 60 180 50 3 4140 Steel | 1.4707 3.5456
(Right)
3 1 Helical 20 60 30 3 4140 Steel | 3.1211 2.5265 | 7.5:1 34.472 420 Nm
(Right)
2 Helical (Left) | 60 180 32 3 4140 Steel | 2.8855 5.486
3 Helical (Left) | 24 72 32 3 4140 Steel | 1.3885 1.3651
4 Helical 60 180 40 3 4140 Steel | 1.5571 3.7817
(Right)
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Table 4 - Values Used in Gear Analysis Process
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Gear Factors Values
Ka = Ca (Application Factor) 1.25
Kb (Rim Thickness Factor) 1
CH (Hardness Factor) 1
Ki (Idler Factor) 1
KT = C1 (Temperature Factor) 1
Cf (Surface Finish) 1
Ks = Cs (Size Factor) 1
Kmp = Cmp (Load Distribution Factor) 1.6
KLp (Bending Life Factor) 0.9132
CLp (Contact Life Factor) 0.8543
KR = CR (Reliability Factor) 1.00
Cp (Elastic Coefficient) [MPa”0.5] 1.91
S’fop (AGMA Uncorrected Bending Stress) 230
[MPa]

1100

S,fcp (AGMA Uncorrected Contact Stress)
[ MPa]




Appendix B (Figures)

Figure 1 - HPEVS AC-9 48V Electric Motor Performance Graph:

Horsepower/ Torque (Ft. Lbs.)/ Battery Voltage

Figure 2 and 3 - Life Factor graphs MecE360 Lecture 13:
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Figure 5 - This is a snapshot of the tolerance table provided by MecE 265 inc.

Table 12.1 Description of fits for circular objects

Fit 150 Symbol Description
Hole Basis | Shaft Basis >
Hll/ell C11/h11 | Loose fit. Wide tolerance
H9/d9 D9/Mh9 Free running. Not when accuracy 1s important,
Clearance H8/t7 F8/h7 Close rmnning fit.
Fits - - Sliding fit. Not meant for the two parts running against each other
H7/g6 G7/h6 : i ‘ i
= but suitable for sliding adjustments.
H7/h6 Snug fit but easy assembly
Transition K7/h6 Accurate location with some interference
Fits N7/h6 Use when larger interference is permissible
P7/hé6 For rigidity and correct alignment but not for power transmission
¥ : “Jve Fit far ards rc . 1o =4 - o 31
Interference S7/h6 Me.d_uuu drive fit for ordinary steel parts. The tightest fit for cast iron
Fits parts
’ - - High interference. Shrink fit recommended. Force fit for heavy parts
H7/6 U7/h6 onlv
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Figure 6 - This is a snapshot of the tolerance table provided by MecE 265 inc.
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Table 12.2 Selected ISO Fits : Hole Bases

Figure 7 - This is a snapshot of the tolerance table provided by MecE 265 inc.
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Table 12.3 Selected ISO Fits : Shaft Bases

Figure 8 - This is a snapshot of the tolerance table for key and key hub provided by
MecE 265 inc.
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Enlarged Detail of Key
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10130 | 32«18 | 22 8! 74 0.60 | 0.40
130 | 150 | 36x20 | % 2 ] 100 | 0.70
150 [ 170 | a0x22 [ 40 [} *0062 "3'533 g 5 ﬁg:: :ggég 13 04 100 | 670
170 | 200 | 45<25 | 45 ) R ' 15 10.4 1.00 | 070
200 | 230 [ 50< 28 | 50 17 114 1.00 | 0.70
230 | 260 | 5632 | 56 20| +03(124] +03|160]120
20|20 | @3x32 | 63| so0mli0m0| 6 lsooar |0 |20 © |124]' 0 [ 160]120
20 | 330 | 70x3 | 70 |! +0.100 | -0.074 [-0.037 | 0106 | 22 144 160 | 120
330 | 380 [ 2040 | &0 25 154 250 | 200
380 | 440 [ 90x 45 | %0 +0.087 [+0260 | © +0043 [0037 | 28 17.4 250 | 2.00
440 | 500 | tooxs0 |00 |! o +0.120 | -0.087 [-0043 |0.128 | 31 19.5 250 | 2.00

Figure 9 - Equivalent Dynamic Load Table from MecE360 Inc. Topic 16

*Tolerance limits J§9 are quoted from BS 4500, “ISO Limits and Fits.” to three significant figures.

All dimensions in millimeters.

26| Page




In Relation to Single Row
the Load the Bearings 1) Double Row Bearings  2)
St Inner Ring is
nng 1y
e Rotat- | Station- -if}’: >e _'F_; Se ';E;: > e ¢
ing ary r r r
vV i X g X ¥ X Y
3) 4) 5)
£, K.
Radial G | 12Di
Contact
3roove 0.014 25 2.30 230 019
Ball 0.028 50 1.99 1.99 0.22
Bearings 0.056 100 1.71 1.71 0.26
0 084 150 1.55 1.55 028
0.11 200 1 1.2 0.56 1.45 1 0 0.56 143 030
0.17 300 1.31 1.31 034
0.28 500 1.15 1.15 038
0.42 750 104 1.04 04
0.56 1000 1.00 1.00 0 44
20° 3 100 1.09 0.70 1.63 0.57
25° 041 087 09 0.67 1.44 068
30° 1 1.2 039 076 1 0.78 0.63 1.24 0.80
35° 037 0.66 0.66 0.60 1.07 095
10° 035 0.57 0.55 0.57 0.93 114
Self-Aligning 1 1 040 (0.4 cota 1 O42cota| 0.65 |065cota L5tana
Ball Bearings
Self-Aligning and 1 1.2 040 | 0.4 cotax 1 045 cota| 0.67 |067 cota! L.5tana
Tapered Roller Bearings

Appendix C (Calculations)

C1 - Lifetime Cycles.
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g > 20:94 - MECE 360 - Design Project - L
asteg usling & 1 - i n ov

Lifetime Cycles
The purpose of calculating lifetime cycles Is to determine the life factor in gear and bearing analysis, as well as to assess
whether in infinite life or finite life range for shaft analysis.

Input values and Assumptions

Number of Testh
Input shaft speed: REHM, == 3000 rpm SR

N, =20 testh
Operating Time Assumptions:
-Eunninggfor 2hrsa daF;r (120min) N, 1= 60 teeth
- 7 days a week
- 4 weeaks a month
- May to mid Oct (~5.5 months) N, =60 teeth
- 3 year life

N3 =24 testh

Input Shaft Cycles:

REM 1 egycles 60min 2 hr 7 day 4 week 5.5 month

8
L “Byr=1.6632-10 cyclas

rev hr day week month ¥
_— 8
InputLife:=1,6632-10 cycles

Idler Shaft Cycles:

.
Tdlerlife:= Inputlife- I_‘.'i =5.544+10 cycles
2

OQutput Shaft Cycles:

N, 7
Outputlife = Idlerlife h—lu =2.2176-10 cycles
4
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C2 - Factor coefficients and uncorrected strengths for gear analysis

Application factor: Since the electric vehicle is being used in relatively smooth
terrain, the gears will experience moderate shock. Therefore, a value of 1.25 was
assigned.

Rim thickness factor: The gears have a sufficient rim thickness in proportion to
the tooth height, and therefore is 1.

Hardness factor: All gears are made of the same material. Therefore the
hardness factor is 1.

Idler factor: Transmission design does not contain an idler gear, therefore the
idler factor is 1.

Temperature Factor: it is expected that our gearbox will run at a temperature
below 250 Fahrenheit. Therefore the temperature factor is 1.

Surface finish factor: Due to the polished/ground finish of our gears, the surface
finish is assigned a value of 1.

Size factor: No appropriate value/relations have been developed for the gears so
the size factor is given a value of 1.

Load distribution factor: The catalog of helical gears do not exceed a face width
of 50mm therefore the load distribution factor is given to be 1.6.

Bending life and contact life factors: Number of cycles of 16.632 x 10" were
considered in the calculation. Both factors gave a value of 1 (detailed calculation
in Appendix C - C1).

Reliability Factor: In accordance with AGMA standards, it has been set at 1.00,
which corresponds to a target reliability of 99%. While this level of reliability
aligns with industry standards and ensures dependable performance, it is
important to note that the application of a luxury golf cart does not require the
same extreme reliability considerations as safety-critical systems like airplanes.
Elastic coefficient: chosen AlISI 4140 Chromoly steel grade 2 as the material for
our golf cart transmission system because it offers an ideal balance between
strength, wear resistance, and durability without over-engineering.

Uncorrected bending stress and contact stress: Our application, supporting a
maximum load of 600 kg, doesn’t require the extreme surface hardness or core
strength found in applications like hydraulic systems, which endure much higher
torque and stress. It was determined the value of uncorrected bending strength
to be 380 MPa and uncorrected contact stress to be 1310 MPa based on the
gear hardness provided by AGMA table.
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C3 - Gear force Calculation

Gear force Calculation

Given for Motor:

RPM. :=3000 rpm T :=41.3 1bf ft T :=44.69 1bf £t  (maxtorque on startup)
in run max
Gear Analysis Summary: Pressure Angle ¢:=20° Helix Angle  ¢:=21.5°
Number of Teeth Module Pitch Diameter
o mm i _
Nl=—30 teeth ml»72 Tooth dpl-—ml'N1—6Umm
N,:=100 teeth mm
2 = = . =
m, 2 Teoth dp2 m, N2 200 mm
N_:=25 teeth
: =3 = d .s=m,N,=75
N, =60 teeth ™3™~ teetn p3’ Mg Ny T o
o mm o —
m, ¢ 3 Tooth dp4-7m4 N47180mm

Find the forces exerted on the input shaft (gears 1):

tan (¢)

Transverse Presure Angle ¢_:=atan
® cos (V)

]:21.365 °

Loads on Gear 1

T
W _,+=————=419.608 1bf
£l 0.5‘dp1

W, = wtl‘tan[¢tJ=l64.1465 1bf

W =W, -tan (¢)=165.288 1bf

Wey
W, i=————— —479.9324 1bf
1 cos (V) cos (¢)
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C4 - Gear Analysis Calculations

ITERATION 1

Input Pinion and Gear Pair

Fundamental specifications = = ]
Subscript of g is for gear and p is for pinion in this 15t gear pair

Torque Input Input Shaft Speed

T. '=56N d
in B ©,pue = 3000 TPM=314.1503 il
Input Pinion and Gear Specification =
i I - T :=T, Define m_n and Z (if table is not used to find | value)
E‘p-—25mm Fg-—25mm r ml
N = 20‘ N, = 50‘ P, 7 73833833 **value of addendum is used here
% = 3 mm{ 2= b mm{ ¥:=21.3deq Number of cycles (lifespan) of pinion and gear until
d, =N, m| d =N m| ¢:=20 deg failure ;
tan (o) NC_:=|16.632-10
¢_=atan|———|=21.365 deg
c cos (¥) N 5
” NCg==NCp‘N—p=6.6528‘10
rad
Oy =0, = 125.6637 = 9
g Force Input:
@,
._ input _ d
T == T —140Nm 5
g r '==—=0.03m
O b 2
dg
r =—=0.075m
g 2
TD
W _=|—|=1866.6667TN
tp r
=]
Tg
i=—=1866.6667T N
tg r
a
Geometry Factor, J and |
Table 1: AGMA 908-B89 Geometry Factors for Spur and Helical Gears
I AND J FACTORS FOR:?
EQUAL ADDENDUM (2= r 4= 0)
PINION TEETH
GEAR i3 14 17 1 as 55 138
TEETH | d o P <] P ] P L] F G P G P =] P a
171
1 u u
41
) v o u u
i 0,125
) u u u .44 044
211 0,140 A28
J u u u u o.45 046 047 0.4
26 1 0.158 0.145 0.133
1 u u u u 0.45 0.49 048 0.49 050 0.30
s 0.177 0.167 0.133% 0.138
J u u u u 0.46 0.51 0.49 052 0.51 0.5 0.54 0.54
351 0.308 0.197 0.188 0.172 0.144
J u u u u 0.47 0.54 0.50 0.55 0.5 056 0.35 0.57 0.58 0.58
i1 0.245 0.242 0.238 0.229 0.209 0151
J

u u u u 0.4 0.5 0.5 0.5% 0584 00 057 061 0.60 0.52 064 0.54
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ITERATION 1

Geometric Factors Derived from python code |
|Ip::0.18787500000000001

Bending and Contact Stress Factors for Input Pinion
Subscript ending with p indicates that the factor only applies to pinion stress calculations

Size
Application Factor (Electric, moderate shock) Figure 1 - Application factor [1] Factor
Dviven machine
Ka =1.25 Driving machine Uniform \I.u;:-ra:-‘:lh:rr Heavy shock KS 1
Uniform (electric, turbine) | Loo 1.75+ |
) =R Light shock (multi-cylinder engine) | 125 | 1.50 | 200+ | C_ =K
2 a Medium Shock (single cylinder engine) | 1.50 1.75 235+ g 3
Rim Thickness Factor (Solid disk gears, no rim) Load Distribution Factor
i K= 16 : =
B mp **Face width smaller than 2 inch
Hardness Factor (all gears have the same material) C =K
=1 w2 %ii
H Bending Life Factor
—0.0323
Idler Factor ane of_th_e gears are ldler gears. KLp :=1.6831- [NCP] —0.9132
K =1 Either pinion or a gear for all gears Refer to Figure 2 and 3 in
Temperature Factor (less than 250F) Contact Life Factor dppentich for the
equations
Bl a=T1 —0.056
¢ c ::2.466-[1\10 ] =0.8543 it
c,=1 Lp i
i Reliability Factor (99% reliability, following AGMA standard 2001-D04)
Surface Finish &
c, =1 Bi= Figure 2 - Reliability Factor [2]
¢ =K [Reliability | Kz |
R R (%)
g a1 | (L85
Dynamic Factor 9| 100
9.8 1.25
QL =11 Gear quality#11 from 9999 [1.50
- ! Gear Manufacturer
tp input “p Elastic Coefficient (Gear material is steel):
z Cp =191 .. /MPa
12-9 3 Figure 3 - Elastic coefficient factor [3]
B = ( v‘p] [ | [ Gear material
P i 4 Pinion Ep psi (MPa) Steel Cast Iron Aluminum
material | | Bronze
el i Steel 30x10° 2300 2100 1950
Ap '_50'_56'[1_Bp] I (2x10%) (191) (174) (162)
Bp Cast Iron 22x10° 2100 1960 1850
I | (5x10% | (174) | (163) | (156)
T e _ Aluminum 17.5x10° 1950 1850 1750
Kvp = = =0.5079 Bronze | (1.2x10%) | (162) _(156) |45

A +.J200.v. 32 Figure 3 - Load Distribution factor [0]
P te m

£ =K <2 (50) Ihl
e e

o0 I
9 (250) 1.8
=20 (500) 2.0

[0 p.40, MEC E 380 Lecture 13
[1] p.31, MEC E 360 Lecture 13
[2] p.43, MEC E 380 Lecture 13
131 p.48, MEC E 360 Lecture 13
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ITERATION 1

Bending and Contact Stress calculation for Input Pinion
Subscript ending with p indicates pinion

Bending Stress Calculations for input pinion

| th KE‘KMP B 8
e il WO SRR T T
p P e

Contact Stress Calculation for Pinion

th Ca Cmp
o_=C_ - s -C.-C_ =729.6035MPa
cp T F -I -d (g S hid

r =] o

Bending and Contact Strength calculation for Input Pinion
Subscript ending with p indicates pinion

Figure 4 - Uncorrected contact strengih from [4]

Uncorrected Bending Stress (depends on the material) p—
Material Heat nurtacs
dealgnation tewatmant hardness’? Garacle 1 Girade 2 Grade 3
Sfbp' = 380 MPa Stoar! Tranamma" sesfprnB | tosfhgued | ses fgura B -
Flame™ or induction | 50 HRC 170 OO0 A0 OO
rird 54 HRC 175 400 195 000 -
Uncorrected Contact Stress (depends on the material) e e LT IR BT
T % e B35 HA15N 750 000 163 000 175 000
3 :=1310 MPa Minimum surface hardness is e Seaough e — —
fcp 50 HRC from manufacturer, grade 2 o= Crroma o Teirdeds 875 HEI5N 155 000 T2 000 T80 000
Corrected Bending Strength (depends on the material) [Fm=v e T T I
E{L er.rmfN Metrded™ P00 HR1SN 172 000 188 000 205000
2.5% Chroma Mitridad™ 20,0 HR1SN 176 000 198 000 216 000
s -s ,=347.022 MPa I3
fb tmhm%%hﬂrhmd;mﬂﬂﬂmwi:lﬁw
= 7 10 for majer martalirgical facton for aech Ktees gn ol gran,
Carrecte Contact Strength (depends on the material) 2 Tha see! setecic must ba cormpatitle wih fha hest realmin feocess selecied an harhans s
C C " The alcwndle sireds numben Fdtating iy B4 uied wilh Ihe Cads Sepiha prescnited n 14.1
Ip H
S = —"5 ,—1119.1582 MPa

fep T fecp
I- "R Figure & - Uncorrected bendmg strength [5]

[Matertal | AGMA | Matertal

Safety factor calculation for Input Pinion
4 ; : i Lot Steel [-Mmgucmm
Subscript ending with p indicates pinion - TR e e e
| | | hardered | L. |
Bending Safety Factor: ***Choose 380MPa | _ |t | o [P
Throsigh 30H HE 47 250-325
J as uncorrected , lieg | [ |
bending Strength . . ﬂ::::.: . 60 HEB . 52 . 280-360
pr as al[ gears tee.th djl::ﬁm 400 HE 42-50 29390
Contact Safety Factor hardness is 50 to ] R i
60 HRC- Take the | !il:‘::::‘ufcd | ::-:-I.IR:IRC 5578 | 30,520
L average of 55 HRC i";"u e b ™ o
hetrderied
a =|-IR| —25 35230 I TAISTd1a0 fx:.n.ui.s [ GIRISN | 3445 (350310
cp Uc I | AISEAL0 | Nitrided | 83.SHRISN | 16-48 250-325
32} Casi ron |
- |20 [Class20 | Ascast | s |35
| M [Clss 30 | Ascast | 175HB |8 | 69
HE Cllass 381 A cast 2048 HE 13 i

[4] p.23 AGMA Standard 2001-D04
[5} p.49, MECE 380 Lecture 13
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ITERATION 1

Bending and Contact Stress Factors for Gear

Subscript ending with g indicates that the factor only applies to gear stress calculations

Application Factor (multi-cylinder moderate shock) Size Factor

K_=1.25 Ki=1
a 5
Ca = Ka CS = KS
Rim Thickness Factor (Solid disk gears) Load Distribution Factor
K'B =1 ng =1.6
Hardness Factor (all gears same hardness) Cmg = ng
Cpi=1 Bending Life Factor
Idler Factor —0.0323
K = 1.6831‘[NC ]
KI =1 g g
Temperature Factor (less than 250F) Contact Life Factor
=1 —0.056
k: o ==2.466'[NC ]
CT =T g g
— - T
Surface Finish Re_ll_atillltg;actor (99% reliability)
Cf =1 K'R ===

C —
Dynamic Factor R
Elastic Coefficient:

Q"J =11
Vg::m - C_=191-/MPa
tg a a e
% Geometry Factor, | (maybe just use the table)
5 ::{12—Qvg] Ig:: Ip
g 4

Ag==50—56‘[1—Bg]

g
Ag
Kvg_
5

A —,200-vV__—

g T m
C__ =K
Vg vg

Bending and Contact Stress calculation for Gear
Subscript ending with g indicates gear

Bending Stress Calculations for gear
W K, K

=t r'g - mg. - - = - 8
A = B e s K -K,-K =1.0153-10 Pa
g a g
Contact Stress Calculation for Pinion
th Ca'cmg
g _=C_- § C_-C_=4g1.4418 MPa
cg b F I -d C E
g g a g
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ITERATION 1

Bending and Contact Strength calculation for Input Pinion
Subscript ending with p indicates pinion

Uncorrected Bending Stress (depends on the material)

Sfbg' ] thp'

Uncorrected Contact Stress (depends on the material)
Sfr:-;l' = Sfcp'
Corrected Bending Stress (depends on the material)

%Lo
g =S, = 285.9568 MPa

Corrected Contact Stress (depends on the material)
c -c

eg = —2—"-5___, =942.4669 MPa
cg CT‘CR fcg

5

5

Safety factor calculation for Gear
Subscript ending with g indicates gear

Bending Safety Factor:

5

n, ::ﬂ:zlalgq

el o
by

Contact Safety Factor:

2

Sfcg
n =|——
og s
cg

] =4.1716
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ITERATION 1

Idler Pinion and Output Gear Pair

Fundamental specifications _
Subscript of g is for gear and p is for pinion in this 1st gear pair

Input Pinion and Gear Specification Input Shaft Speed
‘Np = 20| ‘Ng = 6[]| |minput = f'Qg =125.8637 HZ‘
Torque Input (idler shaft torque)

]-_T‘p::25mm_| E‘g::25m_m_| mZBEEI Tin==Tg=14ONm
dy=N,-m |d =N -z pd=:%=333.3333§ Ty =T =140 Nm
a =3 a =3 [
. a W We=21-3 deqg Define m_n and Z (if table is not used to find |
¢:=20 deg value)
tan(4) **value of addendum is used here
¢ _=atan|———|=21.365 deg | 1.
cos (v Number of cycles (lifespan) of pinion and gear
until failure
= 2p_ 41 gg79 T2 -
@, T @ 3 . . NC_:=NC_
N 7
NC =NC_-—=2.2176-10
g TN
g
Force Input:
d
r ==—=0.03m
b 2
dg
r '=—=0.09m
g 2
T, T,
T = =420Nm
g T, T
=|2|=4666.6667 N
tp r
o
T
W= — =4666.6667 N
Geometry Factor, J and | Ty

Table 1: AGMA 808-B89 Geometry Factors for Spur and Helical Gears
I AND J FACTORS FOR:"

30 DS IATRUNAETE 8854 TOOTH THINMING FOR BACKLASH
0.250 TOOL EDGE RADIUS LOADED AT TIP
EQUAL ADDENDUM (ry=x 5= 8)
FINION TEETH
GEAR 12 14 17 21 6 15 3 35
TEETH P G P4 P__ G PG P 6 P a P g | ]
1’21
1 v ou
U]
1 [CRT u v
171 0.12%
1 U wu u o u 044 0.44
21 0.140 [Nt}
i u u u u 0.45 0.48 0.47  0.47
26 1 0.156 0.145 0.133
1 U u u u 045 049 04F 049 050 0.5
351 0.7 0.167 0.155 0.133
1 U U U u D46 D51 049 052 051 053 0.8 0.8
351 0.208 0.197 0,188 0.172 0. 144
1 u U U v D47 0.5 050 055 052 0.5 055 0.57 0.58 0.5
135 1 0.245 0.242 0.238 0.229 0.209 D8t
]

u u u u D43 0.58 0.9 0.9% 054 060 0.57 061  0.60 0.62 0.64 0.64
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ITERATION 1

Geometric Factors Derived from python code(

|1 :=o.201?34375|
E

|Jp =:0.493125‘

Bending and Contact Stress Factors for Input Pinion _
Subscripfending with p indicates that the factor only applies to pinion stress calculations

Application Factor (multi-cylinder moderate shock) Size Factor
K_=1.25 K =1
Ca = Ka CS E— KS
Rim Thickness Factor (Solid disk gears) Load Distribution Factor
K = 1 Kmp =1.6
Hardness Factor (all gears same hardnass) Cap = Enp
Cg=1 Bending Life Factor
Idler Factor —0.0323
K ==1.6831‘[NC] =0.94086
KI =1 P P
Temperature Factor (less than 250F) Contact Life Factor
=1 —0.056
“r o ==2.466‘[NC] =0.8993
CT =1 P P
- " -
Surface Finish Re!flt:hty Factor (99% reliability) e
c, =1 Bp'= LR |
Cr=Kp % Tror
i | 1. 99.9 1.25
Dynamic Factor Elastic Coefficient: 99 [150]
1
=11 el
VieT Pidpdr o C,i=191-4MPa =1.91-10 —0—
= z
m 5
12 —
o 4
y:y =:50—56‘[l—B ]
=3 r
B
o)
AP
= =0.9368
Koo -
A —1J200 "V }
&) tp
C__ =K
o K
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ITERATION 1

Bending and Contact Stress calculation for Input Pinion
Subscript ending with p indicates pinion

Bending Stress Calculations for input pinion

th KE . Kmp a
U‘DP::E' =; 'm‘ 'E{S‘K.B'KI=2.6939‘10 Pa
&) 4] KV’P
Contact Stress Calculation for Pinion

][ W C, Cop
G_i=C_- - -C.-C. =1095.9606 MPa
cp o] F -I -d C 5 1]
B D = VP

Bending and Contact Strength calculation for Input Pinion

Subscript ending with p indicates pinion

Uncorrected Bending Strength (depends on the material)

Spppr = 380 MPa

Uncorrected Contact Strength (depends on the material)

Sfcp‘ = Sfcp'
Corrected Bending Strength (depends on the material)

Kip
op = 7o Sy, =357.446 MPa

Corrected Contact Strength (depends on the material)

CLD‘CH
Siep = 5. ,=1178.083¢6 MPa
cp CI‘CR fcp

Safety factor calculation for Input Pinion
Subscript ending with p indicates pinion

Bending Safety Factor:

5
— Thp _ 1.3260
%op

Contact Safety Factor:

Sfcp

(=]
cp

I =
op

] =1.1555

Input Pinion is done
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ITERATION 1

Bending and Contact Stress Factors for Gear
Subscript ending with g indicates that the factor only applies to gear stress calculations

Application Factor (multi-cylinder moderate shock) Size Factor

K_=1.25 K.:==1
a 5
Ca = Ka CS = KS
Rim Thickness Factor (Solid disk gears) Load Distribution Factor
K= 1 ng =1.6
Hardness Factor (all gears same hardness) Cmg = ng
Cgi=1 Bending Life Factor
Idler Factor —0.0323
K = 1.6831-[NC ]
KI =1 a a
Temperature Factor (less than 250F) Contact Life Factar
=1 —0.056
i o ==2.466‘[NC]
C'I =1 g g
—— : ——
siyface-Einish Re!@t;llty Factor (99% reliability)
Cf =1 KR -

S

Elastic Coefficient:

Dynamic Factor

Q’vg =11
Vv =@ T C =191-4/MPa
Tg a a e
% Geometry Factor, | (maybe just use the table)
—T {12_Qvg] Ig:: Ip
Eli=+ 1 | /1
g 4
Y ==50—56‘[1—B ]
o g B
g
Ag
K 1=
vg s
[A —1200'\.? —J
g Tt m
C_ =K
Vg Vg

Bending and Contact Stress calculation for Gear
Subscriptending with g indicates gear

Bending Stress Calculations for gear

e Mo FeFag o —2.4153-10°
T T m TR K K K =2. Pa
g g vg

Contact Stress Calculation for Pinion

th Cﬁ'Cmg
g =C - : -C.-C_=632.7531 MPa
cg il F ‘I -d C 5 £

a g g g
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ITERATION 1

Bending and Contact Strength calculation for Input Pinion
Subscript ending with p indicates pinion

Uncorrected Bending Stress (depends on the material)

Sfbg' B Sfbp'

Uncorrected Contact Stress (depends on the material)

Sfcg J Sfcp '

Corrected Bending Stress (depends on the material)

K

Sfbg:: - 'Sfbg‘ =370.3578 MPa

Corrected Contact Stress (depends on the material)

c. -C
L H
S, = ———"S.__,=1252.838 MPa
cg  C,-C, ~fco

Safety factor calculation for Gear
Subscript ending with g indicates gear

Bending Safety Factor:
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FOLLOWED THE SAME PROCEDURE AS ITERATIONA1

Input Pinion and Gear Pair

Fundamental specifications =
Subscript of g is for gear and p is for pinion in this st gear pair
Torgue Input Input Shaft Speed
L b 0 ppue ™= 3000 rpm=314.1593 229
Input Pinion and Gear Specification
P =16 mm F NI T - = Tp::-r“ Define m_n and Z (if table is not used to find | valus
= = =% 1
Py 3E'| IH = 1ﬂl:|| pﬂ1_ =300 m **yalue of addendum is used here
a,=3mm ja =3mm ¥ =21. . iy Number of cycles (lifespan) of pinion and gear until
dp-- N n:| |:l =N |11 $=20deg :;:Iulra o 107
an it St ’
¢, i=atan ___.l!*.l] 21.365 deg =
os (¥ M, 7
NC =NHC -—=4.98%9&6-10
H rad g F N
mq==mmm-u—‘=9a 2478 222 ’
g s Force Input
T =—T"Iuﬂ=1aﬁ GEETNm d,
T @ 3 r =—E=0.03n
-] ] 2
d
- .
r'\:r 1—?— 0.1m
T
W_i=|-2|=1866.6667 N
TR r
e}
o
W =9 =1066.6667N
tg 1":
Geometry Factor, J and |
Table 1: AGMA D08-B80 Geomelry Faclods for Spur and Helical Gears
I ANTD J FACTORS FOR"
L ELTREAe L TSR
Bipual ADDESIA R I-l!!i'.'-'ﬂ'
MBS TEETH
BEAR i EL] ] n o L] n i
mﬂ ¥ [-] F al | o [ ] | {1 F I F L] r -]
o
] (&) L]
(T
] u u ] u
LE | LK Fi]
i U w "] u Bdd Qa4
mi { NEYY LW
fl ] 1] 1] uw ik ek B4 LAY
HI 0 i & il [ N3]
i w 5] u o BAl BER Bl R AW AN
LU . Bl aca ik
i i (1) u u id am (R N - SN = K]
51 Ao [N [ &1 wif B ja
] ] [1] 5] %] it B3 AW B AR R AN AFF Ai Al
PLTEN [ §T) [ -] .0 LB ] [l ) 3KV
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1

Geometric Factors Derived from python code

[19 = o.z1o7s3easaaaesaaal

[Jp =0. 5445833333333333]

ng = 0.5869444444444445|

Bending and Contact Stress Factors for Input Pinion
Subscript ending with p indicates that the factor only applies to pinion stress calculations

Application Factor (multi-cylinder moderate shock)  Size Factor

K =1.25 K. =1
3 s
Ca=K, Ca=Ky
Rim Thickness Factor (Solid disk gears) Load Distribution Factor
KB o= 1 Kmp = 1 . 6
Hardness Factor (all gears same hardness) C =K
C =1 Sl
H Bending Life Factor
ldler Factor -0.0323
Kw:=1.6831-[NC ] =0.9132
Kx =1 P
Temperature Factor (less than 250F) Contact Life Factor
Ki=1 - 0.056
¥ Cypi=2.466:(NC_| =0.8543
C? =1 P P
Surface Finish Re'llfbllﬂy Factor (99% reliability: AGM_E._t_aﬂc_iid)
c =1 K= 1 bty | x|
£ C =K L_%:l_ 0&s
R R T w  lim]
[_999 1135}
Dynamic Factor Elastic Coefficient L 9% [Ls0]
1
Voo =% e T cp==191-Jupa =1.91-10 l‘%—
2 3
3 m S
[12 -Q ]
vp
B = —-—
P 4

A = 50+56~[l—-8p]

A P
K= E ~| =0.9079
it s
‘A +]}200-v =
P tp
C__=K
b o w»
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1

Bending and Contact Stress calculation for Input Pinion
Subscript ending with p indicates pinion

Bending Stress Calculations for input pinion
th E_ - Kmp 8

l::l'bp::F i — -Ha-l‘%-KTZZ.3597-lﬂl Pa

P P bt

Contact Stress Calculation for Pinion

W, C.C
o _=C - e .—_%.c_.C_=861.0598 MPa
¢ P |F -I_ .d c 8t

P I P

Bending and Contact Strength calculation for Input Pinion
Subscript ending with p indicates pinion

Uncorrected Bending Stress (depends on the material)

S gy = 380 MPa

Uncorrected Contact Stress (depends on the material)

quj, = 1310 MPa

Corrected Bending Strength (depends on the material)
E

§ :=_T° &  =347.022MPa

Ebp'_ K:I.'-HH. ) Ebp"
Cormrected Contact Strength (depends on the material)
c.:C
g =—F g  _1119.1582 MPa
fop CT'CR fop

Safety factor calculation for Input Pinion
Subscript ending with p indicates pinion

Bending Safety Factor

g
= _TBR — 1. 4706
o

Contact Safety Factor

F-
=1.6853

5
B

n_ i=|—E
Ep

(=]
=p

Input Pinion is done
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1

Bending and Contact Stress Factors for Gear

Subscript ending with g indicates that the factor only applies to gear stress calculations
Application Factor (multi-cylinder moderate shock) Size Factor

Kn::1.25 Rs::l
CI = KI- ES = Kﬂ
Rim Thickness Factor (Solid disk gears) Load Distribution Factor
K +=1 E =1.6

B mg
Hardness Factor (all gears same hardness) Crg ™= Koy
Ca™=1 Bending Life Factor
Idlar Factor —0.0323

K +=1.6831 .[m: ]

K =1 L9 g
Temperature Factor (less than 250F) Contact Life Factor
KE =1 =0.056

T c ==2.4EE~1HC ]
Co= 1 Lg g
Sl Fieisl Ra_lflliuhtg:aclnr (98% reliability)
c =1 o i

£

Cgpi=Hy
B

Dynamic Factor
R, =11 Elastic Coefficient
V imw oT C, =191 /MPa

g g g

2 Geometry Factor, | (maybe just use the table)
12— e

i [12=42,.] I =1,

El 4

Ag::ﬁﬂ—-—ﬁﬁ-[l—ﬂg]

Bending and Contact Stress calculation for Gear
Subscript ending with g indicates gear

Bending Stress Calculations for gear
W K -K

ﬂ o tg’ N a III.'g' ;
bg F.J-m K
g g g
Contact Stress Calculation for Pinion

g
I{E-KB-KIZZ-J.E?M-HJ Pa

W, C.C.

