University of Southern Indiana
Pott College of Science, Engineering, and Education
Engineering Department
8600 University Boulevard
Evansville, Indiana 47712

Designing a Fixed-Wing 3D Printed Aircraft
Joel Knackmuhs
Landon Mayer
Glen Rouch
Isaac Whitehead

ENGR 491 - Senior Design
Spring 2022

Approved by:

_______________________________________________________________
Faculty Advisor: Julian Davis, Ph. D.

Approved by:

Date

_______________________________________________________________
Department Chair: Paul Kuban, Ph. D.

Date

Acknowledgments
The 3D Printed Aircraft Team would like to extend our gratitude to a few individuals
who helped with our project these past two semesters. First, we would like to thank our faculty
advisor Dr. Julian Davis. With his engineering experience, he guided us through the design
process. Additionally, we would like to thank Dr. Todd Nelson for assisting with design
decisions and for volunteering to attend the competition with us in July. We also would like to
thank the engineering department for funding the project and ordering parts. We would like to
acknowledge the Endeavor Committee for granting travel funds for the competition through the
Endeavor program. And lastly, to our friends and family, thank you for supporting us throughout
our college careers.

ii

Abstract
A 3D Printed Aircraft Competition hosted at the University of Texas Arlington
challenges students to design an aircraft while employing the advantages and considering the
constraints of 3D printing. This allows students to explore the capabilities of 3D printing in
prototyping and fabrication uses as an alternative or supplement manufacturing method. This
report presents a review of research in the field of aircraft design, an analysis of conceptual
designs, and features the designs for a 3D printed fixed-wing aircraft. The objective of the
project discussed in this report is to design and construct a 3D printed fixed-wing aircraft to
compete in the 6th annual 3D Printed Aircraft Competition hosted at the University of Texas
Arlington.
With the goal of designing an aircraft for maximum flight time, numerous design
tradeoffs were considered. Similar designs from engineering teams that competed in past
competitions were reviewed and learned from. The aircraft design was largely constrained by the
capabilities of 3D printing and by the competition requirements. After designing the aircraft, a
working prototype that met the requirements of the competition was constructed. The aircraft
was operated in test flights, and each design was improved upon for the next iteration.
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1.0 Introduction
Designing an aircraft is an engineering challenge consisting of numerous design
decisions and tradeoffs. This report discusses the tradeoffs involved in the design of an aircraft
that is optimized to maximize flight duration while considering the constraints of 3D printing
technology.
1.1 Objective
The objective of this project is:
Develop a lightweight, fully 3D printed fixed-wing aircraft that complies with the
University of Texas at Arlington’s 3D Printed Aircraft Competition rules and guidelines for the
6th Annual 3D Printed Aircraft Competition in July 2022.
1.2 Deliverables
The deliverables for this project are the following:
•

3D printed fixed-wing aircraft

•

Senior Design Report

•

Senior Design Presentation

•

Informative Poster

The aircraft will be a fully functioning prototype designed to compete in the 3D Printed
Aircraft Competition. The team will be building different prototypes and testing them throughout
the design process. Three planes of the final design will be printed and transported to the
competition. Pictured below in Figure 1 is an image of the group’s fixed wing 3D printed
airplane for the competition that will be held in July of 2022.
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Figure 1: USI 3D Printed Aircraft- Final Design

This report includes the set of requirements, a system hierarchy, a mechanical and
functional block diagram, concept of operations, and a budget. Background information is then
given about the competition as well as three projects that are like that of the group. It also defines
the multiple factors that impacted the design of the aircraft and how they help achieve the
requirements the group set. These factors are then discussed in greater detail showing the
engineering design decisions that were made. This includes conceptual designs, when applicable,
as well as calculations to support the decisions. The design decisions are then validated through
further engineering calculation, simulation, and experimentation with the final design being
displayed afterwards.
The report then details a disposal plan for the project as well as a budget that includes the
cost of parts as well as the travel to the competition. Lessons learned from the project are then
discussed which leads to what future work could be done to the project. Lastly, the conclusion of
the report, followed by references used in the report and additional information in the
appendices.

2

2.0 Background
The Annual 3D Printed Aircraft Competition is an annual design challenge for
engineering students. The motivation for this research and the competition rules and details are
discussed in this section.
2.1 Motivation
The motivation for this senior design project is to participate in the 6th annual 3D Printed
Aircraft Competition held at the University of Texas at Arlington [1]. In this competition, teams
representing universities across the United States bring their 3D printed planes to compete. This
will be the first time The University of Southern Indiana will send a team to compete in the
competition.
2.2 Competition Rules and Details
The competition has two different categories: Fixed Wing and Rotary wing aircraft. The
team chose to design a fixed-wing aircraft. The goal of the competition is to achieve the longest
flight duration with only 8 seconds of continuous propulsion during the flight. The competition
rules and details are listed below:
•

All airframe components shall be 3D printed.

•

There are no size, configuration, weight, or material restrictions

•

Helium, CO2 canisters, or any other unsafe propulsion methods (e.g., no rocket
motors or external flames) shall not be used for the competition.

•

Aircraft may be launched by hand or takeoff under own power. Catapults of other
launching devices may not be used

•

Aircraft may be powered using a safe propulsion method for a maximum continuous
duration of 8 seconds.

•

Aircraft shall operate safely within a 300 x 160-foot area (i.e., football field) and
remain under 30 feet (i.e., height of football goalpost).

•

Teams are allowed 3 flight attempts with the longest flight time recorded as the
official time.

•

All lifting surfaces shall remain fixed on the aircraft.
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•

Teams may use multiple aircraft of identical design and fabrication across flight
attempts

•

Aircraft repair is allowed between flights using adhesive and 3D printed components
but not tape or other non-3D printed repair methods

For reference, the concept of operations is shown below in Figure 2 to demonstrate how the
aircraft will operate during the competition.

Figure 2: Concept of Operations to show how the steps of the process at the competition.

First, a team member hand launches the aircraft. Step 2 shows the aircraft climbing to the
maximum altitude of 30 feet over 8 seconds using the motor for powered flight. At point 3, after
8 continuous seconds of powered flight, the electric motor propelling the aircraft is turned off.
During step 4, the aircraft glides for as long as possible before landing. For the entire duration of
the flight, a team member will be controlling the aircraft with an RC transmitter.
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2.3 Factors that Impact Design
Designing an aircraft requires the consideration of numerous variables and constraints.
For this project, the constraints of the 3D Printed Aircraft Competition must be considered. The
aircraft shall be completely 3D printed, stay within the boundaries of a football field, and
propulsion shall last for a maximum continuous duration of 8 seconds. After the initial 8 seconds
of propelled flight, the aircraft will behave like an unpowered glider with the goal of staying
airborne for as long as possible. With these constraints in mind, each design decision must be
based on maximizing flight time.
Four separate forces will be acting on the aircraft during flight: thrust, lift, drag, and
weight due to gravity. Thrust is the force generated by the electric motor and propellor pulling
the aircraft forward through the air. Lift force is generated by the wing allowing the aircraft to
climb. Drag opposes thrust and always acts opposite of the motion of the aircraft. Weight due to
gravity opposes lift, pulling the aircraft down toward the ground. The free-body-diagram in
Figure 3 below illustrates how each of these forces act on the aircraft during flight.

Figure 3: Free-body-diagram showing the forces acting on the aircraft during flight.

To allow the aircraft to stay airborne for as long as possible, lift must be maximized while
simultaneously minimizing drag and weight. The degree of which this goal is achieved depends
on the following design factors:
5

•

Electronic Component Selection

•

Wing Shape

•

Material Selection

•

3D Printing Constraints

•

Wing Internal Structure

•

Fuselage Design

•

Tail Configuration
2.3.1 Electronic Component Selection
The electronic system of the aircraft is important for two reasons. This system will

generate thrust to propel the aircraft to 30 ft and allow the aircraft to be controlled in flight to
remain inside the boundaries of a football field. Since the aircraft is allowed eight seconds of
powered flight time, it is important that the motor selected can propel the aircraft to the height
limit of 30 feet in this time.
The electronic system selection flows down from the selected motor and propeller, as the
current required by the motor will affect other components selected. The total weight of the
aircraft has the greatest influence on the size of motor and propeller required. The motor and
propeller size can be estimated using simulation software such as ECalc and MotoCalc. While
these software packages will give close motor and propeller size approximations, testing is
required to confirm the simulation results.
Once the motor and propeller combination is selected, the current draw of the motor can
be estimated with the same software used for the motor sizing. The motor current draw will
determine which electronic speed controller (ESC) and battery is required for the system. The
ESC controls the speed of an electric motor and is rated in amperage, and the rating must be
larger than the maximum current draw of the motor.
The most important requirement for the battery is that it can output the current required
by the motor. The current output of a lithium-polymer (LiPo) battery can be calculated by
multiplying the capacity in Ampere hours by the discharge constant. Since the motor is running
for eight seconds, a small capacity battery with a large discharge constant is desired. A two cell,
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or 7.4 Volt, LiPo battery is ideal for the competition as two cell batteries are the lightest battery
option that will provide the necessary voltage for the system.
The transmitter and receiver allow for control of the system and need to meet two
requirements. The first requirement is that the receiver on the aircraft has enough channels to
accommodate the servo motors and ESC connections. The second requirement is that the
transmitter has the functionality to properly mix the servo motor signals for the control surfaces.
For the competition, the electronic components should be selected to maximize thrust while
minimizing weight.
2.3.2 Wing Shape
In flight, lift and drag forces produced by the wing change according to the angle of
attack. The angle of attack is defined as the angle between a reference line along the chord of the
wing and the vector relative to the motion of the specific body and the fluid that which it is
moving [2]. A representation of the angle of attack is shown in Figure 4.

