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Executive Summary
Sea turtles are an endangered species, a problem exacerbated by nests formed in highly
populated beaches. The current method to search for nests requires volunteers to patrol
the beaches through daily morning walks. Considering nesting season begins in April
and lasts the entire summer, this is a labor-intensive process. The mission of the team
is to create a fixed-wing UAS that can autonomously survey the beaches and provide
the location of possible nests to a ground operator. The product is called SAILR, which
stands for Sea turtle Autonomous Identification and Locator Robot.

Concepts were generated at an airplane level by individuals on the team. Similar con-
cepts were merged together, forming four primary concepts. Independent scoring with a
weighted decision matrix was used to select the configuration; the selected design was a
pylon over wing design.

With candidate wings identified from prior art, XFLR5 and Excel sheets were used iter-
atively in selecting a 7.5’ wing span with chord of 1’ and S9000 airfoil. The tail was sized
with AVL and iteratively analyzed for stability. Raymer’s Aircraft Design text was used
to size the control surfaces. The design and prototype are presented in Figure 1. The
stall speed is 16.68-mph, the takeoff speed is 20-mph, and the cruise speed is 40-mph (at
196’).

(a) Rendering of the SAILR UAS with
expected weight of 11.64-lbs

(b) Actual flight test ready SAILR UAS
weighing 10.5-lbs

Figure 1: The SAILR UAS

The mission is an application of reconnaissance. Consequently, vision systems were con-
sidered for the payload. Infrared, LIDAR, and visual spectrum cameras were the modes
examined to capture images. Due to balance among cost, range, weight, and volume, a
visual spectrum camera will be used in the UAS with offboard image processing. The
specific architecture will consist of a Sony IMX219 camera, Raspberry Pi with LTE hat,
and Storm 32 3-axis gimbal.

Sea turtles average about 2.5’-3.5’ across. At the cruise altitude of 196’, the Sony IMX
camera is expected to resolve 0.5” per pixel with a 93% frame overlap at 15-fps and
40-mph cruise. Images will be sent via LTE with GPS metadata to a remote processing
server. The vision system utilizes a neural network based on Darknet, an open source
neural network, and You Only Look Once algorithm. A positive sighting will be reported
to the ground station.
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The payload, controls, and electric propulsion will be powered by a single, shared battery.
With a thrust requirement of 1.44-lbf at 40-mph, five candidate motors from KDE in the
515-kV to 965-kV class were examined before selecting the KDE2315XF 515-kV for its
current draw, low cost, wide range of usable propellers, and low weight. To achieve
the required takeoff performance of 3.59-lbf, an APC 11” x 8” propeller was used. The
propeller diameter and pitch was determined in a trade study using MOTOCALC8 electric
motor sizing software. The motor is driven by the recommended ESC, the KDEXF-
UAS35. The flight controller utilized is the Pixhawk 2.1 Cube with an RFD-900 telemetry
radio and Here2 GPS. Considering the power budget, the necessary battery capacity was
determined to be 5865-mAh. The Lumenier 6S 8000-mAh LiPo battery selected will give
an estimated 61 minutes of flight time in nominal weather conditions which can support
flying in adverse wind conditions or future mission duration expansions.

Structural, material, and component interfacing decisions were made with decision matri-
ces, and manufacturing of the UAS was shared among the three universities. Iowa State
was responsible for the composite fuselage preparation, layup, and post processing. Pur-
due was responsible for the wing and tail sub-assemblies. Embry-Riddle was responsible
for the payload board, pylon, motor mount, final assembly, and final system test.

Validation was conducted on a variety of levels. A scaled glider was developed in Novem-
ber 2019 that served as a platform for testing manufacturing processes. FEA was con-
ducted to examine the wing bending, tail bending, and motor pylon stress & deflection.
Static and dynamic propulsion testing was carried out to examine characteristics of the
propulsion system. Limited testing was performed on the vision detection system as it
was being developed. These tests helped to substantiate the design. Additional subsys-
tem and system-level testing was planned; however, the COVID-19 shutdown inhibited
further testing progress.

Risks have been identified at the mission and aircraft level, and failure modes have been
identified at the component and subsystem level. The team experienced difficulty mon-
itoring risks and failure modes as the project progressed. The impact of COVID-19 on
the project served as an influential experience in recognizing risks.

The management of the 10-member, 3-university team was being led by a project man-
ager and chief engineer with other members organized into 2 main structures over the
duration of the project to best suit the nature of the work. The project manager oversaw
the $4,000 budget and subsequent subsystem limits which included margins. The total
amount of funds spent was $3,076. Traceability in purchases was tracked with a work-
flow. The workflow, along with the Gantt Chart, CAD, and FEA, was carried out using
3DEXPERIENCE.

At the conclusion of the project, the UAS sits as a fully assembled vehicle with complete
controls integration. A pilot and controller are all that are needed to begin the ground test
plan and flight test plan. Concurrently, the vision detection payload system needs to be
finished and integrated into the airframe. Upon completion, final testing and refinements
will be conducted before ultimately delivering the UAS to the customer.
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1 Management Summary
1.1 Team Organization
A project manager and chief engineer were determined from the outset; however, as the
nature of the work evolved, the organizational structure of the 10 members has evolved
through 3 organization structures.

The project manager, Dylan, and the chief engineer, Kayla, were constant for the duration
of the project (despite providing an opportunity to change leadership in December). The
project manager oversaw the schedule & deadlines, logistics, budget, and lead all team
meetings. The chief engineer was responsible for technical decisions, ensuring designs
met requirements, and reviewing engineering work. Organization of the team and task
delegation were joint responsibilities.

The scrum formation, effective for the period of time prior to the MCR/SRR, is presented
in Appendix A. This form was used to handle the substantial upfront work that was
needed to define the mission and scope the project. Members were assigned to tasks that
needed to be accomplished prior to the review.

A formal organization structure consisting of an aero and mechanical sub team was
adopted for the period spanning from the MCR/SRR to the MRR to support the pre-
liminary and detailed design work. This legacy structure is provided in Appendix A.

