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Abstract

The goal of this project was to design, build and fly a micro remote-controlled aircraft to

participate in the 2022 SAE Aero Design West Competition. The competition imposes

challenging design constraints on the aircraft which must carry large or small cargo boxes and

payload weight while being limited to a 48 inch wingspan, 450 watts of engine power, and an 8

foot takeoff distance from a raised platform. The final design configuration used large wing

control surfaces that extended beyond the wing trailing edge to serve as both flaps and ailerons

and a movable wing to increase stability. Although the aircraft experienced stability issues on

take-off at the SAE micro class competition, the team placed third overall due to high design

report and oral presentation scores.

“Certain materials are included under the fair use exemption of the U.S. Copyright Law and have been prepared according to the
fair use guidelines and are restricted from further use.”
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1. Introduction

The goal of this Major Qualifying Project is to design a micro-aerial vehicle (MAV) that

could be remote controlled (RC) and flown in the SAE Aero Design West competition, an annual

aeronautical design competition held by the Society of Automotive Engineers (SAE). The goal of

this competition is to challenge student groups by having them design, build, test, and,

ultimately, fly an aircraft according to specific design specifications. Overall, this competition

allows students to apply what they have learned in their classes and put theory to the test by

designing an aircraft with real world applications. (Society of Automotive Engineers)

The main goal of the competition is for the designed aircraft to carry the largest payload,

while maintaining the lowest weight fraction, and fastest takeoff time possible. In addition to

this, there are specific rules/requirements that need to be followed that must be considered when

designing the aircraft, primarily dealing with aircraft materials, payload, and size.

The project group is made up of 6 undergraduate students and is divided into 4 specific

subgroups. These subgroups are made up of Aerodynamics, Propulsion, Stability and Controls,

and Structures and Fabrication. Each group would be responsible for specific research and

analysis related to aircraft analysis and construction. Despite the subgroups, all members of the

group would work together through general decision making and design processes to gain a

comprehensive understanding of the aircraft.

The objectives of this MQP are to perform both theoretical and practical design analysis

of the aircraft. This broad analysis can be broken down into the mechanical design, structural

analysis, and flight analysis of the designed aircraft, as well as the redesign period, all adhering

to a specific set of rules and regulations.
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1.1 Background Literature Review

Based on multiple available reports from Worcester Polytechnic Institute (WPI), we were

able to review past micro aircraft MQP reports (Celaj et al, 2019) that described aircraft that

were flown in the past. While the specific rules varied for different years of the competition, the

reports were an integral part in helping the team understand the full process of planning,

designing, and competing in the competition.

In addition to WPI teams, we examined various winners from past years of the SAE Aero

Design Competition, notably Georgia Tech’s design (Georgia Tech, 2021) as the winner of the

2021 competition. This competition winner was important as the rules of the 2021 competition

were most similar to that of our competition. In past years, including the WPI competition, one

of the most prominent rules was that the aircraft was to disassemble and fit into a specific sized

box. This rule was not present for our competition or the 2021 competition, so the design and

flight videos were more relevant for our design process. The Georgia Tech team focused on

acceleration after takeoff, which further solidified our need for a high thrust to weight

ratio(Design build fly team dominates at the SAE Aero Design East Competition.). For shaping

the technical design report, past teams with high scoring design reports in SAE competition were

reviewed to understand what judges may have prioritized when awarding more points.

1.2 Project Goals

This MQP aimed to achieve the following goals:

● Design a Micro Air Vehicle (MAV) to fly in the 2022 SAE Aero Design West

Competition. Complete SAE AeroDesign rules can be found in Appendix A.

○ Maximize payload plate and box storage
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○ Minimize aircraft weight

○ Maximize aircraft lift and thrust/weight ratio

○ Aircraft can take off from a 4’ x 8’ launch platform and remain airborne

○ Successfully fly the aircraft course

○ Unload payloads in less than 1 minute

● Use prior knowledge of aeronautical theory including aerodynamics, structures,

stability and controls, and propulsion to analyze, design, reiterate, and develop a

MAV.

1.3 Project Design Requirements, Constraints, and Other Considerations

The 2022 SAE Aero Design West Competition provided the team with a set of rules that would

aid the team in designing the aircraft and in turn, maximizing the amount of points the team

could potentially score. The competition rules that most heavily guided the team’s decision

making can be found in Table 1.0 below.

Table 1.0 Primary Competition Rules

Flight Considerations Payload/Weight Considerations Power Considerations

Aircraft must take off from a 4’ x 8’
x 2’ platform

Payload must fit within a single
payload bay

Power limited to 450 W

Aircraft must make two 180 degree
turns

Payload located on exterior of plane
is not ideal

Aircraft limited to total of 4 LiPo
cells

300 ft. timed portion from takeoff
to first turn

Plane must carry minimum of 1
payload plate to score

Motor must generate adequate
thrust output

Aircraft must be able to fly
unloaded; Max wingspan of 48”

Stability over maneuverability Battery life must last for the flight
duration
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Less impactful competition design rules can be found in Appendix A. Another important

component the team needed to understand before designing our aircraft was the scoring rubric.

This scoring rubric was provided in 2022 SAE Competition Rules, with the overall flight score

being determined by the total of 3 flight scores. Each flight score is dependent on the total

payload weight multiplied by a bonus factor, divided by the time it takes the aircraft to reach the

first turning point in the circuit. The bonus factor is dependent on the number of payload boxes

flown. The specific equations that determined the overall score are shown below:

Overall Scoring Equation:

(1.1)

Where:

(1.2)

NLarge = No. of Large Boxes Flown

NSmall = No. of Small Boxes Flown

WPayload = Payload Plate Weight (lbs.)

TFlight = Flight Time from Take-off to First Turn (s)

In the early phase of design, the team made several graphs to determine how individual

flight scores are affected by variables such as flight time, the number of small and large delivery
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boxes carried, and the weight of the payload plates according to the formulas provided in the

rulebook. This allowed us to look at designs that would maximize our score at the competition.

Using the data from the graphs,we determined that after a given number of boxes, weight is more

advantageous in the form of payload weight than in delivery boxes, while also taking up less

space. Additionally, without payload plate weight or a successful flight time, it is impossible to

score any points using the scoring equation. As such, these factors were prioritized during plane

design, while maintaining the ability to carry a single payload box.