Figure 4: Angle of attack defined as α, with the airflow flowing from right to left.

An airfoil is a structure with curved surfaces designed to give the most favorable ratio of
lift-to-drag in flight. Two airfoil shapes can be seen in Figure 5 below.
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Figure 5: Examples of a symmetrical and under-cambered airfoil, with the airflow flowing from
right to left.
For symmetrical airfoils, the upper and lower surfaces are mirror images of each other.
The upper and lower surfaces for under-cambered airfoils are not mirrored, and these airfoils
produce more lift. For the wing airfoil, the team examined common under-cambered airfoils used
on gliders. Choosing the best airfoil correlates with the second requirement of elevating the
aircraft to its maximum altitude of 30 ft.
The airfoil shape on the tail does not need to produce lift. For this reason, symmetrical
airfoils should be used on the tail, as the net force acting on both will change direction during
flight depending on which direction the control surfaces are deflected.
The wing planform geometry is the shape of the wing from the top view. This shape
affects the lift-to-drag ratio and the total weight of the aircraft. Figure 6 shows a top-down view
of an aircraft with the planform shape of the wing circled in green.
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Figure 6: The circled portion calls out the planform shape of the wing within the scope of the
entire aircraft.
Developing the best planform wing shape correlates with the second requirement of
elevating the aircraft to its maximum altitude of 30 feet and increasing flight duration by
maximizing the lift and minimizing drag.
2.3.3 Material Selection
Three materials were considered for this aircraft which were: Acrylonitrile Butadiene
Styrene (ABS), Polylactic acid (PLA), and Lightweight Polylactic acid (LW-PLA). For this
design, a low-density material is ideal to minimize the mass of the aircraft. However, the
material needs to withstand the forces of flight. Because most of the mass will be attributed to
the 3D printed material, material selection has a major influence on the overall weight of the
aircraft.
2.3.4 3D Printing Constraints
The first 3D printing constraint considered was the print volume of the printer. The print
volume defines the maximum dimensions of a part that is printed and affects the part size and
9

possible printing orientations. The 3D printer used for this design has a print volume of
300x300x400 mm and a visualization of this print volume is shown in Figure 7.

Figure 7: A 3D printer with the maximum print volume highlighted

The second printing constraint was the thickness of the material being extruded from the
printer tip. The printer has a nozzle diameter of 0.4 mm. This dimension needs to be considered
when designing the 3D printed components because the thickness of the material determines if a
part thickness needs to be doubled for strength. Figure 8 shows an image of a print nozzle
extruding material at a thickness of 0.4 mm.
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Figure 8: A zoomed in image of a 3D printing nozzle extruding filament at a diameter of 0.4 mm
[3]
The next 3D printing constraint was the maximum print angle. Print angle is defined from
the vertical axis, and parts printed at angles greater than 45o have overhang. Any overhanging
part requires support material which ensures the accuracy of the print. Typically, support
material can be removed, but with the internal structure of the wings there is no easy method to
remove all the material. Failure to remove all support material increases the mass of the aircraft
and affects the stability of the aircraft. To avoid this, 3D printed parts were designed to eliminate
overhang. Figure 9 shows a part that complies with the print angle and a part that does not. The
part on the left, with the green check mark, follows this constraint while the part on the right,
with the red ‘X’, does not.
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Figure 9: Maximum Print Angle

These constraints aid in minimizing the mass of the aircraft while also ensuring structural
integrity during flight.
2.3.5 Wing Internal Structure
Ribs and spars are two components used when designing the internal structure of a wing.
Ribs are oriented from the front to back of airfoil shape and spars are aligned parallel to the
wingspan. These components act as the wing skeleton to support the airfoil shape during flight.
Figure 10 shows a cross-section view of a wing, revealing how ribs and spars are oriented on the
interior of the wing. This was a design from a past competition used by San Diego State
University.
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Figure 10: Internal Design- Ribs and Spars used by San Diego State in a past competition [4].

The internal structure allows for a much stronger wing than a hollow design and weighs
less than a solid design.
2.3.6 Fuselage Design
The fuselage is the body of the aircraft. The wing and tail fins attach to the outer surface
of the fuselage, and the electronic components are secured inside the fuselage. The location of
each of these components affects the aircraft’s center of gravity. For the aircraft to achieve
balanced flight characteristics, the center of gravity must be in the correct location. It is helpful
to design the fuselage so the electronic components to be moved forward or aft to adjust the
center of gravity location. To keep the overall mass of the aircraft low, a compact fuselage
design is also desired.
2.3.7 Tail Configuration
For the tail of the aircraft, two designs were investigated: the conventional tail and the Vtail. A V-tail design reduces aircraft mass and drag by using two fins instead of three while
offering the same control as a conventional tail. The conventional tail, shown below in Figure 11,
has horizontal and vertical stabilizers with control surfaces. In the conventional tail shape, these
control surfaces include a rudder and two elevators.
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Figure 11: Conventional Tail Configuration [5].

A V-tail design consists of two stabilizers that are 110 degrees apart and make a “V”
shape. Control surfaces called ruddervators control the pitch and yaw of the aircraft. Figure 12
shows how different ruddervator movements affect the pitch and yaw.
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Figure 12: V-Shape Tail Configuration and Ruddervator Movements [6].

The tail design directly correlates with all three requirements because it offers a reduction
of mass and the ability to control the aircrafts elevation and flight path, allowing it to climb to 30
ft and stay within the limits of the football field.
2.4 Similar Projects
Reviewing similar projects is an important part of the design process. Teams in previous
3D printed aircraft competitions have implemented innovative designs that can be learned from.
For this research, three different designs developed by three separate universities were examined.
2.4.1 San Diego State University
A San Diego State University team designed an aircraft with the same objective and
constraints as this research project. Their team used a flying wing design with a vertical
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stabilizer. This design had a wingspan of 1.44m and an aspect ratio of 9.6 [7]. The team used the
SD7037 airfoil for their design which is shown in Figure 13.

Figure 13: The SD7037 airfoil which was used on the wing for the SDSU team for a past
competition.
This airfoil is popular for remote-controlled sailplanes and is a strong design
consideration of our team. This design would be very rigid and tough due to its simple
construction. However, the wing aspect ratio is much lower than most gliders, and flying wing
designs are difficult to control during flight [4]. An image of this project is displayed below in
Figure 14. Their aircraft used a 1000 kV motor with a 3 cell 1300 mAh battery. The motor
selection is good as the higher kV motor will allow for faster acceleration during the 8 seconds
of propulsion in the competition flight. The purpose for the battery selection is not stated, but a
1300 mAh battery is excessive for an 8 second propulsion sequence. While this design can offer
insight into the selection process of components, weight reductions, such as a smaller battery, are
necessary. During their 3D printing they found that their wing sections were experiencing heavy
warping which caused problems during assembly. They resolved this problem by printing
different wing sizes to reduce warping.
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Figure 14: San Diego State University Aircraft- Isometric View [7].

2.4.2 Florida State University
A team of engineers from FAMU-FSU designed a 3D printed aircraft for a competition
with the goal of carrying a soccer ball and one pound of cargo [8]. This aircraft used a wing
planform that was 50% straight and 50% tapered [9]. This tapered wing design increased the
CL/CD ratio and reduced the weight of the wing. They also used XFLR5 to analyze their aircraft.
XFLR5 is a program that analyzes airfoils, wings, and planes that operate at low Reynolds
numbers and helps calculate the stability of aircrafts. This group chose the Eppler E423 airfoil
because it fit their competitive needs. This airfoil is shown in Figure 15.