After the MRR, the nature of the work became focused on “making”. The team created 3
sub teams to best handle the new work. To support the controls development and vision
development, a “Programming” sub team was created. To coordinate manufacturing
among all schools, a “Manufacturing Programs” sub team was established. Finally, a
“Test & Evaluation” sub team was established to coordinate analytical & experimental
sub system & system tests. Responsibilities and member assignment are shown in Figure
3 with some members accruing secondary obligations to help with workloads as needed. A
key lesson learned from first semester was applied in this new organization: responsibilities
and areas of ownership were clearly defined at the outset.

Unchanged from the previous aero/mechanical organization structure is the presence
and location of the stakeholders, coaches, and advisors. The entire team reports to
the stakeholders since they are the end users of the product at hand. Additionally, the
team has included the faculty coaches and Boeing mentors on the organization chart as
parties interested in the design.
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Figure 3: Organization of Team SAILR for manufacturing (MRR-end)

While this breakdown put a structure around much of the work, the team had a plan
to handle unforeseen needs. People would be explicitly asked to work special tasks, and
sprint teams with well defined objectives were to be formed on an ad hoc basis if needed.

1.2 Schedule & Milestones
The high level timeline for the project is shown in Figure 4 with a detailed breakout of
the tasks within each phase provided in Appendix B. 3DExperience was used to manage
the work breakdown and schedule using the Gantt Chart capabilities. The tool reported
tasks were 84% on-time. The team attributes this high performance to usage of the tool.
Members received email notifications when tasks were assigned to them. On his/her
3DExperience homepage, members had the ability to update the “percent complete” for
each task and attach deliverables. All of this empowered the team to achieve progress
incrementally rather than only during update meetings.

Figure 4: Project deadlines and high level overview of work in each phase. The 4/1
deadline was an internally agreed upon date to halt any manufacturing, assembly, or
vision development work and transition the team’s resources to completing the end of
project deliverables. (Testing continued as appropriate to complete the test matrix.)

The first of three major schedule problems that was encountered was in the late October
to November time frame. CAD progress was delayed due to, in hindsight, an understaffed
CAD team, significant upfront battles in learning the 3DEXPERIENCE rich apps, and
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Figure 5: Team SAILR COVID-19 response plan

not recognizing the design would iterate as the detailed sizing work progressed. Con-
sequently, the CAD work that was completed late November was rushed, so the team
elected to improve the fidelity of the CAD model over the December/January holiday pe-
riod. The trickle-down effect is that much of the FEA and subsystem testing was delayed
into the manufacturing phase, where FEA and other tests occurred concurrently with
manufacturing. The team realizes the structural analysis should have been completed
before manufacturing; however, it was determined to work concurrently and resolve is-
sues if they arise out of the FEA so that a plane would be available to fly before the
fly-off.

No significant delays were encountered in receiving ordered materials or in the manufac-
turing of components besides a delay in shipping the wing set from Purdue to Embry-
Riddle. The delay was due to underestimating the composite layup post processing and
servo installation. This caused the wings to ship one day late outside of the 2/21-3/1 ship-
ping window. This delay was absorbed in the final assembly time frame with increased
man power.

A handful of tasks relating to physical testing were cancelled due to COVID-19 implica-
tions. These included wing bending, tail bending, ground testing, air testing, and noise
testing.

1.3 COVID-19 Impact
Due to the COVID-19 guidelines set forth by health officials, universities gave abrupt
notice of building closures. This impacted the planned activities of the team.

At the time of the news, sub-assemblies from ISU and Purdue had already been shipped
to ERAU, so ERAU was the only school needing sustained lab access. Additionally, it was
later discovered the Raspberry Pi and LTE hat were locked in the Purdue build lab after
full closure. It was accepted the LTE functionality would not be able to be developed.
Consequently, a plan was put into place, as shown in Figure 5.

Swift action by a team member at ERAU grabbed the team’s supplies from the school’s
3
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lab before the full closure and took them to his house. With the help of a friend’s 3D
printer and the basic workshop the individual had, the team continued the final assembly
as planned. It was thought that the team would have access to a controller and pilot;
however, the shutdown orders became stricter before the team was ready to begin testing
on 3/23. The COVID-19 impact also strained access to help resources that were going to
be used to help with the vision development.

1.4 Expenses
A budget, which was updated twice, was first created using order of magnitude esti-
mates for key systems of the UAS. Purchasing was processed using a 3DEXPERIENCE
workflow, and expenses were logged against budget categories in accordance with prede-
termined rules.

The first of two budget updates occurred in January, prompted by the maximum budget
reduction to $4000. The original budget had buffer built into it associated with uncer-
tainty in material and equipment needs early in the project. When the revised budget
was requested, the design was well defined, so much of the margin was removed (while
still keeping catch-all categories for miscellaneous hardware, wires, etc.).

The second budget revisit was in early March after needing to reallocate shipping funds
to support manufacturing needs. Iowa State University requested that this project barter
lab materials in exchange for the use of their facilities and lab tech assistance. Because
inter-university shipping of the wings and fuselage was significantly cheaper than quoted,
shipping funds were reallocated to purchase supplies for the ISU lab.

The most recent budget with expenses is provided in Figure 6, where the total project
expenses were planned to be $3582, $418 less than the $4000 provided. Shipping, propul-
sion, and controls came in “under budget” due to only needing limited buffer. Payload
came in “under budget” due to not needing to purchase a data plan to support LTE
development efforts. Build materials came in “at budget” due to needing all the buffer
for miscellaneous hardware, and SAILR gear was “at budget” due to no margin built
in. A detailed statement of the budget and actual costs associated with the items that
comprise each category is provided in Appendix C.

The project manager provided guidelines to ensure consistent expense charging. More
prominently, the shipping category was reserved for inter-university shipping. Shipping
on purchases was tabulated under the same budget category as the item being shipped
since it represented an additional cost to procure the item.

