
  

 

 

 

 

Design Problem 2 - Chop Saw Blade Shaft Design 

 

Shaft Design Calculations (4 points)  

1. Calculate and report the reaction loads at the bearings (all directions, using the 

coordinate system defined in Figure 1). 

Assumptions: 

• Massless bearings – Since we are only concerned with the reaction loads 

at the bearings, factoring in their mass would introduce contact stresses 

and other forces that we currently assume to be negligible in relation to the 

forces acting on the shaft. Additionally, specifications on the bearings 

aren’t provided. 

• Negligible energy loss across the shaft – Since the torque exerted on the 

shaft by the blade is equal to the torque transmitted to the shaft by the 

pulley. 

• Bearings are no more than 13mm (1/2”) in width – For simplicity, we’ll 

assume the bearings are exactly 13mm in width. 

 

  Figure 1: Free-Body Diagram (FBD) of forces acting on shaft and bearings. 

 



  

 

 

 

 

Angle 𝜽 

Angle 𝜃 = 111.4° with respect to the pulley force acting leftwards, as 

written in the prompt. When measured from the 𝑥-axis, 𝜃 = 68.3°.  

Solving for Bearing Reaction Forces 

See Figure 2 for shaft dimensions. 

 

Force balance ∑𝐹𝑥 = 0 and moment balance ∑𝑀𝑧 = 0 equations were 

taken about the front bearing to yield the values in the 𝑥-direction: 

 Moments summed about 𝑧-direction to solve for 𝑅𝑅𝐵𝑥: 

  𝑅𝑅𝐵𝑥 = −
𝐹𝑃∗𝑑1+𝐹𝐵 cos 68.3°∗𝑑2

𝐿
 

 Forces taken in 𝑥-direction to solve for 𝑅𝐹𝐵𝑥: 

  ∑𝐹𝑥 = 0 → 𝑅𝐹𝐵𝑥 = 𝐹𝐵 cos 68.3° + 𝐹𝑃 − 𝑅𝑅𝐵𝑥 

  

Force balance ∑𝐹𝑧 = 0 and moment balance ∑𝑀𝑥 = 0 equations were 

taken about the front bearing to yield the values in the 𝑧-direction (when 

𝐹𝐴 = 10 N): 

 Moments summed about 𝑥-direction to solve for 𝑅𝑅𝐵𝑧: 

  𝑅𝑅𝐵𝑧 = −
𝐹𝐵 sin 68.3°∗𝑑2−𝐹𝐴∗𝑑3

𝐿
 

 Forces taken in 𝑧-direction to solve for 𝑅𝐹𝐵𝑧: 

  ∑𝐹𝑧 = 0 → 𝑅𝐹𝐵𝑧 = −𝑅𝑅𝐵𝑧 − 𝐹𝐵 sin 68.3° 

 

Force balance ∑𝐹𝑧 = 0 and moment balance ∑𝑀𝑥 = 0 equations were 

taken about the front bearing to yield the values in the 𝑧-direction (when 

𝐹𝐴 = −10 N): 

 Moments summed about 𝑥-direction to solve for 𝑅𝑅𝐵𝑧: 

  𝑅𝑅𝐵𝑧 = −
𝐹𝐵 sin 68.3°∗𝑑2+𝐹𝐴∗𝑑3

𝐿
 

 Forces taken in 𝑧-direction to solve for 𝑅𝐹𝐵𝑧: 

  ∑𝐹𝑧 = 0 → 𝑅𝐹𝐵𝑧 = −𝑅𝑅𝐵𝑧 − 𝐹𝐵 sin 68.3° 

   



  

 

 

 

 

  Bearing Reaction Forces 

Bearing Reaction Loads (when 𝐹𝐴 = 10 N): 

    𝐹⃗𝐹𝐵 = 219.49𝐈̂ − 10𝐉̂ + 22.3𝐊̂ N 

    𝐹⃗𝑅𝐵 = −104.62𝐈̂ − 62.07𝐊̂ N 

Note: This describes the scenario in which the blade misalignment 

exerts a positive force to the right, countered by an equal and 

opposite reaction force from the bearing to the left, facilitated by 

the retaining ring's contact at the front bearing. 

Bearing Reaction Loads (when 𝐹𝐴 = −10 N): 

    𝐹⃗𝐹𝐵 = 219.49𝐈̂ − 2.64𝐊̂ N 

    𝐹⃗𝑅𝐵 = −104.62𝐈̂ + 10𝐉̂ − 37.12𝐊̂ N 

Note: This describes the scenario in which the blade misalignment 

exerts a negative force to the left, countered by an equal and 

opposite reaction force from the bearing to the right, facilitated by 

the spacer’s contact at the rear bearing. 

