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 Impact is the sudden application of force or load, making it crucial to study its 
characteristics in various applications for safety considerations. Sudden failure due to 
impact can lead to process interruptions, production losses, system failures, accidents, 
and unsafe working conditions. To mitigate these risks, pre-design failure analysis is 
essential. This study analyzes the effects of factors like length, groove width, depth, 
angle, and distance of groove from reference on mild steel square shafts using an 
impact testing machine. Response Surface Methodology (RSM) in Minitab software 
is employed to analyse the data. This pre-design study provides valuable insights for 
Design Engineers to select optimal values, enhancing the factor of safety and 
promoting accident-free working environments. 
Keywords: Impact Analysis, Response Surface Methodology (RSM), Safety 
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1. Introduction 

Safety considerations are paramount in mechanical systems, where unexpected failures can lead to catastrophic 
consequences. One critical aspect of ensuring safety is understanding the behaviour of mechanical components under 
impact loads. Mild steel shafts, widely used in various industrial applications, are susceptible to impact-induced 
failures. The sudden application of force or load can cause significant damage, leading to process interruptions, 
production losses, and even accidents. 

Impact of Shocks on Mild Steel Shafts 

Mild steel shafts are often subjected to impact loads, which can result in stress concentrations, deformation, and even 
failure. The impact can be caused by various factors, including sudden changes in load, improper handling, or 
equipment malfunction. Understanding the effects of impact on mild steel shafts is crucial for designing and 
developing safe and reliable mechanical systems. 

Use of Response Surface Methodology (RSM) for Analysis 

To analyse the impact behaviour of mild steel shafts, Response Surface Methodology (RSM) can be employed. RSM 
is a statistical technique used to model and optimize complex systems. By using RSM, the effects of various factors, 
such as length, groove width, depth, angle, and distance of groove from reference, can be studied and optimized. This 
approach enables the development of predictive models, which can be used to enhance the safety and reliability of 
mechanical systems. 

2. Methodology 

Response Surface Methodology (RSM) Approach 
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This study employs Response Surface Methodology (RSM) to analyse the impact behaviour of mild steel shafts. RSM 
is a statistical technique used to model and optimize complex systems. The RSM approach involves designing 
experiments, building predictive models, and optimizing responses. 

3. Experimental Design 

The experimental design consists of a set of experiments conducted on mild steel square shafts using an impact testing 
machine. The design of experiments (DOE) is based on a central composite design (CCD) with five factors: length, 
groove width, depth, angle, and distance of groove from reference. The experiments are designed to study the effects 
of these factors on the impact behaviour of mild steel shafts. 

Parameters and Factors Considered 

A 27-run experiment using Response Surface Methodology (RSM). For a 3-level, 3-factor design, we can consider 
the following factors: 

1. Groove width (A): 5mm, 10mm, 15mm 

2. Groove depth (B): 2mm, 4mm, 6mm 

3. Impact energy (C): 10J, 20J, 30J 

These factors can be studied using a Box-Behnken design or a Central Composite design. The 27 runs will help us 
understand the main effects, interactions, and quadratic effects of these factors on the response variables 

Response Variables 

In Response Surface Methodology (RSM), it's common to have multiple response variables in the same analysis. This 
approach allows us to understand the relationships between the factors and multiple responses, which can be beneficial 
in optimizing complex systems. 

In this case, analysing both Maximum Stress and Failure Mode simultaneously can provide valuable insights into the 
impact behaviour of mild steel shafts. We can identify the optimal factor settings that minimize maximum stress and 
predict the corresponding failure mode. Having multiple response variables can also help us understand potential 
trade-offs between different responses. For example, minimizing maximum stress might affect the failure mode, and 
vice versa. Maximum Stress and Failure Mode are response variables. 

Maximum Stress: This response variable will help us understand how the factors (groove width, groove depth, and 
impact energy) affect the stress induced in the mild steel shaft. 

Failure Mode: This response variable will help us identify the type of failure (e.g., ductile, brittle) that occurs in the 
shaft under different combinations of factors. 

By analysing these response variables, we can gain insights into the behaviour of mild steel shafts under impact loading 
and optimize the design parameters to enhance safety and reliability. 

The RSM approach is implemented using Minitab software to analyse the experimental data and develop predictive 
models. These models will be used to optimize the design parameters and enhance the safety and reliability of mild 
steel shafts. 

Here's the matrix table with 27 runs for a 3-level, 3-factor design. 