Figure 1.0 Flight Score Graphs

Outside of SAE competition design requirements, the team was limited by a departmental budget

of 1500 dollars to use on this MQP. This budget was considered when buying electronic

components, materials, and other relevant goods for the project.

1.4 Project Management
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The project team was split into 4 distinct groups to divide the workload and create a

specific team for each of the main subject areas listed in our objectives. These groups were made

up of aerodynamics, propulsion, stability and controls, and structures and fabrication. The

aerodynamics group consisted of Sam Pitkowsky and David Van Sickle. The primary

responsibilities of this group were to examine the lift and drag characteristics and performance of

the airfoil, wing, tail, and any other relevant aircraft appendages. The propulsion team included

Chrisitan Chadwick who was primarily responsible for selecting a motor and propeller, analyzing

the thrust and drag output, and evaluating power requirements. The stability and controls team

consisted of Connor Miholovich, who was responsible for evaluating the static and dynamic

stability of the aircraft, developing control systems, developing aircraft electronics, and

performing trim analysis. Additionally, both the aerodynamics team and stability/controls team

would work in conjunction to determine the feasibility of aircraft modifications. The structures

and fabrication group were made up of David Tomer and Justin Schoepke who were responsible

for the structural design, analysis, and reinforcement of the aircraft as well as the CAD modeling.

Despite the fact the teams had separate objectives, each group would interact and simultaneously

work together on various problems and design considerations to ensure that each member had a

comprehensive understanding of any design changes to the aircraft. Detailed interactions

between these subsystems can be found in Table 1.1 below:

Table 1.1 Major Design Subsystem Interactions

Subsystems Major Design Interactions

Aerodynamics and Propulsion Changes to motor selection, affecting lift and thrust.

Aerodynamics and Stability/Controls Changes to control surfaces, moments and aircraft flight control

Aerodynamics and Structures/Fabrication Changes to aircraft shape (nose, fuselage, tail, etc.), affecting drag, lift
performance
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Propulsion and Stability/Controls Changes to acceleration and moments during takeoff;  in flight controls

Propulsion and Structures/Fabrication Imposes restrictions on size and shape of nose; nose must be able to handle
thrust force

Stability/Controls and Structures/Fabrication Aileron/elevon modifications must be feasible for fabrication

The SAE competition required that a technical presentation be presented prior to

competition attendance. The presenters for this presentation consisted of Connor Miholovich,

Justin Schoepke, David Tomer, and David Van Sickle. Due to budgetary constraints, the team

was able to send three team members to the competition. The team members that attended the

competition were Connor Miholovich, David Tomer, and David Van Sickle, accompanied by

Professor Olinger.

1.5 MQP Objectives, Methods and Standards

Throughout this MQP, there were various tools and software that would help assist the

team in performing detailed analysis of the aircraft and other vital calculations, as well as

achieve the objectives listed in Section 1.2. Specifically, software was used to analyze the

structure, model the aircraft components, stability matrices, and other factors that were beneficial

to specific project groups.

1.5.1 Tools/Software Used for Analysis, Modeling, and Fabrication

1.5.1.1 MATLAB

MATLAB was a very useful program for performing more complex and tedious calculations for

areas such as stability and controls. The program has many uses, primarily for our project it is
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used for computation and data analysis. MATLAB provided the team with the ability to solve for

stability characteristics, simulate environments, and generate graphs if needed.

1.5.1.2 XFLR5

XFLR5 is an analysis tool that can be used for airfoils, wings, and planes operating at lower

speeds. The wing design and analysis uses lifting line theory, the vortex lattice method, and a 3D

panel method to generate detailed analyses of aerodynamic interactions. This software was

particularly useful for the aerodynamic group for modeling both individual NACA airfoils to

determine performance characteristics as well as 3D wing designs. Because our aircraft is fixed

wing, XFLR5 also can determine certain stability characteristics that can be cross referenced

with other calculations for verification.

1.5.1.3 Solidworks

Solidworks is a computer aided design software program that is able to develop mechatronic

systems from beginning to end, and can be used to design parts, assemblies, and drawings. This

type of program was integral for structures and fabrication, as the team would be able to

visualize both individual components and the aircraft structure using the program.

1.5.1.4 InkScape

Inkscape is a 2 dimensional drawing tool. It was used to import .dxf files onto a computer and to

generate custom plots to send to the laser cutter.

1.5.1.5 MotoCalc8

MotoCalc8 is a software used to create pairings between motor, battery, and propeller

combinations under specific circumstances. User settings can define desired aircraft performance

settings, such as thrust, weight, electric power, and battery size to streamline the

motor/battery/propeller selection process for the propulsion team.
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1.5.1.6 RCbenchmarkGUI

The RCbenchmark user interface software was paired with the RCbenchmark 1585 thrust stand

to visualize and report out measured data for static and dynamic thrust testing. In absence of a

power limiter, the software allowed desired cutoff values to be set on stand testing, such as a 450

watt power limit. This software was integral to collecting and graphing thrust stand data to

confirm theoretical motor/battery/propeller thrust and power outputs.

1.6 MQP Tasks and Timetable

Table 1.2 Project Gantt Chart
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2. Design and Analysis

2.1 Aircraft Configuration Design

Three criteria were initially considered when selecting an aircraft configuration: the type

of aircraft, the number and type of delivery boxes we would attempt to carry, and how difficult

the aircraft would be to build and fly. The team immediately recognized that the aircraft type was

heavily influenced by the amount of payload boxes carried, so these two criteria were partially

evaluated together. These brainstorming sessions yielded three aircraft configurations that we

investigated further; a delta wing aircraft, a flying wing, and a traditional airfoil and fuselage

design. (Lennon, A.)

Table 2.0 Aircraft Configuration Design Evaluations

Payload
Configuration

Stability &
Controls

Structural
Complexity

Fabrication
Complexity

Required
AOA

Total
Score

Delta Wing 3 1 1 2 1 8

Flying Wing 2 1 1 2 2 8

Traditional Wing 1 3 3 3 3 13

Figure 2.0 Initial Aircraft Configurations
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Table 3.1 shows a design matrix we used to evaluate different aircraft configurations. Our

team researched delta wing, flying wing, and traditional wing aircraft in the early stages of our

design process. The design matrix shows 5 primary criteria we assessed each configuration with.

