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[bookmark: _Toc226972594]Abstract
This study applied the Taguchi design‑of‑experiments (DOE) method to identify the key control factors influencing projectile range in a mechanical catapult system. Five independent variables were tested using an L8 orthogonal array, with bolt tightness, elastic twist, firing rate, and projectile seating treated as noise factors. Analysis of the experimental results showed that arm‑stop position and pull‑back distance were the dominant contributors to performance. Optimisation using the Taguchi framework produced a predicted range of 142.9 cm, which closely matched the measured value of 142 cm. The findings demonstrate that the Taguchi method can deliver reliable optimisation outcomes even with limited experimental data and highlight the importance of designing for consistency rather than peak performance.
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1 Introduction
[bookmark: _Toc226972599]1.1 Experimental Objective 
To identify the key control factors affecting projectile range in a mechanical catapult, the Taguchi design‑of‑experiments (DOE) method was applied to a set of five independent variables. Using the supplied experimental matrix, the study aimed to determine the optimal configuration of controllable parameters while accounting for their interactions with noise factors. The Taguchi approach also enabled prediction of system performance following optimisation.

[bookmark: _Toc226972600]1.2 Overview of Taguchi Method
The Taguchi method is a structured DOE approach designed to improve product and process robustness by identifying control‑factor settings that optimise performance while reducing sensitivity to uncontrollable noise factors [1]. It distinguishes clearly between controllable parameters defined by the researcher and noise factors that cannot be directly regulated but must be accounted for, prioritising consistent performance under realistic operating conditions rather than peak performance [2][3].
The use of orthogonal arrays enables simultaneous investigation of multiple parameters while substantially reducing the number of required experiments, making the method suitable when time or resources are limited [4].
By applying the signal‑to‑noise ratio (deviation from desired value) as a performance metric, the method allows researchers to rank factor importance, identify dominant contributors to variation, and predict the most reliable operating conditions [5][6].


[bookmark: _Toc226972601]2 Method and Equipment 
[bookmark: _Toc226972602]2.1 Equipment
The experiment used a mechanical catapult with adjustable features that allowed systematic variation of operating parameters. Several of these features served as independent variables, including band‑front position, band‑anchor position, arm‑stop position, pull‑back distance, interaction terms, and the operator.
Each variable was assigned two levels (high and low), as shown in Table 1.
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[bookmark: _Toc226972559]Table 1 – Table showing the value of each parameter level used in the experiment
The dependent variable was the horizontal range of the projectile, measured using a tape measure.
Noise factors identified prior to testing included bolt tightness, elastic‑band twist, rate of fire, and consistency of projectile seating.

[bookmark: _Toc226972603]2.2 Method
The orthogonal array in Table 2 structured the eight experimental runs, each using a distinct combination of parameter levels to efficiently evaluate multiple variables. For each run, the band‑front position, anchor position, and arm‑stop position were set according to the matrix.
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[bookmark: _Toc226972560]Table 2 – Orthogonal Array used to structure experimental test runs
A tape measure was placed along the firing path to record projectile range. The operator then seated the projectile, pulled the arm to the specified distance, and released it following a five‑second countdown.
The results of these runs are shown in Table 3.
Data from the initial eight tests was used to identify the main performance‑influencing factors and to predict the optimal catapult configuration. Four additional tests were then conducted focusing on the two most influential factors, with results presented in Table 5.
The data was subsequently used to calculate the predicted optimal range. A final test using the improved settings was performed to compare the predicted and measured outcomes.




