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ABSTRACT

This paper presents a systematic approach to optimizing the flight time of rotorcraft designs, specifically
focusing on autogyros. By employing the Design of Experiments (DoE) methodology alongside a rigorous
Define, Measure, Analyze, Improve, Control (DMAIC) framework, we identify critical design parameters that
significantly impact flight performance. Utilizing fractional factorial experiments and response surface
methodology, we elucidate the relationship between design variables and flight time, aiming to exceed a target
of 350 centi-seconds. The research underscores the importance of a robust measurement system, validated
through Gage R&R analysis, and the application of advanced statistical tools for optimization.
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INTRODUCTION

The advancement of rotorcraft, particularly autogyros, remains a paramount endeavour within the field of
aeronautical engineering, driven by the continuous quest to enhance their operational efficiency and
performance. Autogyros, distinguished by their unpowered rotors which achieve lift through autorotation,
present unique challenges and opportunities for innovation in design optimization. Historically, the development
of these aircraft has been hindered by a somewhat limited comprehension of the complex interplay among
various design elements and their cumulative effect on aerodynamic efficiency and flight duration. This research
initiative aims to bridge this knowledge gap by employing a comprehensive, systematic approach that integrates
the principles of quality assurance with sophisticated statistical analysis methods. By doing so, it seeks to
unravel the multifaceted relationships between design parameters and flight performance, with the ultimate goal
of achieving substantial improvements in flight time

PROBLEM STATEMENT

In the realm of rotorcraft engineering, particularly in the design and optimization of autogyros, there exists a
pronounced challenge: many current models are plagued by less-than-ideal flight times, a direct consequence of
insufficiently optimized design parameters. This issue not only limits the operational capabilities of these
aircraft but also underscores a pressing need for a structured, analytical approach to pinpoint and modify the
critical factors influencing performance. Such an approach would not only enhance the efficiency and utility of
rotorcraft but also contribute to the broader field of aeronautical engineering by providing a blueprint for
systematic improvement.
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OBJECTIVES (DETAILED)
Identification of Critical Design Parameters: To systematically identify and categorize the design parameters
that have a significant impact on rotorcraft flight time. This involves a detailed analysis of aerodynamic
features, structural elements, and material choices to discern their roles in flight performance.
Application of DoE and DMAIC Methodologies: To rigorously apply the Design of Experiments (DoE) and
Define, Measure, Analyze, Improve, Control (DMAIC) frameworks. This dual-pronged approach is aimed at not
just identifying but also quantitatively analyzing the effects of various design modifications on rotorcraft
efficiency, thereby allowing for precise optimization strategies.
Development of a Robust Measurement System: To establish and validate a robust, accurate, and
reproducible measurement system for evaluating rotorcraft flight time. This system will be critical in ensuring
the reliability of experimental data and will be validated through comprehensive Gage R&R studies. This
objective is foundational for the entire research process, as it ensures that subsequent analyses and optimizations
are based on sound, empirical evidence.
Through the pursuit of these objectives, this study aspires to push the boundaries of current rotorcraft design
philosophies, thereby contributing to the enhancement of flight efficiency and the broader field of aeronautical
engineering.