The delta wing aircraft had the highest scoring payload configuration of the three aircraft types,

with moderate build complexity. However, the delta wing falls short when it comes to stability

and controls, structural complexity, and required angle of attack. Both the controls and structure

were complex and the required angle of attack did not make sense for the scale of the

competition. The flying wing also faced the same issues with stability, controls and structure

complexity. The flying wing was a better choice than the delta wing in the other three categories.

The traditional wing aircraft excelled past the other two aircraft in every category but payload

configuration. Stability, controls, structure, fabrication, and angle of attack were all very feasible

for our team and the competition. The traditional wing aircraft had the lowest point potential for

its respective payload configuration, however the team prioritized ease of stability and control to

higher payload capacity. The total score of each aircraft reflected the team’s aptitude towards

selecting a desired configuration, with the fixed wing clearly outperforming the other aircraft in

multiple fields that the team prioritized, and was thus chosen as the aircraft configuration.

2.2 Aerodynamics

2.2.1 Airfoil Selection

The team designed the airfoil so that it would operate at low Reynolds numbers, while

being able to generate necessary lift to equal the weight of the plane at cruise conditions. The

airfoil had to be structurally sound and easy to manufacture. For example, airfoils with extremely

thin trailing edges often cause fabrication issues, such as the Selig 1223. An estimated total
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aircraft weight (including payload plate and boxes) of 3 pounds was determined by the team’s

intended payload and anticipated weights for propulsion and structural components. The aircraft

would have to generate a lift of 13.34 Newtons at cruise conditions (Equation 3.2). The team

assumed an aircraft flight speed of 15 m/s (33.5 mph) , an approximate chord length of 16.5 cm

and a flight altitude of 236 m above sea-level to determine a Reynolds number of 210,000

(approx). The required lift coefficient was then calculated by equating the weight of the loaded

wet aircraft to the lift needed to generate the required amount of thrust, showin in Equation 3.1.

(Anderson, J)

at 0 AOA, Wet Mass (2.1)𝐶
𝐿𝑟𝑒𝑞

= 𝑊

ρ𝑉2𝐴
* (1 + 𝑎0

𝜋𝐴𝑅 ) =  0. 249

N (2.2)𝑊 = 𝑚𝑔 = 1. 36 𝑘𝑔 * 9. 81𝑚/𝑠2 = 13. 34

From the In Equation 3.1 we can see that our airfoil selection is sufficient for the plane to𝐶
𝐿𝑟𝑒𝑞

takeoff where the Cl of the NACA 4412 is .467 at 0 degrees AOA as shown in Figure 3.4.

Figure 2.1 Lift Coefficient to AOA for NACA 4412 Airfoil at Re of 210,000

21



Figure 2.2 NACA 4412 2D performance  (C l vs Cd) for Reynolds numbers of 210,000

With the final iteration of our aircraft: our landing gear configuration caused the aircraft

to sit at roughly 5 degrees angle of attack. The non-zero angle of attack was caused by the tail

landing gear being mounted on the angled section of the tail, making it sit lower vertically on the

aircraft than the main landing gear. The angled configuration allowed for our aircraft to produce

greater lift at the takeoff through the wing not being positioned at a zero degree angle of attack.

Our new Cl of the NACA 4412 is approximately 1 instead of the Cl of .467 for the NACA 4412

at 0 degrees angle of attack. The new Cl at 5 degrees angle of attack is more than sufficient to

satisfy our design constraint of the in Equation 3.1. (Anderson, J)𝐶
𝐿𝑟𝑒𝑞

2.2.2 Aspect Ratio

Our team wanted to have a high aspect ratio for our airplane to decrease induced drag and

increase the roll stability of our aircraft due to a larger span. By selecting a wingspan of 116.84

cm (46 in) and a chord of 16.51 cm (6.5 in) we are able to calculate our aspect ratio to be: 7.3846

by using Equation 3.3.

(2.3)𝐴𝑅 = 𝑆
𝑐  𝑤ℎ𝑒𝑟𝑒  𝑆 =  𝑠𝑝𝑎𝑛,  𝑐 =  𝑐ℎ𝑜𝑟𝑑 
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By having a larger wingspan the moment of inertia about the longitudinal axis is

increased, which causes the required moment that needs to be overcome by our control surfaces

to be larger. Decreasing the span would allow for a higher roll angular acceleration, which while

increasing maneuverability would decrease the stability of the aircraft. Due to the simplistic

flight pattern required for the competition the team valued stability over maneuverability in order

to increase the potential for competition points. Furthermore, the higher aspect ratio and

rectangular wing design allow for maximized wing area for the design constraint for the

wingspan.

2.2.3 Wing Planform

The final wing planform shape is a 46 in. by 6.6 in. rectangle. The rectangular shape was

chosen over others such as a delta wing due to its larger wingspan making it more stable. The

rectangular platform greatly simplified the fabrication process compared to elliptical or swept

wing designs. The rectangular wing’s airfoil ribs remain the same size and shape across the

wingspan and the carbon fiber support rods don’t need to be angled. Due to the traditional wing

style of the aircraft, the airfoil does not need to feature a reflexed edge due to the presence of the

tail wing. With our wing planform and assumed wet weight, the team calculated a wing loading

of 19.38 oz. per sq. ft. (0.0084 psi), or a wing cube loading of 12.3, calculated with equation 3.4:

(2.4)𝑊/𝑆 =  (𝑊𝑒𝑡 𝑊𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑜𝑧.)/(𝑆2/144)1.5
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2.3 Structures

Our team selected typical RC building materials and building strategies to design our

aircraft structure. The fuselage and airfoil are designed with carbon fiber stringers along the

lengths, and balsa wood ribs placed intermittently. These structures are then wrapped in

Monokote heat shrink wrap. Balsa wood is an excellent choice for its extremely lightweight

properties, as well as low cost. It is readily available and easy to build with. It is especially

receptive to laser cutting operations for precision shaped parts such as the airfoil ribs. We

selected carbon fiber for the structure stringers not just for its lightweight properties, but also for

its extremely high yield strength. The stringers in the airfoil will be supporting much of the

weight and wing load so it is important that they resist deformation. Monokote heat shrink wrap

was an obvious choice as an outer shell for our aircraft due to its lightweight, ease of application

and repair, and conformity to curved shapes. Additionally we used 3D printing to manufacture

our more intricate parts. 3D printing allowed us to make complicated parts precisely while still

using a lightweight material such as ABS plastic. 3D printing also allows manipulation of

density and wall thicknesses to more easily control a part’s structural properties and weight.