2. Including any stress concentration effects, where would you expect the highest stress in 

the shaft? 

 

 

Figure 3: Shear and bending moment diagrams for 𝑥 and 𝑧 direction forces. 

Using Table A-9 loading condition 10 provided in Shigley from Figure 4 [1, p. 

1033] as a guideline, the above shear and bending moment diagrams for both 𝑥 



  

 

 

 

 

and 𝑧 directions were resolved. This diagram reveals that the maximum moment 

occurs at the front bearing.  

Stress concentrations due to the retaining ring groove, however, indicate that 

highest stress occurs at the depth of the retaining ring cut-out on the shaft. 

However, the bending moment at this location is smaller than at the front bearing. 

The exact moment value is calculated as follows: 

  𝑀𝑧 =
𝑀𝑚𝑎𝑥

𝑑𝑝𝑢𝑙𝑙𝑒𝑦𝑇𝑜𝑓𝑟𝑜𝑛𝑡𝐵𝑒𝑎𝑟𝑖𝑛𝑔𝐶𝑒𝑛𝑡𝑒𝑟
∗ 𝑑𝑝𝑢𝑙𝑙𝑒𝑦𝑇𝑜𝐺𝑟𝑜𝑜𝑣𝑒𝐶𝑢𝑡𝑜𝑢𝑡 = −6401.6 N ∗ mm  

3. Determine the total bending moment and torque at the location of highest stress. 

As indicated above by the shear and bending moment diagrams, 𝑀𝑥 = 𝑀𝑦 = 0 at 

the front bearing and the previously calculated 𝑀𝑧 = −6401.6 N ∗ mm bending 

moment value allows us to determine the total bending moment: 

 𝑀𝐵 = √𝑀𝑥
2 + 𝑀𝑦

2 + 𝑀𝑧
2 = −6401.6 N ∗ mm 

Given torque transmitted to the shaft from the pulley 𝑇 = 1.548 N ∗ m, torque is 

constant throughout: 

 𝑇 = 1.548 N ∗ m = 1,548 N ∗ mm 

4. Design the shaft. 

The shaft can only be either steel or stainless steel.  

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

First Iteration 

Selected shaft from McMasterCarr: Rotary Shaft Black-Oxide 1045 Carbon Steel, 

1/2" Diameter, 12" Long, Part Number: 1886K21 

 

Factor of Safety: 

𝑛 = 1.5 according to requirements. 

Find Brinell Hardness 𝐻𝐵: 

Hardness = Rockwell C20 = Brinell 226 (Precision Grinding, Inc., 2023) 

Find Ultimate Tensile Strength 𝑆𝑢𝑡 (which we assume to be the minimum tensile 

strength to utilize the following equation): 

𝑆𝑢𝑡 = 3.4𝐻𝐵 = 768.4 MPa (Table 2-36, p. 61 Shigley) 

Find Theoretical Endurance Limit 𝑆𝑒′: 

𝑆𝑒
′ = 0.5𝑆𝑢𝑡 = 384.2 MPa [Eqn 6-10, p. 305 Shigley] since 𝑆𝑢𝑡 ≤

1400 MPa. Additionally, since the material is carbon steel, our equation 

𝑆𝑒′ = 0.5𝑆𝑢𝑡 still applies according to Figure 5 [1, p. 306]. 

Calculate the Marin Factors and 𝑆𝑒: 

 𝑆𝑒 = 𝑘𝑎𝑘𝑏𝑘𝑐𝑘𝑑𝑘𝑒𝑆𝑒
′  

 Surface Factor 𝑘𝑎: 

𝑘𝑎 = 𝑎𝑆𝑢𝑡
𝑏 = (3.04)(768.4 MPa)−0.217 = 0.7190 The selected 

values 𝑎 and 𝑏 were chosen according to Figure 6 (Equation 6-17 

[1, p. 309] and Table 6-2 [1, p. 311]) 

 Size Factor 𝑘𝑏: 

  𝑘𝑏 = 1.0 for an initial guess (Per Shigley’s Example [1, Example 

7-2]) 

 Loading Factor 𝑘𝑐: 

Since it’s in torsion and bending, we assume 𝑘𝑐 = 1 ([1, p. 314]). 

Remains constant across all iterations. 