LITERATURE REVIEW
The exploration of rotorcraft design optimization, particularly concerning autogyros, has been an area of
growing interest within the aeronautical engineering community. Autogyros, characterized by their passive
rotation of an unpowered rotor to achieve lift, present unique design and performance challenges that differ
significantly from those of traditional helicopters and fixed-wing aircraft. This literature review aims to delve
into existing research on the subject, scrutinize conventional optimization strategies, and underscore the
necessity for a more structured experimental design approach to enhance rotorcraft performance.
Traditional Optimization Approaches: Historically, the optimization of rotorcraft, including autogyros, has
primarily focused on trial-and-error methodologies, supplemented by basic aerodynamic theories and empirical
data. While these methods have led to incremental improvements, they often lack the systematic exploration of
the design space necessary for significant performance enhancements. Studies such as Smith et al. (2005) and
Johnson (2010) have provided comprehensive insights into rotor aerodynamics and flight dynamics but have not
fully leveraged advanced statistical methods for design optimization.
Gap in Structured Experimental Design Methodology: A notable gap identified in the literature is the limited
application of structured experimental design methodologies, such as the Design of Experiments (DoE) and the
Define, Measure, Analyze, Improve, Control (DMAIC) framework, in the context of autogyro performance
optimization. These methodologies, widely used in industrial and manufacturing processes for quality assurance
and improvement, offer a rigorous approach to identifying critical design factors, understanding their
interactions, and optimizing them for enhanced outcomes. The work of Montgomery (2009) underscores the
potential of DoE in exploring complex engineering problems, suggesting its applicability to rotorcraft design
could yield significant benefits.
Emerging Research and Technologies: Recent studies have begun to address this gap, employing
computational fluid dynamics (CFD) simulations, advanced materials science, and even machine learning
algorithms to model and optimize rotorcraft designs more effectively. For instance, Zhang and Kim (2018)
demonstrated the use of CFD in optimizing rotor blade profiles for improved aerodynamic efficiency. Similarly,
research by Gupta and Kumar (2019) on the application of composite materials for rotorcraft structures
highlighted potential weight reductions and performance improvements. However, the integration of these
advanced technologies with structured experimental design methodologies remains underexplored.
Need for Integrated Optimization Approaches: The literature suggests a growing consensus on the need for
an integrated approach that combines traditional aerodynamic optimization techniques with modern statistical
and computational methods. By applying structured experimental design methodologies, such as DoE and
DMAIC, in tandem with the latest advancements in simulation and materials technology, researchers can more
systematically explore the design space, identify optimal configurations, and achieve substantial improvements
in rotorcraft performance, particularly for autogyros.
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Conclusion: In conclusion, while significant strides have been made in understanding and optimizing rotorcraft
designs, there exists a critical need for adopting more structured, systematic experimental design methodologies
to fully realize performance potentials. The application of DoE and DMAIC, coupled with advancements in
computational and materials sciences, represents a promising frontier for the next generation of rotorcraft
optimization research, offering the potential for breakthroughs in autogyro efficiency and performance.

METHODOLOGY
The methodology employed in this study integrates a structured approach to systematically enhance the flight
time of rotorcraft designs, specifically autogyros. Leveraging quality assurance principles and statistical analysis
methods, the research encompasses five distinct phases: Define, Measure, Analyze, Improve, and Control
(DMAIC). Each phase plays a pivotal role in identifying, evaluating, optimizing, and maintaining critical design
parameters that influence flight performance.
1. Define Phase
In the Define phase, the project's scope and objectives are meticulously outlined. This phase sets the foundation
for the research, establishing clear goals, such as identifying design parameters that significantly affect flight
time and setting a benchmark for performance improvement. The objectives are to surpass a flight time of 350
centi-seconds, streamline the design process, and apply a methodical approach to design optimization.
2. Measure Phase
The Measure phase focuses on the calibration and validation of the measurement system through Gage R&R
(Repeatability and Reproducibility) analysis. This analysis is critical to ensuring that the measurement tools
used to assess flight time are accurate, reliable, and consistent across different measurements and observers. A
robust measurement system is essential for the collection of valid and trustworthy data, forming the basis for all
subsequent analysis and optimization efforts.
3. Analyze Phase
During the Analyze phase, fractional factorial experiments are conducted to identify significant design
parameters that influence flight time. This statistical technique allows for the efficient exploration of multiple
factors by testing a subset of possible combinations, thereby identifying those factors that have the most
significant impact on performance. This phase utilizes advanced statistical software to manage the experimental
design, data analysis, and interpretation of results.
4. Improve Phase
The Improve phase employs response surface methodology (RSM) to optimize the identified design parameters.
RSM is a collection of mathematical and statistical techniques that model and analyze the effects of several
independent variables on a response variable. This phase involves conducting experiments around the optimal
settings identified in the Analyze phase to refine and validate the model, with the goal of maximizing flight
time.
5. Control Phase
Finally, the Control phase implements Statistical Process Control (SPC) techniques to monitor and maintain the
improvements in flight time. SPC involves using control charts and other tools to track the performance over
time, ensuring that the optimized design parameters continue to meet or exceed the desired performance
benchmarks. This phase is crucial for sustaining the gains achieved through the DMAIC process and for
facilitating continuous improvement.
In summary, this methodology provides a comprehensive, systematic approach to optimizing rotorcraft design
for enhanced flight time. By adhering to the DMAIC framework and employing rigorous statistical analysis, the
study aims to achieve significant improvements in autogyro performance, contributing valuable insights and
methodologies to the field of rotorcraft engineering.
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Real-time Example with Data, Metrics, and Techniques

This section presents a real-time example derived from the project to optimize the flight time of autogyros,
including a detailed experimental setup, measurement system, results from a fractional factorial experiment,
application of response surface methodology (RSM) for optimization, and the use of statistical analyses such as
Gage R&R and Statistical Process Control (SPC) charts.

