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[bookmark: _Toc163829116][bookmark: _Toc196739098]Executive Summary
Genichi Taguchi was a Japanese engineer, in the 1950s he developed the Taguchi method to improve the quality of manufactured goods. He designed his method to prioritise “Robustness” above all else, a metric he defined as the resistance of factors and their levels to noise factors, even the factors which could not be controlled effectively.
[bookmark: _GoBack]In this report, his five step process was carried out with the context of a miniature catapult. The problem was defined amongst 3 firing sets, an appropriate Orthogonal Array was chosen, Level 8. The data was collected, analysed and validated with a final error of 3.22%.







[bookmark: _Toc196739099]1 – Objective
The Taguchi Method is a statistical approach developed by Japanese Engineer, Genichi Taguchi, in the 1950s to improve the quality of manufactured goods. Robust design is the core philosophy of this method, aiming to reduce defects and variations even from uncontrollable environmental factors [1].
Taguchi’s five step process outlines how this is achieved [1]:
Step 1. Define the problem and identify factors
Step 2. Choose an appropriate Orthogonal Array (OA)
Step 3. Run experiments guided by OA
Step 4. Analyse results
Step 5. Validate results
This report will apply to the Taguchi Method to a miniature catapult.

[bookmark: _Toc196739100]2 – Methodology
[bookmark: _Toc196739101]	2.1 – Apparatus
A catapult, shown in Figure 1 - Notated Catapult, was clamped to a flat desk.
A ball was placed in the holder on the lever as seen in Figure 1. The position was not recorded.
The distance travelled by the ball was measured using metre sticks.
[bookmark: _Toc196739102]	2.2 – Firing Sequence
Operator pulls back the lever to the appropriate pull back angle (PBA) and wraps the rubber band around the band front position (BFP), the ball is placed in the holder and the lever is released. The distance travelled by the ball is measured and it is retrieved. This is completed three times for each set of catapult settings.

[image: ]
[bookmark: _Ref196692397][bookmark: _Toc196739118]Figure 1 - Notated Catapult
[bookmark: _Toc196739103]2.3 – Identify Goals and Factors
[bookmark: _Toc196739104]		2.3.1 - Goals
Firing Set 1’s goal was to gather data by changing the independent variables to set levels and measure the distance the ball travelled. Following this, data was processed to identify the key features of the catapult.
Firing Set 2’s goal was to use these key features to create a refined data set and make a prediction, based on the midpoint of the data’s averages, about the distance travelled by the ball when fired with settings at the midpoint of the settings used to create the refined dataset.
Firing Set 3’s goal was to validate this prediction by gathering data using the prescribed midpoint settings.

[bookmark: _Toc196739105]		2.3.2 – Noise and Control Factors
Noise factors are external parameters which introduce unwanted variance into a system [2]. Control Factors are parameters introduced by the operator to reduce the unwanted variance. Table 1 - Noise and Control Factors shows all the factors that were identified and the control factors introduced to mitigate their variance.

[bookmark: _Ref196696062][bookmark: _Toc196739127]Table 1 - Noise and Control Factors
	Factor Type
	Description

	Noise
	Catapult moves when firing due to elastic potential of the lever.

	Control
	Clamp catapult to desk

	Noise
	Launch angle variation due to changes to operator

	Control
	Limited to 2 operators as this is an independent variable. Would have restricted further.

	Noise
	Air currents effect ball mid-flight.

	Control
	Experiment performed in room with negligible airflow.

	Noise
	Surface Unevenness

	Control
	Catapult clamped to desk, desk cleaned before clamp.

	Noise
	Wear of rubber band

	Control
	Owner of equipment to replace rubber band periodically.

	Noise
	Operator differences in pullback (emergent noise)

	Control
	Cannot control, already limited to 2 operators due to independent variable.

	Noise
	Operator differences in band wrapping (emergent noise)

	Control
	Cannot control, already limited to 2 operators due to independent variable.