Figure 15: Florida State University Airfoil Selection- Eppler E423

Their project solved the problem of selecting the electrical components of a 3D printed
aircraft, but their components were selected with different parameters. The components used in
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their build were selected for continuous flight of a heavy aircraft. The components they selected,
especially the six-cell battery, are much too heavy for a 3D printed gliding aircraft, especially
since the motor will only be used for eight seconds during the flight. The design used for their
project is shown in Figure 16.

Figure 16: Florida State University Aircraft- Isometric View [8].

2.4.3 Banfield Design
The Banfield project investigated the viability and practicality of using a desktop 3D
printer to fabricate small Unmanned Aerial Vehicle (UAV) airframes [10]. Banfield selected the
SD7037 airfoil which is a low Reynolds number airfoil that is popular for RC sailplanes [2]. The
airfoil was one of the 34 different airfoils they tested, and its shape is shown in Figure 17.
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Figure 17: Banfield Airfoil Selection- SD7037

They printed three different airfoils from the 34 they tested. The GM15 had the highest
lift-to-drag ratio out of the three, so they continued with that airfoil first. This served as a guide
when examining glider airfoils to run data test and simulations. While they included information
for modeling the internal aircraft structure, their aircraft is designed to have extended flight
times. This will vary from the glider design that will be implemented for the competition.
While Banfield was successful, they mentioned design changes that would increase the
performance. The wing design was cumbersome, making the aircraft heavier. A simplified
internal structure would allow for significant weight reduction. A picture of the wing design can
be seen in Figure 18.

Figure 18: Banfield Aircraft- Isometric View.
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Furthermore, the limited volume of the 3D printer they used required redesigning the
aircraft into smaller sections. Banfield propulsion testing experiments measured thrust, voltage,
current, and power for the motor and propeller. This testing was conducted for our research to
validate the electronics selection.

3.0 Engineering Design Decisions
Considering the factors that impact the team’s design and lessons learned from similar
projects, engineering design decisions were made using this background information. A mass
goal for the aircraft was set at 500 grams. Each design decision discussed in this chapter was
made to achieve the overall mass target as well as being able to control the aircraft during flight.
3.1 Aircraft Overview
An overview of the team’s aircraft is shown to be able to visualize the main components
of the aircraft. Figure 19 shows an isometric view of the team’s aircraft.

Figure 19: Isometric view of the design of the team’s aircraft.

This isometric view can be broken down into four subsystems which are as follows: the
electronics tray, wing, fuselage, and tail. Figure 20 shows an exploded view with each of these
subsystems called out.

20

Figure 20: Exploded view of the aircraft showing the major subsystems.
These four subsystems encompassed all the factors that impacted the design. The team then
made engineering design decisions based off these factors to meet the requirements set at the
beginning of the project. Each subsystem was developed to comply with the 3D printing
constraints which include the maximum print volume, print thickness, and maximum print angle.
3.2 Electronic Component Selection
Electronic component selection for the aircraft flows down from the motor and propeller
selection. The goal when selecting all the electronic components is to maximize thrust while
minimizing weight.
As a rule of thumb for RC aircraft, the motor and propeller selected needs to provide
thrust equal to half the mass of the aircraft [11]. With a mass target for the aircraft of 500g, the
motor and propeller will need to provide at least 250g of equivalent thrust. Using ECalc, an
online motor and propeller calculator, the approximate size of the motor and propeller were
estimated. Figure 21 shows two motors of similar mass and power that were tested with a
7”x3.8” propeller as a result of the online calculations, and Table 1 shows the thrust and mass
produced by each motor.
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Figure 21: Two motors that were tested.

Table 1: Thrust produced by each motor and their total mass.
D2836

D2830

Thrust

282 g

341 g

Mass

76.6 g

60.2 g
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The DYS D2830 motor (purple motor in Figure 21 D2830) and a 7”x3.8” propeller were
selected as this combination provided 341g of thrust and the DYS D2830 motor was lightest
option. The estimated current required by this combination is 21 Amperes at maximum power.
With the maximum current draw of the motor estimated to be 21 Amperes, a 30 Amp
ESC was selected for the system. There is not a significant weight difference between ESCs with
the same rating, so a non-name brand ESC was chosen as a cheaper alternative. Selecting the
battery consisted of searching for a low capacity LiPo battery with a discharge constant that
allows the battery to output the required current. The CNHL MiniStar 450 mAh battery was
selected because it was the lightest two cell LiPo battery with a sufficient output current. The
battery can output 31.5 Amperes, and it has sufficient capacity to power the motor for eight
seconds and the servo motors for the duration of the flight.
The transmitter and receiver selected was the Flysky FS-i6X. This transmitter was
selected because it can be programmed to control aircraft with both traditional and V-tail
designs. The receiver has six available channels and was selected to allow for additional servo
motors if control surfaces on the wings need to be added. Generic servo motors were selected for
their availability. Figure 22 shows the layout of the electronic components in the aircraft.
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Figure 22: Layout of electronic components in aircraft. These electronics are attached to the
removable electronics tray.

From left to right in Figure 22 is the propeller and motor, battery, ESC, and the receiver.
The servo motors are not shown, as they are mounted in the fuselage. Appendix P includes an
electrical block diagram that shows how the components are connected.
3.3 Wing Shape
The design of the main wing focuses on the wing shape from three different views. The
airfoil shape can be seen from a sectional view of the wing. The planform geometry is the wing
shape from the top view. Wing dihedral is visible from the front view of the wing.
3.3.1 Airfoil
The airfoil shape of a wing directly impacts the lift generated. The primary goal of the
airfoil shape is to maximize the lift-to-drag ratio. When deciding on an airfoil shape, nine
common airfoil shapes used on aircraft gliders and sail planes were evaluated. The top 3 undercambered glider airfoils that performed the best can be found in Table 1 below. These airfoils
include the Hobie airfoil, the S4410, and the GM15. To make this decision, the lift and drag
forces were calculated at an angle of attack of 6.5º and a at a velocity of 7.0 meters per second.
These are both estimated values at which the under-cambered airfoils perform best at. Once the
lift and drag forces were calculated, the lift-to-drag ratios were found and compared. The Hobie
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airfoil was selected as it produced the highest lift-to-drag ratio, and it preforms best at low
speeds. It is important to note that the Hobie airfoil performs best at an angle of attack between
6º and 7º, and it has a stall angle at a 10º angle of attack.

Table 1: List of the top 3 best performing airfoils and the calculated lift-to-drag ratio

3.3.2 Planform
There were two main goals that guided the design of the wing planform. First, the wing
must have a large surface area. This allows the wing to generate sufficient lift force at low
airspeeds. Since the aircraft will be gliding for a significant duration of the flight, the low
airspeed flight characteristics are important. The second goal of the wing planform design is to
maximize the lift-to-drag ratio. Multiple wing shapes were analyzed using computational fluid
dynamics (CFD) software called XFLR5. A screenshot from the analysis of a rectangular shaped
wing is displayed below in Figure 23.
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Figure 23: Top view of wing with a rectangular planform shape
The rectangular wing achieved a lift-to-drag ratio of 16.7, with a wing surface area of
0.28 m2. This planform shape performs well at low airspeeds but produces too much drag for our
design goals. A tapered wing was also considered. This wing is shown below in Figure 24.

Figure 24: Top view of wing with a tapered planform shape

This wing shape achieved a lift-to-drag ratio of 17.0, with a wing surface area of 0.28 m2. This
wing performed better at greater airspeeds. However, the wing surface area was much lower than
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the rectangular shaped wing. For this reason, a hybrid wing was considered. It is shown below in
Figure 25.

Figure 25: Top view of wing with a hybrid planform shape

This wing achieves a lift-to-drag ratio of 17.1, with a wing surface area of 0.24 m2. The hybrid
wing achieved the greatest lift-to-drag ratio of all the wings tested. For this reason, the hybrid
wing was selected. The final dimensions of this wing shape are shown below in Figure 26.

Figure 26: Top view of the selected wing design with dimensions.

The final wing design has a wingspan stretching 1.4 meters and a mass of 180 grams. This
design achieves the planform geometry goal of creating a wing with a high lift-to-drag ratio and
a large wing surface area.
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3.3.3 Dihedral
As seen from the front view of the aircraft in Figure 27, the wings angle upward at the
wingtips. This wing shape feature is called dihedral. The purpose of dihedral is to increase the
roll stability of the aircraft. With greater roll stability, the aircraft can maintain level flight with
fewer control inputs. Dihedral also eliminates the need for control surfaces on the wing. This
would require control surfaces to be implemented into the design of the wing and two extra servo
motors to actuate the control surfaces, and this design decision reduces the complexity of the
aircraft significantly.