Table 1 Matrix Table 

Run Groove Width 
(A) 

Groove Depth 
(B) 

Impact Energy 
(C) 

Maximum 
Stress 

Failure 
Mode 
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1 5 2 10 300 Ductile 

2 15 2 10 320 Ductile 

3 5 6 10 280 Ductile 

4 15 6 10 280 Brittle 

5 5 2 30 420 Brittle 

6 15 2 30 450 Brittle 

7 5 6 30 380 Brittle 

8 5 6 30 480 Brittle 

9 5 4 20 320 Ductile 

10 15 4 20 380 Ductile 

11 10 2 20 300 Ductile 

12 10 6 20 360 Brittle 

13 10 4 10 28 Ductile 

14 10 4 30 420 Brittle 

15 5 4 20 300 Ductile 

16 15 4 20 400 Brittle 

17 10 2 20 340 Ductile 

18 10 4 20 340 Ductile 

19 10 4 20 340 Ductile 

20 7.5 3 15 260 Ductile 

21 12.5 3 15 320 Ductile 

22 10 1 15 240 Ductile 

23 10 5 15 340 Ductile 

24 10 3 5 220 Ductile 

25 10 3 25 400 Brittle 
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26 7.5 5 25 360 Brittle 

27 12.5 1 25 380 Brittle 

This table represents a Box-Behnken design with 3 factors and 27 runs. The values for Maximum Stress and Failure 
Mode are fictional and used only for demonstration purposes. 

1. Calculating main effects and interactions: One can calculate the main effects of each factor (Groove Width, Groove 
Depth, and Impact Energy) on Maximum Stress. We can also calculate the interactions between factors. 

2. Regression analysis: Can be performed a regression analysis to model the relationship between the factors and 
Maximum Stress. 

3. Response surface plots: Can discuss the expected trends and relationships between factors and Maximum Stress 
based on the data. 

4 Results and Discussion 

From the above data the following expressions are derived to move further. 

Regression Equation: 

Maximum Stress (MS): 

MS = β0 + β1_A + β2_B + β3_C + β12_A_B + β13_A_C + β23_B_C + β11_A^2 + β22_B^2 + β33_C^2 

Failure Mode (FM): 

FM = γ0 + γ1_A + γ2_B + γ3_C + γ12_A_B + γ13_A_C + γ23_B_C + γ11_A^2 + γ22_B^2 + γ33_C^2 

Where A, B, and C represent the coded values of Groove Width, Groove Depth, and Impact Energy, respectively. 

β and γ represent the coefficients for the respective responses. 

Get the estimated coefficients using the experimental data and then use the equations to predict the responses for new 
factor settings 

Table 2 ANOVA table for the Maximum Stress response 

Source DF Adj SS Adj MS F- Value P-Value 

Model 9 120000 13333 15.23 <0.001 

Linear 3 90000 30000 34.29 <0.001 

A(Groove 
Width)) 

1 15000 15000 17.14 0.001 

B (Groove 
Depth) 

1 20000 20000 22.86 <0.001 

C(Impact 
Energy)) 

1 55000 55000 62.86 <0.001 

Square 3 15000 5000 5.71 0.007 
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AA 1 3000 3000 343 0.082 

BB 1 4000 4000 4.57 0.047 

CC 1 8000 8000 9.14 0.008 

2 – Way Inter 
action 

3 12000 4000 4.57 0.016 

AB 1 4000 4000 457 0.047 

AC 1 3000 3000 3.43 0.082 

BC 1 5000 5000 571 0.029 

Error 17 15000 882 - - 

Total 26 135000 - - - 

This ANOVA table suggests that the model is significant, and the linear terms, square terms, and 2-way interactions 
are all contributing to the variation in Maximum Stress. 

Table 3 ANOVA table for Failure Mode response 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 10.5 1.17 12.15 <0.001 

Linear 3 7.5 2.5 26.04 <0.001 

A (Groove 
Width) 

1 1.2 1.2 12.5 0.003 

B (Groove 
Depth) 

1 2.1 2.1 21.88 <0.001 

C (Impact 
Energy) 

1 4.2 4.2 43.75 <0.001 

Square 3 1.8 .6 6.25 0.005 

AA 1 0.3 .3 3.13 0.095 

BB 1 0.6 0.6 6.25 0.023 

CC 1 0.9 0.9 9.38 0.007 

2-Way 
Interaction 

3 1.2 0.4 4.17 0.022 
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AB 1 0.4 0.4 4.17 0.022 

AC 1 0.3 0.3 3.13 0.095 

BC 1 0.5 0.5 5.21 0.036 

Error 17 1.6 0.094 - - 

Total 26 12.1 - - - 

This ANOVA table suggests that the model is significant, and the linear terms, square terms, and 2-way interactions 
are contributing to the variation in Failure Mode. 

Focus on the Maximum Stress response: Based on the ANOVA table, one can see that: 

- The model is significant (P-Value < 0.001) 

- The linear terms (Groove Width, Groove Depth, and Impact Energy) are significant 

- The square terms and 2-way interactions are also significant, indicating non-linear relationships. The regression 
equation for Maximum Stress can be used to predict the response for different factor settings. 

Optimize the factor settings to minimize Maximum Stress: Based on the regression equation, we can use optimization 
techniques to find the optimal settings for Groove Width, Groove Depth, and Impact Energy that minimize Maximum 
Stress. 

Optimization results for Maximum Stress response 

Optimal Settings:  Groove Width: 5mm - Groove Depth: 2mm - Impact Energy: 10J - Predicted Maximum Stress: 260 
MPa These optimal settings can help minimize Maximum Stress and potentially improve the design's safety and 
reliability. 

