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ABSTRACT:
The following report concerns the application of the Taguchi Method and Design of Experiments approach to identifying the Key Control Factors associated with identifying the optimum performance of a catapult. Where the Taguchi Method is utilised across multiple industries, the principles can be applied to research in many ways. This included the process of recording and analysis of results associated with input variables, ending with a reflection on the use of the Taguchi Method itself. 
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1. [bookmark: _Toc196568177]Objective
The aim of this experiment was to investigate and identify key control factors that contributed to optimum performance of a catapult. To evaluate the key control factors and to predict the catapult performance at a given setting the Taguchi Method was used.
The Design of Experiments (DoE) process was put forward by Ronald Fisher and later refined by Genichi Taguchi. The DoE approach is a systematic and structured approach to planning, conducting, analysing and interpreting data collected through controlled testing, so that the input variables (factors) can be compared to key out-put variables (responses) [1] [2] [3].  
The Taguchi Method has been described as an efficient tool in improving efficiency in experimental research processes and has been used in product optimization through use of statistical tools such as orthogonal arrays, analysis of variance, regression coefficient, and analysis of mean. This approach to DoE has been used as a method to reduce the number of runs required during experimentation and to aid in the analysis of results [4] [5].
In this experiment, the Taguchi method was used to analyse the relationship between the following variables on 2 levels: 
· Arm setting
· Stop Pin setting
· Release position
· Tension Pin setting
· Elastic Band
· Pull-back Position
· Operator














2. [bookmark: _Toc196568178]Method and apparatus
The experiment was conducted using the following apparatus:
· Catapult
· Ball
· Elastic Band
· Tape Measure
· G-Clamp
The apparatus was set up on 3x tables, laid end to end to create a range. The catapult was paced flush with the edge of the table and fixed in place using the G-Clamp. The tape measure was laid out along the length of the table flush with the rear table edge, alongside the catapult. This is shown in Figure 1.
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[bookmark: _Ref196412150][bookmark: _Toc196565817]Figure 1 - Apparatus Set Up
Once set up, Operator A set up the catapult according to the settings detailed in the experiment matrix.
The launch arm was drawn back to the appropriate distance and the ball was loaded into the cup attached to the arm. The firer ensured that other group members were clear of the range, and in safe locations to reduce risk of injury to all parties involved. The arm was held in place at the designated release point whilst a countdown was given. Firing was announced when the countdown was complete, so that all parties could perform their roles.
The Launch arm was released, launching the ball down the range. The observer noted where the ball landed, and this was recorded by the data logger.
Each experiment consisted of 5 shots. After each firing, the ball was returned to the firer, and the next shot was set up. 
Where variables/inputs were changed for each experiment, the firer set up the catapult as instructed, following a change in input for each experiment (i.e. Main Block stop position and Lever Block pin position).
This process continued until all 4 experiments were complete. At this stage, Operator B replaced Operator A and conducted another set of 4 experiments.
The results for the experiments can be found in the Results section.
3. [bookmark: _Toc196568179]Experimental Data: Results

[bookmark: _Ref196418125][bookmark: _Ref196418113][bookmark: _Toc196564673]Table 1 - Variables, Inputs, Levels and Array for Experiment
	Independent Variables

	 
	Tension Pin setting

	Arm Setting
	1,2 Interaction
	Stop Pin Setting
	Pull back
	2,4 Interaction
	Operator

	Independent Variables Sorted

	 
	Tension Pin setting

	Arm Setting
	1,2 Interaction
	Stop Pin Setting
	Pull back
	2,4 Interaction
	Operator

	Levels

	level 1
	1
	2
	NA
	1
	140
	NA
	A

	level 2
	3
	4
	NA
	3
	170
	NA
	B

	Dependent Variables

	 
	Range
	Horizontal 

	Array

	Factor
	1
	2
	3
	4
	5
	6
	7

	
	A
	B
	AB
	C
	D
	BC
	E

	Experiment 1
	1
	1
	1
	1
	1
	1
	1

	Experiment 2
	1
	1
	1
	2
	2
	2
	2

	Experiment 3
	1
	2
	2
	1
	1
	2
	2

	Experiment 4
	1
	2
	2
	2
	2
	1
	1

	Experiment 5
	2
	1
	2
	1
	2
	1
	2

	Experiment 6
	2
	1
	2
	2
	1
	2
	1

	Experiment 7
	2
	2
	1
	1
	2
	2
	1

	Experiment 8
	2
	2
	1
	2
	1
	1
	2

	[bookmark: RANGE!B24:I34]Array Populated

	Experiment
	1
	2
	3
	4
	5
	6
	7

	
	Tension Pin Setting
	Arm Setting
	AB Interaction
	Stop Pin Setting
	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: _Ref196418929][bookmark: _Toc196564674]Table 2 - Experiment Matrix
	