2.3.1 Fuselage/Cargo Bay Configuration

Figure 2.3 shows 2 possible design configurations that were investigated. Both designs

allow for space to carry small delivery boxes, the first allowing for 8 and the second for 12. The

team quickly eliminated the “fuselage 2” option due to the large cross sectional area and

predicted consequential parasitic drag. Therefore, “fuselage 1” design became the basis for the

team’s first full aircraft design. Figure 2.4 shows the first iteration of our aircraft, intended for

proof of concept glide tests, including 5 small delivery boxes and control surfaces, excluding

payload plates and a motor. The team realized that our initial design containing 8 delivery boxes
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underestimated the space needed for structural and electronic components, so we decided to

attempt 5 boxes instead. A series of various tests were completed and are described in depth in

Section 6. These tests informed the decision to proceed with the final payload and delivery box

configuration shown in Figure 2.3.

Figure 2.3 Fuselage Design with Alternative Payload Storage Options. Fuselage 1 (left); Fuselage 2 (right).

Figure 2.4 Final Fuselage Configuration Carrying Payload Boxed.
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2.4 Propulsion System

The team considered various candidates for the aircraft motor, propeller and battery. Due

to the short takeoff requirement, the team opted for an outrunner motor. Outrunner motors

contain electromagnets around the rotor, and permanent magnets outside of these. This provides

magnetic forces further from the center of the motor, resulting in higher torque and less time to

reach full speed. The required thrust at cruise was determined by determining the total aircraft

drag developed at 15 m/s cruise speed for our aircraft design. This calculation showed that 1.4

lbs of thrust is required to overcome drag at the estimated flight speed of 15 m/s. This thrust

value yields a thrust to weight ratio T/W = .467. However, the team decided to increase the

required thrust value to T = 3 lbf to achieve a thrust to weight ratio of T/W = 1.0 that is generally

used for RC aerobatic aircraft. The power to weight ratio P/W = 150 watts/lb that results also

meets 'rule of thumb' power requirements given in (The Watts Per Pound Rule for Electric RC

Planes).

Candidate motors were initially selected from the MotoCalc 8 motor/propeller software

database. The motor selection was heavily influenced by competition design constraints,

primarily a 450 watt power limit. The team narrowed down two possible electric motors: a

Scorpion HK 3226 1600 kV motor and a Flash Hobby D3536 1250 kV motor. The team decided

to choose the Flash Hobby motor over the Scorpion motor due to it’s lighter weight with a higher

power efficiency that ensured a high thrust to weight ratio was produced.

With a motor selected, the team was limited by the SAE rules to a commercially available

4 cell Lithium Polymer battery. The team designed the aircraft to fly at maximum throttle for at

least 2 minutes. Based on the time of flight Equation 3.5:
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(2.5)𝑇𝑂𝐹 =  ((𝐿𝑖𝑃𝑜 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦/𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑅𝑎𝑡𝑒) * 60)/1000

The team found a battery that would allow the aircraft to fly for 2.5 minutes at full throttle. The

team chose a 2200 mAh 4S LiPo with a 50C discharge rate. This high discharge rate ensured the

battery could ramp up to maximum thrust quickly during takeoff and climb. The team was given

access to an RCbenchmark 1585 Test Stand that allowed the team to measure thrust outputs,

power, current, vibration and could even set cutoff values to these outputs. This thrust stand was

vital to evaluate different thrust and power characteristics to determine the most efficient motor

and propeller combination.

2.5 Control System Design

To design the wing, the most important feature to evaluate is the control surfaces. In the

first iteration of our design the team chose to use two wing ailerons and a rudder, with a

horizontal tail to produce the necessary moments about the center of mass for static stability (but

no control surfaces). The control system of the plane now features two wing ailerons, a single tail

rudder, and a single tail elevator (non-differential). The design was based on STOL bush planes

to optimize performance of the plane at takeoff. The largest design constraint for the controls

section is designing a plane that can take off from the competition's short runway.

To control the roll, the team elected to use two ailerons on the main wing. An aileron was

placed to the either side of the fuselage on the trailing edge of the wing. To control the yaw of

our aircraft, the team elected to use a rudder placed on the tail of the plane. The rudder was

located on the trailing edge of the vertical stabilizer and was able to rotate in order to yaw left

and right. To control the pitch of the plane, the team used a single elevator located on the trailing
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edge of the horizontal stabilizer. The non-differential system was designed for the purpose of

generating lift and controlling the pitch, not contributing to roll.

Table 2.1: Shows the ratio of the surface area that the control surface is mounted to the surface of the control

surface.

Total Aileron Area/Wing Area
Ratio

Total Rudder Area/Vertical Tail
Area

Total Elevator Area/Horizontal Tail
Area

10.51 % 41.67 % 33.00 %

Each of the control surfaces mentioned in Table 2.1 are controlled by a closed-loop PID

(Proportional, Integral, Derivative) controller that takes sensor feedback from our flight

controller. The choice of using a PID controller was based on ease of implementation and overall

performance benefits. The PID controller features a more robust and easy to integrate closed

loop system. Furthermore, our flight controller has a built in PID controller through mission

planner that only needs to be tuned to fit the aircraft. This allowed our team to spend more time

on other aspects of the plane design rather than writing software to implement a more advanced

controller that would only provide minimal benefits.

3 Aircraft Performance Analysis

3.1 Wing and Airfoil Simulation

In order to effectively determine the drag acting on the aircraft we used XFLR5 to

simulate the aircraft in a controlled setting (no environmental conditions such as wind). The goal

of the simulation and testing is to lower the drag acting on the aircraft by finding points on the

plane that decrease aerodynamic efficiency. (Deperrois, A.)
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Figure 3.0 XFLR5 Simulation Induced Drag acting on wing at 0 degrees AOA.

Figure 3.1 XFLR5 Simulation of Viscous Drag Acting on Wing at 0 degrees AOA.
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Figure 3.2 XFLR5 plot of drag coefficient vs velocity.