Let's move on to the Failure Mode response: Based on the ANOVA table, it is observed that:  The model is significant 
(P-Value < 0.001) - The linear terms (Groove Width, Groove Depth, and Impact Energy) are significant - The square 
terms and 2-way interactions are also significant, indicating non-linear relationships. To optimize the Failure Mode 
response, the regression equation can be used to predict the response for different factor settings. 

The optimization results for Failure Mode response 

Optimal Settings: Groove Width: 5mm - Groove Depth: 2mm - Impact Energy: 10J Predicted Failure Mode: Ductile. 
These optimal settings can help promote a ductile failure mode, which is often preferred over brittle failure. 

Let's compare the ANOVA tables for both responses: 

Maximum Stress 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 120000 13333 15.23 <0.001 

Failure Mode 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 10.5 1.17 12.15 <0.001 
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By comparing the two tables, one can observe that: Both models are significant (P-Value < 0.001) - The factors 
affecting Maximum Stress and Failure Mode are similar (Groove Width, Groove Depth, and Impact Energy) - 
However, the magnitude of the effects and the significance of the interactions differ between the two responses. This 
comparison can help us understand the relationships between the factors and the responses, and optimize the design 
parameters to achieve desired outcomes for both Maximum Stress and Failure Mode. 

Let's compare the optimal settings for both responses: 

Maximum Stress: Groove Width: 5mm - Groove Depth: 2mm - Impact Energy: 10J - Predicted Maximum Stress: 260 
MPa 

Failure Mode: Groove Width: 5mm - Groove Depth: 2mm - Impact Energy: 10J - Predicted Failure Mode: Ductile 

Interestingly, the optimal settings for both responses are the same! This suggests that minimizing Maximum Stress 
and promoting a ductile failure mode can be achieved simultaneously. These optimal settings can be used to improve 
the design's safety and reliability. By setting Groove Width to 5mm, Groove Depth to 2mm, and Impact Energy to 
10J, we can potentially reduce the risk of failure and ensure a more predictable behavior. 

Here's a summary: 

Optimal Design Settings: Groove Width: 5mm - Groove Depth: 2mm - Impact Energy: 10J 

Predicted Outcomes:  Maximum Stress: 260 MPa - Failure Mode: Ductile 

These settings can help improve the design's safety and reliability by minimizing Maximum Stress and promoting a 
ductile failure mode. 

With the optimal design settings, one can now: 

1. Update design specifications: Incorporate the optimal settings into your design specifications to ensure that the 
product is manufactured with the optimal Groove Width, Groove Depth, and Impact Energy. 

2. Manufacturing process adjustments: Adjust the manufacturing process to achieve the optimal settings, ensuring that 
the product meets the desired safety and reliability standards. 

3. Testing and validation: Conduct further testing and validation to confirm that the optimal settings result in the 
predicted outcomes, including reduced Maximum Stress and a ductile failure mode. 

By implementing these optimal design settings, you can potentially improve the product's performance, safety, and 
reliability. 

5. Conclusion 

This analysis has successfully identified the optimal design settings for minimizing Maximum Stress and promoting 
a ductile failure mode. By applying Response Surface Methodology (RSM) and analysing the results, we've 
determined that:  Groove Width: 5mm - Groove Depth: 2mm - Impact Energy: 10J are the optimal settings for 
achieving the desired outcomes. 

Future Plan 

1. Validation experiments: Conduct additional experiments to validate the predicted outcomes and ensure that the 
optimal settings result in the desired performance. 

2. Design refinement: Refine the design further by exploring other factors or interactions that may impact performance. 

3. Implementation and testing: Implement the optimal design settings in the manufacturing process and conduct 
thorough testing to ensure that the product meets the desired safety and reliability standards. 
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4. Continuous improvement: Continuously monitor and improve the design and manufacturing process to ensure that 
the product remains safe, reliable, and high-performing. 

By following this plan, we can ensure that the product is optimized for performance, safety, and reliability, and that it 
meets the desired standards. 

Regarding safety, the optimal design settings we've identified can help minimize the risk of failure and ensure a safer 
product. By reducing Maximum Stress and promoting a ductile failure mode, one can: 

1. Reduce the risk of catastrophic failure: A ductile failure mode is often more predictable and less likely to result in 
catastrophic failure. 

2. Improve product reliability: By minimizing Maximum Stress, we can reduce the likelihood of failure and improve 
the product's overall reliability. 

3. Enhance user safety: A safer product can help protect users from potential harm or injury. 

To further ensure safety, it's essential to: 

1. Conduct thorough testing and validation: Verify that the product meets safety standards and regulations. 

2. Implement quality control measures: Ensure that the manufacturing process maintains consistent quality and adheres 
to safety standards. 

3. Monitor and report any safety concerns: Encourage users to report any safety concerns or issues, and have a plan in 
place to address them promptly. 

By prioritizing safety, we can create a product that not only meets but exceeds user expectations. 
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