O ; .C..C. =471.6219 MP

%e=%'1F .T .a ¢ Chie 4 S
a Q a g
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1

Bending and Contact Strength calculation for Input Pinion

Subscript ending with p indicates pinion

Uncorrected Bending Stress (depends on the material)

3 =5

fbg Fhp

Uncomrecied Contact Stress (depends on the matenal)
5fl:l;" = Sfl_—_[:h1
Corrected Bending Stress (depends on the material)

Fiq
Sepg = K, .K Syt = 288.6264 MPa
Carramag Contact Stress (depends on the material)
C. -C
s, w=—3_T.5  —=957.7732MpPa

feg : Fog
ll;:'I‘ ER

Safety factor calculation for Gear
Subscript ending with g indicates gear

Bending Safety Factor

8
nh-.z—"“‘?=1_3133
Ll

bg
Contact Safety Facior
2
n = fog =4 . 1242
=g a
&3
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1

Idler Pinion and Output Gear Pair

Fundamental specifications

Subscript of g is for gear and p is for pinion in this 1st gear pair

Input Pinion and Gear Specification

=333.3333.—

|H :=25] IHE = E".'I'|
F._25rrm] Fg::25mm| E::Eiﬂ
9 =Ny m| dg:zmﬂ'lﬁ
b = =
ap’=3"“"q 5 _Em'ml ¥i=21.5deg

Input Shaft Speed
Ep =u_=94.2478 H.z|

input

Torqua Input (idler shafttorque)
._T =18B6.666THNmMm

':

T =T. =186.666TNm
p in

Define m_n and Z (if table is not used to find |

§:=20 deg value)
tan *value of addendum is used here
¢ :=atan —[—ﬂ- =21.365 deg
cos (¥] Number of cycles (lifespan) of pinion and gear
H until failure
rad
=, L2 =39, 2699 —— na=
@ = N — NC_:=NC_
H 7
NC_:=NC_-—E=2.079.10
g PN
g
Force Input:
d
r ==—2=0.0375m
B 2
d
r = T" =0.09m
T +L
7 =_F — 44BN m
g rp T
W =|-5|=4977.7778 N
tp T
E
T
“t.-,-': T —4577.7778 N
Geometry Factor, J and | g
Table 1: AGKMA 908-B89 Geometry Factors for Spurand Helical Gears
I AND J FACTORS FOR:"
H;L ﬁw ﬁh w%"‘h"m
EOUal ADDEMTA M [.rll-a. 3% 5
FiNuOs TEETH
CEAR (}] 4 n n El LH] % m
!‘J‘H F i P L1 r o r Lr] F [+] [ a F F -]
i
(] LF] w
LEI
] u L u u
i o
i u u 1] u aad 0o
mi 0. 1ss 0.1
1 i 5] 1] U ®df B4l 0AT AN
L] 0. 188 @, 147 (RS E]
1 u u (1] oad &dR 040 GaF D30 B30
51 [N r g [ N7} i [ R} ]
i [ 1] [T} [F) (] o on o4 0.5 0.8 6L aofd  Gfa
23 LR ] o (N1 [ B [T
] o [ ] 1] (1] 64 Ol 48 00 45 0N &4 0N AN AN
148 1 il [ %1 L .23 0.1 n.131
i o o ] u gal bl @d1 GF 68 640 &M 04 BED &8 B4 BidE
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1

Geometric Factors Derived from python code

I_:=0.192862
o

|Jp = 0.517125]

Bending and Contact Stress Factors for Input Pinion
Subscript ending with p indicates that the factor only applies to pinion stress calculations

Application Factor (multi-cylinder moderate shock) Size Factor

KA:=1.25 Kszzl
Ca = K‘ Cs b= Ks
Rim Thickness Factor (Solid disk gears) Load Distribution Factor
Ka =1 K_p =1.6
Hardness Factor (all gears same hardness) C_ =K
c =1 s I
H Bending Life Factor
Idler Factor -0.0323
KL ::1.6831-[NC ] =0.94%4
KI =1 P P
Temperature Factor (less than 250F) Contact Life Factor
K :i=1 - 0.056
= (o :=2.466-[NC ] =0.9139
Cpi=1 Lp P
P Reliability Factor (99% reliability)
Surface Finish K =1 norrey B
Cei=1 (%)
S N 08s
s 5 im
209 1125
Dynamic Factor Elastic Coefficient 2% 1150
1
Q,, =11 5 53
vtp:zwinput.rp Cp:= 191./MPa =1.91-.10 kgT
= 2
- 3 m s
o —_—)
P 4

= 50-+-56-[1—Bp'

K_ = > =0.9385
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1

Bending and Contact Stress calculation for Input Pinion
Subscript ending with p indicates pinion

Bending Stress Calculations for input pinion
W K -E_ g
Gbp'_F.J i -KE-KB-KI_E.TSSI-ID Pa
P P P
Contact Stress Calculation for Pinion

W, c-C

o_=C : E . ——F.C_+C_=1034.4813 MPa

cp P |F -I -d C 8 f
PR P B

Bending and Contact Strength calculation for Input Pinion

Subscript ending with p indicates pinion

Uncorrected Bending Strength (depends on the material)

Sgppe = 380 MPa

Uncorrected Contact Strength (depends on the material)

5 =1310 MPa
fop '

Comected Bending Strength (depends on the matarial)

-l _
- : -thp_ = 360.7829 MPa

Corrected Contact Strength (depends on the material)
CL . I:H
5, =———-8_ _, =1197.2165 MPa
cp CT . CR focp

Safety factor calculation for Input Pinion
Subscript ending with p indicates pinion

Bending Safely Factor

8
g - .
n =—==1.3191
Op

Contact Safefy Factor

-
=|=—E| =1.3394
(=]
op

n
op

Input Pinion is done
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1

Bending and Contact Stress Factors for Gear
Subscript ending with g indicates that the factoronly applies to gear stress calculations

Application Factor (multi-cylinder moderate shock) Size Factor

Ku:=1.25 Ka'.zl
Cl = I';'l CH = KB
Rim Thickness Factor (Solid disk gears) Load Distribution Factor
Fh-': 1 K-‘; =1.6
Hardness Factor (all gears same hardness) C_g p= ng
Sl Bending Life Factor
|dler Factor e —0.0323
EI::l I{wl_ -68 -[Ncg]
Temperature Factor (less than 250F) Contact Life Factor
K =1 - 0.056
T C ::2.465-[!-1{2 ]
ET'.: 1 L g
Surface Finish Rn!?lillrty Factor (99% reliability)
Gt I.%l T
£
C.i=K
Dynamic Factor B
Q=11 Elastic Coefficient
A i C_+=191-,/MPa
tg L | 9 g
% Geometry Factor, | (maybe just use the table)
B 3= —[IZ_QW] Ig=1g
3 4
A =50 —e—56-[l—B t
9 a9
B?
A
K = 2 ;
vg
[A + .J 200.v,_ =
g EE m
C =3
g wg

Bending and Contact Stress calculation for Gear

Subscript ending with g indicates gear

Banding Stress Calculations for gear

g, = g Fofa K, -K_-K,=2.5234.10" Pa
bg” F_-J .m K_ - Rk R

Contact Stress Calculation for Pinion

=c . : .C._-C_ =667.7548 MP
=" 1F .1 .a ¢ CRA: =
g = a v
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1

Bending and Contact Strength calculation for Input Pinion
Subscript ending with p indicates pinion

Uncorrected Bending Stress (depends on the material)

5

=5
fog" fbp'

Uncorrected Contact Stress (depends on the material)

] =5
fog"' fop'
Corrected Bending Stress (depends on the material)
::_E.s ,=371.1306 MPa

5
thg K . K fbg
Corrected Contact Stress (depends on the material)
c.-C

9 E. g =1257.3741MPa

L | e,
£ H £
ag CT Cil og

Safety factor calculation for Gear
Subscript ending with g indicates gear

Bending Safety Factor

5
o
Mpgi= =2 =1.4707
Peg

Contact Safety Factor
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1 AND 2

Input Pinion and Gear Pair
Fundamental specifications
Subscript of g is for gearand p is for pinion in this 1st gear pair

Torgue Input Input Shaft Speed
T 2008 0 gy = 3000 Tpm=314.1593 s
Input Pinion and Gear Specification =
F= i F = S ‘rF =T, Define m_n and Z (if table is not used to find | value)
1 1
iﬂp._20| Nﬁ = Eui ey 333'3333'E **yalue of addendum is used here
A, =3 mm| Rgr=3 mni =215 989 Number of cycles (lifespan) of pinion and gear until
d =N m] d =N m| $i=20 deg failura
2 £ o 2 NC ‘—[lﬁ 632 lll]l_I|I
tan = 2 :
¢ =atan tan(o]|_,1.365 deg ¢
cos|¥) N 7
NC :=NC_.—==5.544.10
" rad = L
w =, .- =104,7198 == b
a input W -
g Faorce Input;
Tp ; minpl.lt d
T —— =16 Nm s
g @ rF.—z—O.DEm
d
rgl e e 0.09m
T
W _=|—-|=1B866.6667
tp r
=}
T
W =—2—1866.6667TN
tg Ig

Geometry Factor, J and |

Table 1: AGMA 008-B8% Geometry Factors for Spurand Helical Gears

a0 DEA. FUESEURE ANOLE 130 Moty oEETE pacTOM
MELIX 1Tl POk BACELATH
im Pod'iDaE LoAbao AT rir
EQUAL ADDENTUM (s = & 3= 8)
TeETH
GEAR i 1 i m H s ] M

i
]
]
] u u u u
i i [N
i i u uw u L U
L] b jed LR
i u u L] u LR LL
31 0.158 a4 LR
] L] u o o Bdd G4 DB DAF O BN
38 1 a.rt o [ K1) L8}
] L] u u u B B3 04 bR BH DEF B8 O
1 L5 EAFT LR [ Ber) Bl
] u L] u u aE7 oM A8 03 0N 0M &3 05 &l oM
i [ E1-] LR LR ] L8 L LEE
i u o u u Ay ndl  &E B
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1 AND 2

Geometric Factors Derived from python code

[19:: 0.201734375|

Iap = 0.493125]

J :=0.5

Bending and Contact Stress Factors for Input Pinion
Subscript ending with p indicates that the factor only applies to pinion stress calculations

Application Factor (multi-cylinder moderate shock)
= 1.25

C =K
a a

Rim Thickness Factor (Solid disk gears)

KB =1

Hardness Factor (all gears same hardness)
C: =X
H

Idler Factor
K, =1
Temperature Factor (less than 250F)

K’l'::l

CT =

Surface Finish

Size Factor
Ka =1
Ca=¥,g
Load Distribution Factor
K. =1.6

mp
C =K

mp mp
Bending Life Factor

-0.0323

K := 1.6831-[NC ] =0.9132

Lp P
Contact Life Factor

- 0.056

Cbp.=2.466-[NCP] =0.8543

Reliability Factor (99% reliability: AGMA standard)
Kx

Ki:=1 "Retiabiliey |
Cf =1 % ._.l?;‘L"i, ]
S v )85
Gy 5 tisl
; . . | 999 ]125]
Dynamic Factor Elastic Coefficient L »we lis]
va =11 «;—
R 5
th'_winput'rp CP== 191./MPa =1.91.10 —kgi—-—
% 2
3 m s
[12 - va]
B m
P 4

Ap:: 50+56-[1—Bp]
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1 AND 2

Bending and Contact Stress calculation for Input Pinion
Subscript ending with p indicates pinion

Bending Stress Calculations for input pinion

W KK g
i . K_-K -K.=1.1119.10 P
“%=F .0 .m K 2Ky K, =
E B e

Contact Stress Calculation for Pinien

-I -d c

W C,-C

g =C - B s = .C_-C_=704.0953 MPa

¢ P |F LA
B F P i o

Bending and Contact Strength calculation for Input Pinion
Subscript ending with p indicates pinion

Uncomected Bending Stress (depends on the material)

S gppe = 380 MPa

Uncomected Contact Stress (depends on the maternial)

e 1310 MEa
Corrected Bending Strength (depends on the material)
- _
Sfbp'_mﬁ_, Smp,_Ba!?.GEEHPa
Comected Contact Strength (depends on the material)
L0
g, =—2 1.5 =1119.1582 MPa

fep o ) fep
T R

Safety factor calculation for Input Pinion
Subscript ending with p indicates pinion

Bending Safety Factor

5
,_ _fhp
n.“-_ —_—=3.1211

Contact Safety Factor.

Frep

o

n_ = =2.52683

- ]

Input Pinion is done
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1 AND 2

Bending and Contact Stress Factors for Gear

Subscript ending with g indicates that the factor only applies to gear stress calculations

Application Factor (multi-cylinder moderate shock) — Size Factor

Kﬂ‘:l.EE K.S:::L
':-. = K‘ 1:3 o KEI
Rim Thickness Factor (Solid disk gears) Load Distribution Factor
KE =1 !':m] i=1.6
Hardness Factor (all gears same hardness) i
sy mg " g

H Bending Life Factor
Idler Factor —0.0323

K, =1.6831 -[HC ]

KI =1 El g
Temperature Factor (less than 250F) Contact Life Factor
K =1 - 056

-, Cpqi=2-466-NC |
C =1 Ly g
Surface Einish Reliability Factor (99% reliability)
6= KR =125

=

_ Ca =Ky

Dynamic Factor _ _
Qg =11 Elastic Coefficient
¥ =@ T Cp:: 191 .. /MPa

Lty g g

—§~ Geometry Factor, | (maybe just use the table)
12 - g

o [ Q. I=1)

9 4

A ==5|:|¢55-[1—B ]
(-} 9

Bending and Contact Stress calculation for Gear
Subscript ending with g indicates gear

Bending Stress Calculations for gear

W K, K 7
o = - < .K_-K_-K_=9.9688.10 Pa
bg ¥ dg-m K i U

Contact Stress Caleulation for Pinion

th C“-CW

i . * H . =406,

ﬁn—q GF .1 .d c C, Gy 406.5096 MPa
¥ §F 9 b
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1 AND 2

Bending and Contact Strength calculation for Input Pinion
Subscript ending with p indicates pinion
Uncorrected Bending Stress (depends on the material)

™

b
Uncorrected Contact Stress (depends on the matenal)
Efeg S Efcp‘
Corrected Bending Stress (depends on the material)
K
o e S i

619" K. St 287.6458 MPa
Corrected Contact Stress (depends on the material)

G e
H

A 9 _P.5  =952,1388 MPFa
cg C.o¥ G fey
T R

Safety factor calculation for Gear
Subscriptending with g indicates gear

Bending Safety Factor

z
an:=-—£b-—q=2.BEE-5
eg

Contact Safety Factor.

SE{'-
n_=|—3| =5 486
=g
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1 AND 2

Idler Pinion and Output Gear Pair
Fundamental specifications
Subscript of g is for gear and p is for pinion in this 1st gear pair

Input Pinion and Gear Specification Input Shaft Speed
|I'lp = 24] |Ng = ECI'| |_-I:put = mg =104 7158 l-lz|
Turqua Input (idler shafttorque)
F‘=25n:|m} :=25mm| m =3 mmj T, =T ,=168Nm
dp:u . d =N_- _1_333 3333'% TP._Tin_LEENm
a = a =3
P mml =21.5 deg Define m_n and Z (if table is not used to find |
¢:=20 deg value)
tan **value of addendum iz used here
$ = atan —[ﬂ =21.365 deg
cos (¥) Mumber of cycles (lifespan) of pinion and gear
until failure
H rad
0 o=, _E _ 41,8879 —== NC_ :=HNC
g input’ Hg s P a
R 7
NC :=NC -—E£=2,2176-10
g PN
g
Force Input:
dP
IP::?:ﬂ.gaﬂ m
d
Ii; g ?g =0.09m
T
T =t 9 _420Nm
g x T
_=|-E|=4666.6667 N
P r
P
T
W, = -9 —4666.6667 N
Geometry Factor, J and | g

Table 1: AGMA D0B.B8S Geometry Factors for Spurand Helical Gears
I AND J FACTORS FOR:"

H i M
1 BEE mmmamay 38 poscumry
dE TG BRGE RADILE
BOFUAL ATHHERTHIM bryms :-I
PR TRETH
[= 1] 1+ i i b1 a8 " (L]
TEETH [ =] [ ] 4 L] F a L4 & r o 4 a | a
iy
L) LY i
BUIN
i u F] 1] (5]
o B
'] u =] L] u L
o | Boied a.ig
i u o w u il Gal BT By
L [ NE1Y 0.4 a.i53
i u u u (1] B SAF  G48 DR 008 A
M T [R75] [ ALt} [ 8]
] L1} L1} u u O B4 DA I B 033 DS O
i LB ] AN L810) BATE 0,144
i 1] u 1] B4 oM A% 03 AR 0N A o N R
141 i [ B-r0 [ L5 LR 0.3 [ 51}
1 '] 1] 7] gl 6.5 891 0.8 08 08 88T a4l el &8 B8 Ak
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Geometric Factors Derived from python code

Ip-‘: 0.194&

J =0:.513
J 1= 0.5585
g

Bending and Contact Stress Factors for Input Pinion

Subscript ending with p indicates that the factor only applies fo pinion stress calculations

Application Factor (multi-cylinder moderate shock) Size Factor

K +=1.,25 K =1
a a3
C =K Ca=FKyq
Rim Thickness Factor (Solid disk gears) Load Distribution Factor
F =1 E =1.6
=p
Hardness Factor (all gears same hardness) C =
e | = S
H Bending Life Factor
|dler Factor 16831 (e
K= Kap =1+ ] [ p]
Temperature Factor (less than 250F) Contact Life Factor
Ki=1 =
T C ::2.466-[[\11: ]
c,i=1 i F
Suirtice Finil Ra!ifliility Factor (99% reliability)
Cf =1 KH o
CH = KF.
Dynamic Factor Elastic Coefficient
va =11
V,_=w % o 5 kg
tp input p EP: 1591. /MPa =1.591-10
z F]
3 m
[ 12-9 ]
Boi=t TPV
B 4

A= 5l:I+5'E~~[l—BP1

. 9368

0.056
=0.5085

3
=0.9462

Relialsifin
1%

Ks

bl

L5

bl

|

.

1.23

Pl

1L.50
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1 AND 2

Bending and Contact Stress calculation for Input Pinion
Subscript ending with p indicates pinian

Bending Stress Calculations for input pinion

W, K, K, a
thzzF e -KE-KE~H_;=2.5I395~1EI Fa
P B kol

Contact Stress Calculation for Pinion

W, c,-C
g =C . B s T .c .Cc_ =1018.645 MPa
oo e |F -I -d C 8 £

PR P i =)

Bending and Contact Strength calculation for Input Pinion
Subscript ending with p indicates pinion

Uncorrected Bending Strength (depends on the material)

Spp = 380 MPa
Uncorrected Contact Strength (depends on the material)
85 ,=1310MPa

fep

Comected Bending Strength (depends on the material)

P _ .5 o+ =359.5572 MPa

fop T R . K, £h
GurrecteKJGnn ct Strength (depends on the material)
G0
S, =—f—2.5 __ =1190.1735MPa
cp E'I‘ kS CF. fop

Safety factor calculation for Input Pinion
Subscript ending with p indicates pinion

Bending Safety Factor;
2
= —tB = 13885

Contact Safety Factor

Lep
o

: =1 3651
cp

Input Pinion is done
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1 AND 2

Bending and Contact Stress Factors for Gear
Subscript ending with g indicates that the factor only applies to gear stress calculations

Application Factor (multi-cylinder moderate shock)  Size Factor

Kni:l.25 KE::1
Cn =K, ':'a =K,
Rim Thickness Factor (Solid disk gears) Load Distribution Factor
K =1 ¥ =1.6
B =g
Hardness Factor (all gears same hardness) Cmq = ng
$age=2 Bending Life Factor
ldler Factor —0.0323
K _:=1.6831. [NC ]
K =1 l v
Temperature Factor (less than 250F) Contact Life Factor
Koi=1 - 0.056
= 2 :=2.4EE-[HC ]
CT . | Lg 9
Budace Eiieh Reliability Factor (99% reliability)
c =1 Kﬂ =1
C =K,

Dynamic Facter

0 =11 Elastic Cosefficient

vg
V. = «F Cpi=191-,||IHPEI.
tg g g
2 Geometry Facter, | (maybe just use the table)
12 - e
g 4

A ::50—1—55-[1—3 |
g q

Bending and Contact Stress calculation for Gear
Subscript ending with g indicates gear

Bending Stress Calculations for gear
Ht. Ku1Km 8

g, = . 9 K_-K_-K_=2.3785-10 Pa

kg F .7 .m K 8B I

g a vg

Contact Stress Calculation for Pinion

Wtq Cl -C:rrlg

=0 - . -C_- = 247

s CP F I . d c C,-Cp =644.2476 MPa
¥y ¥ 9 i |
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FOLLOWED THE SAME PROCEDURE AS ITERATION 1 AND 2

Bending and Contact Strength calculation for Input Pinion
Subscript ending with p indicates pinion

Uncorrected Bending Stress (depends on the material)

] _-':S'f

fihg bp*

Uncomected Contact Stress (depends on the material)

S.Ecg' =5

Corracted Banding Stress (depends on the material)

Kig

Sy = +Sg . =370.3578 MPa

Corrected Contact Stress (depends on the material)
c_+C

_ i=—2 _T.5 . =1252.838 MPa
fog Cp Gy feog

fep!

Safety factor calculation for Gear
Subscript ending with g indicates gear

Bending Safety Factor

g
“::u':ﬂ =1.5571
“oq

Contact Safety Factor

Z
S!W
o
cq

n k= =3.7817

o
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C5 - The following python code is used to calculate the geometry factors by
interpolating the AGMA standard tables. Then the values were plugged into C4.




C6 - Incline Friction and Torque Analysis

Incline Friction and Torque Analysis

Free Body Diagram of a vehicle on an incline for maximum torque requirement:

Figure 1 - Free body diagram (FBD) of the cart on incline

Figure x — Free Body Diagram of a vehicle on incline

Center of mass

Point A

Point B

Static Friction, Front Axle
Static Friction, Rear Axle
Weight of the Vehicle

Distance between point A
and Center of Mass

Distance between point B
and Center of Mass

Incline Angle
Normal Force, Front Axle

Normal Force, Rear Axle

Since the location of the center of mass is not certain as it depends on the location of

the passengers within the vehicle as well as the number of passengers, there were

ranges given for variable L and h:
0<L<165m
0<h<175m

Note that the maximum values of L and h are the wheelbase length and height of the
golf cart respectively, based on our reference golf cart model’.

The first condition the vehicle needs to satisfy is the no tip condition. The center of mass

should be located adequately that the vehicle does not tip about Point A. To find the no

tip condition:

> Mg = mgLcos — 1.65N; — mghsin® = 0

" “Tempo lithium-ion fleet golf car,” Tempo Lithium lon Golf Cart | Fleet Golf Vehicles | Club Car,

https://www.clubcar.com/en/golf-operations/fleet-golf/tempo-lithium-ion (accessed Sep. 21, 2024).
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Ny = ON (2)

Nf =mg (Lcostj.—fs:sine) >0 (3)
Then, solving the inequality:
1.65 > L > htanf (4)

Based on the value of normal force on front axle, normal force on the rear axle can be
calculated:

> E, = Ny + N, —mgcosf = 0 (5)
(6)

Now that all the necessary equations were obtained to solve static friction (i.e. non-slip
friction) at the contact between the incline surface and the tires:

Lcose—hsine)]

~ N = mgcosf — Ny = mg [cos@ - ( T

LcosO—hsind
Ff,r = UsNy = usmg [COSQ - (%)] (7)
LcosO—hsind

Fr.p = usNy = usmg (%) ®)

Given rear wheel drive system of our vehicle and hence the torque of the rear axle

converting to the surface friction:
Lcos6—hsind

2T max = Twheet X Ff,r = TwheetlbsMg [COSG - (%)] 9)

Note there’s 2 multiplied to torque because the torque represents the rear axle torque,
and it acts on two rear tires in contact with the surface. Also, this is represented as
maximum torque, because torque exceeding this value will cause the force from torque
on the tire surface to be greater than the static friction, causing the tire to slip.

Second condition the vehicle should satisfy is that it should be able to drive up the
incline. For the cart to drive upwards:

> E, =mgsind —F;; — F;,. <0 (10)
o Fr ¢+ Frp = mgsing (11)

Substituting the equation (7) and (8):

Lcos@—hsin@) (LcosH—hsinG

Usmg [0059 — ( o5 T )] = usmgcosf = mgsinf (12)

« ug = tand (for O to 90 degrees) (13)
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Surprisingly, for the vehicle to drive up or at least stay parked on the incline without the
tire slipping, it only depends on the angle of the incline and the coefficient of friction
between the surface and tire.

With all the set of conditions to find the torque requirement for the rear axle, two
scenarios were investigated:

1. At maximum incline of 16°and h = 1.75m:
a. Condition 1: 1.65m > L > 0.4689m

Condition 2: ug, > tan15° = 0.268

Twheet = 9in = 0.2286m

m = 600kg for conservative estimate

g=98135

®©oo0o

For the first scenario, choose the lowest possible coefficient of friction, and
recalling equation 9:

Lcos15°—1.75sin15°)] (14)

Tnax = % X Twheet X 0.268 X mg [COS150 B ( .65

Plotting equation, treating L as an independent variable and Torque as the
dependent variable, maximum torque was assessed as 124.4 Nm, where L =
1.65m.

2. At maximum incline of 75°and h = 1.75m:
a. Condition1: 1.65m > L > 0m

b. Condition 2: u; > tan15° = 0.268

C. Twhee = 9in=0.2286m

d. m = 600kg for conservative estimate
m

e. g=9.81 I

For the first scenario, choose the maximum possible coefficient of friction, and
recalling equation 9:

Tax =3 X Twheet X 1.0 x mg [cos16° — (222200 )| (14)

Plotting equation, treating L as an independent variable and Torque as the
dependent variable, maximum torque was assessed as 464.01 Nm, where L =
1.65m.

After investigating these two scenarios, the output of our gearbox should provide the
conservative torque of maximum 464 Nm. Torque beyond this value will exceed the
maximum friction, causing the tire to screech. 464 Nm is a conservative estimate, and
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having a torque higher than 124.4Nm will provide sufficient static friction to overcome
the weight force component parallel to the incline that pushes the cart down the hill.