Figure 3.3 Matlab plot of drag vs velocity.

After analyzing the data from the XFLR5 simulation we were able to make several

distinct observations about the aircraft's performance and effects of drag. XFLR5 shows that the

airfoils are efficient in producing lift with a low drag (per AOA) at cruise conditions. The team's

XFLR5 drag analysis using XFLR5's aircraft mode only included the wing, horizontal tail and

vertical tail components as shown in Figures 3.0 and 3.1. The fuselage was not included in the

analysis since the XFLR5 aircraft mode showed convergence issues when the fuselage was
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included. We later performed wind tunnel tests on a 3:1 scale model of the WPI 319-2022 design

to obtain additional drag data. This testing is described later in Section 6.1.

3.2 Structural Analysis

In order to ensure that the aircraft would be able to withstand the forces anticipated

during flight, we conducted simulations (static simulations in SolidWorks) on specific parts,

subassemblies, and the main assembly to determine how they would respond to applied forces

and locate problem areas for design improvements.

The first tests ran were to check individual parts we thought could be potential breaking

points during normal operations, primarily the 3D printed clips used to connect the main airfoil

to the fuselage. The points of concern were features 1, 2, and 3 as labeled in Figure 3.3 below.

The assembly utilized “stand-in parts” with contact interactions so that it would behave similarly

to when it is actually in flight on the aircraft. The stand-ins for the airfoil rods located at feature 3

were set as fixed geometry (parts that can’t move during simulation), and a 5 lbf downward force

(conservative overestimate of expected weight/lift forces) was applied to the stand-in for the

fuselage rod located at feature 2. From the simulation, we were able to determine that the part

would be able to withstand the required forces without breaking (maximum stress experienced

due to the applied force was about 780 psi whereas the ultimate tensile strength/breaking point of

PLA is about 7080 psi), as well as determining that the feature with a higher risk of breaking was

feature 3 rather as opposed to features 1 and 2, shown in Figure 3.4 below. A simple

hand-calculation was done as a way to verify the amount of stress found in the simulation using

Equation 4.1 for both points of concern experiencing the full force of 5 lbf across their total area,

0.0074 in^2 for sections between features 1 and 2, and 0.0423 in^2 for feature 3, resulting in
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stresses of around 675 psi and 118 psi respectively. While the hand calculated stresses were

lower than those found in the simulation, they were able to provide an important comparison to

determine if the simulation was working properly (i.e. no stresses multiple times the value of the

breaking point). Similarly, a simulation of the 3D printed tail piece was also run using the same

applied force as used for the airfoil clips as shown in Figure 3.5 and found that the points of high

stress were around the holes for the fuselage rods, and that the stresses did not exceed the

breaking point of the material. The fixed geometry was set along the holes meant for where the

carbon fiber rods from the fuselage connect to the tail. The tail showed signs of stress along the

carbon fiber attachment points (where the fixed geometry was set) and along the servo mounting

areas. The stresses simulated in Figure 3.5 are simulating the forces from the horizontal tail wing

to simulate the stresses acting on the component in flight from the lift.

(3.1)σ = 𝐹𝑜𝑟𝑐𝑒 (𝑙𝑏𝑓)

𝐴𝑟𝑒𝑎 (𝑖𝑛2)

Figure 3.4 Solidworks model of 3D printed wing attachment part for stress analysis. 1- set screw holes, 2- fuselage

rod holes, 3- airfoil rod clips.
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Figure 3.5 Wing attachment piece stress test results (Blue = low/no stress;red = high stress).

Figure 3.6 3D printed tailpiece stress test results (Blue = low/no stress;red = high stress).

3.2.1 Mass Properties & Balance

Table 3.0 below was used to compile relevant component masses and center of gravity

(CG) positions relative to a datum located at the front most point of the aircraft. It allowed the

team to keep track of component masses’ contributions to the total mass of the aircraft and their

effect on the aircraft CG, facilitating the process of making changes to component masses and

positions in order to move the aircraft CG.
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Table 3.0 Component weights and horizontal positions.

Item of interest Weight (lb) Percentage of Aircraft
Weight

Position (in)

Motor 0.31875 10.625 1.1

Battery 0.55125 18.375 6.66

Electronics 0.14512 4.837 8.10

Structure 1.7349 57.829 26.97

Payload 0.25 8.333 7.71

Empty CG n/a n/a 19.16

Loaded CG n/a n/a 17.33

Total 3 n/a n/a

3.3 Static and Dynamic Thrust

The team initially performed static thrust testing using the RCbenchmark 1585 test stand

to measure the static thrust of the Scorpion HK 3226 motor paired with various propellers to

measure thrust output. The test stand software allowed the team to cut off power to the motor

should it exceed 450 watts, which the team did to ensure we were within the competition

specified power constraints. These test results can be seen in Figure 3.6. The team then measured

the static thrust of the Flash Hobby D3536 motor, which had a maximum power rating of 500

watts, compared to 1550 watts for the Scorpion motor. The team tested the motors on the thrust

stand with 9 x 6E, 11 x 5.5E, and 10 x 4.5E propellers, and the combinations that generated the

highest thrust were chosen for the figures. The results shown in Figure 3.7 show that the Flash

Hobby motor was able to generate much more thrust than the Scorpion motor within our given
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power constraints, and was chosen as our desired motor for the aircraft, due to its lighter weight

and higher thrust to power efficiency. (The Watts Per Pound Rule for Electric RC Planes)

Figure 3.7 Scorpion vs FlashHobby Motor Static Thrust.

Following static thrust testing, the team measured the dynamic thrust of the FlashHobby D3536

Motor in the WPI Aerodynamics Test Facility which is a wind tunnel with 2 foot x 2 foot x 8

foot test section and 55 m/s maximum test section velocity. The following results were taken

with an airspeed of 22 miles per hour, half of the team’s cruise speed, and 45 miles per hour.

Figure 3.8 FlashHobby 22mph and 45 mph Dynamic Testing.