Figure 27: Front view of the aircraft displaying the dihedral angle of 8°

3.5 Material Selection
While PLA and ABS are more commonly used than LW-PLA, there is a property that
makes LW-PLA desirable to use for this application. When heated, the LW-PLA goes through a
chemical reaction and air bubbles are introduced to the material in a “foaming” action that
lowers the density while maintaining structural integrity. Figure 28 shows a microscopic view of
LW-PLA after it has been heated up and experienced the “foaming” action.
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Figure 28: LW-PLA “foaming” property

Because of this property, the density of LW-PLA is nearly half that of regular PLA and
close to 40% less than ABS. Table 2 shows the density comparison of the three materials.
Table 2: Material Densities

Material

Density
𝑔
𝑐𝑚3

LW-PLA
PLA
ABS

0.65
1.25
1.05

Because LW-PLA had the lowest density while maintaining the structural rigidity needed, it was
chosen as the material to construct the aircraft.
3.6 Wing Internal Structure
The internal wing structure was designed to support the wing in flight while minimizing
the total weight of the wing. A major designing constraint was that the nozzle path needed to be
designed to be completed in a single loop. Early attempts designing the internal structure
exposed this constraint after trying to print different wing sections. Typical 3D printing
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materials, such as PLA and ABS, can start and stop printing at any point, which is a property
called retraction. However, because of LW-PLA’s foaming property, the printer continued to
extrude the material, which means it is not able to retract. This causes unwanted additional
material to add up when printing complex internal structures, leading to the bad print shown in
Figure 29.

Figure 29: Example of a bad print with built up filament because of a nozzle path that isn’t
continuous.

This bad print led to an additional 3D printing constraint in the 3D printer nozzle path. Because
of this, the nozzle path needed to be designed to be completed in a single loop, so the printer
starts and stops in the same location without crossing any material on the same layer. Different
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internal structures were tested after this to account for the lack of retraction with LW-PLA, and
the final design is shown in Figure 30.

Figure 30: The 3D printer nozzle path is shown in red.

This internal structure has two rectangular spars. It was chosen as it was the lightest
internal design that supported the wing structure in flight while also maintaining the shape of the
airfoil. Furthermore, the simple geometry of the spars allowed for the greatest accuracy while 3D
printing the wing sections. The estimated in-flight lift force was determined from a flow
simulation and then replicated in physical testing conditions shown in Chapter 4.
3.7 Fuselage Design
The fuselage is designed with attachment locations for the wing and tail fins. The wing
attachment location uses the Hobie airfoil shape to allow the fuselage to securely mount to the
wing. From nose to tail, the fuselage measures 1013 mm in length. This is shown from the side
view in Figure 31 below.

Figure 31: Side view of the fuselage design displaying the fuselage length of 1013 mm.
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The fuselage consists of five sections. All five sections are designed so that each layer prints in
one continuous path. This is the same printing strategy used for printing the wing sections. Each
fuselage section along with the removable electronics tray is shown below in Figure 32.

Figure 32: Fuselage Exploded View

The nose of the fuselage uses a rectangular-shaped design to allow for easy installation and
removal of the electronics tray. This can be seen below in Figure 33.

Figure 33: Fuselage Front View. Notice the rectangular shaped nose to allow for easy
installation and removal of the electronics tray.
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Once the electronics tray is inserted into the fuselage, it is secured by four screws that fasten the
nose to the electronics tray. The fuselage then converges into a tubular shape to allow room to
house the servo motors in the middle of the fuselage. The servo motors are used to actuate the
ruddervators on the tail of the aircraft. Figure 34 shows a cut section of the middle of the
fuselage. The servo motors are shown in blue.

Figure 34: Front sectional view of the fuselage. The servo motors used to actuate the
ruddervators are shown in blue.

3.8 Tail Configuration
Examining the two types of tail configurations the V-Tail was selected for our final
design of the wing. The V-tail reduces aircraft mass and drag by using two fins instead of three
while maintaining the same control over the aircraft. With the elimination of induced drag this
will help elevate the aircraft to 30 feet in 8 seconds. Also, the exclusion of the third tail fin will
help keep the aircraft under 500g. Below is a picture of our modeled final design of our V-tail
configuration in Figure 35.
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Figure 35: Modeled image of the V-tail configuration
To control the aircraft during flight, control surfaces are connected to the tail of the
aircraft. Each tail fin has a control surface called a ruddervator, which can be actuated to control
the pitch and yaw of the aircraft during flight. A radio transmitter and receiver to manipulate the
ruddervators throughout the entire duration of the flight. The ruddervators will be actuated by
servo motors connected to the ruddervators by carbon fiber pushrods.
3.9 Construction
CA glue was the adhesive used to attach components together. The 3D printed
components were attached with this glue and short strips of LW-PLA. The final design had a
final mass of 495 g. This can be broken down into five subsystems as seen in Table 3. The mass
of each subsystem is also shown.
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Total
Aircraft Mass
Table 3:The total aircraft mass
by subsystem
and other important components.
Component
Nose
Wing
Fuselage
Tail
Electrical/Mechanical
Glue and LW-PLA Strips
Total

Mass (g)
36.77
177.32
51.03
35.97
188.90
18.0
507.99

While the total mass is over the 500g requirement the team set, the goal was set without
including the mass of the glue as well as the bonding strips used to connect the aircraft together.
It was also just 1.6% over the 500g goal, so this was determined to be allowable. Tables showing
the mass of each component in all subsystems can be found in Appendix B.

4.0 Final Design Validation
With the final design chosen, the group needed to validate the design decisions while also
testing to ensure the aircraft would perform as expected. This was done through engineering
calculation, simulation, and experimentation.
4.1 Calculation
Calculations were completed to validate the design decisions the team made. The
following sections include calculations for Lift-to-drag Ratio, Glide Time, and Center of Gravity.
4.1.1 Lift-to-drag Ratio
Common airfoils used in gliders were analyzed and the lift-to-drag ratio of each was
calculated. To obtain the lift-to-drag ratio, the first calculation that needed to be done when
selecting these airfoils was calculating the Reynolds number [12]. For this calculation, a
freestream velocity of 8 m/s was used. This is the average velocity at which the team expects the
aircraft to glide. The density of air in Arlington, Texas was needed, and assuming a temperature
𝑘𝑔

of 90 degrees Fahrenheit and dry air, the density of air was found to be 1.159 𝑚3 . Also needed
was the length of the body and the kinematic viscosity. The variables and equation needed to
find the Reynold’s number are shown below.
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𝐿 = Length of body
𝜇 = 𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑉𝑖𝑠𝑐𝑜𝑐𝑖𝑡𝑦
𝜈 = 𝑘𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑐𝑖𝑡𝑦 =

𝜇
𝜌

𝜌 = density of air
𝑉∞ = free stream velocity

𝑅𝑒 =

𝜌𝑉𝐿 𝑉𝐿
=
𝜇
𝜐

These calculations for the Reynolds number can be found in Appendix C in the
MATLAB code. The number calculated is 6.146e+04, and to get the most accurate data, 50,000
was used for the Reynolds number. With the Reynolds number known, the coefficients of lift and
drag (𝐶𝐿 𝑎𝑛𝑑 𝐶𝐷 ) at certain angles of attack could be calculated which are Equations 4.1 and 4.2
below. These coefficients are unitless variables that are used in the calculation of lift and drag.
The equations for lift and drag as well as their coefficients were found in the book “Introduction
to Flight” and can be seen below as Equations 4.3 and 4.4 [13].
𝐿 = Lift force
𝐷 = Drag Force
𝑆 = Reference Area (wing area)

2𝐿

𝐶𝐿 = 𝜌𝑉 2 𝑆

(4.1)

∞

𝐶𝐷 =

2𝐷
2𝑆
𝜌𝑉∞

(4.2)

L= 0.5𝜌𝑉∞2 𝐶𝐿 𝑆

(4.3)

D= 0.5𝜌𝑉∞2 𝐶𝐷 𝑆

(4.4)
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The angle of attack alters the lift and drag forces produced. It is common to generate a set
of aerodynamic data across a wide range of angles of attack to learn how the structure of a
specific airfoil will behave with the difference in angle and altitude. This is done using
MATLAB and a data table like Figure 34 shown below [10]. To run these calculations, you need
to use the coefficients at a certain angle of attack. When deciding on the angle of attack, for the
best results, an angle was chosen that maximized the lift and minimized the drag. Figure 36
shows the study was done at an angle of 6.5º as this is an optimal angle of attack for RC aircraft.