	Noise
	Temperature effects elasticity of rubber band

	Control
	Room at ambient and consistent temperature during all firings.

	Noise
	Metre sticks have limited range.

	Control
	Use alternate equipment, multiple metre sticks or mark the land at a certain distance and use the metre stick for more precise measuring.



[bookmark: _Toc196739106]		2.4 – Orthogonal Array
Taguchi’s method utilises OAs, tabulated designs which maximise the data collected in an unbiased way. Figure 2 - Orthogonal Array Selection [3] shows the limit for the number of factors and the number of levels for those factors that can fit into different OAs. If either the number of factors or levels are exceeded, the next level OA would be used as the original OA would contain repeated patterns and would no longer be orthogonal [4].
[image: Image for - A Different Approach of Experimental Design: Taguchi Method]
[bookmark: _Ref196698157][bookmark: _Toc196739119]Figure 2 - Orthogonal Array Selection
Table 2 - Variables and Levels identifies how many factors and levels are in this experiment. The catapult uses 4 but up to 7 can be used for this level OA so the interactions of the BFP and the Band Anchor Position (BAP) as well as the interaction of the Stop Position (SP) and the Pull Back Angle (PBA) will also be studied. Additionally, the operator will be varied to collect maximum data.
[bookmark: _Ref196699013][bookmark: _Toc196739128]Table 2 - Variables and Levels
	Independent Variables (Controlled)

	 
	Band Front Position
	Band Anchor position
	1,2 Interaction
	Stop Position
	Pull back
	2,4 Interaction
	Operator

	Levels (How it’s controlled)

	Level 1
	1
	2
	 
	1
	140
	 
	A

	Level 2
	3
	4
	 
	3
	170
	 
	B

	Dependent Variables (Measured)

	Horizontal Range



With 7 Factors at 2 levels, Table 3 - L8 Orthogonal Array will be utilised for this investigation. Effectively collecting insight to what 128 experiments could have shown in as little as 8 experiments by varying the 7 factors across 2 levels [4].
Table 4 - Populated Array combines the structure of Table 3 - L8 Orthogonal Array with the content of Table 2 - Variables and Levels to tell the operator what levels to set each factor to for the firings.


[bookmark: _Ref196698491][bookmark: _Toc196739129]Table 3 - L8 Orthogonal Array
	Orthogonal Array

	Experiment
	A
	B
	AB
	C
	D
	BC
	E

	1
	1
	1
	1
	1
	1
	1
	1

	2
	1
	1
	1
	2
	2
	2
	2

	3
	1
	2
	2
	1
	1
	2
	2

	4
	1
	2
	2
	2
	2
	1
	1

	5
	2
	1
	2
	1
	2
	1
	2

	6
	2
	1
	2
	2
	1
	2
	1

	7
	2
	2
	1
	1
	2
	2
	1

	8
	2
	2
	1
	2
	1
	1
	2





[bookmark: _Ref196699117][bookmark: _Toc196739130]Table 4 - Populated Array
	[bookmark: RANGE!B25:I34]Array Populated

	Experiment
	Band front position
	Band Anchor position
	AB Interaction
	Stop Position
	Pull back
	BC Interaction
	Operator

	1
	1
	2
	1
	1
	140°
	1
	A

	2
	1
	2
	1
	3
	170°
	2
	B

	3
	1
	4
	2
	1
	140°
	2
	B

	4
	1
	4
	2
	3
	170°
	1
	A

	5
	3
	2
	2
	1
	170°
	1
	B

	6
	3
	2
	2
	3
	140°
	2
	A

	7
	3
	4
	1
	1
	170°
	2
	A

	8
	3
	4
	1
	3
	140°
	1
	B




[bookmark: _Toc196739107]3 – Experimental data
[bookmark: _Ref196695181][bookmark: _Toc196739131]Table 5 - Firing Set 1 Data
	Experiment
	Shot 1
(cm)
	Shot 2
(cm)
	Shot 3
(cm)
	Average Range (cm)