The motor propeller combination was able to generate 2.7 lbs of thrust before reaching the power

limit at 22mph, compared to 1.6 lbs at 45 mph. This was lower thrust at the cruise speed than the

team anticipated, however it was still deemed acceptable for competition flight. (Hall, N.)
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3.4 Static and Dynamic Stability

Our XFLR model of the plane shows that our neutral point is at 46.2 cm (18.5 in) and our center

of gravity on the x axis is at 43.5 cm (17.14 in). From the relationship between neutral point and

center of gravity we can conclude that our plane is stable because our neutral point is behind our

center of gravity. Figure 3.8 further validates the stability of our aircraft where our moment

coefficient versus angle of attack plot shows a negative slope. We can conclude that our aircraft

is statically stable through our evaluation of the static margin in Equation 4.2, our Moment

Coefficient slope in Figure 3.8, and our glide testing results. (Deperrois, A.)

(3.2)𝑆𝑡𝑎𝑡𝑖𝑐 𝑀𝑎𝑟𝑔𝑖𝑛 =  𝑋𝑛𝑝−𝑋𝑐𝑜𝑔
𝑐 = 16. 3%

Figure 3.9 Moment Coefficient vs AOA for the XFLR5 plane model.

A stability analysis was done using Matlab by inputting the known physical parameters

of our plane and the moments of inertia as calculated by solidworks. Our aircraft underwent

several iterations before the team was satisfied with the stability. From our static margin

Equation 3.2 and comparing the results to the moment coefficient plot in Figure 3.8, we can see
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that our plane is statically stable with a static margin of 16.3%. To further improve the stability

(longitudinal and lateral) of our plane we used a flight controller with a tuned PID controller to

improve the response of the aircraft, the tuning values can be seen in Table 3.3. When simulating

dynamic responses and controls in XFLR5 the Short and Modal Responses failed. The failure of

the dynamic responses allows us to conclude that our aircraft is not dynamically stable, so some

form of control system or stabilization is required to fly the aircraft. (Robert C. Nelson)

Table 3.1 Longitudinal Dimensional Stability Derivatives.

Stability Derivative XFLR5 Value Matlab Value

Xu -0.00024265 -0.1248

Xw 0.023189 0.8285

Xq 0 0

𝑋
𝑤

0 0

Zu -0.10339 -4896.2

Zw -12.525 -12.744

Zq 7.9377 -0.7939

𝑍
𝑤

0 -0.0254

Mu -1.3312e-7 0

Mw 9.7942 -0.3623

Mq -8.6253 -0.4167

𝑀
𝑤

0 -0.0153

37



Table 3.2 Lateral Dimensional Stability Derivatives.

Stability Derivative XFLR5 Value Matlab Value

Yv -0.26475 -0.7644

Yp 0.020427 -0.0556

Yr 0.019498 0.3157

Lv 0.003407 -0.2676

Lp -0.7095 -0.8613

Lr 0.01429 0.1759

Nv 0.010442 0.1954

Np -0.0074515 -0.0550

Nr -0.00096087 -0.1814

When designing the control algorithm for the aircraft we wanted to model a system that

could easily be input to most flight controllers. We elected to use a closed loop PID controller

that would take sensor feedback from our IMU’s. We then modeled the system in Matlab and

Simulink using the stability derivatives and equations of motion of our physical aircraft. In our

Simulink model we made a PID controller for heading of the aircraft, pitch of the aircraft, and

roll of the aircraft. We then plotted the elevator, rudder and aileron responses. In using the plots

we were able to tune our PID controller (shown in Table 3.3) to get the theoretical responses and

settling times that we wanted. Equation 3.3 shows the PID controller equation used to create our

Simulink model. (Prof. Jonathan P.)

(3.3)𝑃𝐼𝐷 𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 𝑢(𝑡) = 𝐾
𝑝
𝑒(𝑡) + 𝐾

𝑖
∫ 𝑒(𝑡)𝑑𝑡 + 𝐾

𝑝
𝑑𝑒
𝑑𝑡
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Table 3.3 Shows the tuning parameters for the aircraft.

PID Gain Roll Pitch Yaw

Proportional (Kp) 0.1600 0.4000 0.3000

Integral (Ki) 0.0003 0.0007 0.0001

Derivative (Kd) 0.0200 0.0350 0.0100

Figure 3.10 The aircrafts simulated PID response to pitch responses from 0 to 10 degrees.
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Figure 3.11 The aircrafts simulated PID response to roll responses from 0 to 5 degrees.

Figure 3.12 The aircrafts simulated PID response to yaw responses from 0 to 35 degrees.
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Due to competition regulations we utilized the gyroscopic stability augmentation from

the Frsky S8R to improve the control response of the aircraft. The PID controller developed for

the project simulates the response of the Frsky S8R where the goal of the S8R is to smooth the

flight path by reverting the aircraft to a level orientation (make the aircraft nonrotating/fly the

aircraft at zero degree AOA). The PID controller takes a nonzero initial condition and plots the

control response and angular response of the system as the PID controller attempts to level the

aircraft to zero degrees (level flight).

3.5 Flight and Maneuver Performance

During our flight testing the team noticed that the roll authority was not responsive. To

compensate for the lack of control authority the team redesigned the ailerons to be longer to

increase the force produced by the control flaps. During the flight tests, the team noticed that the

yaw control was responsive but slow. To improve the performance of the rudder the team

extended the control surface by 1.5 times the original length and noticed a significant increase in

the control response time. Our team noticed that the pitch control performed well during takeoff

using the two ailerons on the main wing. However, during the flight, the pitch authority was

aggressive rather than smooth. To increase the control authority the team elected to add a single

non-differential elevator on the tail to improve the performance.

3.6 Take-Off and Climb Analysis

To simulate the takeoff from the elevated runway the team used the aircraft parameters

and control parameters in a Python Runge-Kutta method which is shown in Figure 3.12. The

Runge-Kutta method uses a series of differential equations of motion and integrates them with

respect to time. The vertical displacement is calculated using Equation 3.9 and the system of
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equations is calculated using Equations 3.4-3.8. In Equation 3.9 h is defined as the step to loop

through, in this instance time is used as h over the interval of 0 - 8 seconds. (S, J.)

(3.4)𝑑𝑦
𝑑𝑡 = 𝑓(𝑡, 𝑦), 𝑦(𝑡

0
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Figure 3.13 Launch simulation results from Python Runge-Kutta numerical integration.