Figure 36: CL Vs. Alpha with target at 6.5o
Figure 37 shows the drag coefficient graph highlighting a point at the same angle of
attack.
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Figure 37: CD Vs. Alpha with target at 6.5o

Listed in Appendix C.1 is a table of the 9 different airfoils examined. The table includes
the type of airfoil, the coefficient of lift, and the coefficient of drag. These were the values that
were taken from reading the graphs of each separate airfoil. From these values, the Lift and Drag
Forces could then be found, along with the lift-to-drag ratio. The MATLAB code used to
calculate these variables can be found in Appendix C. This code was used for the 9 different
airfoil shapes examined and the table with all this data can also be found in Appendix C.1.
4.1.2 Glide Time
The glide time was calculated to determine the expected time of flight the team could
expect the aircraft to achieve. This can be found by calculating the glide velocity which is shown
in the equation below:
2 cos 𝜃𝑊

V∞=√

𝜌∞ 𝐶𝐿 𝑆

(4.5)

Then, by using the same geometry used in the minimum glide velocity to break it into the
horizontal and vertical components. The maximum of 30 ft was then divided by the vertical
component of the glide velocity to find the time that the aircraft would be gliding. These
calculations were done for multiple glide angles to determine which would give the aircraft the
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longest time in the air. Glide angle is defined from the horizontal axis in degrees and is shown in
Figure 38 listed with the variables used to calculate it.

Figure 38: The glide angle is determined through trigonometric relations [12].

These considerations were input into a MATLAB code to determine the glide velocity and glide
time for varying glide angles. Figure 39 shows the results of these calculations.

Figure 39: Glide Velocity Time vs. Glide Angle
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The range of glide angles was from 5-10o since the goal would be to glide at as shallow of an
angle as possible. The results show that the glide angle has more of an effect on the glide time
than velocity. Based on these results, the team will target a 5o glide angle to maximize the time
the aircraft is gliding. The MATLAB code used is shown in Appendix F.
4.1.3 Center of Gravity
To calculate the correct center of gravity location for the aircraft, a tool called cgCalc was
used. This program allows the user to input the dimensions of the aircraft wing, tail, and the
distance between the wing and tail. With these inputs, the program outputs the ideal center of
gravity range. For this aircraft, the ideal center of gravity range is between 64 mm and 73 mm
from the front of the wing. A screenshot from the cgCalc program, displayed in Figure 40 below,
displays the ideal center of gravity location represented by a green circle on the wing of the
aircraft.

Figure 40: Screenshot of the cgCalc program used to calculate the center of gravity location.
The center of gravity is represented by the green circle on the wing of the aircraft. [14]

4.2 Simulation
Two different simulation software programs were used in validating the final design of
the aircraft. A CFD program called XFLR5 was used to simulate the performance of different
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wing planform geometries. Another program called SolidWorks was used to run Finite Element
Analysis (FEA) deflection simulations. However, as the team refined the goals of the aircraft,
deflection was not a driving factor and instead determining the maximum lift force that the wing
would need to withstand in flight was given priority. This was also done in Solidworks by
running a flow simulation with the final wing design.
4.2.1 XFLR5
XFLR5 was used to model multiple wing shapes and compare the performance of each
side by side. Once the desired wing shape was modeled in the program, the freestream velocity
and angle of attack were specified. For this simulation, a freestream velocity of 8 m/s was used.
This is the average velocity at which the team expects the aircraft to glide. The angle of attack
used in the simulation was 6.5 o. This is an angle of attack the team expects the aircraft to fly at.
Once these variables were selected, the planform geometry of the wing could be modified to
compare the performance of different wing shapes. A screenshot of the XFLR5 simulation is
shown below in Figure 41.

Figure 41: Screenshot from XFLR5 CFD software. The values boxed in green were used to
calculate the lift produced by the wing.
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XFLR5 was also used to calculate the lift produced by the wing of the aircraft. Using
equation 6 below and inputting the simulated data from XFLR5, we can calculate the lift force
produced by the wing. Using equation 4.6, this was able to be accomplished. The needed data
highlighted in green above in Figure 41 is a wing area of 0.237 m2 , a velocity set at 10.0

𝑚
𝑠

, and

a CL defined as 1.168. We are also using the density of air that was calculated when finding the
kg

airfoil shape, which is 1.15 m3 . The lift generated at these conditions was calculated to be 15.92
N.
𝐿 = 𝐶𝐿 ×
𝐿 = 1.168 ×

1
2

1
2

𝜌𝑉∞2 × 𝑆

𝑘𝑔

(6)

𝑚

(1.15 𝑚3 )(10.0 𝑠 )2 × 0.237 𝑚3
𝐿 = 15.92 N

4.2.2 SolidWorks
As mentioned in chapter 4.1.1, the maximum angle of attack the Hobie airfoil can
withstand before stalling is 10o. This angle is also where the highest amount of lift experienced
by the wing will be at. As shown in chapter 4.1.2, the minimum airspeed, with a conservative
𝑚

increase, needed to get to the altitude of 30 ft. in 8 seconds was 2.25 𝑠 . However, in determining
the maximum lift force he wing would experience in flight, the team estimated that the maximum
𝑚

velocity would be 10.0 𝑠 . The angle of attack and airspeed were then put into the flow
simulation. Figure 42 shows the visual output from the study which shows the velocity of the air
flow across the wing.
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Figure 42: Flow Simulation Visual Output
The maximum lift force, which is the vertical component or y-coordinate in the figure, was
found to be 17.9 N. Experimentation was needed to determine if the team’s final wing design
was strong enough to withstand this force.
4.3 Experimentation
Certain experimentations and tests were put in place to confirm the data retrieved with
our calculations and simulations. These tests included, thrust and torque testing, wing strength
testing, running test flights, and experimenting with a compliant hinge for control surfaces.
4.3.1 Motor Thrust and Torque Testing
Physical testing of the motor was conducted to verify the calculations and the electronics
mounting tray was sufficiently strong for the motor to be mounted to it. Motor thrust testing was
conducted to ensure that the selected motor and propeller combination would provide the
required thrust for the aircraft based off the ECalc motor calculations.
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For the motor and propeller to be tested, a mounting and testing device needed to be
designed and 3D printed. The motor testing mount allows for the motor mount to rotate freely.
The force generated by the motor and propeller is redirected to a scale and measured as a mass in
grams. A picture of the motor testing mount is shown in Figure 43.

Testing Device

Motor Mount

Propeller

Receiver
Transmitter
Battery

Motor
Scale

ESC

Figure 44: Testing Device Motor Mount Setup

Testing Device
Baseplate

Figure 43: Motor Testing Device
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The motor testing device contained the battery, ESC, and receiver as well as the motor
and propeller. After the device was set up, the scale was zeroed. The motor was controlled with
the transmitter, and the thrust was measured. The DYS D2830 motor was tested with a 7”x3.8”
propeller and produced 341 grams of thrust. This motor and propeller combination meets the
requirement of at least 250 grams of thrust.
The mounting tray was tested with the motor and propeller mounted and the plane
secured. This was to ensure that the torque produced by the motor and the propeller would not
shear the airframe or motor testing mount. This was put into place so that this wouldn’t be a
possible issue during flight.
4.3.2 Wing Maximum Load Experiment
As mentioned in Chapter 4.2.2, the force that the wing would need to withstand would be
17.9 N. To test the strength of the physical model, the team suspended the wing and added mass
to act as the force needed to be supported. Figure 45 shows the initial setup with the wing in the
unloaded position.

Figure 45: Strength Test- Unloaded Position
Once the setup was complete, and equivalent force of 19.6 N was placed on the wing as shown in
Figure 46.
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Figure 46: Strength Test- Loaded Position
The wing was able to hold the 19.6 N of force, so it was determined that the wing design would
be able to withstand the maximum forces that would be experienced in flight.
4.3.3 Compliant Hinge
The team developed multiple concepts, but only three were seriously considered to
investigate past initial sketches. These were titled based on the nozzle path through the flexure
and are named as follows: C-Path, X-Path, and Parallel Path. Figure 47 shows an image of an
entire tail section with a highlighted box to depict where the compliant section is located. The
figures in the following concepts will just show the boxed area, and not the entire tail section.

Figure 47: Compliant Section Location
The first concept was described as the C-Path flexure. It was named based off the curving
geometry of the printing path as shown in Figure 48.
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Figure 48: C-Path Flexure Design

While a continuous path was developed for this design, the walls at the center of the hinge were
too close together. This caused the separate walls to melt together during printing. Although
there could be modifications done to make this concept work, the design was not evaluated any
further.
The second concept was described as the X-Path flexure. It was named based off the
crossing pattern of the printing path as shown in Figure 49.