	1
	140.00
	139.00
	138.00
	139

	2
	330.00
	345.00
	383.00
	352.67

	3
	120.00
	125.00
	130.00
	125

	4
	300.00
	315.00
	340.00
	318.33

	5
	150.00
	147.00
	145.00
	147.33

	6
	100.00
	95.00
	88.00
	94.33

	7
	125.00
	126.00
	129.00
	126.67

	8
	90.00
	85.00
	88.00
	87.67



[bookmark: _Ref196695183][bookmark: _Toc196739132]Table 6 - Firing Set 2 Data
	Experiment
	Key Feature 1 Level
(Band Front Position)
	Key Feature 2 Level
(Pull back)
	Shot 1
(cm)
	Shot 2
(cm)
	Shot 3
(cm)
	Average Range (cm)

	1
	1
	140°
	133.00
	132.00
	124.00
	129.67

	2
	3
	140°
	90.00
	93.00
	95.00
	92.67

	3
	1
	170°
	300.00
	300.00
	294.00
	298.00

	4
	3
	170°
	225.00
	220.00
	225.00
	223.33



[bookmark: _Ref196695185][bookmark: _Toc196739133]Table 7 - Firing Set 3 Data
	Experiment
	Key Feature 1 Level
(Band Front Position)
	Key Feature 2 Level
(Pull Back Angle)
	Shot 1
(cm)
	Shot 2
(cm)
	Shot 3
(cm)
	Average Range (cm)

	1
	2
	155°
	180.00
	185.00
	175.00
	180.00



[bookmark: _Toc196739108]4 – Interpretation of results
[bookmark: _Toc196739109]4.1 – Firing Set 1 Interpretation
The average range for each experiment was calculated using Equation 4 - 1, the mean formula. This equation was also used to calculate the average range of each level for each factor by averaging the ranges where that level occurred.
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Using Equation 4 - 1 for BFP Level 1:


This analysis finds that the average range for BFP Level 1 was 233.75 cm. This method estimates key factors based on performance which is not the core philosophy of Taguchi.
Equation 4 - 2 calculates the signal-noise ratio (S/N) which measures how resistant the factor’s levels are to variance from noise factors, or their robustness, the core philosophy of Taguchi. There are multiple ways to calculate S/N, Equation 4 - 2  uses the “larger is better” method meaning the greater the value, the greater the robustness of the level [4].
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Using Equation 4 - 2 for BFP Level 1:




Table 8 - Firing Set 1: Processed Data shows data calculated using Equations 4 - 1 and 4 - 2. The differences in average and S/N of the levels were also calculated.
[bookmark: _Ref196703266][bookmark: _Toc196739134]Table 8 - Firing Set 1: Processed Data
	 
	Front Position
	Anchor Position
	AB Interaction
	Stop
Position
	Pull Back Angle
	BC Interaction
	Operator