Experiment
	Tension Pin Setting
	Arm Setting
	AB Interaction
	Stop Pin Setting
	Pull back
	BC Interaction
	Operator
	Variable. Range

	1
	1
	2
	1
	1
	140
	1
	A
	113.6

	2
	1
	2
	1
	3
	170
	2
	B
	296.4

	3
	1
	4
	2
	1
	140
	2
	B
	110.4

	4
	1
	4
	2
	3
	170
	1
	A
	168

	5
	3
	2
	2
	1
	170
	1
	B
	137.4

	6
	3
	2
	2
	3
	140
	2
	A
	48.8

	7
	3
	4
	1
	1
	170
	2
	A
	97.4

	8
	3
	4
	1
	3
	140
	1
	B
	88.4











[bookmark: _Toc196564675]Table 3 - Experiment Raw Firing Data
	Experiment Number
	Shot Number
	Average

	
	1
	2
	3
	4
	5
	

	1
	122
	106
	106
	118
	116
	113.6

	2
	305
	295
	290
	298
	294
	296.4

	3
	115
	109
	110
	109
	109
	110.4

	4
	189
	154
	146
	179
	172
	168

	5
	148
	139
	137
	133
	130
	137.4

	6
	78
	30
	30
	76
	30
	48.8

	7
	92
	91
	102
	110
	92
	97.4

	8
	88
	89
	89
	89
	87
	88.4





















4. [bookmark: _Toc196568180]Interpretation of results
Evaluate the key control factors to predict the catapult performance at a given setting
The results from the experiment were recorded on an L8 Orthogonal Array.
The maximum average range attained was 296.4cm (the mean distance calculated over 5x shots). This was achieved by Operator B, with the variables identified on Row 2 of Table 2. This was achieved by setting the Stop-Pin to position 3; setting the Arm Setting to position 2; the Tension Pin Setting to position 1, and by pulling the arm back to Level 2 (170).
The analysis was done by identifying the inputs at Level 1 and Level 2, establishing the mean raw result, and dividing by the number of experiments conducted at each level for that variable. This presented a single figure for each level which enabled direct comparison between them. Observations for each variable can be found below:
Tension Pin Setting – the 2 levels showed that greater distances were achieved at Level 1 (Position 1). This was located at the top or the tension pin arm and increased the tension on the elastic band. When combined with the Arm Setting at Level 1 this achieved the greatest overall distance.

[bookmark: _Toc196565818]Figure 2 - Signal to Noise Ratio - Tension Pin Setting

Arm Setting – when comparing Level 1 and Level 2, greater distances were achieved when the Arm Setting was in Position 2 (Level 1). This was located closer to the cup holding the projectile, and when combined with the Tension Pin Setting at level 2, with the Stop Pin Setting at level 2 optimal range was achieved.

[bookmark: _Toc196565819]Figure 3 - Signal to Noise Ratio - Arm Setting



AB Interaction – the interaction between Tension Pin and Arm Setting was identified as preferential at level 1, following direct comparison between the outputs at the 2 different levels. This is shown below:

[bookmark: _Toc196565820]Figure 4 - Signal to Noise Ratio - AB Interaction
Stop Pin Setting – Where the Stop Pin Setting was set at 2 levels, the greatest range was achieved at Level 2. This is because of two factors; the elastic band being exposed to greater tension, and the launch arm being able to travel farther before reaching the stop position.


[bookmark: _Toc196565821]Figure 5 - Signal to Noise Ratio - Stop Pin Setting
Pull back - at Level 1 and Level 2, Greater distances were achieved with a larger pull back. From analysing these levels, the evidence shows that level 2 was the optimum setting for this variable.


[bookmark: _Toc196565822]Figure 6 - Signal to Noise Ratio - Pull Back
BC Interaction – The interaction between the Arm Setting and Stop Pin Setting was compared in this, statistical analysis showed that there was improved performance at Level 2.