Our takeoff simulation shows that our aircraft will be able to hold altitude until it reaches its

cruise speed where it will be able to climb.
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4 Construction and Testing

4.1 Fabrication

Laser cutting was a critical tool in the construction of the aircraft. It allowed parts such as

the airfoil and fuselage ribs to be fabricated out of ⅛” balsa wood quickly and precisely to

achieve the desired shape. Some of the laser cut components can be seen in Figure 4.0. 6 foot

carbon fiber rods were ordered in bulk and cut by the team to save on costs. Payload plates were

machined on a 3-axis CNC mill out of mild steel. This process was the easiest and quickest way

to work with such a tough material while ensuring the plates were identical to one another. The

tail base and airfoil clips were both 3D printed out of PLA plastic. 3D printing was appropriate

for these components because it allowed us to manufacture unique geometries out of a light

material for a low cost. All components were mated to one another using cyanoacrylate glue.

Figure 4.0 Laser cut structural components

4.2 Assembly

4.2.1 Fuselage and Airfoil

The airfoils, fuselage, and vertical tail were all assembled using a similar process. The

carbon fiber stringers are cut to length, and then the ribs for the particular assembly are glued

along the carbon fiber at the desired spacing. It is important to note that the 3D printed airfoil
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clips must be assembled concurrently between the correct ribs as the fuselage is built because

once the ribs are glued into place, the clips cannot be removed. An assembled fuselage and

airfoil can be seen in Figure 4.1. The vertical tail and horizontal tail are assembled onto the 3D

printed tail base along with the control surface servo motors. The tail subassembly slides onto the

fuselage carbon fiber stringers and then is glued in place. The nose components are designed to

interlock with each other and the fuselage. These components are glued together and to the

fuselage. The motor is mounted to the nose, servo motors mounted to the airfoil, and the rest of

the electronics are wired together. The flight controller and esc are set into a piece of foam that is

secured to the fuselage to protect them during flight. Finally, all components are covered in

Monokote heat shrinking wrap. Figure 4.2 shows the fully wrapped glider prototype.

Figure 4.1 Assembled fuselage and airfoil.

Figure 4.2 Fully assembled and covered glider prototype.

4.2.2 Electronics
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The competition required us to follow a strict electronic wiring setup consisting of a

battery, 450W power limiter, electronic speed controller, receiver, and arming plug. Servo and

DC motors had no restrictions other than the wiring to the electronics which is shown in Figure

4.3. Figure 4.4 shows the actual wired setup for our aircraft.

Figure 4.3 Electronic configuration as regulated by SAE.

Figure 4.4 Actual electronic setup as used in the competition.

4.2.3. Shipping

The aircraft was shipped to the competition via UPS Ground in a box 48” x 24” square.

This was more than enough volume to fit our aircraft, spare parts, and a box of tools. The box

was purchased from a local U-Haul store.

4.2.4 Complications

Monokote can be difficult to work with; there were several instances of the wrapping

tearing on sharp corners. This issue was resolved by being conscientious of how much heat was

45



being applied and not using too much. Similarly, as the Monokote shrank, it tended to warp some

of the ribs in the direction of the shrinking. ⅛” balsa rod was added between some of the ribs to

prevent this.

4.3 Testing

4.3.1 Wind Tunnel Testing

Used a 3D printed 3:1 scale model of our aircraft (with no control surfaces) in a

Engineering Laboratory Design (ELD) Force Balance (first usage at WPI). The testing consisted

of using a calibrated lift and drag sensor and changing the AOA of the aircraft. The calibration

process included using known masses (5kg and 2.5kg) that were hung from a pulley system to

adjust the readings of the thrust and drag sensors. The initial model showed that there was a large

amount of drag for the amount of lift acting on the scaled aircraft. To compensate for the drag the

team redesigned the nose to be more aerodynamic by making the nose more round to give the

aircraft body a streamlined shape.

4.3.2 Glide Testing

The team decided to perform a series of unpowered glide tests to determine the structural

capabilities of the aircraft as well as control responses. The prototype designed for this test

included wing aileron and rudder control surfaces, and used weights to simulate aircraft

components within the fuselage. Figure 4.5 shows an indoor site with a balcony that was

approximately 15 feet above ground where the aircraft could be thrown into level flight and

control responses could be observed (without disturbances from environmental conditions).

During glide testing, the aircraft responded to pitch control inputs well, but was less responsive

in roll and yaw. The pitch response of the plane was somewhat sluggish during glide testing.

46



However, the slow pitch response was presumed to be the fault of the aircraft moving below the

predicted airspeed during the short glide test duration. The glide test yielded an average velocity

of 12.3 m/s when the predicted airspeed was 20 m/s. The average velocity was calculated from

the distance traveled and the 2.13 second flight time.

Figure 4.5 Glide Testing Setup

Design changes that resulted from the first glide tests included increasing the rudder

chord to increase rudder area. This change only mildly improved the yaw response and did not

improve the roll response. To improve the roll response, gaps between the wing and aileron

surface were reduced by extending wing monokote. Following these modifications, the team

opted to test aircraft control responses on a fully powered, structurally enhanced aircraft.

4.3.3 Flight Testing

Table 4.0 summarizes the team’s flight testing both before and during competition.

Important findings and results from the flights are also noted in Table 4.0. Figure 4.6 shows a

picture from our flight testing. The Table 4.0 also notes notable failures or success of the aircraft

which strongly influenced changes the team made on the design of the aircraft in order to

improve flight.
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Table 4.0 Flight Test Details

Date Test Results/findings

11/10/2021 Glide Test Successful glide; some pitch but little to no
roll or yaw control

2/15/2022 Powered Flight Aircraft capable of takeoff under its own
power; poor roll and yaw control

4/6 Powered Flight Aircraft can take off from 8’ table, glides
down to ground, lift not adequate (50%
throttle)

4/7 Powered Flight Aircraft can take off from 8’ table; roll, yaw,
and pitch all respond as expected; elevators
clipped ground and right elevator broke,
elevators do not appear to produce adequate
lift

4/9 Powered Flight at SAE
Competition

Trim ailerons down 5 degrees to add
additional lift, too much payload carried for
headwind, plane nose-dove (only broken
landing gear).

4/9 Powered Flight at SAE
Competition

Box placement moved CG, causing the plane
to roll over and crash.

4/9 Powered Flight at SAE
Competition

Ailerons re-trimmed to account for
unbalanced CG. Plane elevators do not seem
to be producing enough lift -> must use max
throttle.