The SAILR procurement effort was organized using the 3DExperience “Route” feature
to ensure traceability in the team’s procurement. The route is detailed in Figure 7. Writ-
ten instructions were provided to members detailing the order process. Upon creation,
(in order) the chief engineer, project manager, and coach were required to review the
purchasing documents for project need, budget tracking, and information completeness,
respectively, before the documents were sent to the Purdue Engineering Procurement
Center.
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Figure 6: Budget breakdown by category with expenses

Figure 7: Purchase order workflow in 3DExperience

2 Conceptual Design
2.1 Mission Definition
To combat decreasing sea turtle populations, additional protection to their fragile nests
is needed. However, the length of Florida coastlines makes it difficult to manually locate
turtle nests inhibiting the ability to provide protection. Therefore, a UAS capable of
flying along the coast to detect turtle nests from the air is needed.

The intended mission, presented in Figure 8, is applied specifically to the section of
Daytona Beach stretching from International Speedway Blvd. to the city limit covered
by the Volusia County Sea Turtle Conservancy. The time of day will be early morning
(after the sun comes up), before the beaches become crowded. Setup of the aircraft and
ground station shall take no more than 30-minutes, including reviewing the pre-flight
checklist and inputting the mission waypoints. Autonomous, wheeled takeoff will occur
on a beach access driveway; the UAS will begin ascending to the cruise altitude of 196-ft
and heading towards the surveillance path. It begins capturing images of the beach as it
flies through the established waypoints for a maximum distance of 15-mi (approximately
30-min, plus an additional 15-min reserve capacity). The images will be sent via LTE to
a remote server for processing. If the server vision program determines a positive sighting
of any sea turtle nests or tracks, the ground station (being manned in a follower vehicle)
will be alerted with the corresponding GPS coordinates. Once the UAS reaches the
final waypoint, it will begin descending to a predetermined safe landing area. Following
landing, post-flight checks are carried out and the aircraft is disassembled & stowed in
under 30-minutes. The UAS will be transported in a hard-shell case to prevent damage.
A general mission profile is provided in Figure 9.

In this concept of operations, a minimum of a two-person crew is required. A pilot
with Part a 107 drone license, who is capable of taking over the aircraft in the event
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Figure 8: Mission profile applied to the section of Daytona Beach stretching from In-
ternational Speedway Blvd. to the city limit covered by the Volusia County Sea Turtle
Conservancy. Yellow- takeoff & ascend, blue- cruise, orange- descend & land.

Figure 9: General mission profile

of an emergency, performs pre/post-flight checks, as well as monitors the data being
transmitted. The second person is a driver of the follower vehicle who assists with marking
the nests as well as assembly and disassembly.

This concept of operations requires a 14 CFR Part 107 waiver. The waiver would explicitly
be sought for exemption of operating from a moving vehicle and operating beyond line
of sight. The team believes a waiver could be obtained because the entire mission profile
is autonomous from takeoff to landing, and crowds will be minimal in the early morning
when the mission is conducted.

2.2 Stakeholders
Various stakeholders and customers for the team’s proposed solution were consulted in
order to determine the mission requirements, a baseline mission profile, and a general
guide regarding the required payload for the UAS.

Boeing, as a major stakeholder, provided high-level requirements that must be met by
the UAS. These requirements are reproduced below:

• The aircraft shall be a fixed-wing design.
• The UAS shall have an electric propulsion system.
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• The UAS shall weigh less than 12.5-lb with payload.
• The UAS shall be able to fly with autopilot to established mission profiles.
• The total program cost shall not exceed $4,000 (after a $1,000 budget reduction in

early January 2020).
• The UAS shall either be hand launched or takeoff from 200-ft of unimproved runway.
• The UAS shall be able to fly with autopilot to established mission profiles.
• The UAS shall be easily transportable.
• The UAS shall operate within the chosen mission requirements.

In addition to Boeing, major stakeholders in this project include staff & faculty members
of Embry-Riddle Aeronautical University, Iowa State University, and Purdue University,
as well as two Boeing engineers (Matt Gutzmer and Marilyn Jasmer). These individuals
have served as advisors and mentors for the team by providing timely, significant feedback
on the team’s direction and by guiding decisions as development of the UAS progressed.

Several additional stakeholders of the UAS were identified and consulted in order to
understand the use case for the intended product. Insight was gleaned on critical mission
requirements that the system must accomplish as well as on improvements that could
be made to current solutions. Among these individuals are Sami McCorkle and Jennifer
Winters, both of the Volusia County Sea Turtle Habitat Conservation Plan program in
Florida. They provided guidance that helped the team establish mission requirements
for flight range, GPS tracking capabilities, real-time on-board data processing needs, and
the necessity for compact stowage for ease of transport. These individuals were again
consulted in early January with a project status update. Additionally, Robbin Trindell,
a biological administrator with the Florida Fish and Wildlife Conservation Commission,
noted the risk of UASs when dealing with critically endangered species, as they run the
risk of interfering with wildlife. Therefore, a mission requirement was also created to
minimize interference with any marine life present in the area.

Overall, these stakeholders showed significant interest in this UAS-based solution to the
problem. They provided guidance and feedback throughout the mission development
process.

2.3 Design Requirements & KPIs
Stakeholder needs were translated into technical needs which were then translated into
design requirements and/or relevant Key Performance Indicators (KPIs) to serve as quan-
titative design points for the UAS. These quantitative metrics have enabled the team to
utilize quantifiable data to determine whether requirements were met instead of relying
on qualitative observations. The measurable values set by KPIs demonstrate how well
the UAS is able to perform to specifications set by the team and by the stakeholders.

The most critical design requirements and their associated KPI(s) are shown in Table 1.
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Table 1: Design requirements and KPIs

Design Requirement KPI

The UAS shall weigh less than 12-lbs with
payload

Total weight ≤ 12-lbs

The UAS shall be able to fly with autopilot
to established mission profiles

Autonomous operation ≥ 90% of flight
duration

The UAS shall be launched on an unim-
proved runway shorter than 200-ft.