On a flat ground, the cart will move forward for any torque value greater than 0 Nm, to
calculate by substituting 0 degrees to the angle, 9, in equation (9). Also, maximum
torque (before tire screech) required to drive up the incline considering different terrains
ranges from 124 .4 - 464 Nm. Therefore, the output torque should be in the range of this
range for the cart to drive up the hill, but ideally good to have it closer to 464 Nm.

Therefore, knowing our input torque is 56 Nm. Ideal gear ratio to achieve this should be:

1244Nm _ 464Nm .
Tt 1=222:1to T 1= 8.286:1.

However, this doesn’t mean that our gear ratio has to be restricted to this range, as the
cart screeching would not be a problem (cars screeching on the road it's pretty often
too). Having a gear ratio greater than that would just be an excessive specification.
However, it is definitely essential to achieve the above 2.22:1 ratio from above because
that is the minimum output torque requirement for the extreme slippery terrain.
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C7 - Acceptable gear ratio calculation

e Input RPM w;,, = 3000 RPM

Output speed 1 (v4) = 26km/h = 6.94444m/s
e Output speed 2 (v,) = 35km/h = 9.72222m /s

e Tire Radius r, = 0.2286m

1 60s

1. V=X —X = 290.090RPM
s rrm 2nrad
2. v, x L x5 _ 406.126rRPM

s "rem” 2mrad
Therefore, Gear ratio 1:
3000: 290.090 ~ 10.34: 1
Gear ratio 2:
3000 : 406.126 ~ 7.39 : 1
C8 - Output speed and output torque calculation
Output Speed v,:

2n

Vo = Win X ==
o mn 60

X gear ratio X Tyjre
e w;,=Input angular velocity in RPM
e 1:-.=Radius of tire (m)

Output Torque T,:

Tin X gear ratio =T,

e T,,=Input Torque from the motor (Nm)

Therefore, Gear ratio 1:

T, = 579.04 Nm
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Therefore, Gear ratio 2:
T, = 413.84 Nm

Both gear ratios exceed the minimum required output torque of 124.4 Nm, ensuring
sufficient static friction to counteract the weight force component parallel to the incline
that pulls the cart downhill. Although the output torque for Gear Ratio 1 surpasses the
maximum threshold of 464 Nm, which could cause tire screeching, this is not
considered a limiting factor and is deemed acceptable for the design.
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C9 - Shaft Analysis - Design Safety Factor

- B De
Created usl

u,) "

Design Safety Factor

The purpose of calculating a design safety factor is to provide an initial margin of safety that can be used when

conducting shaft analysis.

Determine Safety Factor

Materials

AlSI 4140 Steel properties from matweb.com

Reliabilty

n.o=142

L

Calculate Safety Factor

ne=n -n_+n_+N

N Ny NN, =1.872

Design safety factoris n =1.872.

References

Well known or
looding conditions

1.1 Handbook of manufacturcr values

1.4 Maerial not well known or of vasiable propertics |

Figure 1: Material factor [1]

1.1 | Loads are well known with no anticipated overloads or shock Stress |
analysis i accurate
13| Average load known (some overload), stress analysis may contain

efrors
1.7 | Loads not well defined or known, stress analysis s of doubtful
Accuracy

Figure 2: Stress factor [1]

10 \1mufxlumlo_lgr_uw¢s tight and beld |
12 | Dimensions not closely beld ]

Figure 3: Geometry factor [1]

L Fn:bena'pu:h.dmwﬂcmuﬂumﬂlmulmluﬁ.u
fully revervible uniaxial fatyy !
nmhnwmmmwm

(12| Failure analysis must be extended to handle cor =

131 hllmennlpus und theory not well developed
Figure 4: Failure analysis factor [1]

,.n._!;’T;&Lu_J

| chnhnln; not rtqmmd 10 be high: less than 90
1.2
!

1
2 | Rel U 10 ONY
7 | Reliability above 99%

Figure 5: Reliability factor [1)

Use this as initial safety factor in shaft analysis.

[1] D. Romanyk, Class Lecture, Topic: "Mechanical Loading and Analysis: Static Failure Analysis." Faculty of Engineering,
University of Alberta, Edmonton, Alberta, 2024
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C10 - Shaft Analysis - MATLAB function minShaftDiameter.m for iteratively calculating
minimum diameter (DE Elliptic failure criteria) to be used in shaft analysis Smath

function dmin = minShaftDiameter(di, n, Sy, SeUncor, k, Ma, Mm, Ta, Tm, Faa, Fam, Kf, Kfs)
% Function to iteratively determine the minimum required diameter based

% off Distortion Energy Elliptic (DE Elliptic) failure for a shaft under

% bending, axial, and torsional stress.

%

% Inputs: "di" is the initial guess for diameter (in)

% "n" is the inital safety factor

% "Sy" is the yield strength (psi)

% "SeUncor" is the uncorrected endurance strength (psi)
% “k" is the result of all the correction factors w/o kb
% "Ma" is the alternating bending moment (Ibf ft)

% "Mm" is the mean bending moment (Ibf ft)

% "Ta" is the alternating torque (Ibf ft)

% "Tm" is the mean bending torque (Ibf ft)

% "Faa" is the alternating axial force (Ibf)

% "Fam" is the mean axial force (Ibf)

% "Kf" is the fatigue alternating SCF

% "Kfs" is the fatigue alternating SCF for shear

%

% Output: "dmin" is the minimum required diameter (in)
%

% Key assumptions:

% - diameter is between 0.11 and 2 (in)

% - Kfm = Kf & Kfsm = Kfs
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% convert bending moment & torque into (Ibf in)

Ma = Ma*12;

Mm = Mm*12;

Ta=Ta*12;

Tm=Tm*12;

dmin = di; % set initial guess for dmin

dmax = 2; % max allowable diameter (in)

Kfm = Kf; % fatigue mean SCF

Kfsm = Kfs; % fatigue mean SCF for shear

converged = false;

% iteratively solve for minimum diameter

while ~converged
% Calculate alternating stresses
sigma_b_a = (32*Kf*Ma)/(pi*dmin*3); % alternating bending stress
sigma_a_a = (4*Kf*Faa)/(pi*dmin*2); % alternating axial stress
tau_t_a = (16*Kfs*Ta)/(pi*dmin”3); % alternating torsional shear stress
% Calculate mean stresses
sigma_b_m = (32*Kfm*Mm)/(pi*dmin”*3); % mean bending stress
sigma_a_m = (4*Kfm*Fam)/(pi*dmin*2); % mean axial stress

tau_t_m = (16*Kfsm*Tm)/(pi*dmin”3); % mean torsional shear stress

% Calculate corrected endurance strength

kb = 0.897*dmin*(-0.107); % size correction factor, kb

Se = k*kb*SeUncor; % adjusted endurance strength

% Von Mises stresses

sigma_a_v = ((sigma_b_a+sigma_a_a)*2+3*tau_t_a”"2)*(1/2); % alternating

sigma_m_v = ((sigma_b_m+sigma_a_m)*2+3*tau_t_m*"2)*(1/2); % mean
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% Check if DE Elliptic fatigue failure criteria is met

Ihs = ((n*sigma_a_v)/Se)*2+((n*sigma_m_v)/Sy)*2;

iflhs <=1
converged = true; % found the minimum diameter

else
dmin = dmin + 0.0001; % increase diameter and try again
if dmin > dmax

error('No feasible diameter found within assumed range.’);

end

end

end

end
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C11 - Shaft Analysis - MATLAB script minShaftMain.m that inputs values from Smath
shaft analysis and calls function minShaftDiameter.m

%% Input Shaft

% input known values
di=0.11; % (in)

n=1.3872;

Sy = 143000; % (psi)
SeUncor = 78573.6; % (psi)
k =0.613; % ka*kc*kd*ke*kf
Ma = 48.3524; % (Ibf*ft)

Mm = 0; % (Ibf*ft)

Ta = 20.65; % (Ibf*ft)

Tm = 20.65; % (Ibf*ft)

Faa = 165.288; % (Ibf)

Fam = 165.288; % (Ibf)
Kf=1.9; % Kf=Kfm

Kfs = 2.64; % Kfs=Kfsm
dmin1 = minShaftDiameter(di, n, Sy, SeUncor, k, Ma, Mm, Ta, Tm, Faa, Fam, Kf, Kfs);
% Output the result
fprintf('Minimum diameter (dmin) for gear 1 on input shaft = %.4f in \n', dmin1);
%% Idler Shaft

% input known values
di=0.11; % (in)

n=1.872;

Sy =143000; % (psi)

SeUncor = 78573.6; % (psi)

72| Page



k =0.613; % ka*kc*kd*ke*kf

Ta = 61.95; % (Ibf*ft)

Tm = 61.95; % (Ibf*ft)

Faa = 123.966; % (Ibf)

Fam = 123.966; % (Ibf)

Kf=1.9; % Kf=Kfm

Kfs = 2.64; % Kfs=Kfsm

% Gear 2

Ma = 56.8137; % (Ibf*ft)

Mm = 0; % (Ibf*ft)

dmin2 = minShaftDiameter(di, n, Sy, SeUncor, k, Ma, Mm, Ta, Tm, Faa, Fam, Kf, Kfs);
% Output the result

fprintf(‘Minimum diameter (dmin) for gear 2 on idler shaft = %.4f in \n', dmin2);
% Gear 3

Ma = 106.383; % (Ibf*ft)

Mm = 0; % (Ibf*ft)

dmin3 = minShaftDiameter(di, n, Sy, SeUncor, k, Ma, Mm, Ta, Tm, Faa, Fam, Kf, Kfs);
% Output the result

fprintf('Minimum diameter (dmin) for gear 3 on idler shaft = %.4f in \n', dmin3);
%% Output Shaft

% input known values

di = 1.2598; % (in)

n=1.872;

Sy = 143000; % (psi)

SeUncor = 78573.6; % (psi)

k =0.613; % ka*kc*kd*ke*kf

Ma = 172.3345; % (Ibf*ft)
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Mm = 0; % (Ibf*ft)

Ta = 154.875; % (Ibf*ft)

Tm = 154.875; % (Ibf*ft)

Faa = 206.61; % (Ibf)

Fam = 206.61; % (Ibf)

Kf=1.9; % Kf=Kfm

Kfs = 2.64; % Kfs=Kfsm

dmin4 = minShaftDiameter(di, n, Sy, SeUncor, k, Ma, Mm, Ta, Tm, Faa, Fam, Kf, Kfs);
% Output the result

fprintf('Minimum diameter (dmin) for gear 4 on output shaft = %.4f in \n', dmin4);
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C12 - Shaft Analysis - Input Shaft

MECE 360: Birdie Boys Design Calculations
MECE 360: Shaft Analysis, Input Shaft Annotation Legend
Blue: Notes

Problem Statement Yellow: Final Answers

The intention of the following calculation is to aid the design of a golf cart transmission. The simply supported shaft made of AIS|
4140 Steel below represents the first shaft in a three shaft transmission, the input shaft. For this application, the gear on the
shaft is helical and is driving a gear on the idler shaft. The shaft will be connected to the moter via spline gear and rotates at the
motor input speed. The gear is straddle mounted and the shaft is supported on either side by bearings (axial load to be carried
on the left).

The objective of this design calculation sheet is to solve for the minimum required diameter for the shaft shown in Figure 1
below. Additional calculations are presented to ensure that the evaluation criterial (including shaft twist angle, linear deflection at
the gear, and angular deflection at gear) is satisfied, As well, a final calculation for fatigue and yeild safety factor safety factors
are included.

Problem Diagram

| 3
y | x 2 g LH E
A TS SNVY S Y|
RV T T ! R
‘ wh ! 1 H
| NAN /ALY /7 /]
o S Tdler oviad
RH \ Note the shafts are not in the same plane

X

bin

Figure 1. Schematic of design problem: Simply supported shaft with
one straddle mounted gear and bearings on each end.

Figure 2. Full layout for all three shafts and gears

Evaluation Criteria

Based on the problem objective, the following criteria must be satisfied:

1. Strength Failure (DE Elliptic Criteria)

3-, no'_ no'
- First Cycle Yield: % max < - Fatigue Failure: 3 il <1
2. Shaft twist <3 deg/m
3. Linaer deflection at gears <£0.127 mm
4. Angular deflection at gears < 0.03 deg (0.0005 rad)

5. Angular deflection at bearings <0.004 rad Page 1
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MECE 360: Birdie Boys Design Calculations

Assumptions

The following assumptions were make for the given problem:

1. Assume machined shaft

2. Assume combined loading, but bending is dominant

3. Assume the operating temperature is 40 °C (104 °F)

4. Assume there are no miscellaneous correction factors

5. Assume lifespan = 10"6 cycles therefore, infinite life

6. Assume 95% reliaitliy

7. Assume constant torque, but will fluctuate between 0 (when not in use) and operating torque
8. Assume forces on shaft are fully reversed, due to shaft rotation causing a critical element ta switch between
compression and tension of equal magnitudes

9. Assume that bearings and gears act on shaft as point loads

10. Assume that axial load from helical gears goes to bearing with highest radial load

11. Assume that for the stress concentration factors, Kfm = Kf and Kfms = Kfs

12. Assume gears are mounted using parallel keyways

Sketches

=

4 LAl - 1’ d
— A
iR || F;'ln W 5 Fax

ahy ¢

i 1 Ju' 52
Ray
i

Hin 2in

———

Figure 3. Free Body Diagram (FBD) of design problem with labelled reaction forces on shaft

FBD Variables

At Left Bearing (A) At Gear 1 (B) Misc.
R1x - Axial Reaction Force Wa - Axial Force .
R1y - Y-Direction Reaction Force Wr1 - Radial Force B1 Ahgle Setnan idarahat

B : ) and the input shaft
R1z - Z-Direction Reaction Force Wit1 - Tangential Force

A Right sering € e
R2x - Axial Reaction Force
R2y - Y-Direction Reaction Force
R2z - Z-Direction Reaction Force
Page 2
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MECE 360: Birdie Boys Design Calculations

sated ueing & free version of SMath Studie
Given for Motor:
RPM, :=3000 rpm T, ni=41.3 1bf ft Toaye i=44.65 1bf £1 (max torque on startup)
Gear Analysis Summary: Pressure Angle ¢ :=20 ° Helix Angle  ¢:=21.5"
Number of Teeth Module Pitch Diameter
- mmn . i
N, :=20 teeth mg =3 oy d,; =m, N, =60 mm
N, :=60 teeth mm
2 I= 33— = . =
m,:=3 ro—re de m, NZ 180 mm
N,:=24 teeth -
m, =3 —— d_,i= =N, =
N, =60 testh 377 teetn gy TR
= mm — N —
m"'—jteeth dp,;._m,r Nq.-lBOmm
Input Shaft Inputs
. @=RPM,_ =314.1593 —“d :
Shaft Velocity 0 Design Factor of Safety n:=1.872
i T =
Shaft Torque T:=T,,. =41.31bf ft Spesaton Temponsiors oper =104
Shaft Length l:=6in
Ultimate Strength S, t=155.9 kpsi
Length to Gear 1 15” =4 in
Yield Strength Sy '= 143 kpsi
Angle Gear 2 to Gear 1 B, i=45°
Young's Modulus E:=29700 kpsi 9 1
g,1=45"°
Shear Modulus G:=11600 kpsi Ao bt eand s
Find the forces exerted on the input shaft (gears 1):
Transverse Presure Angle ?, —atan[ﬂn(%] =21.365°
Loads on Gear 1
W= * =419.608 lbf
.2 SR Y . t:
pl
W, =W, -tan[d)t]: 164.1465 1bf
W =W, -tan(¢)=165.288 1bf
Wy
NJ E— = 479.9324 1bf
cos (¥)-cos (¢)
Not for commerciel use

°F

Page 3
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MECE 360: Birdie Boys Design Calculations

free

Created using &
d,
M, =W, T~51n(9112138.0428 1bf in
ol _
My, =W, «——-cos(6))=138.0428 1bE in

L way et
+ Wey

Figure 5. Snapshot of Figure 3.

W.=W, ~cos[91)=116.0691 1b1
W, =W, -sin[a_,)-—- 116.0691 1bf
W, =W, -cos[90 et ]:296.7077 1bf
Wiy =Wy +8in(90 ° = 6,)=296.7077 lbf

Reaction Forces

Y-x  plane
y
Mz
t_af A Vst M~
Yin * 2in

Figure 6. Reaction forces FBD in the y-x plane

Mot fTor

th Studlie

verelion

Rc.w“'nn‘f

Way

Figure 4. Visualization of two resulting moments, M1z
and M1y, due to axial load.

(:_SM‘=O ‘) '-{(Wny“wm,j—M,z“bﬂ,y‘—'o

M}z = lg} 3 Wz‘ly s wcl_v]
R =
2y 5
RZy =-252.1774 1bf
+f?_‘ZF§ =0 => By +Way+Wy, +EB;, = ©
F‘,y = — WI'!Y - Wt)y - RZy

R

1= 160.5994 lbf

Page 4
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MECE 360: Birdie Boys Design Calculations

) & n
iy

z-x Plane
> Wriz
T_,x A gla
I ¥ 1
Re Wiz Prz
7 Yin s Zin 4

Figure 7. Reaction forces FBD in the z-x plane

(1' IM=0 = Y(Wyz=Wriz) + Miy t 6E22=°

g1 '(W'-rr - erz]
1

R,, =—143.4328 1bf

ffgf'; =0 => Riz+ Wy~ Wnz +R22= ©

i " " R W — W —R
Assume all the axial load is on bearing 1: 1% 2o L2 4
R, =-—37.2057 1bf
R, =0 1bf R, =W, =165.288 1bf
Reaction Force Summary
ial load:
R,, =—160.5994 Ibf R, =—37.2057 1bf R, =165.288 1bf Faliod
E'q :=R__=165.288 1bf
a dx
R,, =—252.1774 1bf R,, =—143.4328 1bf R, =0 1bf
Singularity Function
Function q(x) Evailuation
Ramgp cx—a>t Olix<a
s(x,a,n)=1f (((x—a)>0)A(n20)) # s
Shear flow/ <x=a>° Gix<a
(x-a)n dstnbutod oad F:gﬂ a “litx=a
1
else Shear force! <x—-a>» =fotfxwa
if (((X—B)IO)/\(HID]) support reactions 4o ifx = n
1 Moment/ <x—a>? _f(Olxza
else (internall) = twifx=n
0

Singularity Function Equations for shear force and bending moment

Shear Force

V(x) = f qy (x)dx

Bending Moment M,(x) = f v, (x)dx

On X-Y plane:

g9, x)::R_.,y-s(x, 0i "1)'*[("’;;),+“’;,-y]'5[~":

v, [¥)=R, -5 (x, 0, o)+[[wr,_+f«'c!).]-s[x, 1

¥

M:(x)::Ri’yls(x' 9, 1)+[[W’.:‘y+W”y]-5[x, .

a1t 1]+Mm-s[x,

Figure 8. Singularity Function (to solve for Vy(x)
and Mz(x) [2]

logo —1]+Ml:-s[x, s —2”+R:y~s(x, 1,-1)

g1t 0)+M;:As{x, 1]1, —L))+R?y-s(x, 1,0)

5

1

g1t (x,}

/1)

0]] +R,,

Page 5
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MECE 360: Birdie Boys Design Calculations

reated uveing a free verelon of SMeth Studle

On X-Z plane:

q:! tx}=:‘qlz'ﬁtx' CIJ' _l:.—’_[wrt.:_wr]z]"s[x' 'Igl’ —1]—1"1[}_*5[}{, 1 ‘g _2]+R22'3|:x’ J" _1]

o)

v, [®):==R, «=|x 0, a)+[w”z_wrh].s[;¢, Iots I]]—MT_V-S[}(' L —1]+R?z~s i 1, 0)

M},(x};:Rh-s(x, a, 1)+[W:IZ—WHI]-5[;:, Lore 1]—Ml_v-s[x, Loy 0]+R2_,-s{x, v |

Total V and M:

V(x]::q'vy(x]z+vz(x]2
H(:-:]‘.:-Jlfy(xlz-i—ﬂzix]z

U’[x in

1hE

a f % i g f "

M{x in)
1bf ft

The resultant moment at gear 1

Mgl ::M[IQJ]:48.3524 It ft

Page 6
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MECE 360: Birdie Boys Design Calculations
Created ueing & free verslon of SMaeth Studie

Consider Loads on Startup (Max Torque)
Loads on Gear 1

T

+ max

Bt =454 £
1 O.S'dp, 454.0504 1b

W, =0, 'tan[¢t]=l’77.6201 1bf

W,, =W, ~tan(¥)=178.8552 1bf

=

]

=
o5

~sin [e: ] =149.,3737 1bf in

d
o pl 5 ;
Ml/ =0, -7-003[611—149.3737 1bf in
WrZz = W“ -cos[91]=125.5964 1bf

Wy =W -s‘m(e,]=125.5964 1bf
Wop. i= ¥,y ncos (90 ° =0, =321.0621 lbs

Wuy:: W -sin[90 °—5‘,]=321.0621 1ot

Reaction Forces

y-x plane: axial load on bearing 1:
M_-1_+<WN., +W o e =8
R, t= 1z gt ( w1y ‘JY] — —272.8767 1bf R, 1=0 1bE R, =W  =178.8552 1bf
’ 4
max axial force:
Ry t=—W, —H, —R, =-173.7818 lbf
F, imax 1= Ry =178.8552 1bf
z-x plane:
) .[w o —W )
L 1y gl tiz rlz)
R, = pi =-—155.2061 1bf
R, =W, —W,, —R, =—40.2596 1bf
Singularity Function
On X-Y plane:

g, (x)=R,, -5 (x,0, —1)+[[wﬂy+wnyl.s(x, 2o —1]+Mzz¢s(x, Tore —2”+R2y-s(x, 1, -1)

Page 7
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sated using a free verelon of SMeth

Uy(.\c]::R_l_ll~5[x, g, 0)+[[W. -I-WL‘_}_]-E'[J:, I+ E']“H;-z'slxr Lo —l”—ngy~5[x, 1,10)

M (x)=R_-5(x,0,1)4 [[w_,_,y ! Wﬂy]-s[x, 10 1)4 M}Z-s[x, L {J]] +R;, -8 (%, 1, 1)

On X-Z plane:
7, (x) =R, 5 (x, 0, _1]+[W:13_Wuz]'5[x‘ gpe =1 _MIF'S[)C' ta1e —2]+-’<‘2£-5[:¢, 1.-1)

v, (x)=R,, -5 [x, 0, l.'J)+[I"L?t —Hr_rz]-.s(x, Lo D]—Ml.y—s[x, Lore —1]+Rzz-5(.1:, 1,4}

M {x)::ﬁ’

A 0y 1)+[wm —wm]-s(x, Ee 1]—M”|-s[xr & -!'}]-l—&'l_:,z-.';(x, I 1)

-S[x

-

1z

Total V and M:

If[x}iz-l']vy[x]2+vr[x}2

Mx):= My[x]z—i—!a'z[x}?

¥
]
V(x in)
1bf
¥
=X
M| x in]
b Ft
The resultant moment at gear 1: L —— [ 1 ] =52,3713 1bf £t Max moment for startup torgue
| Page 8
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Created
Sizing the Shaft Based on Fatigue Strength
Gear 1

Determine minimum diameter at gear 1
assuming keyway has greatest SCF

K =2.2

SCF for key
K:s =3
rkey :=0.01 in
rshculd@:::o-l in
q:=0.75 qs:=0‘82

Kf==1+q-[xt—1)=1.9

Kepi=1+4a, '(KM—1)=2.64

Torque on idler shaft

free version of SMeth Studle
| 1 |scF | Picture
Paratel « inmxpentva |+ Light loacs - 4,
+ No axinl PN
oatrmnt s
« SCF e -
Topernd  |-Tgns  |-Ugnticess X (o
« Setfiocking |+ SCF 2w _'d_‘
s- o
Woodntt * Soll algning |+ Light loacs i N
«Tapered |+ SCF
snah |l- w
Figure 9. Keys SCF [3]
Sut = 155.9 kpsi
' —= S, [kpsi/MPa)
e /’—’ I S— — 2401636
Tl R j__#_—— 20001379
) " e ,/_/_:::-“__7 — 1001103
b 7> = —— = —1409es
9 —[7// - B — 120827
0.7 44 = — 100089
- //’ - 80552
o8 4 70483
/ T XY o — AL
/
e | =5
vy
J
LB )
/
os
0 008 ol 01s 02

Assutre noreh ved s o0 0L - woach padess, v (m)

Figure 10. Notch Sensitivity (to solve for g and gs) [4]

The torque will be constant throughout the input shaft, but fluctuate between 0 (when not in use) and operating shaft torque.

/)
at TR _an 6558 £

T
mean 2

Bending moment will be fully reversed loading

M = MQI +[_

Y
i S =0 Ibf ft

=20.65 1bf ft

1
M, ::—].=45.3524 1bf ft

al

My _[—Mg
2

Axial force will be constant throughout the input shaft, but fluctuate between 0 (when not in use) and operating shaft torque.

R E,~9
E voean = 3 =82.644 1bf Flinip = = 82.644 1bf
Endurance Strength
Uncorrected endurance strength

5',i=if 8, <1463 MPa
0.504-S,,
else B, il .
737 MPa = 8573.6 psi
Not for commercisl use
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Created ueing a free version of SMeth Studleo
Surface Condition Factor, ka: MPa Kpsi
: : . Surface finish a b a B
Assuming the shaft is machined Ciround 1.58 | -0.085 | 1.34 | -0.085
(standard unless otherwise indicated)
a:=2.7 b:=—0.265 Machined or Cold drawn 451 1-0.265 |27 |-0.265
b Hot-rolled 577 1-0718 [ 14.4 | -0.718
1 As-forged 272 | <0995 ]| 39.9 | -0.995
k. i=a:|8S «—F =0.7084
a uc kp si
Size Correction Factor, kb:
Assuming bending and torsion with rotation
-0.107 < d <D
Assume dg1 is between 0.11 and 2 in: bl - Walsgsim
k 0914 2<d<10in We :“:;it(?me back
= (- X, = b to che is
kb = 0.897*d*(-0.107) b 124" 279<d<51 mm
1.51d7""Y  Sl<d<254mm
Load Correction Factor, kc:
Combined loading, bending is considered dominant 1 Bending
k. =40.85 Axial
kA= 0.59 Pure torsion
Temperature Correction Factor, kd:
Temperature Correction for operating temperature of 104 F
- - 2 - 3 i q
Lopar —5 | *oper -8 | Yoper =12 | Teper
ky1=0.975+0.00032:| ——|=0.115:10 "« —=] +0.104:10 | — -0.595+10 ‘| = =0-9969
Reliability Factor, ke:
Relbiliry Ke
Assume reliability to be 95% 50 1
U 10).897
- 95 () 863
ke =0.868 99 0.514
99 0.753%
99.99 ).702
Miscellaneous Correction Factor, kf: 99.999 :,1,'5’.,
Assume no miscellaneous correction 20209 262
k =1
Result of all correction factors without kb:
ki=k ok ok -k -k, =0.613
Minimum Diameter Iteration Calculation
Iterate using MATLAB code to find minimum shaft diameter, d. The MATLAB function takes an initial diameter
and checks if it passes DE Elliptic Failure Criteria, if not increase diameter and try again, if yes then minimum
diameter has been found.
Page 10
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Created ueing a free verslion of SMeth Studlio

e

no'
DE Elliptic Failure Criteria: [ S

Von Mises Stresses accounting for bending stress, axial stress, and torsional stress:

1
2 2 2
T 32-Ke-Myyy  A-Kp Fpippe 16+ Kpg - Ty
L 3 . > +3 3
n-d n-d n-d
1
2 2 ¢
P - 32'K[.W mean 4 Kf.m a'mean 16 Kram'Tmean
O awan = P +3 3
n-d n-d n-a
Corrected Endurance Strength:
8 =k -k +k k,-k +k.-8'
e & b c d = £ e
Assume Kr""mx<s,- 50 Km::l\’{ and Koy =K,

Plug in an intial diameter guess of d = 0.11 in (minimum assumed diameter range) into the MATLAB function
minShaftDiameter.m, as well as other required input values.

The MATLAB function iteratively tests for a minimum shaft diameter that meets DE Elliptic Failure Criteria using the above
formulas.