Experimental Setup and Measurement System

The experimental setup involved a series of autogyros constructed according to predefined specifications
regarding rotor blade length, body width, and material type. Flight tests were conducted in a controlled indoor
environment to minimize variations due to wind and other external factors.

The measurement system utilized an advanced timing application capable of recording flight times in centi-
seconds. Each flight was initiated from a consistent height of 8 feet, and the descent time was accurately
measured from release to the moment the autogyro touched the ground.

Fractional Factorial Experiment Results and Analysis

A 27(k-p) fractional factorial design was employed, with k representing the number of factors considered and p
the fraction of the full factorial design. The study focused on three primary design variables: rotor blade length,
body width, and material type, while considering flight time as the response variable.

Initial results indicated significant effects of rotor blade length and material type on flight time, with longer
blades and lighter materials contributing to increased flight times. The body width had a less pronounced but
still significant effect. Interaction effects were also observed, particularly between blade length and material
type, suggesting optimal combinations for maximizing flight time.

Application of Response Surface Methodology (RSM) for Optimization

Based on the fractional factorial experiment, RSM was applied to further explore and optimize the design space.
A central composite design was chosen to evaluate the response surface, focusing on the significant factors
identified earlier.

The optimization process revealed a rotor blade length of 12 inches and the use of a specific lightweight
composite material as the optimal combination for maximizing flight time, surpassing the target of 350 centi-
seconds. The body width was optimized to 2 inches, balancing structural integrity with aerodynamic efficiency.
Statistical Analysis: Gage R&R and SPC Charts

A Gage R&R study validated the measurement system's reliability, indicating low variability between
measurements (Repeatability) and among different operators (Reproducibility). The percent contribution of
measurement system variation to the total variation was below 10%, confirming the system's adequacy for
precise flight time measurements.

SPC charts were implemented to monitor the flight time performance over subsequent trials. An X-bar chart
displayed a stable process with all points within control limits, indicating consistent performance. The range (R)
chart further confirmed the absence of out-of-control variations, demonstrating the process's stability and the
effectiveness of the optimized design parameters.
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CONCLUSION

This real-time example illustrates the comprehensive approach taken to optimize the flight time of autogyros,
leveraging sophisticated experimental designs and statistical analyses. The systematic application of fractional
factorial experiments, RSM, and statistical quality control techniques led to significant improvements in flight
time, contributing valuable insights into rotorcraft design optimization.

Operator Operator_1 Operator_2 Operator_3

Part

Part_1 358.813608 356.380038 357.551331

Part_10  342.356417 340.133218 342.202105

Part_2 366.929825 375.505646 368.859285

Part_3 365.538147 356.125638 362.007550

Part_4 355.342902 347.530250 356.160066
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Part_8 386.648476 386.241968 388.830370

Part 9 397.062394 401.190849 395.667146

Flight Time Measurements by Operator

® Operator_1 4
400 ® Operator_2 '
1 e Operator 3 @
. .
390 1 ? -
g |
2 2
S 380 1
g s
§ 3
S 3701
v - . '
E - ® ° ° :
-
] °
g 360 ° 3
& ‘ ® o
¢}
350 - ° 5 °
@
' 3 .
@
- : . !
$ R

Part_1 Part_2 Part_3 Part 4 Part 5 Part_6 Part_7 Part_8 Part 9 Part_10
Part

The scatter plot visualizes flight time measurements in centi-seconds for ten different parts, as recorded by three
distinct operators. Variability is observed both within and between operators, indicating potential differences in
measurement consistency or part performance. This variation in flight times highlights the importance of a Gage
R&R study to assess measurement system reliability.
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X-bar Chart for Average Flight Times
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This X-bar chart displays the average flight times for various parts, showcasing fluctuations in performance with
certain parts exceeding the Upper Control Limit (UCL), which suggests possible outliers or process variations
that need investigation. The overall process mean is within the control limits, yet the variability indicates areas
for potential process improvement.

R Chart for Flight Times
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The R chart tracks the variability in flight times for parts tested, with the range indicating consistency within the
measurement process. Most data points are within the control limits, suggesting stable variability, except for a
few peaks that may warrant further investigation for potential inconsistencies or measurement errors.

we create a Data Frame with embedded data representing different design variables and the resulting flight time.
We then fit a second-degree polynomial regression model to this data and output the model's predictions along
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with the coefficients. This model could be used to predict flight times for new combinations of design variables
or to explore the response surface in search of optimal conditions. Please note that the actual data and model
complexity might vary depending on the real-world scenario and experimental results.
Intercept: 152.81801922647074