	L1 Average
(cm)
	233.75
	183.33
	176.50
	134.50
	111.50
	173.08
	169.58

	L2 Average
(cm)
	114.00
	164.42
	171.25
	213.25
	236.25
	174.67
	174.67

	Difference in Averages
(cm)
	119.75
	18.92
	5.25
	-78.75
	-124.75
	-1.58
	-5.08

	S/N L1
	44.76
	42.63
	42.00
	42.52
	40.48
	42.26
	42.29

	S/N L2
	40.57
	41.77
	42.36
	41.86
	45.01
	42.10
	42.07

	S/N Difference
	4.19
	0.86
	-0.36
	0.66
	-4.53
	0.16
	0.2



Graphs can be produced to visually compare the change of range or S/N in levels, providing valuable insights into the data. The full set of Independent Variable Level vs Range Graphs can be found in Appendix A. The full set of S/N vs Level Graphs can be found in Appendix B.
This analysis finds that the most robust settings are Level 1 for BFP, BAP, SP and Operator. Level 2 should be applied to the PBA. There was little variation in the operator or interactions, however, AB Interaction did show a slight trend of direct proportionality. 
The areas of greatest variation were in PBA and BFP according to both metrics. These features will be identified as key and carried forward to be varied in Firing Set 2.
S/N and Average Range tended to come to the same conclusion, with one outlier, Operator B was chosen for Firing Sets 2+3, based on a greater average range but S/N ratio shows that Operator A was more robust and should have been selected.

[bookmark: _Toc196739110]4.2 - Firing Set 2 Interpretation
Table 9 - Firing Set 2: Processed Data shows the average range for each of the levels for the BFP and PBA. It then averages their midpoint range and combines it across the features. The levels of the other non-key factors were not recorded during the experiment but were kept consistent throughout Firing Sets 2+3.
[bookmark: _Ref196702590][bookmark: _Toc196739135]Table 9 - Firing Set 2: Processed Data
	Key Feature
	Lvl.
	Average Range (cm)
	Midpoint range (cm)
	Midpoint Combined Range (cm)
	Op.

	Band Front Position
	1
	213.83
	185.92
	185.92
	B

	
	2
	158.00
	
	
	

	Pull Back Angle
	1
	111.17
	185.92
	
	

	
	2
	260.67
	
	
	



To effectively target this range, the midpoints of the Key Features must also be identified. This analysis predicts that at BFP’s Position 2 and a PBA’s 155°, that an average range of 185.92cm will be achieved. 

[bookmark: _Toc196739111]4.3 – Firing Set 3 Interpretation
Table 7 - Firing Set 3 Data finds the average range with the midpoint settings is 180 cm. A percentage margin of error can now be calculated using Equation 4 - 3. This equation measures the size of the “error” from the theoretical value and converts it to a percentage to show the scale of the error.
	

Using Equation 4 - 3:
	[bookmark: _Ref196702065][bookmark: _Toc196739146]4 - 3






This analysis finds that the percentage margin of error in this experiment was 3.22%. An acceptable level of error considering how many noise factors there were to cause variability in the results.

[bookmark: _Toc196739112]5 – Conclusion
The Taguchi Method is a statistical approach to increasing robustness in design to reduce the effects of noise. Taguchi’s 5 step method was employed in the context of a miniature catapult. The goals were defined across 3 firing sets and noise factors were identified as well as the control factors to reduce their effects. The L8 OA was chosen based on the 7 factors available with 2 levels each.
Data was collected according to the settings in the OA in the context of the catapult. The collected data was analysed to identify the BFP and the PBA as key design features. The settings at BFP Position 1 and 3 and PBA of 140° and 170° were taken forward to Firing Set 2 where a midpoint range of the key features settings was identified. It was estimated that firings at BFP Position 2 and PBA 155° would average 185.92cm. These midpoint settings were applied and Firing Set 3 was conducted, averaging a range of 180cm which presented a 3.22% margin of error. 
[bookmark: _Toc196739113]6 – Reflection
I have some observations taken from the completion of this report. As I was not there in person to conduct this experiment, I have a different perspective from my team.
No visual records of the experiment set up were made. This introduced sources of error into descriptions because of communication issues.
Key data was not recorded, this included: non-key settings for firing sets 2+3, the notation for the catapult settings or what anchor position the ball holder sat in. This introduced sources of error as I had to attempt to interpret the dataset to estimate notation.
S/N Ratio was not considered during the experiment. The key features for firing sets 2+3 would have stayed the same but the operator would have changed do to a more robust performance from Operator A.
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[bookmark: _Toc196739116]	Appendix A – Independent Variable Level vs Range Graphs










[bookmark: _Toc196739117]	Appendix B – Signal Noise Ratio vs Level Graphs
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