Computed minimum shaft diameter atgear 1: <. +=0.8210 in

Calculate final endurance strength using minimum diameter:

~0.107
gl - 4 ’
kbz—o.sw-l m] =0.9161 S =k, -k, -k -k -k +k.-5' =44.,1249 kpsi
Check Yield Failure Criteria
S.
DE Failure criteria states: o1 X
n
1
2
32-K,-M 4-K_-F 2 16-K__- 2
G £ gl 'max + 3 a i.max +3. s max —131.9384 kpsi
3 2 d 3
n-dgi n-dg_‘ ned,,
’ 2 Sv " ]
o' =31,9384 kpsi < - —76.3889 kpsi Therefore, first cycle yield passes.
n
] Page 11
Not for commercial use
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Created uveing a free verslion of SMath Studie
Check the assumptions
0.8794""""  0.11£d <2in 0.11 < dg1=0.8210in < 2in
g <09 1d="" 2<d<10in o
b 1244 279<d <51mm Assumption is valid
1.51d°"Y  S1<d <254mm
Moment of Inertia: Polar Moment of Inertia: Cross-Sectional Area:
e, S ' ~ ol 4 1 2 2
s =802 J+=2+-1=0,0446 in A=Zemed, “=0.52941in
d., 3
M, T aL O
' o 2 al 2 _ " :
AT 7 + + 3 5 =13,5574 kpsi
K.wo' »=25.7591 kpsi = §,=143 kpsi Therefore, Kfm = Kf was a valid assumption
Check the SCF of the keyway is greater than the SCF of the step
Assume Diameter of the center part is
D:=1.25 in 2] b o8 .
d—:1_5225 shoulder —0.1218
al d
gl i ;
L AN
S s e Al ke e St denhier vk Ieiniee ==
gE—p——— —"‘—“'—-——:‘_"—”‘
N o e e LY
— B f
A
3 Yin
- — e - +
" S i . e L™ " Figure 13. FBD to show "D"
[0 —Dwis  D#i:—Diiw] -::‘m‘::i:m RIS =B I
Figure 11. Step Shaft = Shaft with Figure 12. Step Shaft = Shaft with
shoulder under torsion [4] shoulder under bending [4] Sut = 155.9 kpsi
' 8., [kpsiMPa)
K t=1.25% K =1 6 L y- c—— ) — A
e e 2 Ped ] —am
R =
g:=0.9 q,:=0.925 M=t
/
Step SCF: Keyway SCF: e 2 4
Kyi=1+q:(K ~1)=1.54 s K,=1.9 1
K!s;,::]+q5-[Kt9—1)=1.2312 < K, =2.64 S oo O

Figure 14. Notch Sensitivity (to solve for q and gs) [4]

Therefore assuming the SCF of the keyway is greater than the SCF of the shoulder is valid Page 12
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ueling & free verslon of SMeth

Lreated

Minimum diameter of shaft where gear is located:

dgj =0.8Z1 in

dg] =30 mm=1,1811 in

Assume the diameters at the bearings

dbl =25mm=10,.9843 in db2==25mm=ﬂ.98-53 in

Slope and Deflection Calculations
4

4 4
g db?.'

d,
b1 w ) o al 5.8 m.
=0.0461 in I, =mn- e =10.0955 in Iy=m- e

I,=mn- =

1 4
J,=2+1,=0,0921 in J,1=2+1,=0,1311 in

Singularity Function Equations for Angular Deflection and Deflection of Shaft

M, (x)

B,(x) = | =dx+c,  Siope

M.
y(x) =Jlf 25 et ¢, |de+c, Deflection

El
R w + K
1 a1y 1 [ zly zi}l]
QZ(K]::E.'-I‘.._E -5[3,9,2]1—&"1;-[ = "S[x'lgjfz]-"M;:'S[x'lgt'1] 4
R
e 2y
erJ'Tls[x’l'2]+ciy
R, K. +W M,
' . 1y 1 [rn' rw] iz
_,f{x]._m.T.s[x,u,3]+E_12-[ = .s(x,lqr,ﬂ-]-[- = -s[xilgT,Z]-F-
R.
1 2¥ ;
+E.IJ'T‘J'5[K,1,3]+CJ},-x+c2y
R W - N
1 1z 1 tiz riz
E‘Fy(x):——E I:. 5 s (x, 0, 2}+E-r:_' [ 5 ] s[x,igx,2]—HJ.F-S[xI,lgI, 1]y+
Ray
+% s (%, 1, 2)+ey,
R 1 Hera = an] My
'S[X’D’3]+E»I [ = -s[x,ig“3}—-.-i—-s x,ig:,2]+

bE
3[2{]{:_:—-
E'J] a8 2

1 .
+—E-I3- ~ A [ R e ) B I
commerciel use

Not for

=0.04861 i.nq

4
Jy=2-1,=0.0921 in

Page 13
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Created uesing a free version of SMeth Studle

Solve for constants using boundary conditions:  (No linear deflection at bearings)
Y-Direction
y(0)=0in y(1)=0in

2y =0

1z

2

f Tgit

1 (. (P]rly+wt1y]
6 2

E-I, - I,
clyzz —3

-%~s(l,c,3]+g b8 (Lo Lgyy 3) g8 (10 1gp0 2)

ey =0.0007

Z-Direction

z (0)=0in z(1)=0in

W -
1 .Rzz-s(l,G,B]-#-El [[ t1:6 rlz]‘s(l'lgil3]_%.5[1,.%1,2)'

E-I, & -1,
Gt -1
€;, =0.0002
2 w -+ W
T TR 8 1 _(zly c:y]. .
ez[x]:_s_lt e s(x, 0, z)+E_I l 2 s(x,lq:,z]\e-Mlz s(x,1g1,1]]+
R
1 2y
tET, 5 e BB ey
R W, +W®
1 1y 1 [rly tl:r'] 1z
y(x)._E__Z._G..s(x,o,3)+E_I2‘ - .s[x,191,3]+ : .s[x,lg‘,,z)]+
R.
L 2y
+E__13'T'S(X’1’3)+Cly'x+62&'

o W, —W_
AT T . 21+E.112'[( 95220 ) 1 2] o (o 002

B Il
1 RZ:
+E~_I3. 5 “s(x,1,2)+e,
W
z(x)::E'IIl .R;;.s(x, 0, 3)+E.112 l( ”26 ’”).s[x, Ly 3]—ML2"-s(x, 1n02)|+
1 By
+E,—IS'T'S("'1:3)+°1:'X+C2:

Page 14
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¥ Y I+ J

Total Angular Deflection and Deflection

o (%)= 5, (x) +6,(x)°

5(x):='¢y(x]2+z(x)2

| M O 8% 1reo®d varslomn
i1g @ TVroe §l0|

¥ oY
= X
@ (x in) & (x in)
Angular Deflection at Bearings Criteria <0.004 rad
9,; =6 (0)=0.0007 rad Angular deflection at beginning of shaft Both supports angular deflection

9,12 =0 (l]=0.0012 rad

Angular Deflection at Gear

By =0 [ng ]= 0.0003 rad

Linear Deflection at Gear

8 ::5[lgl]=0.039mm

Angle of Twist

Angular deflection at end of shaft

Angular deflection at gear 1

Deflection at gear 1

Only need to check where J is the lowest and there are the most SCFs

Summary of Results

As a reminder, the evaluation criteria we need to satisfy are:

2. Shaft twist

3. Linaer deflection at gears

4. Angular deflection at gears

5. Angular deflection at bearings

< 3 deg/m
£0.127 mm
< 0.03 deg (0.0005 rad)
< 0.004 rad

O TOF commearcie

does not exceed the allowable value.

Therefore, criteria is met!
PASS

Criteria  <0.0005 rad

Gear angular deflection does not
exceed the allowable value.
Therefore, criteria is met!

PASS

Criteria =0.127 mm

Both gears deflection does not
exceed the allowable value.
Therefore, criteria is met!

PASS

Criteria <3 deg/m

Angle of twist does not exceed the
allowable value. Therefore, criteria
does pass.

PASS

Page 15
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pated uesing & free verslic SMath

Minimum Diameters Summary
At Gear 1: At Bearing 1: At Bearing 2:

dyy =1.1811 in (= 30mm) d,, =0.9843 in d,, =0.9843 in (=25mm)

Evaluation Criteria

8,, =0.0007
8,, =0.0012
8,, =0.0003

8., =0.039 mm

¢ =i, a6 224
m

twist

Initial Conclusions

Calculations have been carried out, following a re-itteration method, a minimum diameter at gear 1 of 1.1811 in (30 mm)
and a minimum diameter around both bearings of 1 in has been specified which meets all required conditions and defined
evaluation criteria.

Optimized Shaft Length

Problem Statement

The objective of the following calculation is to confirm a new design (new shaft length) meets evaluation criteria. Due to the
intended use of the shafts to rotate in both directions (drive forward and reverse), need to consider a shaft design that supports
the helical gears axially in both directions. Consider a design where the gears are "sandwiched" along the shaft to prevent any
axial thrusts (shaft step on one side and support bearing on other).

Problem Diagram

Y

61.5mm
102.5mm

Figure 15, Schematic of design problem: Simply supported shaft with two straddle mounted gears
and bearings on each end. Page 16
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reated velng a free

Ewvaluation Criteria

Same evaluation criteria as orignial shaft analysis

Assumptions

Same assumptions as ongnial shaft analysis

New Shaft Lengths
Shaft Length 1:=102.5mm=4.0354 in
Length to Gear 1 1 ,=82mm=3.2283 in

Find the forces exerted on the input shaft (gears 1):

Transverse Presure Angle $, i=atan tan—m
B cos{tﬁ']
Loads on Gear 1
T
W_ 4= e—— =415, 608 1bf
tl 0‘5L0p1
e -tan[mclz 164.1465 1bf
W, =W tan(¢)=165.288 1bf
L
Wise———————— = 479,9324 1
1 CDS(WJ'CDS(®} 29,9324 1bf
dcu‘ .
M, = -7-51:-.[8!]:138.0428 1bf in
_ Pl P : .
MJJ’ p= h’m . - -coq[6]]_138.f}€28 1bf in
e iy -cos[&‘_,):l:ﬁ.@b’&l 1bi

W, =N -sin[@llal‘_-ﬁ,t}ﬁf}]. 1bf
W, =W, -cos[sc- ’—5‘1]2296.7071‘ 1bf

W1y 1= Wy 5in(90 * — 8, ) =296.7077 Lbf

=1 . 365"

Page 17
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Created

Reaction Forces

Y- x Plane

L.~ T

Riy

Figure 17. Reaction forces FBD in the y-x plane

z-x Plane

Lo

Rie

Yin

Figure 18. Reaction forces FBD in the z-x plane

Assume all the axial load is on bearing 1:

R, =0 1bf R,

Reaction Force Summary

ny ==116.763 1bf

Ry, =—296.0137 1bf

Singularity Function
On X-Y plane:

q,(x)=Ry, 5 (x, 0, —1)+(‘wr,,

W ., =165.288 1bf
al

I

R, =-1.92 1bf

.+W“Y)-s[x, Loy —1)+Mu-s[x, 1

version of SMeth

studlo

QSMF 0 => H(Way *Wyy) =M,z + bRy = O

R, =-—296.0137 lbf

<y

+fﬂf§ =0 => By "ery #W“y tBy = @

o=—W_. —W , —R,
iy rly tly 2y

R, =-—116.763 lbf

(:_8)1“: o => ‘ll\lt,z—\ﬂlrnz)f“u) t 6f2 =2

]
N
(=

R, =-178.7185 1bf

%4

=0 => Riz* Wiz~ Wnz + Rz = ©

R, =165.288 1bf

=-—178.7185 1bf R,,=01bf

gi’

Axial load:

F :=R, =165.288 lbf

~2))+ Ry, 8 (x, 1, -1)

v, (x)=R,, -5 (x,0, °)+[[Wz-.-y+""m,)‘s("' doge 0)+M :.s(x, Iie —1]]+R2y-s(x, 1,0}

Mz(x):zRIy‘s(x, 0, 1)+[[w”y+m”},}-s(x, I
MOt Ter ¢

g1t

mme

AR L use

1)+M‘,z-s(x, 1;;: 0]]+R?y-s(x, 2 E)
reiel

Page 18
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On X-Z plane:

lt"‘T: (x] b= R_l'z

Total V and M:

Vi), () (x) ()=, (), ()

u

o
118

:"E'{X" O, D}+[Wtia_wria]'3[x’ I-_?J" G]_M

Iy

-s[x

¢

e (%, 0, 104 [W:!z .w”g]..s(x, Ias 1] M;}_-s[Ju

1

4

g1+

La1r f‘]'1 Ry,

8 x40, —1}+[”::; —HJ_J.Z]-SEJ(, Loie —1]—!-1'4.:;-5'[.1:, 11 —2]+R_9__-3[x, 2, =2)

—l]+R2:v5(.\:, 1, 8]

LBl S |

V(% in)
1bf

M(x in)
1B £t

The resultant moment at gear 1:

Torque on input shaft

Mean and alternating torque from befora:

T
mean

Bending moment will be fully reversed loading

=20.65 1bf ft

M[_E:_‘_?]= 23,2563 1bf £E

Ty =20,65 16E

Page 19
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Created ueing a free version of SMaeth
M :=M(lg1)+(~M[lN]]=O 1bf ft M :=M[19_\]-[‘M[191

mean 2 alt 2

Studlo

]] =23.2563 1bf ft

Axial force will be constant throughout the input shaft, but fluctuate between 0 (when not in use) and operating shaft torque.

F,+0 E =D
B iroens™= =82.644 1bf Fy a2 '=—5— = 82,644 1bf
Minimum diameter of shaft where gear is located:
d,; =1.1811 in Previously determined minimum diameter
Assumed the diameters at the bearings:
b i = Previously mentioned bearing diameters:
Slope and Deflection Calculations
4 4 4
o 4 Ay g
I,=n- =0.0461 in I,=n- ={.0955 in I, i=mn- a =0.0461 in
2 il .4
Jy+=2-I,=0.09211in J,+=2-I,=0,1911in Jy:=2-1,=0.09211in

Solve for constants using boundary conditions:  (No linear deflection at bearings)

Y-Direction
y(0)=0in y(1)=0in
€, =0
E._III.R_:’.S(z, o, 3)+z-112' [w"”’:w”y].s[z, Ly 3)+%~s[1, 150 2)
Cly:: —
¢;, =0.0002
Z-Direction
z(0)=0in z(1)=0in
Cax =0
E-III .%.5(1' o, 3)+E-11 {W“z6 nZ] s(l' s 3)_%'2'_.5[1' > O 2]
€y, = .

Page 20
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Created ueing a free verslon of SMeth Studlo

-6
€1, =6.3533-10

R W, +W
= 1 ly 1 ( rly .:.Iy]
Gz(x)._g.lz --—2—-5(x,0,2)+E.I‘?-l 5 -s[x,lg},2]+MIZ-S(x,lgl,1] <+
R
1 Zy
+rl-_;-—5—vs(x, 1,2)+c1y
1 Rly 1 (Wrzy + Wc:y) sz
y(x):zﬁ-T-s(x,O,3)+E_Iz- 5 '5[x'191'3]+ 3 -s(x,lql,2)+
R
1 2y
T Pty Btk oy
R Wy —M
1 1z 1 ( tiz uz]
sy(x);:s.r‘._z-.s(x,o, ZHE-Iz'[ = .S[X, 1(11.2)—.'4”.‘5[1(,1‘11,]] +
1 R.’:‘z
Yoy, T T R R
k)
R W, —W M
e 1 1z ) & ( tilz riz - 1y
z(x)._E._II.T.s(x,O, 3)+E.12'| E .g[x, lql, 3) T-slx, qu' 2] 4
g RI:
+E-_I?' = +s(x, 1, 3)+c_,z~x+c22
Total Angular Deflection and Deflection
2
o (x)i=1 2. (x) 4, (x)
2 pa
8 (x)=q7(x)" +2(x)
¥ ¥
1 =
—
A
X!
8 (x in) 5 (x in)

Page 21
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Angular Deflection at Bearings
8, =8 (0]:0.0002 rad

B, = 8(1)=0.0004 rad

Angular Deflection at Gear

By i= EJ(_!‘_:” ]:5.0002 rad

Linear Deflection at Gear

L :=5[ng]={).0063mm

Angle of Twist

Angular deflection at beginning of shaft

Angular deflection at end of shaft

Angular deflection at gear 1

Deflection at gear 1

Only need to check where J is the lowest and there are the most SCFs

T
[ = —
L)

dag
=T O —e
Cwist 5 "

1
1

Summary of Results

As a reminder, the evaluation criteria we need to satisfy are:

1. Shaft twist

2. Linaer deflection at gears

3. Angular deflection at gears

4. Angular deflection at bearings

Minimum Diameters Summary
At Gear 1

d,=1,18111in (=30mm)

Evaluation Criteria

8, =0.0002
'eR;’ =0.0004
Bep =0.0002

S =0.0063 mm

® =1.0a6 322

Ewist

= 3 deg/m

=0.127 mm

= 0.03 deg (0.0005 rad)
< 0.004 rad

At Bearing 1:

db,' =1{.9643 in

At Bearing 2
d,.=0,5843 in

Criteria

- £0.004 rad

Both supports angular deflection
does nol exceed the aliowable value,
Therefore, criteria is met!

PASS

Criteria < 0.0005 rad

Gear angular deflection does not
exceed the allowable value.
Therefore, criteria is met!

PASS

Criteria = (0.127 mm

Both gears deflection does not
exceed the allowable value.
Therefore, criteria is met!

PASS

Criteria =3 deg/m

Angle of twist does not exceed the
allowable value. Therefore, criteria
does pass.

PASS

{=25mm)
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Given that all criteria are now satisfied and optimized, safety factors Metric Key Keyway Dimensions Per ISO/RT7] - 159 Width Tolacance
can be recalculated for new diameter. We need to find new notch -
radius and large diameter.

Key SCF

Our initial assumption still

Trey = 0.01 in satisfies new diameter

K(=1.9 Kt3:2'64

Check the SCF of the keyway is greater than the SCF of the step

Width | Meight M | M
Over Thru -w | " Min | Max Min -
D:=35mm=1.378 in new chosen large diameter i8] 8 L5 18 PUGHUNREIESIFNIMY
30 | 38 10 8 10 [0180: +0180] 33 | 15 |0.25{ 040
M) 2 | 8 | 12 LONSe0215 33 | 35 10251040
rghouldé: o 0. 1 dql i 0. 1181 o assume raho Of f/d = 0‘1 “ | w0 " ° " 0215/+0218) 34 | 40 [028| 040
Figure 19. Standard Key and Keyway dimension
used to find rkey) [5
—dD =1.1667 ( vl
gl

Shinft wieh shovibder mnder forsion

:

Shaft with shoukder under bending

| 1 |
| 1 1
| |

1 1
I I
i 1

.
aEseiel
T

M (DI M
s BN ¢
201X
L % 1D B
\ o N\, -
x = s
; T ettty i 1 ) 1
L ol [ ns L ol >4 [ ¥
vd L
—o— Ddw6 Da=2 D@2 — D=Ll
[+ D=2 — Did=1.33 Didel 2 —— D=1 09| [D‘HM_._D‘HOI
Figure 20. Step Shaft = Shaft with shoulder under Figure 21. Step Shaft = Shaft with shoulder under
torsion [4] bending [4]
K =15 K =1.6
Step SCF: Keyway SCF:
K.,i=1+4g ( K, - 1) =1:54 < K,=1.9 Therefore, keyway SCF is still the main failure

point
- _ K, =2.64
Kfsf.-1+q5-(!<ts—1]_1.4625 <

As previously stated in the initial length analysis, we can assume Kf = Kfm and Kfs = Kfsm

Km::Kle,g K. :=Kf.q=2'64

fam

Fatigue and Yield Safety Factor Calculations

Although there are many failure theroies available for design criteria considerations, in this case the yielding
safety factor will be calculated along with a fatigue safety factor. The fatigue safety factor will be found
according to AGMA, guidelines suggest use of DE Elliptic criteria for evaluation of shaft failure:

Not for commercial use

Page 23

97| Page



MECE 360: Birdie Boys Design Calculations

sgated veling & free version of SMeth

DE Elliptic Fatigue Safety Factor Yield Safety Factor
n.= = ' AT = 5
; X " 2 o alt mea
e alt § & mean 5 + g -
3. | T 5 ¥ “y
e ¥

mi

d n:qui =1.1811 in

Alternating and Mean Von Mises Stresses

X
2
32-K,-M K o K T d
X - 32K -Myye 4K T 16-Kpe - To1e
[o ST b — 5 2 +3
BIE R 3 4 2 d 3
B Crin B nin B Crin
1
2
" 2 = 2
’ BZ.K."':: M'rpan 4.Kfm‘Fa ‘mesn 16 r{fsv‘ “mean
=3 P = + + 3.
mean 3 2 g 3
n.d”""l n‘dm!n n-arr'r
1
n_i= = 3 By s 7
o', < . 2 alt +‘ mean
alt mean 5 3
=+ v
S S
e
nr.=8.7999 ny:l?.DZDﬁ
Conclusion

Calculations have been carried out, following a re-itteration method, a minimum diameter at gear 1 of 1.1811" (30 mm) and
a minimum diameter around both bearings of 0.9843" (25 mm) has been specified which meets all required conditions and
defined evaluation criteria. Additionally, the fatigue and yield safety factors were recalculated to be 8.80 and 17.02,

respectively for this shaft diameter. It can be noted that the obtatined safety factors are both greater than the design safety

factor of 1.872, indicating the shaft is safe for use.
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C13 - Shaft Analysis - Idler Shaft

MECE 360: Birdie Boys Design Calculations
€ g 2 | @ C Ve & | J o M § n S\ ! J
MECE 360: Shaft Analysis, Idler Shaft Annotation Legend
Blug: Notes
Problem Statement Yellow: Final Answers

The intention of the following calculation is to aid the design of a golf cart transmission. The simply supported shaft made of AIS|
4140 Steel below represents the second shaft in a three shaft fransmission, the idler shaft. For this application, both the gears on
the shaft are helical and the the bigger one on the right is being driving by the input shaft and the smaller one on the left is
driving the output shaft. Both gears are straddle mounted and the shaft is supported on either side by bearings (axial load to be
carried on the left). it can also be noted that the two mating gears are not located in the same plane, Figure 2.

The objective of this design calculation code is to solve for the minimum required diameters for the step shaft shown in Figure 1
below. Additional calculations are presened to ensure that the evaluation criterial (including shaft twist angle, linear deflection at
the gears, and angular deflection between gears) is satisfied. As well, a final calculation for fatigue and yeild safety factors are

included.
Problem Diagram | ";‘3
B 2 g LH g
y RSN VNN
A Gear 2 R : | i i RH
\ ' | 77V 772
> m YR —
” Tt Tiler ovid
Gear 3
\ L
LH:;, L~
e d X
= -
L~
/
|~
3 Zin ;
Yin 3
bin
Figure 2. Full layout for all three shafts and gears.

Figure 1. Schematic of design problem: Simply supported shaft with two straddle mounted gears and bearings on each end
(Note that both gears are helical and their mating gears are not in the same plane).

Evaluation Criteria

Based on the problem objective, the following criteria must be satisfied:

1. Strength Failure (DE Elliptic Criteria)

Sy no' no'
- First Cycle Yield: O x5 - Fatigue Failure: = <1
2. Shaft twist < 3 deg/m
3. Linaer deflection at gears £0.127 mm
4. Angular deflection at gears < 0.03 deg (0.0005 rad)

5. Angular deflection at bearings <0.004 rad Page 1
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Assumptions
The following assumptions were make for the given problem:

1. Assume machined shaft

2. Assume combined loading, but bending is dominant

3. Assume the operating temperature is 40 °C (104 °F)

4. Assume there are no miscellaneous correction factors

5. Assume lifespan = 106 cycles therefore, infinite life

6. Assume 95% reliaitliy

7. Assume constant torque, but will fluctuate between 0 (when not in use) and operating torque
8. Assume forces on shaft are fully reversed, due to shaft rotation causing a critical element to switch between
compression and tension of equal magnitudes

9. Assume that bearings and gears act on shatft as point loads

10. Assume that axial load from helical gears goes to bearing with highest radial load

11. Assume that for the stress concentration factors, Kfm = Kf and Kfms = Kfs

12. Assume gears are mounted using paralle! keyways

Sketches

e
AL e

fewe 2

—o

‘”‘ der Shott

LH

L#

Zin 2in 2in
I 1

Figure 3. Free Body Diagram (FBD) of design problem with labelled reaction forces on shaft

FBD Variables
At Left Bearing (A) At Gear 3 (B) At Gear 2 (C)
R1x - Axial Reaction Force Wa3 - Axial Force Waz2 - Axial Force
R1y - Y-Direction Reaction Force Wr3 - Radial Force Wr2 - Radial Force
R1z - Z-Direction Reaction Force Wt3 - Tangential Force Wi2 - Tangential Force
M3z - Z-Direction Moment M2z - Z-Direction Moment
AL Right Bearing (D) M3y - Y-Direction Moment M2y - Y-Direction Moment

R2x - Axial Reaction Force
R2y - Y-Direction Reaction Force Misc. 01 and 84 - angle between idler shaft and the input and output shafts
R2z - Z-Direction Reaction Force

Page 2
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Given for Motor:
REM__ :=3000 rpm T, 1=41.3 1bf £t T _.=44.69 1bf fr  (max lorque on startup)
Gear Analysis Summary: Pressure Angle ¢:=20 ° Helix Angle  ¢r:=21.5 °
MNumber of Teeth Medule Pitch Diameter
mm
N 1= et M, =3 g =, N, =
s 20 teeth =3 e o1 m, +N, =60 mm
N,=80 teeth mm 4
2 JT.‘:.,-—B o dp} ::mz-l\zzlsﬂ mim
N, =24 teeth
- mim
=3 e =, N =7
N, 1= 60 teeth "3 teeth Toak g it
= mm e B
m‘f‘_3teeth k1m,._.".‘1“_-1\-"‘?—lsmmm
Idler Shaft Inputs
Shaft Vi 5 w t= REM -E—LOQ 'r1gaﬂ
e | 8 N, = Design Factor of Safety n:=1.872
Shaft T "2
SR P Ty 2 N_. =123.8 1bf £t Operation Temperature T s =104 °F
Max T ¥ Shaft L l=gi
8 = : = 7 F =&1in
ax Torqu P as i, E_13=1Aw1t:t £t aft Length
Length to Gear 3 15=21n
Ultimate Strength 5, =155.92 kpsi
Yield Strength Sy =1 Length to Gear 2 If)é’ =4 ipn
Y 's Modul E:=29700 kpsi
R s g Angle Gear 2 to Gear 1 g, =45 "
Shear Modulus G:=11600 kpsi
Angle Gear 3 to Gear 4 B, t=45"7

Find the forces exerted on the idler shaft (gears 2 and 3):

Transverse Presure Angle

Loads on Gear 2

]

—_ =419.609 1bf W=

t cos ()

¢, :==atan ta—n{ﬂ]ZZLJtﬁﬁ ¥

Loads on Gear 3

T

0.5-d,

=1042,02 1bE

W,=W, -tan[rpt]ZlE‘ﬂ.lQEE LbE

W =W, -tan(¢)=165.288 1bf

as
W,
b2

W= — = §78,
2 coﬁ[w]-czosft{?} 479.9324 1bf

W =W tan[wr] =410.3663 1bf

W =W tan{i)=413.22 1bf

ﬂ'rt 3

W= =1199%.8309 1bf
I ¢os{$)'¢t35[¢l

Page 3
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d d
- P2 : L - p3 ) o
M, =W, -—é—-31nl61)—34.5107 1bf ft M, =W --——2——-51n(64]—34.5107 1bf ft
dP2 dij
M2V=:Na2vT~cos(81)=34.5107 1bf £t My s=H 5 -cos[94]=34.5107 1bf ft

O'-‘g:‘nol Resullont

Figure 4. Visualization of two resulting moments, M2z Figure 5. Visualization of two resulting moments, M3z and
and M2y, due to axial load. M3y, due to axial load.

Figure 6. Snapshot of Figure 3. Figure 7. Snapshot of Figure 3.
W, =W, -cos[ej]zus.osn 1bf W =W 005(94)2290.1728 1bf
Wy gy =W, 8in(6,)=116.0691 1bf Wy gy =Wy - 810 (6,)=290.1728 1bf
Wy, =W, -cos(% ° - 1]:295,7077 1bf Wos, =W,y -cos[QG °— 64]=741.7692 1bE
Fyogy = Wt‘ﬂ-sin(go *—8; )=296.7077 1bsf W,y =Wy -sin(90 R 64)=741.7692 1bt
Page 4
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Reaction Forces

y_ X P’“M (: M= 0 => 2(Way*Wes)) + Mz = 4(We2y +Wyay) « Moz + 6 R2y= O

y
| X A 3 r"‘n (]' D . =M, =W = 193 [ LA 91”7] + lg: -[w_,,y + "’};;..]

\ﬂs P a3 T Ry ™= 7

Riy Wray # Weay Ray

R, =-206.839 lbf
Zin  Zin 2in

L
7 4

Figure 8. Reaction forces FBD in the y-x plane +12 K =0 => Riy * Wray *Wepy =Wray "V, & Rey = ©

=3 == - W Y -
“J_y e p’:}‘y WLJ)' y “:2_‘/ + r"tZy RZ’_','

R,,=-412.3262 lbf

Z-x pPlane i (1’ B M= 0 => 2(Weaz ~Wesz) + My, + 4 (Wigz ~Weay) - M+ 6R2z = ©
Wesz 1z

z
X l e o l R = M.'.'y 3 M}_:/ - lgi ( wrg‘z - wr)z ) o lgé' ( Nr;?: - Wf‘):]
B RN PR e :

fa Wesz Wr22 P2z R, =270.9578 1bf

" 2in Zin 2in

7 L 7

=0 => R+ Wiz Wesz +Werozg "Wy + R, = ©
Figure 9. Reaction forces FBD in the z-x plane +#EF =0 & . S s

R, w=W; —W o W, =W, =R,
Assume all the axial load is on bearing 1: L
R, =361.2771 1bf
R, =0 1bf R, =W ,—W ,=247.932 1bf
ix al a<

Reaction Force Summary

R“ ==412.3262 1bf RI;: =361.2771 1bf Rlx =247.932 1bf Axdal load:
Fa ::R_'x =247.932 1bf
Ré’y =—206.839 1bf R.?z =270.9578 1bf R.?,\: =0 lbf

Function q(x) Evaluation

Ramp ﬂ <x—g>t Lﬂlh'<:
-a x a

Singularity Function

s(x,a, n]::lf (((X—a)>C)/\[D}!O)] GSSMWM 1 <x-a>° =t:‘;::,:
n l"-j
(-‘f = a) Shear force! c<x—a>?d _{O0Uzxza
else support reactions. - +oifx =a
if (([x—a)-o)/\(n -O]] Moment/ couple cx—m>? _{Oifxea
i (internall) F@ +oifx=a
else
0 Figure 10. Singularity Function (to solve for
Vy(x) and Mz(x) [2] Page 5
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Singularity Function Equations for shear force and bending moment

Shear Force ¥y (x) = f qy(x)dx
Bending Moment M, (x) = f W (x)dx
On X-Y plane:

qv(x}::Riy-S(x, a, —l}+[ﬁr3i_+ﬁfrjy]-.5 [x, LI

J'[_[Wr?y+”t2"r']]'5[x' Loy =3 =M s [ Ly = 2] FRggostmy 2y =1

—1]—M32-5[J(, 19‘3’ _2]+

VI{X];:R:;.-S[X, a, D)"'(h'.-.a;-"'wr.;-,-]'"5("' Loae 0]—.‘1?;-5(3, " —1]+
+[—[h’:;,j '—HEE}_]]-s[x, - D]—M&_-s[z{, Ly —]_]—Rzy--::'{x, 1,0)

o, {x]::R:__I_-S (=, 0, 1}+[h‘___.,.]_+w:_??]-s(x & 1]-&152-5(;;, - c]+

v SaEe

"[_[W:E.r a-h’i_zy]]-s[.x, 1y l)'”:-:'s[""r 1gs 0]+R;.y‘5'(x, 1.3

On X-Z plane:
9y [*) =By 8 (%0 8, _1:"'_[”:32_”?,351“5(1(' a3 _1]_M3?-5[x, Tozs _2]+[wrze_wf2;]‘s[x' Lo _1]+
—!—sz-s[x, 14 —2J—ﬂ21.s[x, e ]|

v,{x)=8,,-8 (2,0, Uj—t—(h'__lv —ﬁ'u.__]-s[x, Lo [}J—ij-s[x 1 _J-]"'[wr:,;"WL._:-,-]'s["‘n Loz D]-r'

P g
+Mi-f'r'5(x’ Lons = LJ-i—R_,:-E[x, 1,0)

H, ()=8 -5 (%, 0, 1)"‘(“'.‘-3;_”?3:]'5[3{' j-??-' 1]—}%}_-5[):' 'Egr-?' D]-i-[wr'?z—ﬁt??]-s[x, IG'7' 1]—'—

+J"a'2},-$(xIr 1oae 0}4—.:{3:‘5(:;, 2. %)

Total V and M:

v(x)i=q v, () + v, (x)°

®
Vg in
LhE
Page 6
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M[x in!
1bf ft

The resultant moment at both gears

ng =M [lq\,]: 106.3832 1bf ft

Consider Loads on Startup (Max Torque)

Loads on Gear 2

max

W = —— =454 ,0504 1bf
27 0.5-d,

W_,+=W,_,-tan [¢t ] =177.6201 1bf

W, =W, +tan(#)=178.8552 lbf

M, ::Waz-%-sin[eyl=448.121l 1bf in
M, ::Waz-%-cos[91]=448.1211 Ibf in
Wypy 7= Wy +cos (6;]=125.5964 1bf
Wy i=H oy sin[61]=125.5964 1bf
Wypy *= Wy, -cOS(90 °~ 8, ) =321.0621 1bE

W, ::wtz-s‘m[ao —61]=321.O621 1bf

ey

Reaction Forces

y-x plane:

R; =

—My, =My, — ig.’i '(WrSy T wtﬁy] 3 lg2 '(W:Zy F WcZy] _

Mq? =M [ lg?] =56.8137 1bf ft

Loads on Gear 3
max
W i e—=1135.126 1B
£3 O'S'dp_?