Figure 49: X-Path Flexure Design

This hinge satisfied both 3D printing constraints and was the first concept to have a small section
successfully 3D printed. However, it quickly became apparent that the design would not work
because the force required to deflect the control surface was too high. Despite this, the design
was analyzed further to determine if changes could be made to make it a success. This analysis
can be seen in the following section.
The second concept was described as the Parallel Path flexure. It was named based off
the geometry of the two flexures in the design being Parallel as shown in Figure 50.
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Figure 50: Parallel Path Flexure Design

This design also satisfied all the 3D printing constraints while also meeting the
requirements for deflection and having a low input force.
4.3.4 Center of Gravity Adjustment
After the first test plane was printed and assembled, 105 grams of extra weight had to be
added to the nose of the aircraft to move the center of gravity location into the ideal range for
balanced flight. This brought the total mass of the aircraft to 605 grams which is significantly
greater than the mass target of 500 grams. The first test plane is shown below in Figure 51.
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Figure 51: The first test plane fully assembled. Notice the gray weights added to the nose of the
aircraft to place the center of gravity within the ideal range for balanced flight.

Figure 52: The second test plane fully assembled. The length of the nose was extended by 140
mm to eliminate the need for extra nose weights.
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4.3.5 Flight Testing
Once a model was fully constructed, test flights were conducted to determine what
improvements needed to be made. Figure 53 shows the aircraft in the first test flight with the
aircraft boxed in green.

Figure 53: Boxed in green is our plane during first test flight. This was great practice for getting
the plane to 30 feet in the first 8 seconds with the goalposts present.

In the first test flight, the aircraft was in the air for approximately 9 seconds before crashing.
Figure 54 shows the damage sustained from this crash.
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Figure 54: The propeller, wing, and tail all recei

The cause of this failure was theorized to be a weak point where the fuselage connected to the
tail section. Based on the damage, it was concluded that the control rods were flexed too far and
were unable to move the control surfaces. To fix this problem, the rear fuselage piece was
redesigned to house the control rods for a longer section to reduce the chance of unwanted
flexing. Figure 55 shows the design of this component before and after the changes along with
the orientation of the control rods, which are shown in yellow.
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Figure 55: The left image is the component before the first flight test and the right image is the
changes done because of the flight.

Figure 56 shows the second test flight. The purpose of starting at an elevated point was to
test the gliding capabilities of the aircraft.

Figure 56: Image of test flight number 2 being thrown from the balcony
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Figure 57 shows the damage that was experienced for the second test flight.

Figure 57: The fuselage sheared during a flight test, causing loss of control of the aircraft. This
failure is circled in the image.

To increase the strength of the fuselage section that sheared during flight, this part will be
printed using regular PLA filament. This design change increases the total mass of the aircraft by
12 grams but is crucial to maintaining control of the aircraft during flight.

5.0 Disposal Plan
Once the competition is completed, all files and data pertaining to the project will be
consolidated and handed over to the USI Engineering department. These resources can be used
as a starting point or reference for future teams who want to participate in the competition. Since
the group will be flying to Texas and then assembling the aircraft, they will not be able to be
transported back to USI. The models will be stripped of working parts which will be brought
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back to USI and everything else will be discarded at the competition. A working model will be
kept at USI for reference for future teams.

6.0 Budget
With the competition being in Arlington, Texas, the group considered the cost of aircraft
parts as well as the expenses associated with travel to and from the competition.
6.1 Aircraft Parts
The following budget for the parts includes the quantity of each item as well as the unit
cost. Table 4 shows all the structural, mechanical, and mechanical components that were needed
for the aircraft.
Table 4: Supplies and Materials Budget
1)
2)
3)
4)
5)
6)
7)
8)
9)
10)

Quantity
3
2
1
1
1
1
1
1
1
2

Description
ColorFabb LW-PLA Filament
Urgenex 900mAh Lipo Battery
Flysky FS-i6X Tx & Rx
Starbond Medium CA Adhesive
9G Micro Servo Motor Kit
20pcs Pushrod Linkage
10pcs 2mm Carbon Fiber Rod
40A ESC with BEC
DYS D2830 Brushless Motor
Foliding Propellers 8x4.5 Inch

Unit cost
$ 58.84
$ 10.99
$ 64.99
$ 11.49
$ 22.99
$ 9.99
$ 18.49
$ 20.66
$ 16.99
$ 24.60

Total

$
$
$
$
$
$
$
$
$
$

Total
176.52
21.98
64.99
11.49
22.99
9.99
18.49
20.66
16.99
49.20

$

413.30

For this project, the team was allotted a total of $500.00 for parts from the USI Engineering
Department. As shown in the table, the team came in under budget at a total of $413.30.
6.2 Travel Expenses
Because the team would need additional funding to travel to the competition site, an
application was submitted to receive an Endeavor Travel Grant through the USI Foundation. The
team did receive this funding and was given $2,000.00 to put toward travel expenses. As a result
of receiving this award, the team will present the results at the Endeavor Symposium on
Thursday, April 6th, 2023. Table 5 shows budget that was submitted with the Endeavor Travel
Grant application.
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Table 5: Travel Budget
Quantity
1)
4
2)
1

Description
Flight EVV-DFW
Hotel (3 nights)

Unit cost
Total
$ 400.00 $ 1,600.00
$ 400.00 $
400.00
Total

$ 2,000.00

The cost of the flights and hotel were estimated based on average prices seen for these items at
the time of the application. The booking of flights and the hotel will be done closer to the time of
the competition. The final price of these items will be included in the Endeavor Symposium.

7.0 Lessons Learned
A reflection on the design, construction, and testing of the aircraft exposed areas where
progress and learning were made during the research. The following lists include the lessons
learned throughout the project.
Background Knowledge:
•

Each team member was assigned different aircraft subsystems to focus on. This allowed
the team members to ‘specialize’ in certain areas of the design, while still gaining an
understanding of the overall aircraft design process.

•

Find numerous sources, such as overviews and in-depth research, for each design area.

•

Look at similar projects for design direction, failures, and successes.

•

Remain open to continually learning throughout the design process and to changing
designs when new information arises.

Communication:
•

Clear communication was of utmost importance in this project. To keep all team
members on the same page, all project files were shared via Microsoft Teams.

•

Weekly team meetings were held to plan for upcoming tasks and deadlines.

•

A project schedule was useful in keeping the team on track and allocating time to arising
issues.
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3D Printing:
•

Allot additional time for 3D printing when working with complex geometries.

•

Understand how 3D printer settings affect the geometries and parts being printed and
learn how to change these settings in the slicer software.

•

Allot time for redesigning geometries that do not print well.

•

Print smaller parts during the day and larger parts over night to maximize printing time.

Assembly and Testing
•

Practice fitting pieces together to ensure correct fit and orientation before applying glue.

•

3D print additional components in the event that a piece is broken or glued incorrectly.

•

Plan test flights ahead of time and check that all required components are prepared.

•

Buy additional replacements for components that may break during testing, such as
propellers.

8.0 Future Work
The team was able to consider many variables over the course of the project, however
many were not able to be considered due to time constraints. One of the more prominent features
that was not able to be done was an aerodynamic study of the aircraft. Doing this study would
help identify portions of the aircraft that could be streamlined to further reduce drag. Designing
winglets to be added would also be helpful in reducing the drag.
Another factor to research more is further testing into the printing path problems that
arise when printing with LW-PLA. This would allow more complex geometries to be printed
such as a curved planform wing shape along with a constant dihedral angle. More accurate
strength simulation and testing for the wing would be needed.
An additional factor to investigate more is how to make the interior of the aircraft more
accessible, as there were multiple incidences where a model had to be cut open to access the
interior of the aircraft. Lastly, improving the gluing surfaces of the 3D printed components
would ensure more reliable joints that could last longer and better withstand crashes.
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9.0 Conclusion
The objective of this project was to develop a lightweight, fully 3D printed fixed-wing
aircraft that complies with the University of Texas at Arlington’s 3D Printed Aircraft
Competition rules and guidelines for the 6th Annual 3D Printed Aircraft Competition in July
2022. Design decisions were evaluated with the requirements and goal of the competition in
mind.
The primary requirements designed to accommodate are, the aircraft shall reach an
elevation of 30 ft in 8 seconds, the aircraft shall be controlled withing the limits of a football
field, and the aircraft shall have a maximum mass of 500g. Through analysis of design factors,
an aircraft was designed that met these requirements. The aircraft also met each competition
requirement listed in Section 2.2.
The design analysis of different factors were simulated and validated through physical
testing. Multiple designs of the aircraft were tested in flight, and improvements were made for
each subsequent aircraft, such as the elongation of the fuselage to adjust the center of gravity
location. While the project was successful and the aircraft is flyable and meets the design
requirements, improvements will continue to be made before the competition in July.
Furthermore, a competition report will be compiled before the report deadline in May.
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Appendices
Appendix A: System Hierarchy