The vehicle performs a wheeled takeoff

The UAS shall have a range of at least 15-mi One-way ground distance range ≥ 15-
mi radius

The UAS shall be easily transportable UAS must fit within 10-in x 24-in x 100-
in box

The UAS shall locate its GPS coordinates
within a User Range Error (URE) of 16.4-ft
when requested with a 95% probability.

GPS accuracy radius of 16.4-ft

The UAS shall produce no more than 50-dB
of noise at a distance of 196-ft altitude

Noise produced by plane flying at 196-
ft ≤ 50-dB

2.4 Concept Generation
With a mission identified and requirements defined, concepts were generated for the
UAS. Members worked independently utilizing intuition, existing designs, & experience to
create mock-ups. These were visualized by either sketching them by hand and converting
into OpenVSP designs, or designing directly in OpenVSP. Through this independent
concept brainstorming, 15 separate designs were generated. Upon review, some designs
were determined to be similar with small differences. These were merged into single
designs. After taking into account limitations invoked by the mission requirements and
recommendations based on member intuition & experience, the aero team compiled the
concepts into the four configurations shown in Figure 10. These concepts are discussed
in the ensuing paragraphs.

The pylon over wing design, shown in Figure 10a, uniquely features a motor mounted
over the main airfoil. By mounting the motor over the wing, the propeller is positioned
away from operators which was important when the launch was originally anticipated to
be by hand. Additionally, the wing provides a surface to inhibit the propagation of sound
which was a concern from the stakeholders. Lastly, it reduces kicking up sand during
takeoff and landing.

The tail of this design is a high T-tail mounted via a boom to the fuselage. The high
mounted wing provides additional unobstructed viewing range for a camera payload.

However, there were concerns with this design. Due to the over wing motor mount, a
large pitching moment will be created by the motor. To increase the effectiveness of the
tail it was decided to use a T-tail configuration positioned in the propeller air stream.
The increase in velocity of the propeller air stream over the horizontal tail provides more
lift counteracting the pitch down moment created by the propeller mounted on the pylon.

The conventional tractor configuration, shown in Figure 10b, is a mid wing design with
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(a) Pylon over wing (b) Conventional Tractor

(c) Conventional twin propeller (d) Flying wing

Figure 10: 4 Primary Concepts Generated

the motor installed in the nose of the fuselage. This is to move the propeller far from an
operator during a hand launch. Since this is a conventional, proven design, a benefit is
ease in aerodynamic and structural analysis as well as manufacturing.

Despite being a conventional design, it still has drawbacks. The field of view for a camera
would be restricted with the front mounted propeller and mid wings. A camera would
need to be positioned in a sub-optimal position for viewing. The positioning of the
propeller would also predispose it to propeller strikes.

In the conventional twin propeller configuration, viewed in Figure 10c, the wing is mounted
high with two motors positioned on the leading edge of the wing. A benefit to this con-
figuration is that each motor can be smaller for the same current draw. Additionally, the
two propellers can each be smaller in diameter than a single motor system, reducing the
noise created.

Drawbacks to this design are tied to increased weight. The presence of the second motor
requires an additional speed controller, motor mount, and wiring. These items scale
minimally (if at all) with the decreased size of each motor.

The flying wing configuration is a completely different design compared to the designs
discussed thus far. Shown in Figure 10d, the configuration is comprised of a wing body
with a rear mounted propeller and a vertical stabilizer mounted directly onto the wing.
It is easy to launch and is very agile when in flight.

This design carries with it operational challenges. The placement of the propeller creates
a hazard for the hand launch condition. Moreover, the propeller placement positions the
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propeller close to the ground, presenting a unique challenge to land without damaging
the propeller. From an aerodynamics perspective, the flying wing has a tendency to stall
while being challenging to recover.

All mock-ups were paired with a brief list of strengths and weaknesses for each config-
uration. Upon sharing this briefing with the entire team, the team was reminded the
OpenVSP mock-ups do not represent a final model, as multiple variations of the theme
were presented so as to minimize an individual identifying with an exact design.

2.5 Concept Selection
Each team member scored the 4 designs against criteria pertinent to the mission using a
weighted decision matrix. By summing the scores for each design from each member, the
selected configuration was the highest scoring concept, the pylon over wing.

To create a well-balanced design that would successfully achieve the mission objectives as
prescribed by the stakeholders, a weighted decision matrix was created to identify airplane
level details that configurations should be scored against. Mechanical and aerodynamic
related criteria were considered as recommended from the mechanical and aero teams.

For aerodynamics, five criteria were considered:

• Acoustic mitigation: The stakeholders emphasized that noise is a known factor that
affects wildlife. They expressed concerned that the drone flying at a low altitude
over the beach would create a negative effect on not only the turtles but other
marine and avian life. Thus, an acoustic mitigation criterion was considered.

• Propeller airflow: The efficiency of the propeller was considered by adding a cri-
terion to assess quality of the airflow experienced by the propeller. The guiding
question for this criteria was “Does the propeller experience clean, undisturbed
airflow?”

• Adverse aerodynamic interactions This refers to whether interactions among the
propeller, wing, and tail have the potential to negatively impact the stability of the
aircraft.

• Ease of C.G. placement: This refers to the ability to place the C.G. at a desired
location to provide enough static margin.

• Aerodynamic modeling complexity: This was to ensure that the design could be
analyzed in a reasonable amount of time with tools available to the team. This was
assessed on intuition.

Five additional criteria were investigated from a mechanical standpoint:

• Flight controller configuration complexity With limited team resources to achieve
the system requirement of full autonomy, this was an important internal metric.
The guiding question was “Does the configuration have any special channel mixing
that would need to take place or parameters that would need special tuning?”

• Hand & propeller clearance Considering that the original mission profile stated the
takeoff would be a hand launch, this was an assessment of the inherent danger of
the design to the person that launches the aircraft.
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• Propeller ground clearance The plane will likely be landing in unimproved terrain,
such as sand or grass strips, so the propeller ground clearance was considered in
weighing designs to ensure that the propeller would be clear of damaging itself by
striking the ground. A lesson learned in hindsight is that this should have been
weighted much higher than the “1” weight it received due to a requirement guiding
component failure.