W, = thvtan[¢t]=444.0502 1bf

W,;3=W, +tan(#)=447.138 1bf

M, =W .dP»?_ in(6,]=448.1211 1lbf i

g P e s:m[ 4]— % in
M, =W -Evcos 6,)=448.1211 1bF i
Iy T a3 9 [ 4]_ = L0
A ::Wr3~cos(64]=313.9909 1bE

Wy i =Ha ~sin(64)=313.9909 1bf

W, =W -cos(90 °-94]=802.6553 1bf

W ::Wu,'sin(go °-64]=802.6553 1bf

—223.8168 1bf

2y 1

Not

.

for commercial use
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Ry t=—W o ~W o +W_, +W, —R, =-446.1709 1bf

1y
z-x plane:

B ol e B T W R ol

2 3 3 r3z £3 2 2, t2z
Rym— * 9 ( - e ]=293.1986 1bf

Ry, =W, —W . +W,, —W,, —R, =390.9315 1bf

1z

axial load on bearing 1:

R, =0 lbf Ry =W  —W _ =268.2828 1bf
max axial force: o imay =8y, =268.2828 1bf
Singularity Function
On X-Y plane:

9, (%)=R,,-s(x, 0, —1)+(wa+wuy]-s [x, .54 —1]—M3z's[x, 1oz —2]+

+(—[Wr2y+w!2y]]-s(x, 104 —1]—M22~s[x, Yy —2]+R2y's(x, 2 =1

v, (x)=R8, -5 (x,0, 0)+(W13),+W”y)-s(x, 15 0)-!432-3(::, L3 -1]+—

+(-(W:2)_+W:2y]]-s (x, Lose 0)—M2= .5 [x, L s ‘l)‘.'RZy‘S (x:Z.0}

M (x):=R,-5(x,0, 1)+(wn,y+w..3y)-s(x, b 1)-143: -5 (x, Lagie o)+

+(-(Wr2},+h't2y)]-s (%0 Zgze 1) =M "5 (X, Lgp0 0) + Ry, -5 (5,1, 1)

On X-Z plane:
q, (x):=R, -5 (x,0, —1)+[wrh—w”z].s(x, 1g3, —1]—-M3y-s[x, 1g3, —-2]+[Wr2z-—wtzz].s[x, 1gz, —1]+
+M2y-s(x, 10 —2)+R22-s(x, 1, =1)

v (x)=R, s (x,0, D)+("x3x_wzj:)'s[x' Toae 0]—M3y-.s(x, 155+ _1)+(W::_”:z:]'s("' 152+ °]+

+M‘,r-s(x, ;- —1]+R2:-s(x, 1, 0)

MY(X)'=RE<'S (x' a, 1)+(W:Jz _"LJ:)‘S [x' 103' 1]-M3y's(x’ 103' D]+(w1.?z -WLZz)'s (x' luﬂ' l]+
+M2y.s(x, lg_,, 0)+R22-5(x, 1,1)

Total Vand M:

o= 7, () 7, (%)
M(x)::-l/!\!y (x)2+Mz (x]2

. o . Page 8
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Vix in

lbf

M(x in)
1bf ft

The resultant moment at both gears

[}

Sizing the Shaft Based on Fatigue Strength

Gear3

Determine minimum diameter at gear 3 assuming keyway has greatest SCF.

K ==
SCF for key
Krs =3
Tyay i=0.01 in
t=0.1 in

&
shoulder

M T :=M[ Iq3]=115.1154 1bf £t qu"max ::M[ qu]:61.47? 1ef It

Max moments for startup torque

| | o | 8CF | Piciure
Koy
Faratel + nepensive |+ Light ioads Ny
« No it oy
[ren— "
- 8CF — -
Taparad  Tigiht Bt = Light loads m
o
:i' o . e~
Wooost |+ Se¥ aigning |+ Light ioads I ;
: Tapaired |+ BCF
whan -
Figure 11. Keys SCF [3]
el use

o T e]
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Sut = 155.9 kpsi
! —— S, [kpsi/MPa]
e E— e —— — 2101656
4 e s
g:=0.75 q,:=0.82 ‘f.,———//'z_ =1z -
N _‘_/// ~=F ,._/:;'-‘_'.f — 120827
[ - — — — | OOGEY
> 2 /, ~ BO/SS2
Ke=1+q-(K ~1)=1.9 o // ] " Toas
/ é, B — 014
o 4 L -v‘l-y 4 e
Kfs:=1+q5-(KL3—l}=2.64 1/
o4
/
as
L nos ol LR RS 02
Asurte noteh radus of 001w woteh vt v ()

Figure 12, Notch Sensitivity (to solve for g and gs) [4]
Torque on idler shaft

The torque will be constant throughout the idler shaft, but fluctuate between 0 (when not in use) and operating shaft torque.

T T -
0 g1 05 168 £¢ ==—2—0=61.951bf £t

mean | 9 Tal t

Bending moment will be fully reversed loading

M3 e [ g

ol )| )
g3 3
Moean e SRR Mopp = —5— =106.3832 1bF £t

Axial force will be constant throughout the input shaft, but fluctuate between 0 (when not in use) and operating shaft torque.

F‘a +0 Fa -0
Fa'mean = =123.966 1bf Fa‘afr = =123.966 1bf
Endurance Strength
Uncorrected endurance strength
S'e i=if Sut <1463 MPa
0.504-S,,
else S‘a=78573.6p51
737 MPa
Surface Condition Factor, ka: MPa kpsi
. Surface finish a b a B
Ausumig et e mactined Gromd 158 |-0.085 | 1.34 | -0.085
(standard unless otherwise indicated)
a=2.1 bi=-0.265 Machined or Cold drawn 351 |-0.265 [2.7 | -0.265
b Hol-rolled 577 |-0.718 | 144 | -0.71I8
1 As-forged 373 | -0.995 | 39.9 | -0.995
k =a-8& - - =0.7084
a 2] kpsl
Page 10
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Size Correction Factor, kb:
Assuming bending and torsion with rofation
0.8794 " 01l<d <2in

091401 2<d<10in We must come back

k.= " to check this
' 1244 27924 <51 mm

1.51d™9  S1<d<254mm

Assume dg3 is between 0.11 and 2 in:

kb = 0.879d%(-0.107)

Load Correction Factor, kc:

Combined loading, bending is considered dominant [ 1 Bending
k.=40.85 Axial
Byl 10.59 Pure torsion

Temperature Correction Factor, kd:

Temperature Correction for operating temperature of 104 F

2 3 4
~ 'I_‘npe_r -5 Top._—'.' —B r"—.7,1'«91' —12 Tc,::ﬁr :
k,=0,975+0.00032" o= —0, Llg-10. - = +0.108:10 - - -0.595+10 = =0.2363
Reliability Factor, ke:

| Relinbiliny Ke
Assume reliability to be 95% 50 1
W 0547
e 95 11864
K,*=0.868 94 0.814
9.9 0.753
9.9 07402
Miscellaneous Correction Factor, kf: 35,990 0659
. . 99959949 062
Assume no miscellaneous correction

kf:=1

Result of all Correction Factors without kb:
kizk, -k -k -k -k .=0.613

Minimum Diameter lteration Calculation

lterate using MATLAB code to find minimum shaft diameter, d. The MATLAE function takes an initial diameter
and checks if it passes DE Elliptic Failure Criteria, if not increase diameter and try again, if yes then minimum
diameter has been found.

ot nes '
a m

DE Elliptic Failure Criteria; =

¥

Ju

Von Mises Stresses accounting for bending stress, axial stress, and torsional stress:

1
ol 2 2 )
LB My AR Fp 16 Hpy Ty
or = 3 + - +3 3
ned md”© n-d
L
2
- 2 2
’ o BdIKr"l”'mezrr. qle—!r a"mean 16+ K, "".r'“*‘"'
o mean 3 2 e 3
nod wed w-d Page 11
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Created uveing a free version

g e of SMeth Studle

Corrected Endurance Strength:

S mk_-k +k -k -k -k_-8'
] a

b c d e b4 e

Assume K -0’  <S so K. =K, and K=K,

aAx v Lm r rsm

Plug in an intial diameter guess of d = 0.8210 in (minimum diameter for input shaft which experiences less loads) into the
MATLAB function minShaftDiameter.m, as well as other required input values.

The MATLAB function iteratively tests for a minimum shaft diameter that meets DE Elliptic Failure Criteria using the above
formulas.

Computed minimum shaft diameter at gear 3: d,5+=1,1059 in

Calculate final endurance strength using minimum diameter:

. -0.107
= . Lj = o — ’ a— 03
k,=0.897 [ = 0.8874 S =k, ok, ok, vk, ok 1k .-S' =42.7406 kpsi
Check Yield Failure Criteria
; ey S,
DE Failure criteria states: are L
n
1
2
32.K.-M 4-K_+F F 16-K._-T .
ot = LN N TR Dl .. =34.3412 kpsi
3 2 3
xl-dg3 n-dgj n-dg_.‘
s
o' =34,3412 kpsi s T} =76.3889 kpsi Therefore, first cycle yield passes.
Check the assumptions
0.8794"'""  0.11<d <2in 0.11 = dg3=1.1059 < 2in
= 0914 2<d=<10in
T 1244 279<d <51mm Assumption is valid
1.51d """ 51<d<254mm
Moment of Inertia: Polar Moment of Inertia: Cross-Sectional Area:
d - 1 2 2
g2 )l . — % ;
Ti=pn- ;4 —0.0734 in T gt BT ARS 15 Az=—-medy; " =0.9606 in
Page 12
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Created using a free verslion of SMeth Studlo

d 2 d 2
M, AL ) .
o g IR ] Z_ | =13.9867 kpsi
max I A J o “
K.:0' ..=26.5748kpsi s Sy =143 kpsi Therefore, Kfm = Kf was a valid assumption

Check the SCF of the keyway is greater than the SCF of the step

Assume large diameter of the center part is

D:=1.51n B = : A5
g, - L3eh e —0.0904
g3 -
Sl wah vl skt oevEn S vt denbber s houmleg
;3 -
o o e o o Eﬁ{
: Sy == - -
R ¥ hi 3 5 =
% ey
ez —ow u“ Db 2 — Dt ) '::‘:‘m‘ = ::“';'":A D2 — D=Lt I } Zin , 2in 2in l
Figure 13. Step Shaft = Shaft with Figure 14. Step Shaft = Shaft with Figure 15. FBD to show "D"
shoulder under torsion [4] shoulder under bending [4]
R =18 K, =1.75 : - EUt,= 15;5.9 kpsi
) o E— — — O
v/ —— = i
q:=0.9 q,:=0.925 7 = —F—— =
Step SCF: Keyway SCF: wlZ oC DA ) |
K§2==1+q~(K:—1]=1.675 £ K.=1.9 i 13
K. =2.64 . R -
K, o= (K — = < “8 —
o2 =119, ( = 1) LoRRe Figure 16. Notch Sensitivity (to solve for g
and gs) (4]

Therefore assuming the SCF of the keyway is greater than the SCF of the shoulder is valid

Gear 2

assume keyway is the main failure point

A +! —H. Mg'? =1=%:2
M $a =0 1bf £t M = =56.8137 1bf ft

mean ' 2 alt "= 2

Minimum Diameter Iteration Calculation

lterate using MATLAB code to find minimum shaft diameter, d. The MATLAB function takes an initial diameter
and checks if it passes DE Elliptic Failure Criteria, if not increase diameter and try again, if yes then minimum
diameter has been found.

Page 13
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Plug in an intial diameter guess of d = 0.8210 in (minimum diameter for input shaft which experiences less loads) into the

MATLARB function minShaftDiameter.m, as well as oth

er required input values.

The MATLAB function iteratively tests for a minimum shaft diameter that meets DE Elliptic Failure Criteria using the above

formulas.

Computed minimum shaft diameter at gear 2:

Calculate final endurance strength using minimum dia
—-0.107

d 2
gz

ky+=0.897 | — =0.8977
in

Check Yield Failure Criteria

DE Failure criteria states: oh et

32K -, 4-K,

g2 "'max

n-dgz “'dgz

o' =41.275 kpsi <

Check the assumptions

0.11sd=2in
2<d<10in

279<d <51mm

51<d <254mm

0.879d 1"
09147
1.24a°'"
B3 P

=

Moment of Inertia:

S5,
Tj =76.3889 kpsi

Polar Moment of Inertia:

dgz :=0.9923 in

meter:

§ 1=k, vk, k_+k -k +k 8’ =43.2392 kpsi

e

1
2
16-K, T
I coa =41.275 kpsi
3
n-d

Therefore, first cycle yield passes.

0.11 < dg2=0.9923 < 2in

Assumption is valid

Cross-Sectional Area:

4
2 q
Ii=m:——=0.0952 in 4 i
Ji=2+I=0.,1904 in Ai=—-m-d_,
q g2
d 2 a 2
o, p. 22
B e 92 2 a2 - 2
@ nax T 7 — +3: =7.7053 kpsi
K.-0' .=14.64 kpsi < 5,, =143 kpsi Therefore, Kfm = Kf was a valid assumption

Mot for comm

2 o
=0.7733 in

Page 14
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Check the SCF of the keyway is greater than the SCF of the step

D z
— hould
—2 1.5116 5;’-’ o —0.1008
a. 9z
Shaft wieh ahoukder noder torskon Staft with shoukler wader beodng

Ko
® »
“
i 441
K
=
grics
z
o
I *
3
z
L

F‘A
AL

ﬁi

02
N
~3

v .
e Dide6 ——— Dde2 Dd=12
Did=1 0F == DVd=1.01

Did=11

[~e~Da=2

Did=1.133 Dg=1.2

Did=1.09

Figure 17. Step Shaft = Shaft with shoulder under torsion [4]  Figure 18. Step Shaft = Shaft with shoulder under bending [4]

K. ,=1.5 K, =1.7

Step SCF: Keyway SCF:
K£2=:1+q-(K5—1)=1.63 s K. =1.9
Kep =149, (K, ~1)=1.4625 = £

Therefore assuming the SCF of the keyway is greater than the SCF of the shoulder is valid

Minimum diameter of shaft where gears are located:

d,;=1.1059 in d_,=0.9923 in

dg;t=32mm=1.2508 in d_,:=32mm=1.2598 in  [SizeUpiopossibléGearbore diameter

Assume the diameters at the bearings

dy,=30mm=1.1811 in  [Chosenbearing bore diameter’!

Slope and Deflection Calculations

dbl =30 mm=1.1811 in

g 4 g 5 A

AT R, 7 (OO ~—n-dg1 —0.1237 in) Tommem = 0.1937 in" I, i=me—ee = 0.0055 in"
17 - 2 Mg T 7 ¢ T T

o 4 4 4

J,:=2+I, =0.1911 in J,:=2+1,=0.2473 in J,3=2-I;=0.2473 in J,i=2+I,=0.1911 in

Singularity Function Equations for Angular Deflection and Deflection of Shaft

M
6,() =f%")dx+ ¢, Slope

M. (x)

y@x) = I El

Page 15

dx + C,] dx+C, Derflection
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W, +W
1 ¥ 1 =3y 3y
ez(x).zﬁ._.s(x,o,z)-}- '1'2. { = ].5[x,1q3,2)—M3g»s[x,l
W+
1 r2y tZy 1 y
+E'I’ ( Y . ] s(x,l ,,2)— G s(x 1o +E-_I4'T'5(x'l'2)+c~'-’f’
M
1 iy [ r‘y tiy] 3z
Y=g e Bt g [ o[ Ty Fm B[ Ly
W, +W R
1 [ r2y r2y) 1 2y
i 7 2 [ § ® [ g 3] g0 [ e el B TR
R W. —W
1 1z 1 iz t3z
ey(x)::.s__._.s(x 0, 2)+E-I, . ( 5 J-s(x, 14 2]—M3V-s[x, Io34 1] F
[ 122 t2z 1
[ s[x, 250 2]+M2y.s[x, Ly 1] +ﬁ‘ z
R, (W -, . ]
iz 1 3z t3z
z (x):= I, v-—G---s(x,U, 3]+E_IZ- - -s[x,lqs, ] -s[x Lose 2]]
W, —W M
1 [ £2z CZZ) 2y 1 3
+E-I* = s(x, 1oss 3)+T S[x, Loas +E-_I4 2t X+Cy,
Solve for constants using boundary conditions:  (No linear deflection at bearings)
Y-Direction
¥ (0)=0in ¥(1)=0in
cZ’y:=O
1 By ¥ oy b AM- ook M5 o X "v»':""'-'r) . o 9 G
-EI—EA-'—:-F(J,l _[( 2Lty _?.-(A,Aﬂ,.)].g_"_:.l[ (T)"(“‘W") - 5(4,AL./)]
¢, =0.0006
Z-Direction
z (0)=0in z(1)=0in
CZz =0
Ry, y Woge =Npqy Ny ‘, M, -
E.!l,'+'5(1'0’ Vg [(’_6) ' (442 ",))-%-5[ (Meze ~%eas ) 7__'3)1.%,0(1_1,,;,
Tzt 3 ]
e,=-0.00C5
1 Rly 1 [ "’sz + ”’3}’]
B_(x).=ﬁ-—2—-‘s(x, 0, 2)+E-I -s[x, 193,2)—M3:'s(x, 1os 1] +
W, +W R,
1 [ iy ‘-2}’] 1 2y v
+ | - csfx, 1 2)-M,, s (x, 1_,, F———s (%, I, 2)+c,
E I, 2 (*¢ Zoar 2) =Mz 5 (%0 150 1] E+I, 2 3 " page 16
Mot for commercisl use
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Created ueing & free version of SMeth Studlo
R W, +W., M
1 1y 1 ( r3y ts,v] 3z
y(x)i=——r—-.8(x, 0, 3)+ [ +8({x, 1 ) -—-s(x, 1 2) |+
(%) E-I, 6 (=, )E-I_, é [’93'] 2 ('gS']
104 +W__ R
1 r2y E2y 2z 1 2y
+E-I.‘.—( = )-slx,lg_?,3]— -s(x,lg?,2]+E'—I“-T-s(x,l,3)+cw-x+c2y
W. —W
s 1 1z e 1 [ riz L3;:]
By(x)'“W'T"[X'O' 2)+£-I, 5 -s(x,lqj,Z]—M_qy-s[x,lq_z,ll +
W, —W R
1 [ 12z r22] 1 2z
+E-13 - .s[x,192,2]+M2y-s[x,Zg_,,ll +E_I4.T.s(x,z,z)+ck
R W, —W M
1 iz 1 [ riz 532] Iy
z 1 e e - -5 —— Y
(x)=geg =g o (%0 W3]+ gy [ 6 e T o GJ'Z]]+
W —N M R
1 l »2z tzz] 2y 92
e, g S (4 dggi B)F 8 (¥ Qoo 2) | Fgryog o E (e Lo B) T X H 0y,
Total Angular Deflection and Deflection
2 2
8 (x)=q. (x)7 6, (x)
f 2 2
6(x):= y(x] +z(x)
¥ (% b
s|7578125 G
%
a [X in) 5 (X in)
Angular Deflection at Bearings Criteria <0.004 rad
8p; =9 (0)=0.0008 rad Angular deflection at beginning of shaft Both supports angular deflection
does not exceed the allowable value.
8,,1=0(1)=0.001 rad Angular deflection at end of shaft Thersfore, Gritana e metl
PASS
Angular Deflection at Gears Criteria <0.0005 rad
Opq =8 [l g3]= 0.0004 rad Angular deflection at gear 3 Both gears angular deflection
exceeds the allowable value.
9.,1=8 [l 2] =0.00032 rad Angular deflection at gear 2 Therefore, criteria does pass.
g
PASS
. Page 17
Not for commercieal use
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Linear Deflection at Gears Criteria  <0.127 mm
S =3 (103] =0.0326 mm  Deflection at gear 3 Both gears deflection does not

exceed the allowable value.
; Therefore, criteria is met!
fl r 1
8oy 1= 5 [192]=0.0325 s Deflection at gear 2

PASS

Angle of Twist Criteria <3 deg/m

Only need to check where J is the lowest and there are the most SCFs Angle of twist exceeds the allowable

value. Therefore, criteria does pass.

g p I o deg

e = 1.5133 ==
PASS

Summary of Results
As a reminder, the evaluation criteria we need to satisfy are:
2. Shaft twist < 3 deg/m
3. Linaer deflection at gears <0.127 mm
4. Angular deflection at gears < 0.03 deg (0.0005 rad)

5. Angular deflection at bearings < 0.004 rad

Minimum Diameters
At Gear 3: At Gear 2: At Bearing 1: At Bearing 2.

d ., =1.2598 in d,=1.25981in (=32mm) d,, =1.18114n d,=1.1811in  (=30mm)

Evaluation Criteria

8,, =0.0008
8, =0.001
8., =0.0004
85, =0.0003

8,5 =0.0326 mm
5., =0.0325 mm

deg

¢ =1.5133 —=
m

twist

Initial Conclusions

Calculations have been carried out, following a re-itteration method, a minimum diameter at both gears 2 and 3 of 1.378"
(35 mm) and a minimum diameter around both bearings of 1.25" has been specified which meets all required conditions
and defined evaluation criteria.

Page 18
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Optimized Shaft Length

Problem Statement

The objective of the following calculation is to confim a new design (new shaft length) meets evaluation criteria. Due to the
intended use of the shafts to rotate in both directions (drive forward and reverse), need to consider a shaft design that supports
the helical gears axially in both directions. Consider a design where the gears are "sandwiched" along the shaft to prevent any
axial thrusts (shaft step on one side and support bearing on other).

Problem Diagram

\
A
ke ; Lk
Ll ¢ L~ d dys | to2 dbz
X
f
/ Yl mm
/ 61.5mm
" / 102.5mm
20.5:',\
L2 mm
102.5 wm

Figure 19. Schematic of design problem: Simply supported shaft with two straddle mounted gears and bearings on each end
(Note that both gears are helical and their mating gears are not in the same plane).

Evaluation Criteria

Same evaluation criteria as original shaft analysis

Assumptions

Same assumptions as orignial shaft analysis

New Shaft Lengths

Shaft Length 1:=102.5mm=4.0354 in
Length to Gear 3 1,3=20.5mm=0.8071in
Length to Gear 2 1,=82mm=3.2283 in

Page 19
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Created uveing & free version of SMeth Studle
Find the forces exerted on the idler shaft (gears 2 and 3):

Transverse Presure Angle

cos ()

Loads on Gear 2

T

R D5 e

=419.608 1bf
W, :=W_ tan [%] =164.1465 1bf

W, =W, tan(#)=165.288 1bf

"z 2

W, = — = 476.,9324 1bf
27 cos(¥) cos(4)

- P2 oi o i
My, +=W,, +——+8in(8,]=414.1285 Ibf in
dys
My, ::Waz-T-cos(61]=4]4.1285 1bf in

Figure 20. Snapshot of Figure 3.

-cos(91]=116.0691 1bf

=W, sin(8;)=116.0691 1bf
ez = Wep " €05 (90 © ~8,]=296.7077 1bf

W =W, ~sin(90 d —91]=296.7077 Llbf

Not for

@, :=atan[-:c-2--'-]-!—¢;l =21.365"

Loads on Gear 3

7
W, 1= =1049.02 1bf
3 R
¢ 0.5-dys
W =W, -tan[¢:]=410.3663 1bf

Wog=W o -tan(¥)=413.22 1bf

wt 3

W, i = —=1195.8309 1lbf
¥ cos (¥)-cos(¢)

d
-%J-Bin(94)=414.1285 1bE in

3z a3
d,s
My, = Wa3-T-c05[9¢)=414.1285 1bf in

Figure 21. Snapshot of Figure 3.

W :=W3-cos[94)=290.1728 1bf

r3z z.

W =W

roy =W,y 510 (6,)=290.1728 1bf

g u-cos(s»o : —94]=741.7692 1bf

-sin[90 '-64]=741.7692 1bf

commercial use
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Reaction Forces

Y-x Pplane
Wray t Weay
P s 1 D

rx A
i

Ry Wt Rey
Tin  Zin . 2in

7 L4 7

Figure 6. Reaction forces FBD in the y-x plane

Z-x Plane

B Wesz Wezz
L.

eely
RS P

Ree Weaz Wez2z P22

2in Zin 2in

! 7 7 7

Figure 7. Reaction forces FBD in the z-x plane

Assume all the axial load is on bearing 1:

2x==0].bf R‘::W -W

Reaction Force Summary

- =397.4048 1bf

R, =-537.7521 1bf R

1y

R,, =—81.4131 lbf R,, =234.8301 1bf

Singularity Function
On X-Y plane:
9y (*)e= Ry ® (*x0 0, -1)+ Weay +Wc.?v].s (x' 430 _1]_M32

+[‘[Wr;-;, +WL2:',]]‘3 [x, Lss —1)—1\:

Not for c

s(x, 193, —Z]+R:},~

&Z‘.M‘z 0 => 2(Way*Wesy) + Maz — Y{Wrzy +Wezy) & Maz + 6 Rey=©

- - M.']z ‘Mﬁ, = lgs '(W Iy 23 wf.?y]+ lg;.) ’(W Sy I Wuy)
2y 1
R =-81.4131 1bf
2y
18 =0 => Ry* Weay FWezy =Wray"Wep, = B2y = O
Rly S Wr,?y - Wt3J' + Wr2y + Wt?y i RZy
R, =-—537.7521 1bf

Ly

(:, T M= 0 => 2(Waz ~Waz) + My 4 (Woaz = Weay) - My 0 GR2z =0

M_y—My—lgj-[W!_?z— ”?} 1 ’.[erz
2z" 7

~We2n )

R, =234.8301 1bf

,fd@ =Q => k.z*wm"uz"”l?l-um‘z;== =4

R,, =397.4048 1bf

2 =247.932 1bf

R, =247.932 1bf Axial load:

F =R, =247.932 1bf

R,, =0 1bf

~s‘x, Loz —2)+
s(x;1,—1)

Page 21
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v, (x):=R, -5 (x,0, ())+(Wz3y+‘1'uy]-s(x,.Igs,(]]—Mk-s[x,lgj,-1)+

+[—(w‘_2y+wr?y))~s(x, 2oy 0)—Mh.s(x, 12, —1]+R2}’-s(x, i,0)
M_(x):=Fy, -5 (%, 0, 1)"‘("}3,»*'“':3;-]'5 (x, 137 1]—M3:-s[x, I3 o)+
+["["’,-;y+"'tzy))'5(”r 1a 1)—u2z-s(x, oo 0]+R_?y-s (x,2,1)

On X-Z plane:

O (B P= R 8K B ~ X)W ~ Wi |5 [ B9 Tige 1]~ 5, 58 (X L g R [ Moy — Wi, |78 (% B — 2]
+M2y-s(x, ng' —2]+R22.5(x, 1,-1)

Ve (*)=Ry v5 (%, 9, O)+(Wr33—wtk)'s (x' Iaie 0)_‘\431/5("' Tza0 _1]+("r2:_wt22)'5[x' taze 0)+
.;-sz-s(x' “ci' -1]+R2:~s(x, I 0)

My(x)::Rl:.s(x, a, 1)+(W13:—W”2).s (x, Loz 1)—-1\!_’,}'-5(:(, Lase o)s[w_,zz—ww_,).s(x, Lose 1]+
+sz-s[x, 1oor 0)+R2!-s(x, 1,1)

Total V and M:

v(x)=qy, (97 +v, ()]
H(x)i=q, () +5, (x)?