[bookmark: _Toc196565823]Figure 7 - Signal to Noise Ratio - BC Interaction
Operator – Operators A and B were respectively allocated Level 1 and Level 2. From conducting a statistical analysis between them, a preference was indicated in favour of Level 2 (Operator B).


[bookmark: _Toc196565824]Figure 8 - Signal to Noise Ratio - Operator











5. [bookmark: _Toc196568181]Conclusion
The aim of the experiment was to identify the Key Control Factors (KCF) associated with the catapult to achieve optimum performance. 
From utilising the Taguchi Method, the KCF were identified as the Arm Setting, Tension Pin Setting, Pull Back, and the Operator. 
Whilst conducting the experiments, it was observed that there were differences between the loading process of the operators. Where Operator A pressed the ball into the cup on the catapult arm, Operator B did not. Operator B lightly placed the projectile on the cup, which may have influenced the distances achieved when firing. Where Operator A had pressed the ball into the cup, it is possible that some of the inertia from the elastic band may have been required to detach the ball from the cup at point of launch. Further experiments should be conducted to explore the variance associated with this factor before any conclusions can be made on this.
Of the factors identified through the experiment, those which had a significant impact on the results were the Arm Setting, Tension Pin Setting and Pull Back. With the Arm Setting and Tension Pin Setting at Level 1, and the Pull Back at Level 2 optimum distance was obtained. The relationship between these three factors was clearly identified in the results and reinforced by conducting Sound-Noise Analysis on these inputs.
Where the experiment was conducted on 2 Levels, this could have been conducted on more. Where the Tension Pin had 4 separate settings, there were additional Stop Pin positions, and Arm Settings that could have also been explored. Having identified the KCF relevant to optimum performance, an L16 Array could be used to explore these in greater depth.
If other input variables were to be explored, these would include changing the elastic band strength/tension; the number of elastic bands used; Elevation Angle, alongside the projectile size and mass. Where an L8 Orthogonal Array was used, an L24 or L32 Orthogonal Array could be appropriate to explore the relationships between input variables on more levels.












6. [bookmark: _Toc196568182]Reflection
Using the Taguchi Method approach to DoE was beneficia to the exploration of relationships between the various inputs which contributed to both identification of the Key Control Factors, and their relationships to one another. Literature suggested that employing the Taguchi Method provided structure to experiments conducted and meant that a reduced number of experiments could be conducted in identifying the important factors contributing to the results [6] [7].
Whilst several experiments were conducted, the Taguchi approach meant that a reduced number were run. Where this can be beneficial in reducing financial resources and improving efficiency, further experimentation could have been conducted across further levels associated with the inputs in pursuit of identifying optimisation. However, these constraints are key driving factors as to why this method is employed across multiple industries.
As an introduction to DoE and the Taguchi methods, there are clear benefits in adopting a structured and logical approach to experiments. The ability to analyse and compare levels or performance associated with the various inputs was straightforward and provided a good visual reference to support decision making in identifying the Key Control Factors, providing further evidence when establishing the performance associated with them. 
The key tools for Analysis of Variance and Signal to Noise ratio were utilised whilst analysing the results, which provided an insight to identifying key factors that contribute to performance.
The additional element of Human Factors associated with the operators were discovered whilst conducting the experiment. Where the techniques used by the different operators were discussed following the experiment, standardised techniques or detailed instructions could affect (or improve) performance of the catapult. Verification testing could be conducted in greater depth to confirm the relationships between the Key Control Factors, it could be argued that these are unnecessary for this experiment, but likely applicable to industry.
Overall, the Taguchi method was successfully used, resulting in the identification of the Key Control factors being explored, which explains why multiple industries utilise this approach when conducting research and development within various fields of interest [8] [9] [10] [11].
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Tension Pin Setting
level 1	Level2	172.1	93	level 1	Level2	172.1	93	


Arm Setting

level 1	Level2	149.04999999999998	116.04999999999998	


AB Interaction

level 1	Level2	148.94999999999999	116.14999999999999	


Stop Pin Setting

level 1	Level2	114.69999999999999	150.39999999999998	


Pull Back

level 1	Level2	90.300000000000011	174.79999999999998	


BC Interaction 

126.85	138.25	


Operator

level 1	Level2	106.95000000000002	138.25	
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