[bookmark: _Toc226972604]3 Results
The results of the eight experiments are presented in the experimental matrix in Table 3, with projectile range (cm) highlighted in yellow. The mean range across all trials was calculated as 104.6 cm, providing a baseline for system performance prior to optimisation.
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[bookmark: _Toc226972561]Table 3 – Experimental matrix showing the results of each trial
This data was used to calculate level averages for each parameter, enabling comparison of factor effects. As the L8 orthogonal array assigns each factor level an equal number of occurrences, level comparisons can be made without bias [7]. The resulting level‑average plots are shown in Figure 1.
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[bookmark: _Toc226972555]Figure 1 – Graphs demonstrating the differences between level averages of each parameter
The level averages formed the basis for predicting the system’s optimal configuration. Selecting the highest‑performing level for each factor allowed construction of the L4 matrix in Table 4, used to estimate the optimised range.
[image: ]
[bookmark: _Toc226972562]Table 4 – L4 orthogonal matrix displaying the experiments used to predict optimised range
The final firing using the predicted optimal settings is shown in Table 5.
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[bookmark: _Toc226972563]Table 5 – Table showing the outcome of the final firing featuring the optimised factor positions
[bookmark: _Toc226972605]4 Discussion
Analysis of the level averages presented in Figure 4 enabled the ranking of experimental factors according to their influence on system performance. Although factors displaying the greatest separation between level means initially appeared most influential on projectile range, optimisation of robust mean performance requires prioritising factors that yield consistent improvements under uncontrolled variation rather than those exhibiting the largest nominal contrasts.
For this reason, arm‑stop position and pull‑back distance were identified as the principal control factors, despite band‑front position producing the largest difference in level means. The effect of band‑front position was not deemed a key control factor because it primarily modifies the geometry of force application and is highly sensitive to alignment‑related noise sources, including bolt tightness, elastic twist, and projectile seating. Its apparent influence is therefore magnified through interactions rather than reflecting a stable, independent mechanism of control.
Conversely, stop position governs the angular displacement prior to release, thereby affecting the magnitude of energy transferred to the projectile, while pull‑back distance determines the elastic energy stored within the band. Adjustments to these parameters produced consistent and repeatable improvements in performance, confirming their status as the key control variables.
Experimental results further indicated that the shorter pull‑back distance (140) outperformed the longer setting (170). This suggests that increased extension amplified noise effects such as elastic twisting and release inconsistency. At greater strain levels, the band was more susceptible to asymmetrical twisting, resulting in uneven force application, reduced energy‑transfer efficiency, and increased shot‑to‑shot variability.
Projectile seating consistency constituted an additional significant noise factor. Minor variations in seating force or centring altered launch angle and release timing, contributing to variability between trials with otherwise identical control settings. Human‑induced variation including differences in loading technique, release timing, and operator consistency further increased this variability.
Rate of fire and system‑reset behaviour also influenced performance. Elastic components may not fully recover between rapid firings, particularly at higher pull‑back distances, leading to reduced available force and increased variance in successive shots. To mitigate this effect, a timed interval between firings was introduced.
Other factors, including operator identity and interaction terms, produced comparatively small differences between level means and were therefore considered less influential than the previously described key control factors.
Application of the Taguchi design‑of‑experiments methodology identified an optimal factor combination yielding a predicted range of 142.9 cm, substantially exceeding the pre‑tuning operational mean. A subsequent validation test achieved a range of 142 cm, demonstrating close agreement with the Taguchi prediction and confirming the effectiveness of the optimisation process.


[bookmark: _Toc226972606]5 Conclusions and Reflections
This experiment demonstrated the value of the Taguchi method in identifying the factors that most strongly influence the performance of a mechanical catapult system. Despite the limited number of trials, the method identified stop position and pull‑back distance as the primary control factors affecting projectile range. Adjusting these parameters within the DOE framework produced a substantial improvement in range and yielded a prediction closely aligned with the final measured result.
The findings also showed that maximum input force does not necessarily produce optimal performance, as noise factors such as elastic twisting, firing rate, and projectile seating can offset potential increases in range. This emphasises the importance of designing for consistency rather than peak output, particularly in systems exposed to real‑world variation.
The experiment further illustrated that meaningful optimisation is achievable even with restricted datasets when a structured Taguchi approach is applied. Future work could focus on developing a design that remains robust under varying operator techniques, reducing the influence of human‑induced variability.
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