- 11

X

V!x in!
1bf
Yy
)
3

M (X in)
1bf ft Page 22
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gated using a

The resultant moment at both gears

M[;gj]:-;l.mss 1bf £t M[‘LgZ]
Torque on idler shaft

Mean and alternating torque from before:

T ons =615 ABE BE

Bending moment will be fully reversed loading

_Mtl;3]+[—M[J

;.‘i]] _
= 5 =0 1lbf It

medn

=16.7183 1bf £t

T =61.95 Ibf ftr

2
air

Only need to consider where moment is a maximum

e M[iga]_[z—n[lgs]] =71.1056 1bF £t

&1

>

Axial force will be constant throughout the input shaft, but fluctuate between O (when not in use) and operating shaft torque.

Fo+0

a'mean

=123.96% 1bf

Minimum diameter of shaft where gears are

0

=123,566 1bf

F i
atalt

located:

d,;=1.2598 in d,,=1.2596 in
Diameters at the bearings:
de =1.1811in d.b.? =1:1811 in
Slope and Deflection Calculations
4q 4 4 4
h 4 d(r] 4 dq.’ 4 db}'
I,=mn" = =0.0%55 in I, = — =0.1237 in I :=m- =0.1237 in I,=m- =0.0855 in
.4 4 4
Jy =241, =0.1811 in J,i=241,=0.2473 in J,:=2+1,=0.2473 in J,=241,=0.19%11 in
Solve for constants using boundary conditions: (No linear deflection al bearings)
Y-Direction
¥(0)=0in ¥{1)=01in
Cé’y —XE]
\ LA _ tﬁ"_,r‘t—ll'lJr} o ’ L. R ‘] l f“::: .—»'___.:_J] : L : i
F!F=0.DDO3
Page 23
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Z-Direction
z (0)=0 in 2(1)=0in
sz:z()
1 : 1 Koz~ Wiae 23 3 3z — Wezz -~
e oo 2 (B o o e (B g B )
e I
C;z=—7-1735'10_5
R W, +W
=1 1y 1 [ iy :3y]
e e e = s e e
Woot+ W B
1 ( 2y tZy] 1 oy
-+ Ev Ty '[‘ -s(x, lqz' 2]‘”22'5("' 192, 1] +E‘_I4. = -s(x, 1. 2)_,_(_.1}_
Ry Wy, +W M
e b iy 1} (z_\y :3,»] a2
Y(X)._E-IJ.T-S(XIU' 3)+E-12. = ‘S(X,lq3,3)-7~s(x, 1,;,3,2) i
" +W M R
1 ( 2y \:Zy) 5z 1 2y
Taag L ® e g H e R Rt iy

s

R R
ey(x)::ﬁ. ;’ +s(x, 0, 2)+E-1I ’{ riz - ”"’].s(x, 1og4 2]—M‘;y.s[x, 1ig 1]
iy 2

-

Ry
-_2_~s(x, 3 2)+cIz

1K
E-I

B, =W
+E.1I7 .[[ riz ; t 2]‘5[,{’ 1g2' 2]+sz-s[x, ng' l] %

Ry wr.z_w..z M,
s(2)=g e (x, 0, 31+E.112'[( = ”)'3("'193'3]‘%‘5[*'1@'21]+

E-I,
W, —W M, R,
1 { r2z t2z) 2y 1 2=
+E-:3' 5 -s(x,lg2,3)+——2--slx,lg2,2] +-ﬁ;-—é—-s(x,l,3)+clz-x+cz:
Total Angular Deflection and Deflection
2 (x)=q 0, () +5, (x)?
2 2
5 (x)=q7 (%) +2(x)
ool¥ei b4 -
X
6 (x in) 5(x in) Page 24
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Angular Deflection at Bearings Criteria =0.004 rad

# free verslion of SMeth Studla

B =8 (0)=0.0003 rad Angular deflection at beginning of shaft Both supports angular deflection
does not exoged_ me allowable value.
8,,1=9(1)=0.0003 rad  Angular deflection at end of shaft Therefore, criteria is met!
PASS
Angular Deflection at Gears Criteria < 0.0005 rad
6.,1=90 [193] =0.0002 rad Angular deflection at gear 3 Both gears angular deflection does
not exceed the gllgwable value.
855 += 8 [1,,)=0.0002 rad Angular deflection at gear 2 e el
PASS
Linear Deflection at Gears Criteria £0.127 mm
8.,=3 [lgj] =0.0055mmn  Deflection at gear 3 Both gears deflection does not

exceed the allowable value.
i Therefore, criteria is met!
5,y 1= [lg2]=0.0049 i Deflection at gear 2

PASS

Angle of Twist Criteria =3 deg/m

Only need to check where J is the lowest and there are the most SCFs Angle of twist does not exceeds the

allowable value. Therefore, criteria

~ " deg is met!
Pevise =g —1-5133==
2 PASS

Summary of Results
As a reminder, the evaluation criteria we need to satisfy are:
2. Shaft twist = 3 deg/m
3. Linaer deflection at gears <0.127 mm
4. Angular deflection at gears < 0.03 deg (0.0005 rad)
5. Angular deflection at bearings < 0.004 rad
Minimum Diameters

At Gear 3: At Gear 2: At Bearing 1: At Bearing 2:

d,,=1.2598 in d,=1,25981in (=32mm) d,, =1.1811 in d,, =1.1811 in  (=30mm)

Evaluation Criteria

0y =0.0003
0, =10.0003
66.# =0.0002
B, =0.0002

8,;=0.0055mm

8, =0.0049 mm

¢ =1.5133 3¢9
m

twist

Page 25
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Given that all criteria are now satisfied, safety factors can be recalculated for new diameter. We need to find new notch radius
and large diameter.

Metric Ky Keywsy Dimensions Per ISO/RTT3 - 153 Width Tolerance

Key SCF

Our initial assumption still

G S satisfies new diameter

Check the SCF of the keyway is greater than the SCF of the step

D:=40 mm new large diameter | % | 8| % ™ o
l C ) wle]w o {1{
T opovtder (= 0-1+d,; =0.126 in assume ratio of r/d = 0.1 = = S s
Figure 16. Standard Key and Keyway
D dimension (used to find rkey) [5]
—=1.25
d_,
gl
Shaft with shoulder under forson Shaft with shoukder under bendmg
’ T s O ro— = p—
; =
i T : o 1 / v .
- e 4 *
' 2 3 Py
k% DS BN
\ N\
= 3 = i =
' i re—ta ey s B i
o ol 02 o o ol oz 03
rd xd
e Dot Did=2 Didel 2 ——Did=l.|
[-e-Dd2 —Déd-123 D12 —D-1.0] By e R0
Figure 17. Step Shaft = Shaft with shoulder under Figure 18. Step Shaft = Shaft with shoulder under
torsion [4] bending [4]
K, =1,25 K, =1.6
Step SCF: Keyway SCF:
K,=1+9g- ( K, - 1] =1.54 < K, =1.9 Therefore, keyway SCF is still the main failure point

Kezi=1+a, (K, ~1)=1.2312 s e

As previously stated in the initial length analysis, we can assume Kf = Kfm and Kfs = Kfsm

Km::Kle_Q Kr.sm:zK:S=2,64

Fatigue and Yield Safety Factor Calculations

Although there are many failure theroies available for design criteria considerations, in this case the yielding safety factor will
be calculated along with a fatigue safety factor. The fatigue safety factor will be found according to AGMA, guidelines suggest
use of DE Elliptic criteria for evaluation of shaft failure:

Page 26
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DE Elliptic Fatigue Safety Factor Yield Safety Factor

=
—

=
2z,
2 2
2 I = T
at o= 32- K, fd.iL +d K!’ a'alt L 16- K, fi:.
& 3 a 2 3
B Cnin = nin - Shin
&
¥
32K M K 2 K T :
. . Cha T . AR meen P 16K Thean
mean . 5 W > L —3
W doin I Cnin B %nin
1 1
T i = =
ke 2 - [+ i
U’:I‘I_ 2 Er.,l_.\:.yl :,._ + fc_c..?
i o ? Pl
g + 5 ¥ ¥
e ¥
n,=3.4937 n, =6.9896
Conclusion

Calculations have been carried out, following a re-itteration method, a minimum diameter at both gear 2 and 3 of 1.2598" (32 mm)
and a minimum diameter around both bearings of 1.1811" (30 mm) has been specified which meets all required conditions and
defined evaluation criteria. Additionally, the fatigue and yield safety factors were recalculated to be 3.49 and 6.89, respectively for
this shaft diameter. It can be noted that the obtatined safety factors are both greater than the design safety factor of 1.872,
indicating the shaft is safe for use.
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C14 - Shaft Analysis - Output Shaft

MECE 360: Birdie Boys Design Calculations

Uesing a8 /1ree ve )I SMEaIN STUg
MECE 360: Shaft Analysis, Output Shaft Anictatlos Lstiend
Blue: Notes
Yellow: Final Answers
The intention of the following calculation is to aid the design of a golf cart transmission. The simply supported shaft made of AIS|
4140 Steel below represents the third shaft in a three shaft transmission, the cutput shaft. For this application, the gear on the
shaft is helical and is driven by a gear on the idler shaft. The shaft will be connected to a differential that will provide power to the
wheels of the golf cart. The gear is straddle mounted and the shaft is supported on either side by bearings (axial load to be
carried on the left).

The objective of this design calculation code is to solve for the minimum required diameter for the shaft show in Figure 1 below.
Additional calculations are presented to ensure that the evaluation criterial (including shaft twist angle, linear deflection at the
gears, and angular deflection between gears) is satisfied. As well, a final calculation for fatigue and yeild safety factor safety
factors are included.

Problem Statement

Problem Diagram

' ~a
'I/E/g1 AT LH\\IE
\ ANATR BN !
“V Gear Y Ri A L i ; RH
L - W 7772V 77A
< L e
Y Ipvt
~ _H
1™
o X
\
=
N
o
Zin
‘a’n
I

Figure 1. Schematic of design problem: Simply
supported shaft with one straddle mounted gear
and bearings on each end.

Figure 2. Full layout for all three shafts and gears
Evaluation Criteria
Based on the problem objective, the following criteria must be satisfied:
1. Strength Failure (DE Elliptic Criteria)

)
(3]

no'
! a

- First Cycle Yield: B e = - Fatigue Failure:

=

Based on the problem objective, the following criteria will be compared with to ensure it is satisfied:

1. Shaft twist < 3 deg/m
2. Linaer deflection at gears <£0.127 mm
3. Angular deflection at gears < 0.03 deg (0.0005 rad)

4. Angular deflection at bearings <0.004 rad Page 1
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Assumptions
The following assumptions were make for the given problem:

1. Assume machined shaft

2. Assume combined loading, but bending is dominant

3. Assume the operating temperature is 40 °C (104 °F)

4. Assume there are no miscellaneous correction factors

5. Assume lifespan = 106 cycles therefore, infinite life

6. Assume 90% reliaitliy

7. Assume constant torque, but will fluctuate between 0 (when not in use) and operating torque
8. Assume forces on shaft are fully reversed, due to shaft rotation causing a critical element to switch between
compression and tension of equal magnitudes

9. Assume that bearings and gears act on shatft as point loads

10. Assume that axial load from helical gears goes to bearing with highest radial load

11. Assume that for the stress concentration factors, Kfm = Kf and Kfms = Kfs

12. Assume gears are mounted using paralle! keyways

Sketches

Z
b

on {
1 ey

| S—

My
M L] oiniak

4

C.PH"
L ¥

Ri
- 2

Zin l Yin

Figure 3. Free Body Diagram (FBD) of design problem with labelled reaction forces on shaft

FBD Variables
At Left Bearing (A) At Gear 4 (B) Misc.
::x i ¢xn;l RT;“';" Fc:iroe ¢ aa: -}:x' :‘la::::’me 04 - Angle between idler shaft
y = Y- |rec. n Reaction Force r4 - Ra orce and the output shaft
R1z - Z-Direction Reaction Force Wt4 - Tangential Force
- Z-Direction M
At Right Bearing (C) M4z - Z-Direction Moment

R2x - Axial Reaction Force My - v=Rirention Moment

R2y - Y-Direction Reaction Force
R2z - Z-Direction Reaction Force

Page 2
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Createad uvueing a free verslon

Given for Motor:

of SMath Studlo

RPMl.n = 3000 rpm Tnm :=41.3 1bf ft : x==44.69 1bf ft
Gear Analysis Summary: Pressure Angle ¢ :=20 ° Helix Angle  ¢:=21.5°
Number of Teeth Module Pitch Diameter
s mm o g,
N, =20 teeth m, =3 paapven de i=m, -N, =60 mm
N, :=60 teeth = mm . =
m_,.—Gl I de ._m_,-Ng—lBOmm
N,:=24 teeth
£ mm
=3 €l . ct= N, =
N, =60 teeth s teeth G5y g T
oo mm o PN
m,:=3 teoth dp‘._mq I\‘q—ISUmm
Output Shaft Inputs
. N, N,
Shaft Velocity @t=RPM, - 1 ¥ =41.8879id
in N2 2 N4 s
NN Design Factor of Safety
Shaft Torque  7.=1, .=~ =309.75 1bf £t
A Operation Temperature
Max Torque YN
ax lorqu R L L T, =335.175 1bf £t Shaft Length
; 4
Ultimate Strength S, *=155.9 kpsi Kanginoio e
i S =143 kpsi
Vil Semng ¥ e Angle Gear 2 to Gear 1
Young's Modulus E:=29700 kpsi
Shear Modulus G:=11600 kpsi Angie Gear lerSaand
‘Material properties taken from matweb.com [1]

Find the forces exerted on the output shaft (gears 4):

Transverse Presure Angle Senl ¢
cos ()
Loads on Gear 4

T
W o= —1049.07 1BE
4 .
2 0.5-d,

Wyq =W, +tan(¢,)=410.3663 1b¢

Wﬂ4 = Wt4 -tan(w)=413.22 1bf

Wtd

W — _ =1199.8309 1bf
4 cos(¥)-cos (@)

n! !
@, ::atan[ =21.365°

(max torque on startup)

n:=1.872
Topez =104
1:=6 in
lq,, =2 1in
8,:=45°
6,5=45°

°F

Page 3
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d
>d
M, =W --L-sin(BJ)=86.2768 Ibf £t

dx ad 2
sme I7 dp‘i T
M.xy“hw' -cos[61)=86.2.68 1bf ft

Figure 4. Visualization of two resulting moments, M4z and M4y,
due to axial load.

Figure 5. Snapshot of Figure 3.

W, =W, -cos[@d]=290.1723 1bf
Wogy =W, -sin[64]=290.l728 1bf
W =W, -cos[90 °—04)=741.7692 1bf
W gy =W, -sin[BO o —94]=741.7692 1bE

Reaction Forces

Y-x plane &
Y OM=0 = ~Z(Wy #Wey)) ~ Myz + b2y = O
X A W c
M»J: & lgd’ ( Wr&y + Wtdy]
By =
2% 1
Ry Ray
p L N ; R,, =516.5342 1bf

Figure 5. Reaction forces FBD in the y-x plane
HEE =0 => Ry~ Wy~ Wy + Bay = ©

Page 4
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sailed uUsin

Srelc >Math Stu
&2‘_‘./-1,,:0 = 2 (Wyz ™

Wm)-l"w + bRz= 0O

Z-x Plene
z Wryz
Lx A Kl\ C Mdy—lh, {r¢,4~—h,4<]
T ‘VMW T R,y 1=— 7 - -
Rz Weyz P22
R, =22.0214 1bf
2 2in . Yin . o r
- + Wiz — * =0
Figure 6. Reaction forces FBD in the z-x plane +fﬂ 5 =0 - Riz oz ™ Wruz ¢ Rez
R.': = W:-J: = wc-ﬁ: 2 RZ:
Assume all the axial load is on bearing 1: R,, =—473.6177 IbE
R, =0 1bf R, i=—W , =-413.22 1bf
Reaction Force Summary
R“,:SISJOTB 1bf R, =—1473.6177 1bf R, =—413.22 1pbf Axial load:
.F‘I‘1 = — R.,x =413.22 1bf
R_,),=516.53421bf R,, =22.0214 1bf R,, =0 1bf
Singularity Function
Function q(x) Evaivation
Ramp Cx—ant Oifx<a
s(x,a, n):=if [[(x—a)>c)/\[n20)] Eﬂ s
Shear fiow/ i x=a>0 _[016x «
(x-d)n dstbuted load ;:_'JE] < _l.I!::,-:
else Shear forcel i S 1),
if (((x-a)no)/\(n.o]] support reactions - to,ix =a
1 Moment! couple <x-a@>? _{O0Uxza
Al (internall) E?:l = toifx=a
0

Singularity Function Equations for shear force and bending moment

Shear Force Vy(x) = f qy (x)dx

Bending Moment M,(x) = f Y (x)dx

On X-Y plane:
q, [x)::RIV -5 (%,0, = 1)—[W"“_, +HL_1),]-5 [x, 1

g4’

bt (x):=RI_v'S (x, 0, 0)‘(“)4; +W:4;-]'

L0

M (x)=Ry, -s(x,0, 1)’(”;—4,‘;‘“"»:;.-]'5

(x, O C)—}—MJ: -s[.\', 1

Figure 8. Singularity Function (to solve for Vy(x)
and Mz(x)) [2]

-'J.]+M4:-s[x, 1

(x, 1g“ 1]+Mdz-s[x, JqJ, o)+R;,y.

g

e -2]+R_,_’,As[x, I:iy=1)

g _1)+R?~,r‘5("" 1,0)

Page 5
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On X-Z plane:

g (x)i=R,,-5(x, 0, _1}+[H:€:_W1-421'3[x' Toper —1]+M__U,-:i[x, 1

1z gq,—2]+R23-3(x,1,—1]

v [®)=Ry, -5 (%, 0, 9]+[W54=_qu‘z]'slx' Yot D]"'Mdy's[xf Toar _1]+R.z‘s[xf 1, 0]

My{x]::Ri:.s(x, a, 1)+[wtd2_nrrh].s[x, Logr 1]-]-1\'_"1}_-5[.\:, Loge 0]+R ooy L)

Total V and M:

V(;\;’}r: vy(x]z:—uz{x]z

u(x) =g, (x) 4 (x)°

H
V[* in)
1bf
¥
B
M(x in)
1bf ft
The resultant moment at gear 4
M =:M[194]: 172.3345 1bf ft
Page &
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Consider Loads on Startup (Max Torque)
Loads on Gear 4

max

t=———— =1135.126 1bf
td 0.5-d,

W, =W ~tanft3L]=444.0502 1bf

W,y s=H_, +tan () =447.138 1bf

d
M, =W v—ﬂ-sin[e,]=93.3586 1BE £t

a
dq
iy T rcos (8, ]=93.3586 1bf ft
Wegz ©=W g+ co8(8,)=313.9509 lbf
W, =W, -sin [ed] =313,990% 1bf

Wygz 7= W,y - cos (90 *—8,)=8602.6553 1bt

iy, =W sin [90 -8 ] =802.6553 1hf

Reaction Forces

y=x plane:

M, <=1 - + W
d 4 £ iy
Ry, 1= [i” cay) = 558.0325 Lhf

B a= W:e;; +Wtq'y _RZy =557.7137 1bf

iy
z-% plane:
M‘!y_lga‘. Wr-\’z_wr#z
R, = = 23,8259 1bf
z 1
Ry =W . —W., —R, =-512.4934 1hf

Singularity Function

On X-Y plane:

Axial load is on bearing 1:

R, =01bE Ry ,t=—W_ ,=—447.138 1bf

Ix

max axial load:

_Rix =447,138 1hE

" =
atmax

T (2] =Ry 0 [ %, 0, —1) =W gy + Wy |5 [ 1y, _l]+M"‘z'g[x' Lgas _2]+Rf;"s (%, 2, -1)

vy[x]:: 1},-5[:1:, 0, 0}—{-51'”?4—&1"5”]-5[;{, Iog D]+Mﬂv5 [x, rl

g

Mot for commearciel uge

i —1]+R2Vvs[x, i,0)

Page 7
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M, (X) =Ry 5 (%, 0, 1)~ (Wy

On X-Z plane:

qz [PC];:R -5[){, 0, _]']+[wr.4z:_wr-d:]-s[x’ B a0 _1]+H4y-6 [){, lﬁ'd' _2]+H/'

Iz
Vz(x]z:Rjz.s[x, a8; "_"J+[W;4; —th]-sle ig“ 0]+MdyAs[x, lgd, —1]+R22As[x, 1,0}
M-f[’f]’zﬁlz's[x- o, 1]"’[Wt4z _erZ].S[X’ Iuar 1]+Ma

-s[x,l U]+R_____7_-s[x,1,1]

2y g4
Total V and M:
2 2
v (x)=qy, (2) 47, ()
2 2
M{X}:‘ﬁp{? (=) +M, (=)
¥
1
0
V!X in
1bf
i ¥
i
=
0 q x
M[X il’l]
1bf £t
The resultant moment at gear 4:
M i :=M[I<n ]= 1B6.4801 1bf ft Max moment for startup torque
_ Page 8
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Sizing the Shaft Based on Strength | I jscF]  Pioture
Keys
Parslel * Inexpensive | + Light loads T
Gear 4 + No axad = SH
restraint .
Determine minimum diameter at gear 4 - or N NS —_—
assuming keyway has greatest SCF s .;‘:’.; ion ;&"m 22§ _-e -
Ke | oy
K\_::z_z Woodrfl |+ Self aligning | + Light Joads. i F
SCF for key «Tapered |+ SCF s
. i=a o i -
Ty =0.0Ldn Figure 9. Keys SCF [3]
s Sut = 155.9 kpsi
L shoulder = 0.1 in
! : 8., [kpsi/MPa]
i /—: — E::i;_:: By
iy £ 4 / P e s — 1601 103
g:=0.75 g_:=0.82 b T 7 “F e — 140063
“ R =
& // & // s minis.-u

Kes=1+q-(K, ~1)=1.9 os / &-(‘I‘:—Lésﬁ_ s
oS - -y

Kes ::1+q5-(Kc$—1]:2.64

~-

ot

o

o aos ol 0is 02

Assume nolts radue of 001 vty vadam v (w)

Figure 10. Notch Sensitivity (to solve for q and gs) [4]

Torque on output shaft
The torque will be constant throughout the output shaft, but fluctuate between 0 (when not in use) and operating shaft torque.

4 i
=220 —154.875 1bf £t T ::TO=154.875 1bf £t

T 3
mean 2 @it

Bending moment will be fully reversed loading.

M, +(-M M, —(-M
) [ 9‘]_ PO ol [ 9‘]_ e
mean T 5 =0 1bf ft Mo, = ——a= 172.3345 1bf ft

Axial force will be constant throughout the output shaft, but fluctuate between 0 (when not in use) and operating shaft torque.

F_+0 ba=g

== =206.61 1bf = =206.61 1bf

2 F 8
a'mean 2 a'alt 2

Endurance Strength

Uncorrected endurance strength

§', 1=if 8, <1463 Mpa

ut —

0.504-5,,

else

) — i
S S' =78573.6psi
Page 9
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T JBIRNYg & P84

=
[

Surface Condition Factor, ka:

MPa kpsi
i Surface Minish A | b a B
Anstming thasnefk b= machinad Lrroumnd 158 | -0.085 | 1.34 ] -0.085
) istandard wnless otherwise dicated)
S bi=—0.265 “Machined or Cold drawn 451 |-0.265 |27 | -0365
B Hot-rolled 57.7 |-0.718 | 134 ]-0.718
1 As-forged 272 | 0995 | 39.9 | -0.995
k.oa=a-ls. o= =0.7084
4 [*]8 kpsi
Size Correction Factor, kb:
Assuming bending and torsion with rotation
08794 01lsd<2i
Assume dg4 is between 0.11 and 2 in: 8794 . Lok in
091d " 2<d <10in We must come back
k, = _— to check this
kb = 0.897"d"(-0.107) 1.244 T 2.T79=d <51 mm
L5  Sl<d <254mm
Load Correction Factor, kc:
Combined loading, bending is considered dominant [ Bending
k. =1085 Axial
kgt \D.SEJ' Pure torsion

Temperature Correction Factor, kd:

Temperature Correction for operaling temperature of 104 F

T ... 2
: apas B —5 | Topar
ky+=0.87540.00032| — ~-0.115-10 T-| — +0.10410
F F
Reliability Factor, ke:
Releahiliy Ke
Assume reliability to be 95% 0 I
M 1.897
- 3% 0868
£ :=10.858 9 814
g4 4 01,753
LR 0702
Miscellaneous Correction Factor, kf: o 0.659
g : 494399 0.62
Assume no miscellaneous comrection

kF::l

Result of all correction factors without kb:

Minimum Diameter Iteration Calculation

Iterate using MATLAB code to find minimum shaft diameter, d. The MATLAB function takes an initial diametar
and checks if it passes DE Elliptic Failure Criteria, if not increase diameter and try again, if yes then minimum
diameter has been found.

Page 10
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no'
S

DE Elliptic Failure Criteria:

1
2 2 2
) 32°K. My, A K F g 16+ Ke * Tose
Gl = 3 + 2 +3 3
n-d n-d n-d
P
2
2 2
i 32'Kf"1 Mmean 4'Kfm' a'mean 16'Kfsm mean
Z mean 3 2 +3
n-d n-d n-d
Corrected Endurance Strength:
Sﬁ=k‘_‘-kb-)(c-kd-ke‘kx_-S".7
Assume Kr'o'mx<s‘y‘ so Krm::Kt and tsm::K:‘s

Plug in an intial diameter guess of d = 1.2598" (minimum diameter for idler shaft which experiences less loads) into the
MATLAB function minShaftDiameter.m, as well as other required input values.

The MATLAB function iteratively tests for a minimum shaft diameter that meets DE Elliptic Failure Criteria using the above
formulas.

Computed minimum shaft diameter at gear 1: dw :=1.3974 in

Calculate final endurance strength using minimum diameter:

-0.107
d,
k,+=0.897|— =0.8655 S, =k, -k, -k, ok, ok, ok -S' =41.684 kpsi
Check Yield Failure Criteria
g s
DE Failure criteria states: ol <L
n
2
P4
32-K,-M 4-K,-F > 16-K,_ -T .
4* " e *raa
o = S O e RO B TN R =3B.0535 kpsi
d 3 d 2 d 3
n: a4 e g4 Lo g4
s
o' =38,0535 kpsi < — =76.3889 kpsi Therefore, first cycle yield passes.
B Page 11
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Check the assumptions

0.8794"'"  0.11<d<2in 0.11 < dg4=1.3974 < 2in

_ 0.91d-""% 2<d=10in o >
*711.244°%  279<d <51mm AREOspce (el
1.51d7°%  Sl<d <254mm
Cross-Sectional Area:

Moment of Inertia: Polar Moment of Inertia:

g %
o g4 - 4 2 2
ITi=m- 7] =0.1872 in Ji=2.-I=0.3744 in A::%wn'dq‘ =1.5337 in
2 d 2
M.;‘ ad s gd
X gt @ 2 ad ) 2 _ A
e |——+ +3 =14.4417 kpsi

K o' =27.4392kpsi < S, =143 kpsi Therefore, Kfm = Kf was a valid assumption

Check the SCF of the keyway is greater than the SCF of the step

Assume Diameter of the center partis
D:=1.75 in & r .
-(’-4-—1.2523 ”‘;“_’_“" =0.0716 ® "
g g4 i l.
Sl Wi shockier e Yorven S bl ke s beindas v -ﬁ-‘_ﬂ_ T— o
1 L 1 3 1 I 1 1 1 d i 1 1 —Y
: SSSSSSE SSSSSSSEES =
1 X ..' 1 M Rey
3 —— ] —
N R T e e e . Pu
! - = CH “s l. - E n: - z;n ".'-
e p— ) Dot s _""‘.-] - s D3 ; D=z Dol | : L '
T =THRy Figure 13. FBD to show "D’
Figure 11. Step Shaft = Shaft with Figure 12. Step Shaft = Shaft with Sut = 155.9 kosi
shoulder under torsion [4] shoulder under bending [4] ut= ¥ KRS
' 8. lkpsiMPa)
- . LI . — p— YW
K. s=i15 K, :=1.75 K , = [
[ - — Vi
q:=0.9 g, =0,925 N ¥/ e e I e
0177 il WP -~
7 b d 474
Step SCF: Keyway SCF: o // O >
x52==1+q-(i<t-1]=1.675 £ K.=1.9 b ¥

s K,=2.64
Figure 14. Notch Sensitivity (to solve for g and gs) [4]

X ':1+Q’3-[Kw—1]=1.4625
Page 12

182"

Therefore assuming the SCF of the keywa¥_ is ggeafl:er than the S;.)F of.‘ thel stlloulcéer is valid
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Minimum diameter of shaft where gear is located:

d,=1.3974 in

d_ =40 nm=1.5748 in Size up to first available gear bore diameter

Assume the diameters at the bearings

Gy =35mm=1.3761n  d,=3mm=1.375in  [CHOSGABEANAGIBORBIAMEISH

Slope and Deflection Calculations

4 4 4
_ g, . 4 dq:t , 4 dy, . 4
I,:=m- 7 =0.177 in I,:=n- 7 =0.30191in I,=m" 7 =0.177in
;i o .4
J, =201, =0.3539in J,=2-1,=0.60381in Jyi=2-1;=0.3539 in

Singularity Function Equations for Angular Deflection and Deflection of Shaft

M, (x
8,(x)=f%dx+€, Slope

y(x) =I[IM'(x)dx+Cl dx+C, Deflection

El
R - W + W
1 4 t4
ez(x)::E.lII 'Tyls(x'o'2)+g.1[2.l ( r Yz Y]_S[x, g 2]+M42-5[x, Loy l) +
R
& 2y
+E~13.T'S(x’l’2)+cfy
o d My 1 [ (Pray + Peay) . My §
y(x)._ﬁ.T._.(x,U, 3)+E-12' - -s(x, q4.3)+7.s[x, gar 2] +
R
1 2y
+E-_I3.T'S(x’ 1, 3)+ey x+cy
R W, —W
1 lz 1 tdz rdz
ey(x)::E.I_‘.-_Z_.s(x,o, 2)+E-I,..[ 5 )'S(x:lg412)+M4V'5{x:lg,;rl)]'f'
< <
R
1 22
+E'I_,' 5 vs(%,1,2)+c,,
R W - W M
1 1 4| t4z r4z v
z(x):zﬁ.Tz-s(X,O, 3)+E-Iz'[( = ].S(X, Loge 3]+Tb~s‘x, Loy 2] +
R
> 2z
PR e Ry Bty
Page 13
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Sclve for constants using boundary conditions: (Mo linear deflection at bearings)

Y-Direction
y(0)=0in ¥(1)=01in
Cay =0
& —(W_, +W M
1 Iy ; 1 . [ rdy rd_v]‘ dz‘
E-I, ?-5[1,[,,3]4.;:_12 6 S (0 Lgar 37 (1r dgar 2]
Cip'= -1
c_,}r:—O.GC-GE
Z-Direction
z (0)=0 in z(1l)=9in
Gy =0
by W, —W M
1 Iz = [ tdz r-fz] ay
E_I:.T.sp,c, 3]+s-12'[ - .5{1,19£,3]+T.5(1,1g£,2]]
Sy = =
G;,=0.0003

1 .I_[qu"‘“'[ay] »s{

Ry,
sz[x]::_‘_l ' g’r's[x, 0, 2]+ B igﬁ,, 2]+M”»s[x, }.w, 1]]—1—

B j_'I E'IE i
R,
1 =y
b R e b Zphyy
1 RI}' 1 _[Wréy T, Wté‘p’] M‘JZ.
R
1 2y
+E~T-s[x,l,3]-t—cwrx+c.t,,',
7 (Peee ~ ¥ese)
23 1z 1 tdz Edz
Sy[x]._ F = g(x, 0, EJ+E-I° [ 5 -5!3,12‘4,2]4—!‘5‘4? 5 x,lgq, 1]]-1—
R
1 2z
+E-I.,1,' = sz, 1,2+,
5 M
1 z 1 2 rdz Ay
z(x].:El_Ir-_-s(x,Q, 3}4—2_1_2 [ = ]-s[x,1g4,3]+T-3[x,1gq,2]I+
R
1 2%
-|-E.JTj [5 s(x, 1, 3) e, xte,
Page 14
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Total Angular Deflection and Deflection

o (x) =2, (x)°+6,(x)
staje v ) vala)

¥ 5. L0 WL 5625
x| X
4 S [ 3
8 (x in) & (x in)
Angular Deflection at Bearings Criteria  =0.004 rad

Gy, =8 (0) =0.0007 rad Angular deflection at beginning of shaft

Oy, 1= 8 (2 ) =0.001 rad Angular deflection at end of shaft

Angular Deflection at Gear

B =0 [lg‘, ] =0.0004 rad Angular deflection at gear 1

Linear Deflection at Gear

Spg 1= [194)= 0.0221 mm  Deflection at gear 1

Angle of Twist

Only need to check where J is the lowest and there are the most SCFs

e R s deg
'prw.:st i G- JI =2.0421 _m'
Summary of Results
As a reminder, the evaluation criteria we need to satisfy are:
2. Shaft twist < 3 deg/m
3. Linaer deflection at gears £0.127 mm
4. Angular deflection at gears < 0.03 deg (0.0005 rad)

5. Angular deflection at bearings < 0.004 rad
ROt forf

Both supports angular deflection
does not exceed the allowable value.
Therefore, criteria is met!