  

 

 

 

 

 Temperature Factor 𝑘𝑑: 

  Loaded at room temperature, so 𝑘𝑑 = 1 ([1, pp. 315-316]) 

 Reliability Factor 𝑘𝑒: 

The highest provided 𝑘𝑒 = 0.702 value from Figure 7 was selected 

such that only 100 shafts would fail if 10000 were manufactured.  

 Therefore: 

  𝑆𝑒,1 = (0.7190)(1.0)(1)(1)(0.702)(384.2 MPa) = 193.90 MPa 

  For 𝐾𝑓 , 𝐾𝑓𝑠: 

   𝐾𝑓 = 𝐾𝑡 and 𝐾𝑓𝑠 = 𝐾𝑡𝑠, notch sensitivity not considered. 

   For initial diameter, use 𝐾𝑡 = 5 and 𝐾𝑡𝑠 = 3 per Figure 8 [1, p. 386] 

  First Iteration Diameter Equation 7-8 [1, p. 382]: 

   𝑑1 = √16∗1.5

𝜋
(

2∗5∗6401.6

193.9
+

√3∗3∗1548

768.4
)

3

= 13.7605 mm = 0.54 in 

  Nearest standard size: 
1

2
 in = 13.2 mm   

  New 𝑘𝑏 that aligns with given dimensions using Equations 6-19 [1, p. 312]: 

 𝑘𝑏,2 = (
𝑑1

7.62
)

−0.107

= 0.9387 

Corrected 𝑆𝑒,2: 

 𝑆𝑒,2 = (0.7190)(0.9387)(1)(1)(0.702)(384.2 MPa) = 182.0249 MPa 

 

 

The following trye 𝐾𝑓, 𝐾𝑓𝑠 values were yielded by consulting Figures 9 and 10: 

 𝐾𝑓 = 3.2 

 𝐾𝑓𝑠 = 2 

…given the specification sheet by fastenermart provided in the 

bibliography [3] for the design of the retaining ring, the following values 

were selected for each dimension: 

 𝑟 = 0.005 in 

 𝑎 = 0.039 in 



  

 

 

 

 

 𝑡 = 0.016 in 

 Groove Diameter: 14.9352 mm 

Using Equations 7-2 to 7-8 [1, p. 381] and the left term coming from the equation 

on Figure 9: 

  

  

  

 𝜎𝑎1 =
32∗3.2∗6401.6

𝜋∗14.93523 = 62.7216 MPa 

 𝜏𝑚 = 3 ∗
16∗3∗1548

𝜋∗14.93523 = 67.2043 MPa 

 𝜎𝑎2 = 3.2 ∗
4∗10

𝜋∗14.93522 = 0.0334 MPa 

 Note that 𝑀𝑚 = 0 as well as 𝑇𝑎 = 0 

 𝑛 = (
√𝜎𝑎1+𝜎𝑎2

𝑆𝑒
+

𝜏𝑚

𝑆𝑢𝑡
)

−1

= 2.9928 

  Passes fatigue criteria. 

 

Second Iteration 

   𝑑2 = √16∗2.9928

𝜋
(

2∗3.2∗6401.6

182.02
+

√3∗2∗1548

768.4
)

3

= 15.2434 mm = 0.6 in 

   Next standard size up is 
5

8
𝑖𝑛 = 15.875 mm 

New shaft from McMasterCarr: Rotary Shaft Black-Oxide 1045 Carbon 

Steel, 5/8" Diameter, 12" Long, Part Number: 1886K31 



  

 

 

 

 

 

Static Fatigue Criteria: 

   Ignore negligible axial force acting on the groove. 

   Bending Stress [1, p. 112]: 

    𝐼 =
𝜋

64
𝑑4 (Moment of Inertia for Circle [1, p.1053]) 

     

    𝜎𝑏𝑒𝑛𝑑𝑖𝑛𝑔 = 𝐾𝑡
𝑀𝑐

𝐼
= 3.2 ∗

(6401 N∗mm)(7.9375 mm)

3117.631 mm4 = 52.16 MPa 

   Axial Stress [1, p. 123]: 

    𝐽 =
𝜋

32
𝑑4 (Polar Moment of Inertia for Circle [1, p. 1053]) 

    𝜏𝑚𝑎𝑥 =
𝑇𝑟

𝐽
=

(1548 N∗mm)(3.96875 mm)

389.70399 mm4 = 15.76 MPa 

 Von Mises Equation 5-15 [1, p. 251]: 

  𝜎𝑦 = 0, no compressive forces. 