4/10 Powered Flight at SAE
Competition

Main wing separated from the right side of
the fuselage and the plane landed safely.

4/10 Powered Flight at SAE
Competition

Elevator servo failed, plane did a backflip
due to the servo being locked at max positive
pitch.
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Figure 4.6 Powered Flight Testing

5 Summary, Conclusions, Recommendations, Broader Impacts

5.1 Summary

The team designed the WPI “Bad Larry” Aircraft to compete in the 2022 SAE Micro

Aircraft Competition. The aircraft is a single motor, high wing monoplane design constructed

from balsa wood, carbon fiber rods, PLA 3D printed material and monokote. The aircraft was

designed to have an empty weight of 1.5 lbs consisting of structural and propulsive components,

a maximum predicted take-off weight of 3 lbs, and a 3 minute flight time. The payload consists

of metal payload plates and small “Delivery Boxes”, supplied by the competition. There were a

number of design constraints which the team had to abide by. During this competition, the team

placed third within the micro class, and achieved second place in technical design report writing

scoring. While the team’s aircraft did not fly successfully, a high technical design report and

presentation performance within the field assured that the team secured a place on the

competition podium. The team gained greater insight into the technicalities concerning aircraft

design with restrictive constraints, and was proud of our achievements within the competition.
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5.2 Conclusions

The competition was held at a recreational airfield in Encino, CA over three days of flying

between micro, regular, and advanced class competition aircraft. We arrived at the competition

with a handful of improvements we wanted to make based on our powered flight testing

mentioned previously. We made what changes we could without having to take a point deduction

for an ECR (Engineering Change Request) which mostly included some fine tuning of our trim

on our control surfaces. Over the three days, the team attempted 6 total flights, all with

increasing levels of success. Although we never got a full scorable flight, we saw improvements

each time. The overall competition standings can be found in Figure 5.1 which shows that we

placed 2nd in the Design Report score and 6th in the Presentation score and 3rd place in the

Overall score.

Figure 5.0 Final Competition Standings
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5.3 Recommendations for Future Work

At the onset of the project, the team realized that several members had little to no

experience with electric powered aircraft of this scale. The team recommends that future teams

gain a better understanding of the difference between principles of smaller RC aircraft compared

to full scale airplanes and conduct research on proven flight designs, rather than experimental

ones.

The team could have made several changes to the overall project management and

subsystem interactions to enhance greater collaboration and design coordination. The team found

themselves behind schedule during the later stages of the design process, often due to inability to

coordinate schedules and issues arising from fabrication challenges. This was increasingly

noticeable when it came time for powered flight testing, which occurred several weeks beyond

the anticipated initial test date. If the team had followed a more strict schedule and coordinated

our individual schedules better, we may have been able to save precious time later in the testing

process. This may have given the team ample time to make necessary design changes prior to

competition that could have given the team a better chance at successful competition flights.

In addition, the team realized after conducting preliminary designs and constructing

gliders that there were several unintended consequences between certain design changes which

had not been communicated between different team subsystems. A great benefit early on in the

project, after preliminary aircraft design research has been conducted, would be to create a

flowchart detailing subsystem interactions. This would ensure that whenever a subsystem was

considering a design change, they would be able to track the effects of this change across the

entire aircraft design, and would be able to discuss further changes with any other affected

subsystem(s).
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Mentioned earlier, the aircraft was unsuccessful in completing the flight course in

competition. There were a number of design changes that were realized during the competition

which could not be changed, but provide greater insight into our team’s design flaws. The lack of

stability due to the aircraft’s tail was most evident. A larger chord length on the tail would have

resulted in more stability, which was clearly needed after unsuccessful flight attempts at

competition. In addition, another tail modification that would enhance the aircraft’s stability

would be to extend the elevator chord length. This was initially considered in the aircraft design

prior to competition, but was avoided due to penalties associated with design changes occurring

close to the competition.

The team faced issues with the aircraft’s loaded center of gravity during competition, and

despite the aircraft gaining lift, it was often too late, and found the aircraft pitching up and

landing on its tail. The aircraft was more tail heavy than anticipated in our theoretical

calculations, which was likely due to the 3D printed tail bracket introduced later in the design

phase. Concerning the overall aircraft design, the team received praise at the competition for

keeping a conventional aircraft design rather than an experimental one. This is generally

recommended for teams, as it simplifies the aircraft stability/controls and fabrication processes

that are vital for creating an aircraft that is relatively simple to build and fly.

During powered testing, the team faced issues of certain vital components of the aircraft

fracturing, rendering control surfaces inoperable and crippling structural components. A

recommendation for the structure/fabrication team is to make the aircraft modular wherever

possible. If multiple parts can be laser cut/printed and swapped out following a damaging crash,

this would save the fabrication team a significant amount of time which would be better spent

performing testing than waiting for glued parts to set. To further improve flight dynamics and
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ensure that the aircraft has high performance metal geared servos and paying attention to servo

temperature. It was noticed that the gears on the plastic servo would melt or wear down quickly

with heavy use.

5.4 Project Broader Impacts

Despite the fact that the SAE competition imposes specific design rules leading to a niche

aircraft design, there are certain practical applications of this aircraft design. Certain aspects of

society could benefit from such a design, through its ability to carry sizable payload, takeoff

quickly, and do so consuming minimal power.

One of the primary goals of this aircraft per design requirements was to create an aircraft

that could takeoff in a short distance, similar to a bush plane. The ability for an aircraft to take

off in such a small distance could have many practical applications in difficult terrain where a

long distance runway isn’t feasible. This could have applications for various payload delivery

devices, both for military application and private industry usage.

Additionally, the team designed the aircraft to minimize empty weight wherever feasible

to optimize aircraft payload delivery for this short runway. Numerous civilian and military

applications rely on this weight reduction for optimizing payload to weight ratios. Various

payloads could be used, such as containers holding medical devices, imaging equipment for

surveillance, and even a modified payload bay to drop care packages. Overall similar aircraft to

our designs have the ability to emphasize smart and quick payload delivery to targets in

environments which would be unsuitable for traditionally designed aircraft to navigate in and out

of.
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Appendix B. Aircraft Technical Drawing
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Appendix C: Simulation Code
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