PASS

Criteria < 0.0005 rad

Gear angular deflection is less than
the allowable value. Therefore,
criteria does pass.

PASS

Criteria <0.127 mm

Both gears deflection does not
exceed the allowable value.
Therefore, criteria is met!

PASS

Criteria s 3 deg/m

Angle of twist does not exceeds the
allowable value. Therefore, criteria
does pass.

PASS

Page 15
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Minimum Diameters Summary
At Gear 4:
d,=1.5748in (=40mm)

At Bearing 1:
d,,=1.378 in

Evaluation Criteria
8y =0.0007
8., =0.001

B2
8., =0.0004

Sse=10.0291 mm

. hazy 998
1St m

wi

®

Initial Conclusions

g free verelon

o M8

At Bearing 2:

,=1.378 in (=35mm)

th Studlo

wele

Calculations have been carried out, following a re-itteration method, a minimum diameter at gear 4 of 1.5748 in (40 mm) and
a minimum diameter around both bearings of 1.35" has been specified which meets all required conditions and defined

evaluation criteria.

Optimized Shaft Length

Problem Statement

The objective of the following calculation is to confim a new design (new shaft length) meets evaluation criteria. Due to the
intended use of the shafts to rotate in both directions (drive forward and reverse), need to consider a shaft design that supports
the helical gears axially in both directions. Consider a design where the gears are "sandwiched" along the shaft to prevent any

axial thrusts (shaft step on one side and support bearing on other).

Problem Diagram

4
A Gear Y
o
SN
SN
N RH i ‘“ &
N
[ s
iy s
= 102.5mm
[
w
I\
102.5 mm

Figure 15. Schematic of design problem: Simply supported shaft
with two straddle mounted gears and bearings on each end.

Not for commercis
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Evaluation Criteria

Same evaluation criteria as orignial shaft analysis

Assumptions

Same assumptions as orignial shaft analysis

New Shaft Lengths

Shaft Length 1:=102,5mm=4.035%4 in

Length to Gear 4 Ig4:=20.5 mm=0.8071 in

Find the forces exerted on the output shaft (gears 4):

Transverse Presure Angle ¢, :=atan [M] =21.365°
Loads on Gear 4

T
W, = e—— = 1048.02 1bE

H_ o=, -tan[@t]=410.3663 1lbf

E.

W, =W _ -tan (#)=413.22 Ibf

W
2
Wyime— — 1199.8309 1bf

i cos“ﬁ]-cos[&]

a
4
M, =W -%-sin[ﬁi]=1035.3212 Lbf in

4z ad
dF4
H’W = -—-2--~cos(S'J ]= 1035.3212 1Bf in
W, =W, -cos[&‘d ]:29{).1;‘28 1bf
rfr_w =W, -5in[94]= 280,1728 1hL+

=0 Acos[gtl s 8.:]= 741.7692 1bf

W= W, -Sinlﬂﬂ"—ﬁdlz?dl.?EQZ Lbf

Figure 16. Snapshot of Figure 3. Page 17
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' 1] e YoIisl@llh VI -MEBLI SLEWEIE

Reaction Forces

Y‘ X P.'ﬂru!- (: f, M,= O = ~2 (Wryy +—\,,|‘,_I,)_H.‘= +* pRay=©

y qu,‘wwy
4T
| o A Walg = ’
T - I = Mﬂz+_g:-[wr4‘y+w
R = T

Riy Fay
, Zin Yin R, =4862.94% 1bf

7 7

Figure 17. Reaction forces FBD in the y-x plane

HER =0 => Ry~ Weay~ Moy + Bay = O

Ry =gy Wy g — Ry,

Riyz 568.9959 1bf

Z-x Plorne (:_E‘_']M‘: o = 2 [wt.,,-wm)—Hw t 6R2= O

Weyz

z
L‘)ﬂ A T E$A1¥ T = 1y = Las .[th-ﬂz = N:h]

Re Weyz Paz
2='| "l w

L " i
* !

n
=
[

R, =166.2384 Lbf

Figure 18. Reaction forces FBD in the z-x plane

iz riz tdz 22
Assume all the axial load is on bearing 1: R, =-617.8347 lbf
R, =0 1bf R, t=—W ,=—413.22 1bf
Reaction Force Summary
R, =562.9950 1bf R, =-—617.8247 lbf R, =—413.22 1bf Aoial load:
a
ng=962.946 1bf R:z=166.2384 1bf sz=U IhE

Singularity Function

On X-Y plane:

Q‘F[x]:RIy-s{x, 0; =1 [wm, +wm,]-s[x, ng, J.]+M¢Z-S£x, 1g4, --2} | Rzi_-s[x, I, -

Vy (%) =Ry o5 (3, 0, O) = (W p +Wep o5 (20 Lggo O)F My -5 [y Lpp, — 1)+ Ry, -5 (%, 1, 0)

L]

+fg,l-; =0 => FRiz * Waz" Weyz + Bzz= 0

F i=—R, =413,22 1bf

Page 18
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M (x):=R,,+s(x,0, 1)—[Wﬂy+WHyl-s{x, 14 1]+M4z's(x, 2oy 0]+R.‘,y-s(x, I 1)

On X-Z plane:

g, (x)=R,, 5 (x, 0, =1)+(w

t(’,z-wr‘,z]-s(,\:, Loge —1)+qu-s[x, Logr —2]+R2:-s (% 1, —1)

v.(x)=FR,. s (x,0, o)+[w“2_w[“)-5(x, Logr o)+,~44y-s(x, Lyar —1)+R22'5(x' 1,0)

M, (x)=Ry,-s(x,0, l)+(wt4z_wr4:)'s(x’ Logs 1)+M41"S(x' Laas 0]+R22'5("" 1,1)

Total V and M:

V(x)::{v‘v (x)2+vz (x)2
M(x)::JMy (x)2+Mz (x)z

<

[ T[]l

M(x in)
1bf £t

The resultant moment at gear 4

M ::M[lgd]z 132.3322 1bf ft
Page 19
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Torque on output shaft
Mean and alternating torque from before:

T ean =154.875 1bf ft T,.» =154.875 1bf £t

Bending moment will be fully reversed loading.

M +[—M ] M, —(=M )
g4 74 : g4 g4
 an = > =0 1bf ft M. ::—2—- =132.3322 1bf ft

Axial force will be constant throughout the output shaft, but fluctuate between 0 (when not in use) and operating shaft torque.

E -0 F -0
=206.61 1bf ) 4

Fa ‘mean ‘= 2 atate = 2

=206.61 1bf

Minimum diameter of shaft where gear is located:

dyy=1.5748 in Previously determined minimum diameter

Assume the diameters at the bearings

dy; =1.378 in =1.378B in
4

de

Slope and Deflection Calculations

4 4 4.4
4 b2
=0.3019 in T, i=ms—

Y 2= 3 4

4
=0.:177 in

4 4 4
J;+=2:I, =0.353%1in J,=2-I,=0.6038 in Jy=2-1,=0.353%1in

Solve for constants using boundary conditions: ~ (No linear deflection at bearings)
Y-Direction
y(0)=0in y(1)=0in

czy =0
1 . '(me +Wt4y)
B, E-T, 5

Iy: -y

R M,
L5 (1, 0,3)+ 8 (Ls Zggr 3)F 205 (10 1y 2)

Crp = —0.0003

Z-Direction

z(0)=0in z(1)=0in Page 20
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C22:=0
1 R.vz S(1, 0, 3)+ 1 [Wtd.:—' zlb.].s 1.1 3 +M~!y.3 11 2
E.Il'é'(")E-Iz 3 ($r deer ) T8 he dpr 2]
ciz:z =1
—
;. =9.9945- 10
1 Ry 1 —(Wr4y+wt4;'] 3 i
Oz(x):zE.Iz. - s (x, 0, 2)+E~1'2' = -s[x, 94,2]'1'144:-5[3, g“l) 4=
R
I Y .
+Ev_I3'7'b(x'l'2)+C77
R =W+ W M
o 1 iy 1 [ rdy :4y]. iz 2 y
e o 31+E.r2'[ 6 # [ Bger ] "'lwz]]*
1 R2y
Ll o R R
R W, —W
_ 1 1z 1 [t4z zé’z] &
ey(x):_ET'—Z—'S(X'O' 2)+E-I‘,’l = -s(x, 1(14,2]+M4V.s[x,;q4,1) -
R
1 27
+E'I3-—§--s(x,l,2)+c2z
R W, —W M
1 iz 1 ( tiz rtfz) 4y .
z(x)::E-Il e -8 (x,0, 3]+E_1_2-[ = -s(X, Iq4.3]+T-s(x, Log 2] +
Rz
Total Angular Deflection and Deflection
2 2
o (x)i=10. ()7 +6, (x)
2 2
5 (0= r (%) 42 (x)
Y
i AL
%
-0.0|Mm2ea14
(% in) 8 (x in)
Not for commercial use
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Angular Deflection at Bearings Criteria < 0.004 rad

8,, =0 (0)=10.0003 rad Angular deflection at beginning of shaft Both supports angular deflection
does not exceed the allowable value.
8,,:=0(1)=0.0004 rad  Angular deflection at end of shaft Therators, critarks (s med
PASS
Angular Deflection at Gear Criteria = 0.0005 rad
8., 1=6 (1 5 ] =0.0003 rad Angular deflection at gear 1 Gear angular deflection is less than
the allowable value, Therefore,
criteria does pass.
PASS
Linear Deflection at Gear Criteria <0.127 mm
8 =0 (1 w ] =0.0058 mm Deflection at gear 1 Both gears deflection does not

exceed the allowable value.
Therefore, criteria is met!

PASS
Angle of Twist
Only need to check where J is the lowest and there are the most SCFs Grkarx  S3vegin

Angle of twist does not exceeds the

e deg allowable value. Therefore, criteria
Pewist TG, 7, =2.0421 = does pass.
PASS

Summary of Results

As a reminder, the evaluation criteria we need to satisfy are:

1. Shaft twist < 3 deg/m
2. Linaer deflection at gears £0.127 mm
3. Angular deflection at gears < 0.03 deg (0.0005 rad)

4. Angular deflection at bearings <0.004 rad

Minimum Diameters Summary
At Gear 4: At Bearing 1: At Bearing 2:

d,=1.5748 in  (=40mm) d,; =1.378 in d,=1.378in  (35mm)

Evaluation Criteria

6p; =0.0003
8,, =0.0004
0., =0.0003

85 =0.0058 mm

¢ —2, 0421 989
m

twist

Page 22
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Given that all criteria are now satisfied, safety factors can be recalculated for new diameter. We need to find new notch
radius and large diameter.

Key SCF Metric Key Keyway Dimensions Fer ISO/RT73 + 59 Width Tolerance

Ty =0.01in Initial assumption still
satisfies new diameter

L)

K,=1.9 K, =2.64

Check the SCF of the keyway is greater than the SCF of the step

Over Thew "_':' "'_:‘ Nominal Min | Max mu;u-
D:=50 mm new large diameter 2|0 s 7 8  |.0180{+0180| 33 | 35 |096[025
30 | = 10 L 10 0180} +0180| 3.3 | 35 |025]|040
30 e 2”2 o n 0215/« 0215| 33 | 35 |025|040
% pouider = 0+s1+d,, =4 mm assume ratio of r/d = 0.1 a4 | @ | W | 8 | 14 loanl-0215 38 | 40 | 628040
Figure 19. Standard Key and Keyway
D _ dimension (used to find rkey) [4]
o 128
gd
Shaft wieh shoulder tnder toewion Shaf) with shoubder under bending
‘ ] B’ =
! :
4 T ‘; D | Kl ﬁ\\ I I ‘! I +
== S T — >
) + 23 \‘\\
A \\_ - Page 22
. s : —— =t
o o L o o o) L 0s
od Ll
e [den — D2 D@12 — D=1
[>—Dé2 —Dé133 D12 — D1 R =) o
Figure 20. Step Shaft = Shaft with shoulder under Figure 21. Step Shaft = Shaft with shoulder under
torsion [4] bending [4]
K.=1.2 K, i=1.6
Step SCF: Keyway SCF:
K,i=1+g .[xt - 1) =1.54 < K.=1.9 Therefore, keyway SCF is still the main failure point
Kesz =1+, (K —1]=1.185 s K, =2.64

As previously stated in the initial length analysis, we can assume Kf = Kfm and Kfs = Kfsm

KfmzzK =19 K m::Kfszz_sq

: fs.

Fatigue and Yield Safety Factor Calculations

Although there are many failure theroies available for design criteria considerations, in this case the yielding safety factor
will be calculated along with a fatigue safety factor. The fatigue safety factor will be found according to AGMA, guidelines
suggest use of DE Elliptic criteria for evaluation of shaft failure:

Page 23
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DE Elliptic Fatigue Safety Factor
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Yield Safety Factor

1 1
n.= 5 n,=m o o
7 A N = alt mean
T are + T mean 5 5
s S ¥ ¥
a ¥
dm;n :':dgu =1.5748 in
Alternating and Mean Von Mises Stresses
&
2
32-K K_-F 2 T a
o god 32-Ke My 4K Foiane 5 16- Koo Tope
alt i 3 d 2 3 3
n.C"mrn mQin n'am;’n
23
2
K 2 K T 7
' 3z Kf.ra "“mean 4 fm "~ a'mean . 16 £sm “mean
3 mean 5 + e 3.
! ‘ 3 2 3
n'dv'l.m "'dmin R Cmin
n - 1 n.r ~— . 1 .
o' B ' 2 = alt mean
alt [ mean = + =
o+ 5, S
5 5 s
e y
n,=2.9595 :‘7},25.7677
Conclusion

Calculations have been carried out, following a re-itteration method, a minimum diameter at gear 4 of 1.5748" (40 mm) and a
minimum diameter around both bearings of 1.3780" (35 mm) has been specified which meets all required conditions and
defined evaluation criteria. Additionally, the fatigue and yield safety factors were recalculated to be 2.96 and 5.77, respectively
for this shaft diameter. It can be noted that the obtatined safety factors are both greater than the design safety factor of 1.872,
indicating the shaft is safe for use.

References
[1] "AlISI 4140 Steel, oil quenched, 25 mm round [845C quench, 540C tempered]," MatWeb. Accessed on: Nov 1, 2024.
[Online]. Available: https:/iwww.matweb.com/search/DataSheet.aspx?MatGUID=07d 1795¢c3f034c97b52cccda78ae1409

[2] D. Romanyk, Class Lecture, Topic: "Singularity Functions." Faculty of Engineering, University of Alberta, Edmonton,
Alberta, 2024

[3] D. Romanyk, Class Lecture, Topic: "Shaft Analysis." Faculty of Engineering, University of Alberta, Edmonton, Alberta,
2024

[4] D. Romanyk, Class Lecture, Topic: "Stress Concentration Factors.” Faculty of Engineering, University of Alberta,
Edmonton, Alberta, 2024

[5] "Keyway Chart," Hallite. Accessed on Nov 7, 2024. [Online]. Available:
https://hallite.com/au/hallite-transeals/transmission-products/keyway-chart/

Page 24

149 | Page



C15 - Shaft Analysis - Key Failure Analysis

Croated us

4 22:28:34 - YECE 360
ing & free v

Jasign Project - K
erelon of

Keyway Analysis

The following analysis ensures that the keys and keyways in the Birdie Boys transmission can safely handle the applied forces.
Keys play a critical role in preventing tangential slippage of gears on shafts, ensuring reliable and efficient power transmission.

Note: Keys will be purchased as keystock from McMASTER-CARR [1] and cut to the required length.

Shaft Diameter (In) Nominal Key Width (in) Setscrew Dia. (in) Shaft Diameter (mm) Key Width x Helght (mm)
0312<d=< 0437 0093 #10 8<ds 10 3x3
0437 <d< 0562 0125 #10 10<d< 12 4x4
0562<d< 0875 0187 0250 12<d< 17 5x5
0875<ds 1250 0.250 0312 17<ds 22 6x6
1250<d< 1375 0312 0375 22<d< 30 8x7
1375<ds 175 0375 0375 30<ds 38 10x8
1750<ds< 225 0.500 0500 38<ds 44 12x8
2250<d< 2750 0625 0500 44<d< 50 14x9
2750<d< 3250 0.750 0625 50<d< 58 16x10
3250<d< 3750 0875 0750 58<ds 65 18x11
3750<d< 4500 1.000 0.750 65<d< 75 20x12
4500<d< 5500 1.250 0875 75<ds 85 22x14
5500<ds 6500 1.500 1.000 85<ds 95 25x14

Table 9-2: Machine Design, Norton RL, 3 ed.

Figure 1: This table is used to size keys for all three shafts of the Birdie Boys transmission [2]

Inputs from Shaft Analysis: Transverse Pressure Angle: ¢, :=21.365 °  HelixAngle: ¥ :=21.5°
Gear1: 3
(shaft diameter)
d , =60mm=2.3622 in T,:=41.3 1bf ft d; =30 mm=1.1811 in
T
W = —— — =419.608 1bf W,.==WL.-tan[oL]=152.7248 Ibf W, =W, -tan(¥)=165.288 1bf
el O'S‘dpz . Is 4 -
Gear (shaft diameter)
dp;z (=180 mm="7.0866 in T,:=123.9 1bf ft d2 =32 mm=1.2598 in
T
2 P =¥ T —
Wy =5 gg— —419.608 1bf oz '—"’tz'tan(¢t]—152.7248 1bf W, =H_,-tan(¥)=165.288 1bf
5-d,
Gsard: (shaft diameter)
d,,:=72mm=2.8346 in T,:=123.9 1bf ft d,:=32mm=1.2598 in
i z :
0y = 5_-‘6 —1049.02 1bf W3 i= Wt3-tan[¢t]=381.8121 lbf W, =W, ,-tan(¥)=413.22 1bf
54,
ear4: (shaft diameter)
d, =180 mm=7.0866 in T,:=309.75 1bf ft d, =40 mn=1.5748 in
T
W”:=05+d=1049'02 bt P ::Ww-tan(@t]:.'iﬂl‘al.?l Ibf W =W, -tan(¥)=413.22 1bf
50dy,
Page 1
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Key dimensions for all gears (from figure 1):

Gear 1: Gear 2: Gear 3: Gear 4:
woi=8mm=0.3151in W,t=10 mm=0.3937 in W:=10 mm=0.3937 in W, =12 mm=10.4724 in
b =7mm=0.2756 in h,=8 mm=0.315 in h =8 mm=0.315 in h, =8 mm=0,315 in
111238mm=1.4961 in 12:238mm=1.4961 in 13=:38mm=1.4961 in 14::38mm=1.4961 in

Material Yield Strength (1045 Carbon Steel)

Sy = 60.9 kpsi

Keys can fail in two ways: shear or bearing
Shear failure occurs when the key is split in half along its width at the interface between the shaft and the hub.
W

T fue, O e ] There are two planes of shear, top of key (gear) as well as
wear & A near =2°(1 W) the bottom of key (shaft)

shear

Bearing failure occurs when the key is compressed against the gear hub or shaft.
W +W
t a h Key sits halfway into the shaft, the contact area of the key

Q " e —— 1= v
A At Apearing =1 2 with the shaft and the hub will be equal

Both stresses will be compared to yield stress to check for failure (Von Mises).

Check for key failure at gear 1:

2 A,
A , =21, -w,|=0.9424 in o 1l : _‘2
i [ : !) Apoaringt =11 T]-— 0.2062 in
er Wea + W,
Tohear: =5 =0.4453 kpsi L T =2.8372 kpsi
sheard bearingl

2 &
O'_, :='Jobear_‘ngz +3: Tshearl =2.9402 kpsi

Since o', =2.9402 kpsi is less than 5,=60.9 kpsi, the key at gear 1 will not fail.

Page 2
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2 224834

sated Using &

Check for key failure at gear 2:

h

=0.23E86 ir',2

Ashear? :

=2-[1;_,- 2]=1.l?8 in?

ﬂhesrl’n{:z A= }2 | 2

i W+ W
Tshear2 = 3 =HeRant ﬂbea:l’rlq2=:ﬂ_:2'4826 hped
sheard bearing?

2 2 )
G'E ::‘ngearinlJQ +3- T shear? =2.5581 kpsi

Since o', =2.5581 kpsiislessthan 5 =60.9 kpsi, the key at gear 2 will not fall.

Check for key failure at gear 3:

2 h
= i = a3 3 2
Ahaars T2 [‘l:s w.?] 1.178 in Ahudﬂﬂg:‘, =1, -l? I =0.2356 in
W W+ W
2 A T ald g
T oheard = =0.8905 kpsi Ppearing'= 3 =6.,2064 kpsi
shesri besring?

2 Z
d'f:n{dbe“mgg +3 T ...y —06.3352 kpsi

Since o', =6.3352 kpsiislessthan 5, = €0.2 kpsd, the key at gear 3 will not fall,

Check for key failure at gear 4:

F 4 h
A =2-f1, w1 =1.4136 1 - L g
shesrd [ 4 -.1] =1 Abearinga‘ -—l#‘l—z- =0.2356 in
W W, +W
£q N , - ad _
r =0.7421 kpsi Opearingt = =5.2064 kpai

sheard  a
sheard bearingd

2 Z
G'AJi:'JGbear!ngq + 3 Topesrg —8-3381 kpsi

Since @', = 6.3381 kpsi is less than Sy = 60.% kpsi, the key at gear 4 will not fail.

Page 3
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C16 - Bearing Analysis

Calculated the reaction forces independently from shaft analysis, but decided to take the resultantforces from shaft analysis forthe idler and output bearings
analysis to notrepeat the work that's been dong already

Given Variables:

rad . .
w:=3000 rpm=314.1593T L,==82mm=23.2283 in L,=102.5mm=4.0354 in
Gear Analysis Summary: Pressure Angle  ¢:=20 Helix Angle  #:=21.5 », = atan [ tan (4] —21_368 deq

cos (¥)
Number of Teeth Module Fitch Diameter
— = om = - =
NL =20 teeth m, 3 p—y dpL m, N:L &0 mm dpl
__ r, =—=0.03m
N, =60 teeth =g T 4 =m N =180 mm pl 2
N,:=24 teeth "2 teetn o dpz
T —y_m ¢ N =72 r,=—=2=0.09m
N, = 60 teeth T3 feeth oy T My Ny T 72 mm d2
— = i = . = = —p3 =
T, *=56Nm my =3 —— d,=m, N, =180mm Lp = 5 0.03ém
d
T. . b4 __
r ‘=—=0.09m
W, = —— =1866.6667 N 2 2

rpl

Input Shaft Bearing Force Summary

Force from gear 1 on input shaft:

W, =419.6434 1bf W, =W, -tan(¢ |=164.1604 1bf W, =W -tan(¥)=165.3019 1bf
For conservative analysis, one of the bearings will solely take all the reaction axial force.

a) Left bearing taking all axial force

FBD

L1 |

L2

Figure 1. Free Body Diagram (FBD) of design problem with Left Bearing taking all reaction axial force

le = Wal ‘L

M__  =195.2385 1bf in
rl zl

Sum of moment about z-axis:
M4 _[Wu'Ll]]
RYE = 's
L2
R _.=179.7093 1bf
v

[1] SK bearings and mounted producs
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Therefore, knowing sum of all forces in y-axis is equal to 0:

R, =W, —R,

R . =—15_.549 1bf
vl

Sum of moment about y-axis:

W .-L
o FEE 1 _
Rey= =g R,, = 335.7147 1bf

Therefore, knowing sum of all forces in z-axis is equal to 0:
By By By
R, =83.9287 1bf

MNow calculating the Radial Force at the left bearing:

. — 2I 2
Rr'_ Rzl _'Ryl

R_=185.3569 1bt

r

Axial Force at left bearing:

Ral = Wal

Ral =165.3019 1bf

Radial Load Analysis Factors and Equation

L:=166.32
Orugranan Principal dmessizm. Bsuic 133 ratingy Somed raingt [
e Bt Spalall
a=3 PN 0 Borw Dusticis ticmmter Wi, Bymamic Seatic enin  Limiting Limiing
Reliability 95% . b X 2@ st _spend oo
i E = M W mm W omem H ™ W it tmis  dhmin  thmn by B
P*==R_ (Consistent with Shaft.
- a3 4 DISIS 18 DAZ S M 110 20 80 W 000 0000 FEOOO 00 G
Assume Bearlng ix 5 DINP 19 D0 &AM MO 30 95 M0 BOOOD SOMO NDO O DOR
K =0.62 replaced when shaft wmo0 W 0T 35 1IN0 11 AN 850 IWD 140 M0 SO0 32000 15000 005 D4R
r
p 1 DATIA, W 34SF I OWTM 100 200 A0 WO 45000 2SO0 J4O00 OO O3
needs tr_') be replaced 2 15 D5W 47 LAIS 13 QSDIE 1500 ZATE S0 I 8000 24000 12000 OO DA
il £300 11 DeAFE 47 JESM 14 OSS12 L4300 JZI0  6SS0 1470 BO0D ZPOO0 11000 0N Q25
= i 0 MM 52 IGO0 15 DSA6  1SE00 I7E0 TED 170 30000 IM000 9S00 OIF 032
“ B NP3 42 2409 17 GMTI 23400 5260 10 2810 2000 1008 50 083 680
L 3 W 136l T zEMe 3% AT fheld 660 a0 3ed0 00D 13000 60 O3 O
Cr =B K wsy I OAIED M DU M GEMA B0 7AW 0000 420 19000 RO 4000 Ode A0
r s 40 15TE W 25403 M 0805 A0 951D M0N0 SFW 17000 MO0 00 04 e
i JF 4IMT 10 INWD IS oMY WO 1743 SN FM0 15000 9S00 oS0 0B I
C_=550.4983 1bf Dyna"“c Load a3i0 50 195 10 437 X 1GMI0 5000 14AI0 38000 BSM0  13000 RSN 43 IDE 238
r 55 ZIMSL 120 A724 A9 1007 THIDD 14450 G500 Q010 12000 8000 3800 137 3
. - ARtz S Z3A 10 UL I OIS BSID 19180 G000 AN MO0 T 340 17 10
Thefore the static load is:
TL 5 25891 160 5518 Ui B WIS0D MY 0000 M40 10000 L0 AW 211 ks
70 TR 160 SAOSS 35 1ITM0 III000 MO0 GAOO0  3S2M0 SO0 A0 200 288 Sa2
C =760 1bf 13 WU W0 AR W LISET  H000 MW NS0 1IN0 9000 5800 IR 30 AN
lu]
s18 B IS’ 1M A6 39 1534 10000 MIID BASN  39A SO0 5300 2400 383 AD0
) B B 811 85 13445 180 J0ESA 40 1AM 10000 JI4ED YSSD0 1AW BODD 5000 2400 425 (%38
Corresponﬁ“}g beanng 15 6300 Axi W 35431 190 T4AD3 43 LeWR  ISI000 13O0 0000 MM 7SO0 AEMD 240 497 1058
sHy #3700 200 TEND &4 17MT  IM000 M0 118000 MM 7000 AMO 20 ST 1347
w10 W0 LAEN 215 Mase &7 LSOM  ITEO00 NI00 L0000 MLM0 a0 A0 2000 TO8 2580
121 WS AR X5 EASED 4T LMW1 BSI000 L0900 150000 MM GO ag00 - A48 1AM
sz 340 4307 340 WAME S0 LR85 MI000 NS0 EODO0  AOMSD  B0D0 2ED0 1E0  vek WA
124 10 ATML 260 1022 55 ZISE  MEO000 AATAD 1BSD00  K1BOD  SEDD 340 1MW 128 FER