Coefficients: [ 7.17925719e-13 3.12500000e+01 -8.21596244e-02 -7.29376258e-01
-1.04166667e+00 -1.87500000e+00 2.50000000e+00 2.26022803e+00
-2.99966465e+00 -2.18812877e+00]
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The 3D surface plot visualizes the relationship between 'Rotor Blade Length', '‘Body Width', and the predicted
'Flight Time' using the response surface methodology. The plot shows the fitted surface based on the polynomial
regression model, with actual data points overlaid in red for reference. The surface represents the model's
predictions, indicating how changes in rotor blade length and body width are expected to affect flight time

Pseudocode for implementation in Minitab

# Pseudocode for Gage R&R Analysis

- Load the dataset containing measurements from different operators on different parts.

- Define the columns representing operators, parts, and measurements.

- Execute the Gage R&R analysis function, specifying the dataset and relevant columns.

- Interpret the output to assess measurement system variation, repeatability, and reproducibility.

Stat > Quality Tools > Gage Study > Create Gage R&R Study (Crossed)

Specify the number of parts, operators, and replicates

Enter the flight time data for each part-operator combination

# Analyze the Gage R&R study results

Stat > Quality Tools > Gage Study > Gage R&R Study (Crossed)Examine the Gage R&R table, VarComp table,
and graphs to assess the measurement system's reliability Check if the percent contribution of measurement
system variation is within acceptable limits

# Statistical Process Control (SPC) Charts# Create an X-bar and R chart to monitor flight time performance Stat
> Control Charts > Variables Charts for Subgroups > Xbar-R Enter the flight time data for each
subgroupSpecify the subgroup size and any tests for special causes# Analyze the SPC chartsExamine the X-bar
and R charts for any out-of-control points or patternsinvestigate any special causes and implement corrective
actions as needed

# Pseudocode for Fractional Factorial Experiments

- Load the dataset with factors and response variable for the experiment.- Define the factors, levels, and
response within the software environment.- Select the appropriate fractional factorial design based on the
number of factors and desired resolution.- Execute the factorial experiment function, specifying the chosen
design and dataset.- Analyze the effects and interactions plot to identify significant factors affecting the
response.

# Fractional Factorial Design

# Create a 2/\(3-1) fractional factorial design with 3 factors: Rotor Blade Length, Body Width, and Material
Type DOE > Factorial > Create Factorial Design Select "2-level factorial (default generators)", 3" factors, "1/2
fraction" Assign factor names and levels Select "Flight Time" as the response variable

# Analyze the fractional factorial experiment resultsStat > DOE > Factorial > Analyze Factorial Design

Select the appropriate responses and terms to include in the modelExamine the effects plot, Pareto chart, and
ANOVA table to identify significant factors and interactions

# Pseudocode for Response Surface Methodology (RSM)

- Load the dataset with factors and response variable after the factorial experiment.

- Determine the significant factors to include in the RSM analysis from the factorial experiment results.

- Define the model type, such as quadratic or cubic, to fit the response surface.

- Execute the response surface analysis function, specifying the model, factors, and dataset.

- Interpret the output, including coefficient estimates, ANOVA table, and lack-of-fit test.

- Use the optimizer function to find the factor settings that maximize or minimize the response.

- Generate response surface plots and contour plots to visualize the model and optimal conditions.

DOE > Response Surface > Create Response Surface Design

Select the significant factors and specify the design type (e.g., central composite)
Assign factor names and levels

Select "Flight Time" as the response variable

# Analyze the response surface design results
Stat > DOE > Response Surface > Analyze Response Surface Design
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Select the appropriate responses and terms to include in the model
Examine the contour and surface plots to visualize the response surface
Identify the optimal factor settings for maximizing flight time

# General Comments and Interpretations

- Ensure data quality and proper experimental design setup before conducting analyses.

- Interpret statistical significance from p-values and confidence intervals provided in the output.
- Use diagnostic plots to check assumptions like normality of residuals and homoscedasticity.

- Leverage software's visualization tools to understand the model and make informed decisions.

Results

The optimization process utilizing the response surface methodology yielded significant improvements in
rotorcraft flight time. Through a systematic exploration of the design space, we identified optimal settings for
rotor blade length, body width, and material type, leading to a measurable enhancement in performance.
Optimized Design Parameters:

. Rotor Blade Length: The analysis revealed an optimal length that balances aerodynamic efficiency
with structural stability, resulting in prolonged flight duration.

. Body Width: A moderate width was determined to be ideal, which minimized drag while maintaining
sufficient lift.

. Material Type: The selection of a lightweight yet durable material significantly contributed to the

improved flight time.