Figure 58: Overall System Hierarchy
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A.1 Structure

Figure 59: Structural Hierarchy
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A.2 Mechanical

Figure 60: Mechanical Hierarchy
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A.3 Electrical

Figure 61: Electrical Hierarchy
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Appendix B: Aircraft Mass Breakdown
Table 6: Mass of 3D Printed Components
3D Printed Components

1
1
1
1
2
2
1
1
1
1
1
2
2
2
2
2
2

24.27
6.32
6.18
54.62
47.51
13.84
5.54
17.85
23.24
4.40
3.45
0.96
2.64
5.71
3.34
2.89
0.72

24.27
6.32
6.18
54.62
95.02
27.68
5.54
17.85
23.24
4.40
3.45
1.92
5.28
11.42
6.68
5.78
1.44

Section

Nose

Mass
(g)

Wing

Mass of
Part (g)

Fuselage

Nose
Electronics Tray- Front
Electronics Tray- Back
Wing: Base (Section 1)
Wing: Section 2
Wing: Section 3
Middle Fuselage: Top
Middle Fuselage: Bottom
Fuselage- Rear Cone
Fuselage: Tubular Extension
Tail: Base Cap
Tail: Base
Tail: Bottom Hinge
Tail: Fin
Tail: Control Surface
Tail: Top Hinge
Control Arm

# per
plane

Tail

3-D Printed Component
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Table 7: Mass of Electrical/Mechanical Components
Electrical/Mechanical Components
Component

Mass
(g)

Propellor
Motor
Battery
ESC
Receiver
Servos
Carbon Fiber Rods
Steel Z-Bars
Assorted Hardware
Glue and Strips (after weighing)
Total

4.70
55.65
30.93
35.56
15.58
23.00
1.24
7.24
15.0
25.0
213.9

Appendix C: Airfoil Selection MATLAB Code
clc
clear all
close all

% Finding Wing Area
fuselagewidth = 2;
wingspan = 26;
wingbase = 3;
wingtip = 1;
wingarea = ((wingbase+wingtip)/2)*(wingspan-fuselagewidth);
%To convert the wing area to meters
s=wingarea/21^2;
% Finding Reynolds Number
fs_v= 7;
rho= 1.15;
LOB=3/21;
d_v=1.871*10^-5;
k_v=d_v/rho;
Re=(fs_v*LOB)/k_v

%freestream velocity %m/s
%density of air in Arlington Texas %kg/m^3
%Length of body (wing chord) %m
%dynamic viscocity
%kinematic viscocity %m^2/s

%Based off the calculated Reynolds number and looking at the charts for the
%coefficient of lift vs the angle of attack, and the coefficient of drag
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%vs the angle of attack we are able to find the CL and the CD based off the
%reynolds number and the chosen angle of attack
alpha= 6.5;
%angle of attack in degrees
CL= .69;
%coefficent of lift from chart in airfoil tools
CD= 0.034;
%coefficent of drag from chart in airfoil tools
q_inf=(1/2)*rho*fs_v^2; %dynamic pressure
CM=.002;
%moment coefficent

L = q_inf*CL*s

%Lift force (N)

% Drag Equation
D = q_inf*CD*s

%Drag force (N)

%Pitching Moment
M = q_inf*CM*s*LOB

%Pitching Moment (N*m)

% A negative moment coefficient indicates a nose-down moment which will
%reduce the angle of attack of the aircraft in absence of a control input.
%This is a desirable situation as this indicates that the aircraft will
%tend to resort to a condition in the linear lift region (stable) rather
%than the stall or post stall region (unstable)

66

C.1 Data Tables
Table 8: Coefficients of lift and drag found using a Reynolds number of 50,000 and an angle of
attack of 6.5º.

Airfoil Type

CL

CD

Clark Y

1.00

0.048

Hobie

1.15

0.029

HQ-2195

0.95

0.030

GM15

1.19

0.032

SD7037

1.00

0.029

S3021

0.90

0.035

RG15

0.88

0.025

S4110

1.05

0.028

SD7080

0.95

0.028

Table 9: Applying the values found in Table 7 to calculate the Lift and Drag Force as well as the
Lift-to-Drag Ratio.

Airfoil Type

Lift Force (N)

Drag Force (N)

CL / C D

Hobie

3.5267

0.0889

39.6552

S4110

3.2200

0.0859

37.5000

GM15

3.6490

0.0981

37.1875

RG15

2.6987

0.0767

35.2000

SD7037

3.0667

0.0889

34.4828

SD7080

2.9130

0.0859

33.9286

HQ-2195

2.9133

0.0920

31.6667

S3021

2.7600

0.1073

25.7143

Clark Y

3.0667

0.1472

20.8333
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Appendix D: Finite Element Analysis (FEA) Process

Figure 62: Finite Element Analysis Mesh

1. Convert model into mesh
2. Select fixed point(s)/plane(s)
3. Select surface that force will be applied to
4. Denote the direction of force
5. Run study

Appendix E: Initial Solidworks Deflection Simulation
A Finite Element Analysis (FEA) deflection simulation was done in SolidWorks for the
different designs. There was a problem with the FEA software completing the setup step for the
process causing some of the models not being able to be analyzed for the entire wingspan. To fix
this, the simulation was done for half of the wingspan. The results can still be compared 1:1
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because the fixed-point was the same for all designs. Another factor that was not known at this
point was the exact amount of force that would be applied to the wing, so a constant 25 N
applied across the bottom surface of the wing was chosen. An in-depth look into each design is
shown below.

Base Design- Solid Wing
The first simulation was done on the base dimensions as one solid wing as shown in
Figure 63. This design had a mass of 266.33 g.

Figure 63: Base Design- Solid Wing

Figure 64 shows a color gradient denoting the deflection values of the solid wing design.
Due to the key being too small to determine the values, the lowest deflection is dark blue and
works its way to the highest deflection denoted by red. The maximum deflection at the wing tip
for the solid design was 11.62 mm.
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Figure 64: Base Design- Solid Wing Deflection

This design was only going to be used as a base point to compare how the various
internal designs compared to this mass and deflection of this design. TABLE %% shows how
each design iteration compares to this solid design.

Design #1- Hollow Wing
Figure 65 shows the Hollow Wing design. This model has no internal design and follows
the minimum print thickness of 0.4 mm and has a mass of 27.36 g.
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Figure 65: Design #1- Hollow Wing

Figure 66 shows a color gradient denoting the deflection values of the solid wing design.
The maximum deflection at the wing tip for the solid design was 67.38 mm.
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Figure 66: Design #1- Hollow Wing Deflection

While the mass is significantly lower, the deflection is nearly six times that of the solid
design. As shown in Figure 66, the light blue portion that is out of place is actually the bottom
surface pushing through the top. This design was only ever going to be used to show the
importance of internal design.

Design #2- Curved Spars
Figure 67 shows the Curved Spars internal design. This model has no ribs and has a mass
of 76.49 g.
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Figure 67: Design #2- Curved Spars

Figure 68 shows a color gradient denoting the deflection values of the curved spar design.
The maximum deflection at the wing tip for the solid design was 29.49 mm.

Figure 68: Design #2- Curved Spars Deflection
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While this design has a significantly lower mass, the deflection is still much higher than
the solid base design. The choice of not including ribs was done only for the experimentation and
determining if there was a tradeoff between mass and deflection when ribs were involved.
Design #3- Ribs and Spars at 45o
Figure 69 shows the Ribs and Spars at 45o internal design. This model has the ribs and
spars at 45o and has a mass of 85.04 g.

Figure 69: Design #3- Ribs and Spars at 45o

Figure 70 shows a color gradient denoting the deflection values of the solid wing design.
The maximum deflection at the wing tip for the solid design was 1.433 mm.
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Figure 70: Design #3- Ribs and Spars at 45o Deflection

While the mass is slightly higher than the spar design it is still significantly lower than
the base solid design and has the lowest deflection of all the designs. TABLE %% shows the
comparison of all designs based on the base solid design.