  𝜎′ = (𝜎𝑥
2 − 𝜎𝑥𝜎𝑦 + 𝜎𝑦

2 + 3𝜏𝑥𝑦
2 )

1/2
= 58.87103 MPa 

 Yield Check: 

  According to Piazza post, 𝑆𝑦 for 1045 steel is 406.791 MPa, so 

  𝑛𝜎′ < 𝑆𝑦 

  1.5 ∗ 58.87 < 406.791 

  88.305 MPa < 406.791 MPa 

 Passes static criteria. 

Shaft Connection Hardware Design Calculations (4 points)  

5. Design/Select a rectangular key for transmitting torque to the pulley. 

Use Table 7-6 Shigley and use chosen 5/8 in diameter shaft to select a key of 

width 3/16 and height 3/16. So: 



  

 

 

 

 

 𝑤 = 4.7625 𝑚𝑚 

 ℎ = 4.7625 𝑚𝑚 

Determine 𝑆𝑢𝑡:  

Using hardness table (Precision Grinding, Inc. 2023) and provided 

hardness from McMasterCarr of Rockwell B50: 

𝑆𝑢𝑡 = 323 𝑀𝑃𝑎 

Determine 𝑆𝑦: 

From Piazza post [4], the following equation can be used to determine the 

yield strength for keys: 

𝑆𝑦 = 0.8𝑆𝑢𝑡 = 258.4 MPa 

Determine minimum area for the key using Maximum Shear Stress Theory 

Equation 5-3 in Shigley: 

   𝐴 = 𝑛 ∗
2𝑇𝑚

𝑆𝑦𝑑
= 1.2 ∗

2∗(1548 N∗mm)

(258.4 MPa)(15.875 mm)
= 0.9432 mm2 

Determine minimum length of the key 𝑙 using known area value from above and 

using formula to ensure that shear stress dominates: 

 𝑙𝑘𝑒𝑦 =
𝐴

𝑤
=

0.9432 mm2

4.7625 mm
= 0.198 mm 

 𝑙𝑘𝑒𝑦 > 𝑤𝑘𝑒𝑦 → 0.198 mm > 4.7625 mm (unsatisfied) 

Now, select key from McMasterCarr: Machine Key 1008-1045 Steel, 3/16" x 

3/16", 3/4" Long, Undersized, Part Number: 98870A130 

  

 Here, 𝑙𝑘𝑒𝑦 = 0.75 in = 19.05 mm, now: 

  19.05 mm > 4.7625 mm 

  



  

 

 

 

 

Therefore, key dimensions for the shaft are: 

 𝑙𝑘𝑒𝑦𝑤𝑘𝑒𝑦ℎ𝑘𝑒𝑦 = 19.05 mm ∗ 4.7625 mm ∗ 4.7625 mm 

6. Design/Select an appropriate set screw for securing the pulley and the key axially. 

  

Determine 𝑠𝑠𝑑: 

Using the above page in Machinery’s Handbook [5] allows the selection of 

𝑠𝑠𝑑 =1/4 in  

Determine 𝑠𝑠𝑙: 

Shigley states that “Setscrews should have a length of about half of the 

shaft diameter.” (1, p. 401). Therefore, 

𝑠𝑠𝑙 =
𝑑𝑠ℎ𝑎𝑓𝑡

2
=

15.875 mm

2
= 7.9375 mm 

Select Set Screw: 18-8 Stainless Steel Cup-Point Set Screw 

1/4"-28 Thread, 5/16" Long, Part Number: 92311A557 

  

Table 7-4 (Figure 12) shows the holding power for a ¼ in diameter set screw to be 

1000 lbf which approximately equals 4448.22 N. The set screw is not subjected 

to torsional forces/stresses since it does not resist the torque transmitted from the 

pulley to the shaft. Removing the set screw does not affect the torque transfer, but 

instead, it simply keeps the key in place and attached to the pulley. The pulley 

force imparts 130.7 N or 29.39 lbf to the shaft. The set screw’s listed 



  

 

 

 

 

specifications should be more than required to withstand any potential 

misalignment force, introducing an axial load on the set screw. 