• Structural design complexity This assessed the complexity of the structure of the
aircraft to model. This is an indirect assessment of how robust the structure is. If
it is complex to model, the loading may not be fully understood; however, if it can
be modeled easily, the loads will be well known which will influence the structure.

• Manufacturability This measures the complexity to manufacture the aircraft. It in-
corporates consideration for tool availability within each university to manufacture
the aircraft.

These criteria are summarized in Table 2 which also shows the weights assigned to each
criterion as well as the weighted score in each criterion for each configuration. Weights
were defined to be between 1 and 5 where higher values indicate more significant criteria.
The values for the weights were determined by taking an average of the weights suggested
by aero team members for the aero criteria and an average of the weights suggested by
the mechanical team members for the mechanical criteria.

All 10 team members were asked to score each configuration against all 10 criteria on a
scale of 1 to 5. Members were provided with mock-ups, strengths, and weaknesses for each
design. They then completed a Google Form independently so as to not influence other
members’ scores. The criteria scores for each configuration were determined by summing
the scores given by each member of the team and multiplying that by the weight. The
total weighted score is the summation of the 10 weighted scores for each category.

As shown in Table 2, the highest scoring configuration was the pylon over wing. This was
the selected configuration.
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Table 2: Weighted decision matrix criteria and configuration scores

Criterion Weight

Pylon
over
wing

Conventional
tractor

Conventional
twin

engine
Flying
wing

Acoustic
mitigation 3.6 154.8 64.8 82.8 79.2
Propeller
airflow 3.2 140.8 108.8 124.8 86.4

Adverse
aerodynamic
interactions 4.2 117.6 134.4 147 96.6

Ease of
C.G. placement 4.8 163.2 192 177.6 72
Aerodynamic

modelling
complexity 2.8 81.2 103.6 86.8 70

Flight controller
configuration
complexity 3 75 111 96 69

Hand &
propeller
clearance 4 196 140 140 68
Propeller
ground

clearance 1 50 25 36 16
Structural

design
complexity 5 160 190 170 180

Manufacturability 3 99 117 90 114

Total
Weighted

Score 1237.6 1186.6 1151.0 851.2

2.6 Payload Definition
To define the payload, the relevant constraints first needed to be defined in order to
complete trade studies. As a team, the rating criteria decided upon to evaluate the
search method were as follows: cost, detection range, weight and volume, complexity,
and robustness. A thermal imaging system, LIDAR system, and visual spectrum system
were the candidate payloads considered.

Preliminary research showed that thermal imaging for detecting clutches was possible
with the correct equipment. Research by a Duke University student of ecosystem science
and conservation in an article for Wildlabs.net showed that a FLIR Duo Pro R was
sensitive enough to detect the 1- to 2-◦F difference in surface temperature of clutches
near hatching (Ossmann, 2018). The major drawback to thermal imaging, however, is
the cost. Weighted highest on the trade study, cost has the largest impact on the project.
When a single sensor can cost as much as $5,000, a significant burden is placed on the
project budget and overall product affordability. A slightly more cost-effective solution
was to utilize several cheaper, lower resolution sensors and stitch the images together in
post-processing. This still had a significant cost associated with it.
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With a LIDAR solution, locating tracks leading to nests were of interest, rather than
directly locating nesting sights. However, there is little or no research to support that
this was a viable solution. Furthermore, it shares many of the same shortcomings as
thermal imaging, namely cost. Even hobby level LIDARs are on the order of several
hundred dollars, and even though this is not budget destroying, it is still not ideal.
Another drawback is the significantly reduced sensing range with a maximum distance in
ideal conditions being 60-80-ft. Flying this low is more dangerous than at high altitudes
and increases the chance of wildlife interaction, a potential requirement violation. It also
requires a higher frequency of scanning and image processing.

The final, most cost-effective solution utilized commercial-off-the-shelf single board visual
spectrum cameras to gather video. As far as processing goes, this is quite similar to the
LIDAR solution; however, instead of searching for tracks through changes in elevation
of the surface, this system identifies contrast in light in the beach terrain. This solution
requires pairing with significant software and hardware to process the images. Despite
the software and hardware needs, the visual spectrum solution was the option the team
deemed to have the best balance among cost, range, weight, and volume attributes.

3 Detailed Design
3.1 Constraint Analysis & Sizing
Sizing of the UAS’s aerodynamic surfaces began with calculations for wing loading and
power loading. Initially, the mission would be hand launched, so the “Constraint Sizing
Electric Hand Launch” sizing sheet provided by the course mentors was used to deter-
mine both of these values. When the mission was switched to a wheeled takeoff, the
takeoff performance was well within our 200ft takeoff distance requirement at 35ft. A
screenshot of the Excel sheet showing the inputs to the constraint diagram can be seen
in Appendix D. Many of the default inputs given in the sheet remained constant, as
they were deemed sufficient and were less influential to the design. The critical inputs
changed were aspect ratio = 7, CLmax = 1.5, and throw velocity = 22.15-ft/s. From this
point, the team selected a power and wing loading combination that placed the UAS in
the feasible region, seen by the green circle in Figure 11. A power loading of 45-W/lbs
(10-W/N) and a wing loading of 1.3-lb/ft2 (60-N/m2) was selected, as they represent the
most optimal design parameters with respect to the aforementioned constraint. To deter-
mine the actual sizing and weight of the aircraft, the “Electric Aircraft Weight Analysis”
sheet provided by the course mentors was used. The weight analysis sheet shares many
of the same parameters of the constraint hand launch sheet, with the addition of the
power loading, wing loading, and other parameters used to specify the mission profile.
The electric aircraft sizing sheet outputs the weight, wing area, and wing span. From
this point, the airfoils for each of the lifting surfaces could be determined, along with tail
sizing.
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Figure 11: Electric hand-launch UAS constraint diagram

3.2 Airfoil Selection
The initial process for selecting the airfoil for the wing was evaluating the airfoil selection
for similarly sized UASs currently on the market using publicly available data. Doing this,
9 airfoils were selected from current market designs similar to the performance needs
of SAILR. These included the AG12, AG35, CLARK Y, HOBIESM, ISA571, ISA960,
NACA 6412, S9000, and S9037. XFLR5 was used to determine flight characteristics of
each airfoil. These characteristics included coefficient of lift, coefficient of drag, coefficient
of moment, and lift over drag ratio. All of these characteristics were set as functions of
the angle of attack so that the characteristics could be seen as alpha changes.