Table 10: Internal Design Comparisons
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Appendix F: Calculating Glide Velocity and Flight Time
close all
clear all
clc
% Variables
mass=0.500; % kg
g=9.81; % m/s^2
W=mass*g;
S=0.238; % m^2
p=1.225; % kg/m^3
theta=5:0.25:10; % degrees
h=linspace(30,15,21); % ft
Cl=[0.746
0.852
0.958
1.064

0.767
0.874
0.980
1.084

0.788
0.895
1.001
1.105

0.810
0.916
1.022
1.126

0.831...
0.937...
1.043...
1.147 1.168];

F.1 Velocity Calculations
Actual Velocity
v_m=sqrt((2.*cosd(theta)*W)./(p.*Cl*S)); % m/s
v_ft=v_m*3.28084; % ft/s
% X and Y Velocity
vy=v_ft.*sind(theta); % ft/s
vx=v_ft.*cos(theta); % ft/s

F.2 Times
t_glide=h./vy; % s
t_total=t_glide+8; % s
maxglidetime=max(t_glide); % s
maxtotaltime=maxglidetime+8; % s

F.3 Glide distance
glide=vx.*t_glide; % ft

F.4 Plots
line=1;
marker=10;
figure(1) % Glide Veloctiy
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subplot(2,2,1)
plot(theta,vx, '.-','LineWidth',line ,'MarkerSize',marker)
hold on
plot([min(theta) max(theta)],[0 0])
xlim([5 10])
xlabel('Glide Angle, degrees')
ylabel('Glide Velocity, ft/s')
title('Glide Angle vs. Glide Velocity')
subplot(2,2,2) % Glide Distance
plot(theta,glide, '.-','LineWidth',line ,'MarkerSize',marker)
hold on
plot([min(theta) max(theta)],[0 0])
xlim([5 10])
xlabel('Glide Angle, degrees')
ylabel('Glide Distance, ft')
title('Glide Angle vs. Glide Distance')
subplot(2,2,3) % Glide Time
plot(theta,t_glide, '.-','LineWidth',line ,'MarkerSize',marker)
xlim([5 10])
xlabel('Glide Angle, degrees')
ylabel('Glide time, s')
title('Glide Angle vs. Glide Time')
subplot(2,2,4) % Flight Time
plot(theta,t_glide+8, '.-','LineWidth',line ,'MarkerSize',marker)
xlim([5 10])
xlabel('Glide Angle, degrees')
ylabel('Flight Time, s')
title('Glide Angle vs. Total Time')

77

Figure 71: Glide Angle vs. Glide Velocity, Distance, and Time
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Appendix G: Wing Batch Analysis (XFLR5)

Figure 72: XFLR5 Wing batch Analysis
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Appendix H: Center of Gravity

Figure 73: Center of Gravity
Appendix I: Printing Temperature Test

Figure 74: Printing Temperature Test
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Appendix J: Determining Minimum Velocity and Force

Figure 75: Minimum Velocity Calculation
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Appendix K: Schedule
Table 11: Schedule

Task
Spring 2022 Semester
Arrange weekly meeting with faculty advisor
Start Printing First Model
Competiton Registration deadline
Real World Deflection Tests
Critical Design Review
Submit Order Form for Parts
Build Plane And Run First Throw Tests
Order Parts (1-2 Weeks for Delivery)
Get planes ready for electrical components
Flight Tests w/ Electrical Components
Revise and Reprint Components as Needed
Second Flight Test
Check Design Report grammar at Writers Room
First draft of Senior Design Report
Final Presentation
Senior Design Poster Session
Final draft of Senior Design Report
Senior Design Report submitted to SOAR
Design Report for Competition deadline
Summer 2022
Aircraft Check In (UTA Woolf Hall)
Competition (UTA Football Field)

Date
1/20/2022
1/29/2022
1/31/2022
2/5/2022
2/10/2022
2/11/2022
2/13/2022
2/14/2022
2/25/2022
3/3/2022
3/4/2022
3/17/2022
4/6/2022
4/8/2022
4/22/2022
4/28/2022
4/29/2022
5/6/2022
5/31/2022

7/8/2022
7/9/2022
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Endeavor Grant Proposal - Budget
Quantity
Description
Unit cost
Total
Supplies and Materials:
Appendix L: Budget
1)
3
ColorFabb LW-PLA Filament $ 58.84 $
Endeavor
Grant Proposal - Budget 176.52
2) Table
2 12: Urgenex
900mAh
Lipo
21.98
Total Budget
and Bill
of Battery
Materials $ 10.99 $
3)
1
Flysky FS-i6X Tx & Rx
$ 64.99 $
64.99
cost $ Total
4) Quantity
1
Starbond Description
Medium CA Adhesive Unit
$ 11.49
11.49
Supplies and Materials:
5)
1
9G Micro Servo Motor Kit
$ 22.99 $
22.99
1)
3
ColorFabb
LW-PLA
Filament
$
58.84
$
176.52
6)
1
20pcs Pushrod Linkage
9.99
9.99
2)
2
Urgenex
900mAh
Lipo
Battery
$
10.99
$
21.98
7)
1
10pcs 2mm Carbon Fiber Rod
18.49
18.49
3)
1
Flysky
FS-i6X
Tx
&
Rx
$
64.99
$
64.99
8)
40A ESC with BEC
20.66
20.66
4)
Starbond
Medium
CA Adhesive
11.49 $
11.49
9)
1
DYS D2830
Brushless
Motor $ 16.99
16.99
5)
1
9G Micro
Servo Motor
22.99 $
22.99
10)
2
Folding
Propellers
8x4.5 Kit
Inch $ 14.49
28.98
6)
1
20pcs Pushrod Linkage
$ 9.99 $
9.99
11)
7)
1
10pcs 2mm Carbon Fiber Rod $ 18.49 $
18.49
12)
8)
1
40A
ESC
with
BEC
$
20.66
$
20.66
13)
9)
1
DYS
D2830
Brushless
Motor
$
16.99
$
16.99
14)
10)
2
Folding Propellers 8x4.5 Inch $ 14.49 $
28.98
15)
11)
$
12) Site:
$
Travel to Research
13)
$ 1,600.00
1)
4
Flight SDF-DFW
$ 400.00 $
14)
$
2)
4
Hotel (3 nights)
$ 100.00 $
400.00
15)
$
3)
1
Car travel est.
$ 200.00 $
200.00
4)
$
Travel to Research
Site:
5)
$
1)
4
Flight SDF-DFW
$ 400.00 $ 1,600.00
2)
4
Hotel (3 nights) Total Request
$ 100.00 $
$ 2,593.08
400.00
3)
1
Car travel est.
$ 200.00 $
200.00
4)
$
5)
$
Total Request

$ 2,593.08
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Appendix M: Failure Modes and Effects Analysis (FMEA)
M.1 Design FMEA
Table 13: Design Failure Modes and Effects Analysis

Item

3D printer
filament

Electric motor

Failure Modes Cause of Failure

Possible Effects

Run out of
filament

1.
Underestimated
amount of
Aircraft cannot be
filament needed assembled
2. Failed prints
waste filament

Motor is too
weak

1. Motor is not
powerful enough
2. Battery
Aircraft cannot
cannot supply
reach altitude of
enough current
30 ft. in 8 seconds
to motor
3. Propeller is
incorrect pitch

1. Design not
Tasks are not
Miscommunicati complete
Schedule conflict completed on
on
2. Aircraft cannot
time
be assembled
Transmitter/Recei Not
Faulty
Cannot control
ver
functioning
equipment
aircraft
Aircraft
Incorrect
Lose control of
Calculation/Simula
behaves
calculations/dat aircraft during
tion
unexpectedly a
flight

Likelihood of
Possible action to reduce
Severity
Occurance
failure rate or effects

High

Low

High

Order at least 1 more
filament spool than needed.

Calculate thrust required
using weight of aircraft and
lift generated by wing. Use
this calculation to choose
Medium
motor, battery, and
propeller. Underestimate
motor efficiency listed on
data sheet.

Medium

Medium

Add margin to project
schedule.

Low

High

Test radio equipment
before flight.

Medium

High

Check simulation results
with hand calculations.
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M.2 Competition FMEA
Table 14: Competition Failure Modes and Effects Analysis
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Appendix N: Design Considerations
Table 15: Design Considerations
Design Factor
Public health, safety, and welfare

Global

Cultural

Social

Page number, or reason not applicable
This is not applicable to this design report. The aircraft will
be operated at a closed facility, and the aircraft will not be
accessible by the public.
This is not applicable to this design report because the
aircraft is for a competition and will not be accessible to
anyone outside the design group.
This is not applicable to this design report because the
aircraft is for a competition and does not incorporate
cultural design factors.
This is not applicable to this design report because the
aircraft is for a competition and does not incorporate social
design factors.

Environmental

Page 39

Economic

This is not applicable to this design report because the
aircraft is for a one day competition.

Professional Standards

This is not applicable to this design report because there
were no standards that needed to be met in the design,
construction, or operation of this aircraft.
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Appendix O: Electrical Block Diagram
The electrical block diagram shows the layout of the electronic components and how
power and signal is transferred between them. The servo motor boxes are shown next to the
receiver; however, they will be mounted in the fuselage, which is outside the limits of this
picture.

Figure 76: Electrical Block Diagram
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