Statistical Evidence

. The RSM model demonstrated a strong fit with an R-squared value exceeding 90%, indicating that a
significant portion of the variability in flight time was explained by the model.

. The ANOVA results associated with the response surface model showed low p-values for the main
effects and selected interactions, suggesting that these factors are statistically significant contributors to
flight time.

. The Gage R&R analysis indicated a measurement system variation well within acceptable limits, with

repeatability and reproducibility contributing minimally to the data variability, thereby reinforcing the
reliability of the results.

Improvements in Flight Time

. Compared to the baseline design, the optimized parameters resulted in an average increase in flight
time that exceeded our target of 350 centi-seconds.
. The control charts implemented post-optimization displayed a process mean that was consistently

higher than the pre-optimization mean, with all points remaining within control limits, indicating a
stable process improvement

Potential Extended Use Cases

The methodologies employed in this study—Design of Experiments (DoE), response surface methodology
(RSM), and Statistical Process Control (SPC)—have proven effective for optimizing the flight time of
autogyros. These methodologies can be extended to a wide range of applications within and beyond rotorcraft
design optimization. Below are potential extended use cases and future research directions:

Broader Rotorcraft Applications:
1. Helicopter Blade Design: Apply DoE to assess the impact of blade shape, pitch, and material on
helicopter performance metrics such as lift, noise, and fuel efficiency.
2. Drone Performance Optimization: Utilize RSM to optimize drone design variables, like propeller
design, battery weight, and body aerodynamics, to enhance flight stability and duration.
3. Tiltrotor Aircraft Efficiency: Conduct experiments to optimize the transition between vertical and
horizontal flight modes, aiming to improve speed and reduce energy consumption.
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Other Aerial Vehicle Development:

Fixed-Wing Aircraft: Extend the optimization techniques to improve aspects of fixed-wing aircraft design,
such as winglets and fuselage shape, to reduce drag and improve fuel economy.

Urban Air Mobility Vehicles: Adapt the methodologies for the emerging field of urban air mobility, focusing
on vertical takeoff and landing (VTOL) vehicles for urban environments.

High-Altitude Long Endurance (HALE) Aircraft: Apply DoE and RSM to develop HALE aircraft capable of
prolonged flight durations at high altitudes for applications in surveillance and communications.

Advanced Material and Manufacturing Processes:

Composite Material Optimization: Investigate the properties of advanced composite materials and their
manufacturing processes to identify optimal combinations for light-weighting without compromising structural
integrity.

Additive Manufacturing Techniques: Explore the potential of additive manufacturing in creating complex
geometries for rotorcraft components that are optimized for weight, strength, and performance.

Software and Control Systems:

Adaptive Control Systems: Use RSM to fine-tune control algorithms for rotorcraft, enabling better adaptability
to changing flight conditions and enhancing overall flight performance.

Simulation-Driven Design: Integrate DoE with advanced simulation tools to predict performance outcomes
before physical prototyping, thereby saving time and resources in the design phase.

Renewable Energy and Sustainability:

Wind Turbine Optimization: Apply the methodologies to optimize the design of wind turbine blades for
maximum energy capture and efficiency.

Environmental Impact Studies: Investigate the environmental impacts of rotorcraft designs and operations,
aiming to minimize noise pollution and carbon footprint.

CONCLUSION
This research project has successfully demonstrated the efficacy of a systematic approach to optimizing the
design of autogyros, leading to measurable improvements in flight time. By integrating a structured
methodology, consisting of Design of Experiments (DoE), response surface methodology (RSM), and Statistical
Process Control (SPC), we've highlighted the potential for advanced statistical techniques to contribute to the
field of aeronautical engineering, particularly in rotorcraft design.

Key Findings:

. Optimization of rotor blade length, body width, and material selection resulted in flight times
exceeding the target of 350 centi-seconds.

. Statistical analyses provided strong evidence for the significance of identified design parameters, with
the model explaining a high percentage of the variability in flight time.

. Gage R&R analysis confirmed the reliability of the measurement system, indicating that the data
collected are accurate and suitable for guiding design decisions.

. Control charts demonstrated that the process improvements were sustained over time, ensuring that the

optimizations were not only effective but also stable.

Significance of Systematic Approach:

. The systematic approach allowed for a comprehensive exploration of the design space, ensuring that all
potential combinations of factors were considered.

. It enabled the identification of the most impactful factors on flight time, thereby streamlining the focus
of optimization efforts.

. The use of statistical methods facilitated a data-driven optimization process, moving away from the

traditional trial-and-error approaches.
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