Determining which airfoil to use from the data was based on the lift over drag ratio for
the airfoils. By calculating what the cruise coefficient of lift would be for the aircraft,
which was calculated to be 0.6, the angle of attack was found from the XFLR5 plot of
coefficient of lift versus angle of attack shown in Figure 12. Then, from that angle of
attack and the lift over drag versus alpha plot, the lift over drag ratio was identified for
the needed angle of attack. The deciding factor for the airfoil was how close the lift over
drag ratio for the needed lift was to the maximum lift over drag ratio of the airfoil and if
the airfoil can cruise at a small AOA.

This process was repeated for each of the possible airfoils to identify the best fit for the
mission needs. After analyzing each airfoil at the low Reynolds Number of 256,538, deter-
mined for the cruise velocity of 33-mi/hr with chord length 10”, air density of 0.002377-
slugs/ft3, and dynamic viscosity of 3.737∗10−7-slugs/ft-s, the S9000 airfoil was selected as
the best choice of airfoil for the wing. Note that later in detailed design, the chord length
was increased to 12” to achieve more lift. A study was not completed if the increased
chord length would change the optimal airfoil selection because the Reynolds Number
only slightly increases to 307,858, so the effect was assumed to be minimal.

The airfoil choices for the vertical and horizontal tail surfaces were also based on current
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Figure 12: Coefficient plots

market designs as well as other research on building tail surfaces. For the vertical tail,
the NACA 0010 airfoil was chosen since the only restriction was that it needed to be a
symmetric airfoil. For the horizontal tail surfaces, the NACA 2210 was chosen based on
it being an asymmetric and thin airfoil. Asymmetric airfoils produce lift at zero angle of
attack allowing the airfoil to be carefully selected to give the right amount of tail force at
cruise, resulting in zero elevator deflection. Because of mounting schedule pressures that
resulted from a detailed study on candidate airfoils, a horizontal airfoil tail was selected
that would achieve the job without deeply studying a swath of candidate orientations and
airfoils.
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3.3 Stability
The stability of an aircraft is directly affected by the tail sizing, wing sizing, and placement
of both. The stability of the aircraft is also a mission-critical component that significantly
affects aircraft performance. With a good tail trim position, the aircraft will be able
to cruise efficiently. On the contrary, the aircraft would have to use more power in
cruise, resulting in reduced endurance and range, for poor trim positioning. With the
selected configuration of a pylon motor mount, the thrust vector is above the center-
line of the aircraft. This displaced thrust vector creates an induced downward pitching
moment. The AVL stability analysis software was used to estimate the aerodynamic
stability parameters. The AVL simulation accounted for the additional pitching moment
to confirm the appropriate tail size and placement. Special consideration will be given
to CMα, CLβ, and CNβ stability derivatives as they heavily influence the aircraft’s overall
stability.

3.3.1 Definition and Assumptions
The stability analysis was started by reviewing the mission type. As defined by the
mission type, the aircraft needs to be stable for long cruise flights. This mission type
means that the static stability margin should be defined so that the aircraft is stable
while still having suitable maneuverability. Due to the mission type, a static margin of
15% was chosen as that will give the right amount of maneuverability and stability in
cruise.

The aerodynamic stability is tightly coupled with the weight and balance of the aircraft.
The two main factors are the A.C. of the airfoil and the C.G. of the entire aircraft.
For static stability in forward speed, the C.G must be placed in front of the aircraft’s
A.C. This C.G. placement allows the moment force from the wing and the tail to be
appropriately balanced. The x displacement of C.G per chord length is 0.25 (XCG/C).

3.3.2 Tail Configuration
The pylon mounted propulsion system brings about many unique design challenges. The
displaced thrust vector from the center-axis causes an induced pitching moment. This
causes the tail to need much more control effectiveness, especially at take-off and lower
speeds. To this end, it was hypothesized that a T-tail configuration will allow the propeller
wash to generate the extra effectiveness required for the aircraft to be controllable in those
flight conditions.

Some preliminary analysis was performed using AVL to determine the tail geometry that
will give the desired handling qualities. Using AVL allowed the team to quickly observe
the impact to the overall flight dynamics of the aircraft by changing geometric properties
of the model. The initial size of the tail was estimated based on other RC aircraft and
what looked proportionately correct. With AVL, parameters including the tail boom
length, horizontal stabilizer span and chord, and horizontal stabilizer incidence angle
were varied in the AVL geometry file to achieve the desired stability derivatives. In the
analysis, CMα was the primary stability derivative that was tuned. The tail has been
sized and can be seen in the drawings in Appendix K.

Using data from the AVL analysis, the C.G. location is at 15.58” measured from the nose
of the aircraft (the calculations are provided in Appendix E). This is positioned in front
of the A.C. which means the aircraft is stable for this tail. Current CG location based
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off 3DEXPERIENCE shows Gx = -13.25”, Gy = 2.75”, Gz = 0.26” and the measured
CG of the manufactured aircraft was Gx = -14.5”, Gy = 0.00”, Gz = -3.00” (both as
measured from the nose of the aircraft). Due to the COVID-19 pandemic, the physical
CG was not measured with varying the battery location (which was a feature of the slots
cut in the payload board). This placed the CG before the AC, and with the weight of the
aircraft being lower than anticipated, the stability of the aircraft was maintained with
tail placement and sizing.

3.4 Control Surfaces
With a given aircraft sizing, control surfaces of the aircraft were estimated with the
method adopted from Aircraft Design: A Conceptual Approach by Daniel P. Raymer
(Raymer, 2004).