Figure 2. Bearing Catalogue SKF [1]

[1] SKF bearings and mounted produds
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Calculate F_a/C_0:

Ral
—=0.2175
C
W]
Therefare:

0.34<e and e<0.38

Check value of F_a/VF r (Vis 1):

R
Ril =1.9366 Much bigger than e

r
Now define X and Y to re-iterate:
X:=0.56

¥:=1.24090909091
Feff=:[x-3r]—.[y-aal]= 252.9245 1bf

Find new C_r:

W

=1631.2047 1bf

Thefore the static load is:
C‘J =760 1bf

Bearing Type

ooo

coc

oo

Sl Abgming

Ball Bearings

Seli Alugming and
Tupered Kolley Hesnngy

i

Sangle Bow
Rearings 1)

Dosble Row Bearings 1

L | F,
YRA* s
x| r x| x|
| 1im D19
| L™ 0.1
1.7 0%
|
| 158 0
1 o 056 145 050
(&l 0
] (B 0 58
(R R H
100 | (BT
i o o0 | 1ed a7
b9 oer |1 0od
1 078 0el | LN 0’
06 o | 107 ok
055 05§ oW (iRl
1 |I.ll:.’.,nn 06 |085eocm| 15tanm
|
U [0dScora| 067 067 eotm | 15 tana
|

Figure 3. Equivalent Single Load Table for X and Y

Factor [2]

Therefore, the Left bearing is 6300 but up the size to 6305 as it's the closest to gear bore diameter

of 30mm

b) Right bearing taking all axial force
FBD

§

Figure 4. Free Body Diagram (FBD) of design problem with Right Bearing taking all reaction axial force

All reaction forces in y and z-direction would be the same, except the axial reaction force

[2] MecE 380 Mechanical Design Il Rolling Bearing Elements and Analysis Sheet 24 of 28
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Ra2 = Wal

R _=165.3019 1bf
al

MNow calculating the Radial Force at the left bearing:

. 2 2
Rr2'_ R’yz _Rz2

R__=2380.7884 1bf
ra

Radial Load Analysis Factors and Equation

L:=166.32
P:i= er
K =0.62 Reliability 95%
a=3

1

3
- =P £

r
I

C,=2455.847 1bf Dynamic Load

Thefore the static load is:
C,*=1210 1bf

Corresponding bearing is 6302

Calculate F_a/C_0:

Raz

=0.1366
0

Therefore:
0.30<e and e<I0.34

Check value of F_a/VF_r (Vis 1):

RBZ
=0.4341

- This is biggerthan e

MNow define X and Y to re-iterate:

X:=10.56
¥:=1.387933333333
Fefftz[X‘Piz]——[Y'Rh2]==442.6695 1bf
Find new C_r:

1

3
C_= Ll =2854.9416 10t
r eff
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Thefare the static load is:

CCI =1470 1bt
Corresponding bearing is 6303

Calculate F_a/C_0O:

Raz

=0.1125
o

Therefore:
0.30<<e and e<0.34
This is still smaller than F_a/\VF_r
So define new X and Y to reiterate:
Yi=1.44416660606667
Feff=:[X'F%2J——[Y‘R32]==451.965 1bf
Find new C_r:

1

3
L

=2514.8917 1bt

r

Thefare the static load is:
CCI ‘=1470 1bt

Corresponding bearing is 6303
Therefore, the Right bearing is 6303 but up the size to 6305 as it's the closest to gear bore diameter

of 30mm
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Given Variables from idler shaft anaysis:

©:=3000 rpm=314.1593 %d

R, =—412.3262 1bf R = —206.839 1bf R =247.932 1bf
vl V2 a
R_,=361.2771 1bf R__:=270.9578 1bf
z1 z2

a) Left bearing taking all axial force

2
=548.2098 1bf

Radial Load Analysis Factors and Equation

- - : A e~ Seaied
L:=————  one third of input shaft cycle G Owidedmar  Wen Dok s ence Ui Ui
=3 3 ¢ [ 8 3 17 speet  peed  speed
a‘= e n . n - n N » N e rioin  whwn e 5 B
= o ¢ 035 36 OAM 5. 01 Id0 W W HUO W WO 001 O
P:=R 45 5 019 10 070 6 02342 230 SM %0 210 BOOOD S0000 4000 003 OO
r 300 0 0397 35 13780 31 0A3  BSX  1910 340 70 000 32000 35000 005 0N
] A= B Rellablllty 95% 12 04726 W 1AS) 12 04726 10100 2270 410, 930 45000 25000 14000 005 031
r 1 05906 42 2836 13 QSIIA 11500 2670 S0 1230 MO000 24000 32000 002 Ot
1 0M93 &7 1AL 14 0%32 14300 320 6550 1470 4000 22000 1100 011 021
1 NOOTEN  S2 AMAT2 15 056 16800 370 T80 1750 10000 19000 %0 01 03
= 25 0UM3 82 2440 17 049 840 5260 31800 2610 40 6000 70 02} 0K
3 30 L8 T2 2836 19 QNS0 23600 6650 16000 360 20000 13000 630 035 07
L 8307 35 13780 0 33456 ] 02248 35300 7850 15000 20 19000 12000 4000 0 1M
C S=pn = 4108 A 1578 0 35433 23 G055 42300 9510 24000 530 17000 11000 5000 063 13
r K 6309 a5 1717 100 3930 3 osal 55300 1243 %0 7080 15000 9500 450 084 184
r 4130 % 1985 190 A3M7 2 10630 65000 14610 8000 850 13000 840 430 108 2%
- w1 S5 256 10 KNG 9 1347 74300 16650 5000 20130 32000 $00 IKO 13 IO
Cr =2451.4555 1bf Dynamlc Load a2 @ 232 10 sam M 1208 C8SA0 1919 Q00 2160 11000 Jo0 30 172 IK
- mani 4333 &5 25591 140 55118 <} 1299 97500 21910 &0000 33450 10000 6700 3200 211 4
Thefore the Statlc load IS: a3 W 27%9 150 59055 35 13780 115000 24940 48000 35280 5500 6300 3000 255 54
s % 29928 150 292 n 14567 115000 260 TSNO0. 17150 G000 S600 2800 306 &N
e == 12 10 lbf 8734 B0 31M9 170 64929 39 18354 130000 29210 B6%0 19460 2500 5300 2600 383 S
0 a7 8 235 180 70886 &1 14362 10000 M40 WKO 2160 B0 5000 2400 k26 9M
330 0 35G3 1500 24N &3 1499 100 N9M 1080 0 750 A0 240 49 10%
1 1 i ARy *% Ane2 20 78240 5 m 59000 35730 18000 26520 7000 450 220 575 126)
Correspondlng beanng is 6302 6320 00 IO A5 Bke6 42 IAS0L 14000 D9MO M0N0 1M0 6700 430 2000 208 15
(378 105 41339 25 28583 5 1509 1E2000 40900 153000 34380 4300 <000 - 818 1800
&322 10 4307 240 948 S0 19685 3000 4S6D 130000 40450 6000 320 180 946 21
626 10 APE 20 1022 % 2164 NS00 46760 14600 41800 A600 3400 170 1266 27293

Figure 1. Bearing Catalogue SKF [1]

[1] SKF bearings and mounted products
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Calculate F_a/C_0:

R
2 —0.2049
0

Therefore:

0.34<e and e-<0.38

Check value of F_a/VF_r (Vis 1):

Ral

=0.4523 biggerthan e

: ca
Now define X and Y to re-iterate:
Xi=0.56

Y:=1.235645806

e

Find new C r:
=

L

r
Thefore the static load 15:

C,= 1470 1bf
Corresponding bearing is 6303
Calculate F_a/C_0:

Ral
—=0.1687
CO

Therefore:

0.28<e and e<0.30

This is still smaller than F_a/VF_r
So define new X and Y to reiterate:
¥:=1.31303333333333

af
Find new C_r:
1
L
C i=F —| =2828.5608 1bf
r eff
r

Thefore the static load Is:
€. =18710 18E

Corresponding bearing is 6303

F_.= [x-RI]—:[[Y]-Rﬂl]z 613.3537 1bf

N =2742.7621 1bt

E = [K'Rr]—:[[Y]'Ral]= 632.5405 1bf

Bearing Type

adia d
Conraxy -
Eienowe 0.0 | i ]

all 0.0 €
Bearings 005 | 0
0084 L

0.1 0

ol | M

o | o

| 0.4 | 0
0% | o

— =
wr
e
i
n
r
Sell-Alging
Hall Beirungs
Sell Aligning and
Tapered Koller Hearings

| b Laad
Inner Ring

In Kelurss ro
he

Single How
Heanmgs 1}

I
(]
(B1
] 11 [ 27 [}
(5 ]}
[ 4
LR
| 1o
N E 100
241 08
] 1 0. 06
| mar 0.ty
R 0 ir

OH |04

G823

|I.!L'e\n.n 045

il.l.lf‘m.p 0.47
1 1

Double Roow Bearings 2 |

R | ]

- .

35

PNV (NS
BEEE | BRn =&z 2
Boin | ddie Lakebs  babi
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o

=
=
o
=
y

DET cote | 151

Figure 2. Equivalent Single Load Table for X and Y
Factor [2]

[2] MecE 380: Mechanical Design Il Rolling Bearing Elements and Analysis Shest 24 of 28

Therefore, the Left bearing is up'd to 6306 as it's the
closest to gear bore diameter of 32mm
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b) Right bearing taking all axial force

Raz = Ra

Now calculating the Radial Force at the right bearing:

i 2 2
RIE - Ryz _Rzz

R__=2340.8819 1bf
rZ

Radial Load Analysis Factors and Equation

EB:i= RIZ
K =0.62 Reliability 95%
a=3

1

3
Co=mpe| =

r K
r

C,=1524.3377 1bf Dynamic Load

Thefore the static load is:
C,=760 1bf

Corresponding bearing is 6300

Calculate F_a/C_0:

Raz
—=10.3262
CD

Therefore:
0.38<Ce and e-<0.42

Check value of F_a/VF 1 (Vis 1):

R

az
E_O'?ZH This is bigger than e
Now define X and Y to re-iterate:
X:=0.56
¥:i=1.1137

Fore ™= X Ry |+ (Y R,,|=467.0158 1pf

Find new C_r:
1
3
c=r __-|=| =2088.3761 1bf
r eff | g
r
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Thefore the static load is:
Co ‘=930 1bf

Corresponding bearing is 6301
Calculate F_a/C_0:

Raz
=0.2666

a

Therefore:

0.34<e and e<0.38

This is still smaller than F_a/VF_r

So define new X and Y to reiterate:
¥:=1.169490905%050909
Feff:[X'Rﬂ]—[Y‘Raz]=4BD.8481 1bf

Find new C_r:

1
3
=2150.2309 1bf

Thefore the static load is:
C,=930 1bf

Corresponding bearing is 6301

Therefore, the Right bearing is 6301 but up the size to 6306 as it's the closest to gear

bore diameter of 32mm
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Given Variables from output shaft anaysis:
rad

@:=3000 rpm=314.1593 T
R .:=515.4078 1bf
vl
R, =(—473.6177) 1bf
a) Left bearing taking all axial force

Ral o R&

2 2
R +R =699.9707 1bf

z1

Radial Load Analysis Factors and Equation

_166.32

a==3 7.5

P:=R
T

K _=0.62

T

Reliability 95%

W

C,=2306.271 1bf
Thefore the static load is:
C,=1210 1bf

Dynamic Load

Corresponding bearing is 6302

{1] SKF bearings and mounted products

R __,=0516.5342 1bf
¥2

R__:=22.0214 1bf
z2

R, :=(—413.22) 1bf

Sefor- Sealed
[} o 8 < Lo speet  speed  speed

™ . mm W mm N o ~ w s cwin  riwn R
% 40155 16 0aW s Q1% 3310 230 % 0 5000 (00 8O0 om oM
835 5 01w 9 0% & 0ne 230 532 950 210 80000 0000 24000 002 002
4300 w0397 5 13780 11 o4t 2520 1910 30 760 50000 32000 35000 005 022
0 12 0472 37 4% 12 04726 10300 2200 4150 930 45000 28000 14000 00§ 013
630 35 05%06 62 18828 13 es8 13500 24670 S0 1210 M000. 26000 32000 005 035
630) 17 asss3 47 aasd 16 0ss12 14300 o 655 1470 4000 22000 33000 011 028

20 O 52 2z 1% O0sWe 16800 3170 1800 1750 0000 19000 950 01 032

3% 0983 L 2 1 0am DA 5200 M0 2630 000 000 7500 023 0%

30 1asn n 3% 1% 0780 25600 6650 16000 3600 0000 13000 630 035 077
#307 35 33780 S0 3¢9 2 0848 300 7850 19000 420 15000 12000 6000 04 101
sics 0 15768 0 35433 3 oSS 2300 9610 24000 53%0 17000 11000 5000 083 138
4309 45 L7 100 39320 25 0563 5300 12430 31500 7050 15000 9S00 40 086 18
£330 S0 19685 110 4337 20 10630 65000 14810 38000 -850 13000 20 40 108 238
[S33 5 2M5e 120 e o e TAI0 26650 45000 30130 12000 000 I8 137 308
LRl 60 23622 130 sas noo12%8 S5200 1710 2000 11650 15000 JOM 340 17 I
313 45 25591 140 5S18 33 120 97500 24910 40000 33450, 10000 &I IAO 211 4k
34 027559 130 555 35 13780 1000 N0 L8000 15280 9500 63X 3000 255 562
4315 7 298 140 6292 188 115000 26760 J6500 17150 F000 S600 2800 306 674
(=13 €0 3IMes 1IN0 6699 35 1S3 10000 9210 KO 1940 B0 530 2600 363 800

2% 3ws 10 08 A1 36142 10000 N0 SN0 A6 2000 S0 240 426 538
(531 025433 150 T4 63 14929 000 33930 108000 220 1500 4800 260 497 1098
oy 5 IR X6 730 5 39717 155000 35730 116000 26520 7000 4500 220 575 12
6320 W0 3930 5 Baske 2 18504 74000 39100 140000 J1440 6700 4300 2000 08 1560
6321 105 43339 25 88583 49 19291 182000 40900 153000 34330 6300 4000 - 81% 1303
8322 110 43307 240 948 S0 15655 0000 AS620 150000 4DASO 6000 300 1800 (966 243
6324 120 ke 20 10242 S5 2365 8000 46740 18000 R1B0 S0 3400 1IN0 2266 2292

Figure 2. Bearing Catalogue SKF [1]
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Calculate F_a/C fn Reaiom o | Sl bow |
| the Lead b H-uuT_I_l___IJmBI:_R_n-!hulin;n 1 |
Bearing T <
RB]‘:D 3415 e lype lum a::m. TE {:__f "%"TIB-‘ ‘ *
: . I A r | x| r | £ | ¢
] 0 5 | o
Therefore: A
Radial G |2
Camtast T
0.38<e and e<0.42 Wi | Go 3 13 in | oh
Arngs 008 | oo (4] Lh .26
= 0084 150 11 b
Check value of F_a/VF r (Vis 1): on' | 11| au fﬁ 1o | E‘TE &é
R _ on | = | | L | 1 |2
——=0.5903 bigger than e oS [wow | | [ 1w | | i | ek
R 7 | Ll [se s3] i3
b sr | + [T
Now define X and Y to re-iterate: 5 ‘ 1 ¥ z 8 | | E':: g§-§| 1o | o
| | 83 oir S | 0 09 | I
X:=0.56 el i B e 1 | 040 |0 dcona| 1 rnem. 065 |08 corm| 15 an |
Y:=1.101678571 | g Al and O v | 0w [0hema| 1 [0d5cora| 0.67 |07 cora| 1 ranm
Tapered Roller Bearings | | | | | |

Feff==[X-RI]—-[(Y]‘Ral]=847‘.2192 1bf

Figure 3. Bearing Catalogue [2]
Find new C_r:

4
3

=2791.4271 1bt

Thefore the static load is:
Cyi= 1470 1bf
Corresponding bearing 1s 6303
Calculate F_a/C_0:

]
Therefore:
0.38<e and e=<l0.42
This is still smaller than F_a/\VVF_r
So define new X and Y to reiterate:

¥:=1.149135714
E, e [X'Rr]—:[(Y]‘Ral]= 866.8294 1bf

e
Find new C_r:
1
3
C_=F = =2856.0391 1bf
r eff E
dinf

Thefore the static load is:
Cu =1470 1bt

Corresponding bearing 1s 6303 Therefore, the Left bearing is 6303 but choose 6307 as it's the
closest to gear bore diameter of 40mm

[2] MecE 350 Mechanical Design Il Rolling Bearing Elements and Analysis Sheet 24 of 28
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b) Right bearing taking all axial force

Raz = Ra

Now calculating the Radial Force at the right bearing:

i 2 2
RIZ — Ryz _Rzz

R __=517.0034 1b£f
r2

Radial Load Analysis Factors and Equation

Li= 1676 .532
B:= RI2 ’
K, =0.62 Reliability 95%
a=3

1

3
=P L

r K
r

C,=1703.4285 1bf Dynamic Load
Thefore the static load is:

C,= 760 1bf

Corresponding bearing is 6300

Calculate F_a/C_0:

Raz
—=0.5437
C
0]
Therefore:

D.42<<e and e<0.44

Check value of F_a/VF_r1 (Vis 1):

Raz
—=10.7983
R

TrZ

This is bigger than e
Now define X and Y to re-iterate:

X:=10.56

Y:=1.004657143

Foee™= (X Ry, |T[¥R,,|=704.6663 1bf

Find new C 1

W~

=2321_.7424 1bf
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Thefore the static load is:
Co:: 1210 1bf

Corresponding bearing is 6302
Calculate F_a/C_0:

RBZ
=0.3415

o
Therefore:
0.38<e and e<0.42
This is still smaller than F_a/'VF _r
So define new X and Y to reiterate:
¥:=1.101678571

Feff::[X‘Eiz]——[Y‘Rhgl==?44.?575 1bf

Find new C_r:

[

=Z453.8353 1bt

Thefore the static load is:
Co:: 1210 1bf

Corresponding bearing is 6302

Therefore, the Right bearing is 6302 but choose 6307 as it's the closest to gear

bore diameter of 40mm
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Appendix D (Drawings)

D1 - The following diagram shows the drawing tree for the golf cart transmission.

Mec E 360 Winter

2024 University of Alberta

Group 12

William Platero Birdie Boys Golf Cart

Ben Cate Transmission Praject
Hyunseok [ang Design
Cole Pilgrim
Tahir Anjum
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D2 - Golf cart transmission assembly drawing (shows the general dimensions).
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D3 - Exploded view of the transmission assembly.
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D4 - Housing base engineering drawing (it also supports the motor to the transmission).
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D5 - Housing lid engineering drawing.
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D6 - Input shaft assembly.
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4 McMasterCarr Key | AIS! 1045 Steel, cold drawn 1595 1 B

///

-~

C
8

DAMERSIONS 3L NI

OO MOTSEAL DRAANG

Moterol<not speciied>

PRLETS ODMEWIE SECINED.  DRAWN B

Birdie Boys

Lob Doy ALL

@ The Department of Mechanical Engincering
" UNIVERSITY OF ALBERTA

TLE:
Input Shaft Assembly 4

@48 Williom Platero

w

SIEE  Assignment Number REY
B Final Report 1
SCALE 4:3 Moxs: 1482.40 SHEET S OF 16

2 1

172 | Page



D7 - Input shaft assembly exploded view.
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D8 - Input shaft engineering drawing for manufacturing.
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D9 - Key for input shaft engineering drawing, it’'s based on McMaster-Carr stock refined to an appropriate length.
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D10 - Idler shaft assembly.
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D11 - Idler shaft assembly exploded view.
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D12 - Idler shaft engineering drawing for manufacturing.
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D13 - Key for idler shaft engineering drawing, it’'s based on McMaster-Carr stock refined to an appropriate length.
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D14 - Output shaft assembly.
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D14 - Output shaft exploded view.
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D15 - Output shaft engineering drawing for manufacturing.
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D16 - Key for output shaft engineering drawing, based on McMaster-Carr stock refined to an appropriate length.
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D17 - 20 teeth helical engineering drawing, provided by KHK gears catalog (KHG3-20RJ30).
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D18 - 60 teeth helical engineering drawing, provided by KHK gears catalog (KHG3-60LJ32).
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D19 - 24 teeth helical engineering drawing, provided by KHK gears catalog (KHG3-24LJ32).
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D20 - 60 teeth helical engineering drawing, provided by KHK gears catalog (KHG3-60RJ40).
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D21 - Render of the golf cart transmission.
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D22 - Render of the golf cart transmission with housing.
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Appendix E (Meeting Minutes)

Date: 10th SEP 2024
Time: 3:00 PM
Location: ECERF W2-90
Attendees:

e Pilgrim Cole Michael
e Ayala Platero William Jacob
e CoteBen
e Jang Hyunseok
e Anjum Tahir Ahmad
Agenda:
1. Introduce Yourself
2. Project guideline review
3. LOI
4. Role/task assignment
Minutes:
1. Welcome and Introductions
o [Summary of discussion]
2. Approval of Previous Meeting Minutes
o N/A
3. Agendaltem 1: Introduce Yourself

o Discussion: As members of the project group, we need to know each other.
Introduce yourself (i.e., name, degree, hobby, etc.)

o Decisions Made: N/A
o Action ltems:

« N/A
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4. Agenda ltem 2: Project meeting schedule
o Discussion:
Set a weekly meeting time
o Decisions Made:
Wednesday 12-1PM (TBD)
o Action Iltems:

Depending on availability, try to accommodate to everyone’s
schedule

5. Agendaltem 3: LOI
o Purpose: LOl background research task assignment
o Discussion:
Might want to do some more research on different options
Need to clarify specific purpose of the vehicle
o Decisions Made:

Do more research on given options and decide tomorrow (11th SEP
2024)

o Action Iltems:
Research transmission designs for different automobiles
1. Ben, William - Golf Cart
2. Hyunseok, Cole - Snowmobile
3. Tahir- Something Complicated (motors)
Brainstorm purpose for building a vehicle transmission
6. Agenda Item 4: Role/task assighment

o Purpose: Decide roles and responsibilities of each member throughout
the designing process. Review relevant designing tools and assign
responsible members for the tools.

o Discussion:
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Do we need a team leader?

o Decisions Made:

No need ateam leader, just assign roles tasks as we move along with

the project
o Action Iltems:
7. Other Business
o Might wantto plan out event timeline
8. Next Meeting
o Date: 11th SEP 2024
o Time: 12PM

o Location: ECERF W2-90

Date: 11th SEP 2024
Time: 12:00 PM
Location: ECERF W2-90
Attendees:

e Pilgrim Cole Michael
e Ayala Platero William Jacob
e CoteBen
e Jang Hyunseok
e Anjum Tahir Ahmad
Agenda:
1. LOI
Minutes:
1. Welcome and Introductions

o [Summary of discussion]
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2. Approval of Previous Meeting Minutes
o N/A
3. Agendaltem 1: Complete LOI
o Discussion:
Team Name
Design Focus
Logo Design
o Decisions Made:
=  Team Name: Birdie Boys
» Design Focus: Reliability, Efficiency (Cost and Power)
= Design Logo with Al
o Action Items:
- N/A
4. Other Business
o Mightwantto plan out questions for first meeting with the professor
5. Next Meeting
o Date: 18th SEP 2024
o Time:12PM
o Location: ECERF W2-90
Adjournment:

e 12:50PM

Date: 18th SEP 2024
Time: 12:00 PM
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Location: ECERF W2-90
Attendees:

e Pilgrim Cole Michael

e Ayala Platero William Jacob

e CoteBen

e Jang Hyunseok

e Anjum Tahir Ahmad
Agenda:

1. Preparing Progress Report |
Minutes:

1. Agenda Item 1: Progress Report |

o Discussion:

Please check the shared folder to input all the necessary initiation documents for
the project

Mind Mapping and Gantt Chart
Design matrix Template
Design Scope
1. Scenario and constraints for the design

- Edmonton Summer (Temperature ~ 0C-40C)

- Luxurious -> Smooth Driving

- Speed -> upper limit 30km/h (2 speeds maybe)

- Electric motor

- Hills and bumps (weight distribution & clearance)
- 2 person cart + 2 golf bags (300kg total)

- flexible cost -> luxurious

- Reliable (2-3 year warranty)

- life

2. Transmission design and connection to other components
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- AGMA Standards

Preliminary Design Specification

1.

2.

8.

9.

Selecting Electric Motor
Materials

Loading

Reliability

Life Expectancy

Size

Weight

Wear

Safety

o Decisions Made:

Research & Decisions to be made:

= Motor > Tahir, Will

« Gear > Hyunseok, Ben

« Bearing> Cole

o Action ltems:

- N/A

2. Other Business

o

3. Next Meeting

o Date: 23rd SEP 2024

o Time:12:20PM

o Location: MECE 4-31H

195 | Page



Adjournment:

e 12:50PM

Date: 23rd SEP 2024
Time: 12:20 PM
Location: MEC 4-31H
Attendees:

e Pilgrim Cole Michael
e Ayala Platero William Jacob
e CoteBen
e Jang Hyunseok
e DanRomanyk
Agenda:
1. Progress Report | Design Meeting
Minutes:
1. Agenda Item 1: Progress Report|
o Discussion:
« Tips on Design Spec Matrix
= Abstract tips
= Motor spec - Where should we include this?
= Ganttcharttips
= Do we need laws although in private golf course?
o Decisions Made:

Design Specification Matrix
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. Size: Fit within the golf cart - Refer to example club carts in the

market

Terrain: Discuss maximum slope
Warranty: Discuss hours of operation for the vehicle

*** Keep the decision from decision matrix consistent throughout the
report

Abstract: Should contain critical information as well as the report

outline

= Motor Spec: We can include this in the introduction instead of Design
Specifications Section

» Gantt Chart: Should identify specific “tasks” that could be assigned
to individuals

1.

2.

3.

4.

Shaft Analysis
Gear Analysis
CAD Design

etc.

= Laws: Though used in private golf course, still abide by the laws and
restrictions of the province/city

o Action Iltems:

Based on this feedback, start putting together a Progress Report 1.

2. Other Business
o N/A

3. Next Meeting

o Date: 27th SEP 2024

o Time:10:00 AM

o Location: ECERFW2-90

Adjournment:

e 12:35PM
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Date: 30th OCT 2024
Time: 12:00 PM
Location: ECERF
Attendees:

e Pilgrim Cole Michael
e Ayala Platero William Jacob
e CoteBen
e Jang Hyunseok
Agenda:
1. Progress Report Il Design Meeting
Minutes:
1. Agenda Item 1: Progress Report|
o Discussion:
» Gear and shaft selection
» Schematic discussion
» Forward and reverse ration
= Role assignment
o Decisions Made:

= Gear and shaft

1. 4 gears, 3 shafts: Helical gears, Regular shaft - 19 spline shaft

connected to motor

1. Reverse and forward ration = 1:1
2. Assume Tire radius of 18 inch (aligns with club cart reference cart)

3. Gear analysis: Hyunseok, Cole
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4. Shaft Analysis: Ben, Tahir

5. Modelling & Motor spec review to see compatibility with shafts and
gears: William

o Action Items:

= Based on this feedback, start putting together a Progress Report 2 by
end of Thursday, and review all on Friday

2. OtherBusiness
o N/A
3. Next Meeting
o Date: 1st NOV 2024
o Time:12:00 PM
o Location: ECERF W2-90
Adjournment:

e 12:50PM

Date: 1st NOV 2024
Time: 12:00 PM
Location: ECERF
Attendees:

Pilgrim Cole Michael

e Ayala Platero William Jacob
e CoteBen

e Jang Hyunseok

e Tahir Anjum

Agenda:
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1. Progress Report |l Designh Meeting
Minutes:
1. Agenda Item 1: Progress Report|
o Discussion:
What is next for analysis?
1. FBD of vehicle to find min. torque and schematic of gear box
2. FBD of shafts and gears

3. Based on decision matrix, FBD, and calculations, choose ideal
gears and shafts

Who will work on what this weekend?

Gears info

o Decisions Made:
Need to complete templates for gear and shaft analysis this weekend

Work on FBD for the whole vehicle to find min. torque to drive up the
hill

o Action Items (over the weekend):
Ben: Shaft analysis template on Smath
Tahir: Gear analysis template on Smath
Cole: Gear research and spec matrix
Will: Solidworks modeling of full layout (Shafts & Gears)
Hyunseok: Torque and incline calculations after help Cole
2. OtherBusiness
o N/A
3. Next Meeting

o Date: 4th NOV 2024
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o Time:12:00 PM
o Location: ECERF W2-90
Adjournment:

e 12:50PM

Date: 2nd DEC 2024
Time: 12:00 PM
Location: ECERF
Attendees:

e Pilgrim Cole Michael

e CoteBen

e Jang Hyunseok
Agenda:

1. Final Report Design Meeting
Minutes:

1. Agenda Item 1: Final Report

o Discussion:

=  PR2 Feedback Review

o Decisions Made:

= Have to change analysis on shaft and gear

1. How can we improve the safety factor for gear?

2. Include Axial Force for helical gear

3. Godown to 99% reliability according to AGMA Standard

Start drafting Bearing Analysis

Attention to detail » Report Presentation
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o Action Iltems:
Ben: Shaft analysis changes
Tahir: Review shaft (priority), gear, and bearing analysis
Cole:
1. Start planning the presentation
2. Support Gear, Shaft, and Bearing analysis review
Will: Solidworks modeling and drawing
Hyunseok:
1. Bearing analysis set up
2. Gear analysis review
2. OtherBusiness
o N/A
3. Next Meeting
o Date: 4th DEC 2024
o Time:12:00 PM
o Location: ECERF W2-90
Adjournment:

e 12:50PM
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