7. Design/Select the pin for connecting the blade hub to the shaft. 

Force on pin: 

 𝐹𝑝 =
2𝑇

𝑑𝑠ℎ𝑎𝑓𝑡
=

2∗(1548 N∗mm)

(15.875 mm)
= 203.10 N 

𝑑𝑠ℎ𝑎𝑓𝑡 ≫ 𝑑𝑝𝑖𝑛 (by a factor of 4), so 𝑑𝑝𝑖𝑛 ≈ 5/32 in  

The pin also experiences axial force due to blade misalignment, so the total 

magnitude force on the pin: 

 𝐹 = √𝐹𝑝
2 + 𝐹𝐴

2 = 203.1661 N 

…which has a negligible effect on the magnitude force. 

  Now calculate the shear area: 

   𝐴𝑠 =
𝜋𝑑𝑝𝑖𝑛

2

4
= 11.40 mm2 

  Shear stress on pin with factor of safety 𝑛 = 1.2: 

   𝜏𝑝𝑖𝑛 = 𝑛
𝐹

2∗𝐴𝑠
= 10.68 MPa 

Select pin from McMasterCarr: Dowel Pin 4037, 4140 Alloy Steel, 5/32" 

Diameter, 1" Long, Part Number: 98381A490 

    

  Selected 𝐿 = 1 in = 25.4 mm 

  Comparing directly to rated strength listed on McMasterCarr:  

𝐹𝑝𝑖𝑛 < 𝐵𝑟𝑒𝑎𝑘𝑖𝑛𝑔 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ → 203.16 N ≪ 4100 lbf (18,237.71 N) 

  In order for pin to fail at shear first: 

   ℎ ≥
𝑑𝑝𝑖𝑛

2
 

   where 𝑙𝑝𝑖𝑛 = 2ℎ + 𝑑𝑠ℎ𝑎𝑓𝑡 



  

 

 

 

 

8. Design/Select a retaining ring for securing the shaft axially. 

The shaft’s diameter previously given (𝑑𝑠ℎ𝑎𝑓𝑡 = 5/8 in) as well as fastenermart’s 

specifications [3] allows for the selection of the following retaining ring from 

McMasterCarr: External Retaining Ring for 5/8" OD, Black-Phosphate 1060-

1090 Spring Steel, Part Number: 97633A230 

 

 

   …with the following dimensions: 

    𝑑𝑜𝑢𝑡𝑒𝑟 = 5/8 in 

    𝑡 = 0.039 in thickness to fit within the groove. 

  The thrust load capacity of this retaining ring is 2090 lbf = 9,296.78 N, which 

  far exceeds any potentially axial load that might be applied, since the retaining 

only functions to keep the shaft from sliding rightward. Therefore, there is also no 

torsional load applied. 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

Bill of Materials 

Part 

Number Description Quantity 

Unit 

Cost 

1886K31 

Rotary Shaft 

Black-Oxide 1045 Carbon Steel, 5/8" Diameter, 12" 

Long 1 $9.00 

97633A230 

External Retaining Ring 

for 5/8" OD, Black-Phosphate 1060-1090 Spring Steel 1 $0.15 

98381A490 

Dowel Pin 

4037, 4140 Alloy Steel, 5/32" Diameter, 1" Long 1 $0.89 

92311A557 

18-8 Stainless Steel Cup-Point Set Screw 

1/4"-28 Thread, 5/16" Long 1 $0.12 

98870A330 

Machine Key 1008-1045 Carbon Steel, 3/16" x 3/16", 

3/4" Long, Oversized 1 $0.45 

Total Cost $10.61 
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Figure 2: Chop Saw Shaft Mechanism Dimensions 

 

 

Figure 4: Table A-9-10 from Shigley: Simple supports – Overhanging load [1, p. 1033] 



  

 

 

 

 

 

Figure 5: Endurance limits plotted versus tensile strengths for 3 varieties of steel [1, p. 306] 

 

Figure 6: Table 6-2: Curve Fit Parameter for Surface Factor [1, p. 312] 

 

Figure 7: Reliability Factors 𝑘𝑒 Corresponding to 8 Percent Standard [1, p. 317] 

 

Figure 8: First Iteration Estimates for Stress-Concentration Factors 𝐾𝑡 and 𝐾𝑡𝑠 [1, p. 386] 



  

 

 

 

 

 

Figure 9: Round shaft with flat-bottom groove in bending and/or tension [1, p. 1047] 



  

 

 

 

 

 

Figure 10: Round shaft with flat-bottom groove in torsion [1, p. 1048] 



  

 

 

 

 

 

Figure 11: Dimensions for Square and Rectangular Key Applications 



  

 

 

 

 

 

Figure 12: Typical Holding Power (Force) for Socket Setscrews 
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