Figure 13: Raymer’s tail efficiency graph

Using Raymer’s tail efficiency curve, reproduced in Figure 13, control surface sizes were
estimated. Figure 13 presents a range of ratios to size the aileron and wing span for
a given chord ratio. Raymer claims that the elevator, rudder, and aileron for trainer
aircraft should be 15 - 20%, 10 – 15% and 15 - 20% of the chord, respectively. After
the chord ratio for the control surfaces was selected, the team referenced Figure 13 to
determine span ratios. For instance, the aileron chord to wing chord ratio is 0.15 or 15%,
and based on the historical guidelines, a range for the span ratio for aileron to wing could
be between 0.55 to 0.75. A span ratio of 0.55 was selected for the initial control surface
estimation. With it, the the control surfaces could be designed while maintaining the
aspect ratio at full span of the wing. Since the UAS must be highly stable with no need
to be agile and acrobatic, a trainer aircraft was selected as the base line for estimation.
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Table 3: Aircraft sizing parameters

Wing (in) Horizontal Tail (in) Vertical Tail (in)

Span 102.5 24 8.5
Root Chord 9 15 7
Tip Chord 6.5 46 5

With the final aircraft configuration, an identical standard of 15% control surface es-
timation was applied to design three different control surfaces: aileron, elevator, and
rudder. Each of these control surface areas were calculated to be (aileron area), 27.9 in2,
and 7.65in2. It was assumed that aspect ratio of control surfaces were identical to their
parent surfaces to ensure easier manufacturing and control axis alignment. This design
also allows the aerodynamic center for all control surfaces to be easily estimated since
their relative location to chord would be the same as their parent surface. To maximize
moment, the axis of all control surfaces were placed close to their leading edge.

3.5 Propulsion
The propulsion system was defined based on its relevant requirements. A Boeing require-
ment stipulated the propulsion mode must be electric, which is common for UASs of this
size. Another driving factor in the propulsion design was the requirement for the acoustic
noise to be below 50-dB to minimize disturbances to area wildlife. From the mission
profile and constraint sizing, the standard mission time was expected to be 30-minutes.
To account for varying weather, modeling inaccuracies, and other outside factors, a 15-
minute reserve requirement was appended to the power system requirements; thus, the
flight time requirement totaled to 45-minutes. Next, the propeller diameter must be
minimized due to structural considerations with the pylon mounting method (smaller
propeller diameter equates to a smaller pylon so the moment arm is smaller). To min-
imize weight, a LiPo battery pack requirement was defined since they have high energy
density and are common in small UASs. LiPo battery cells are typically wired in series to
increase the total battery pack voltage. This gives flexibility in selecting motor voltage.
The nominal cell voltage of a LiPo system is 3.7-V, so a 4S battery pack is rated at 14.8-V
(“xS” multiples the standard voltage (3.7-V) by a factor of “x” in a series arrangement).
From these initial requirements and constraints, the propulsion system could be defined.

The propulsion system is made up of many components that each have their own perfor-
mance characteristics that must be individually analyzed for the full system to be designed
properly. These components include the propeller, brush-less DC motor, electronic speed
control, and battery pack.

3.5.1 Motor & Propeller Sizing
The first step for motor and propeller sizing was to determine the cruise thrust required
for the intended mission. The thrust required was calculated to be 1.44-lbf at 40-mph,
which was acquired by using the non-linear drag model. Motor and propeller combinations
could then be analyzed.

Five candidate motors from KDE were identified with kV ratings varying from 515-kV
to 965-kV. By reviewing the performance charts for those motors, the cruise thrust was
identified and current draw was interpolated. These values were entered into a mentor-
provided Excel propulsion sizing sheet which defined the required battery size (more
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information on battery sizing can be found in Section 3.5.3). The KDE2814XF-515 515-
kV motor met all the requirements set forth for the propulsion system; it offered a low
required battery capacity, low cost, light weight, and a wide range of usable propellers.

Based on the minimum take-off power loading requirement of 10-W/N (44.5-W/lbs),
which was determined in the hand-launch electrical constraint sizing sheet, the required
power for take-off is 378.3-W. Based on this analysis and data available from trusted
vendors, an APC 11”x8” propeller was selected for the propulsion system which was later
subjected to propulsion tests (see Section 7.3).

3.5.2 Electronic Speed Controller Sizing
For the KDE2315XF 515-kV motor and 6S battery selection, it was found that on takeoff,
the UAS would be drawing at least 22.4-A of continuous current. A factor of 1.25 was
tacked on upping the requirement to 28-A draw capability. The KDEXF-UAS35 (35A+)
ESC is the recommended ESC for KDE2315XF motor and fits all the requirements which
is why it was selected as the ideal choice.

3.5.3 Battery Sizing
From the power budget conducted of non-propulsion components in Section 3.8.1, the
total estimated current draw in cruise was 1.32-A (1320-mA). Adding the required current
draw from the propulsion system (6500 mA at cruise) resulted in a total system current
draw of 7820-mA. To determine the required battery capacity CBattery in mAh, equation
1 was used.

CBattery = IBattery ∗ tmission (1)

In the equation, IBattery is the total system current draw in mA (7820-mA) and tmission
is the mission time in hours (0.75-hours). Equation 1 yielded a required mission battery
capacity of 5865-mAh. Surveying online retailers, several 6S batteries were identified
with varying capacities, C-ratings, and form factors. The C-rating was used to remove
two GensAce branded battery packs from consideration; their cost was high likely due to
the higher C-ratings, which were much higher than the mission requires. The Lumenier
6S 8000-mAh LiPo battery was selected primarily for the excess capacity that allows
for margin in the flight time calculations, as well as increased current draw capacity if
a larger propeller than initially considered is needed to meet the mission requirements.
The 8000-mAh Lumenier pack has a higher capacity to cost ratio and capacity to weight
ratio than its 6600-mAh counterpart. The form factor of the 8000-mAh battery pack is
also better suited for integrating into the air-frame as the pack is long and slender, versus
the cube shape form factor of the 6600-mAh pack. Therefore, the battery pack selected
for use in SAILR is the Luminier 6S 8000-mAh LiPo battery pack. The selected battery
pack will be able to keep the aircraft aloft for an estimated 61 minutes of flight time.

3.6 Structures
The structure of the aircraft was very important to the durability and longevity of the
aircraft. As a team, a large amount of time was spent determining how the structures of
the aircraft were going to be manufactured. An equally significant amount of time was
put into material selection. This section will review the process behind structural design
decision making and structural design outcomes.
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3.6.1 Design Considerations
Prior to starting the structural design stage, there were important considerations that
were made. The most important design consideration that was made was the structural
integrity in flight which came from the aerodynamic loads as shown in the V-N diagram
in Figure 14.

Figure 14: V-N diagram

The V-N diagram shown in Figure 14 shows the flight regime for which the structure
was designed to handle. An object under no load would have a load factor “N” of 1,
representing the acceleration of gravity. The allowable structural range extended from
+3 to -1.5 g. The curved red lines were the stall limits where flight is possible. Finally,
operation between the maximum structural cruise speed Vno and velocity never exceed
Vne was structurally possible, but came with additional caution. For simplicity, gust
conditions were ignored in this diagram.

This diagram dictates the structural strength required from each component. For this
analysis to be satisfied, the wing, tail, motor, payload, etc. must withstand a force
equivalent to +3 and -1.5 g.

Once the overall airframe loads were established, a load path diagram was made to show
which structural members carried which loads. Figure 15 shows this diagram for the final
design iteration. Note that loads due to lift were directly transferred to the fuselage insert
tube. The latches just provided a left-to-right lock.

3.6.2 Design Decisions
The mission profile, payload, and concept of operation dictated the general shape and
layout of the air-frame. More specific design decisions were handled by decision matrices
which combined the importance and severity of many outcomes to yield a mathematical
winner. There were two main aspects of the design that were considered when using the
decision matrix, the materials and the method used to make the structure. For example,
a decision matrix was made for the manufacturing method of the fuselage, as well as for
the materials best suited for the fuselage.

20



Team 4

(a) Entire UAS load paths (b) Load paths through the wing joints

Figure 15: Load path diagram

3.6.3 Design Outcomes
The outcomes from the decision matrices created can be seen below in Table 4. It consists
of the major structural components that were decided on. The manufacturing method as
well as the material for each component is shown. Some of the results from the decision
matrices were changed over time due to different circumstances, for example the first
choice for the tail construction was originally 3D printing, then the cost and weight
penalty associated came to be an issue, so the decision matrix was reevaluated to yield
the results of a glass slipper construction method.

Table 4: Design Decision Matrix Results

Decision Winner Runner-up Leading Factor

Fuselage Composite Shell Wooden Box Weight
Fuselage Materials Honeycomb/fiberglass Carbon fiber Cost
Wing Construction Glass slipper Rig and spar Manufacturability

Wing Materials Foam/fiberglass Honeycomb/fiberglass Manufacturability
Tail Construction Glass slipper 1-piece 3D-print Cost

Tail Materials Foam/fiberglass PLA plastic Cost
Spars Carbon fiber Fiberglass Strength

Motor Pylon Composite rod Wooden rod Weight
Wing attachment Ball detents Locking lever Simplicity
Tail attachment 3D-print Bolts Rigidity

3.7 Payload
The purpose of the payload is to successfully and repeatably detect sea turtles. Numerous
methods of identifing the presence of turtles were considrered including looking for the
animal itself, looking for their tracks from the ocean to the dry sand, and looking for their
nests. While a robust model deployed in the field would likely make use of many detection
scenarios, the team elected to detect the animal as a proof of concept to use in custom
training the vision data set. This was based on the ease of creating a test object to create
the training image set. The known mission constraints limit the time of flight to early
morning before traffic on the drive-able sections of Daytona Beach. This is advantageous,
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as it creates lighting conditions that elongate the shadows and increase contrast. Other
flight characteristics, such as ground speed, altitude, and available power, outline major
constraints for the design of the payload.

3.7.1 Architecture
The architecture is sub-categorized into three major sections: sensing, processing, and
communication. Onboard sensor data is collected and processed on either the Raspberry
Pi 4 or the Pixhawk 2.1. The Pixhawk communicates directly to the ground control sta-
tion and is controlled either by the ground operator or autonomously via the QGround-
Control software. The Raspberry Pi 4 communicates the partially processed images,
position data, and camera orientation to the computer vision server via an LTE hat. The
server collects and processes the images & data and passes the necessary information to
the image with GPS coordinates of a positive sighting. The connections are shown in
Figure 16.

3.7.2 Sensing
The aircraft has onboard sensors for GPS, airspeed, camera orientation, ground imaging,
and battery management. Images are taken on the IMX219 at 1080x1920 resolution. The
camera communicates to the Raspberry Pi 4 over camera serial interface. The Raspberry
Pi also gets camera orientation information over I2C from the Storm32 brushless control
board. The Storm32 utilizes a 9-axis IMU for its position information. It was determined
that a minimum requirement for the camera would be 15 frames per second at 1080p
resolution. The resolution allows for a ground size of 0.5” per pixel, giving more than
enough resolution to correctly identify tracks (usually 2.5’-3.5’ across (Information About
Sea Turtles: Loggerhead Sea Turtle, n.d.)). GPS position is retrieved from the Here2
GPS module from the Pixhawk 2.1 and communicated to the Raspberry Pi via UART.
Airspeed and battery management directly communicate to the Pixhawk 2.1.

To combat NVH, which can severely damage certain electronics and have major negative
impacts on others, all the electronics were secured inside the fuselage with vibration-
isolating mounts. Furthermore, to improve sensor data integrity, all data lines are twisted
pairs, and run separately from power connections, with as few connectors as possible.

3.7.3 Processing
Two key types of data are necessary to successfully accomplish the mission, image data
and position data. Images need be analyzed to identify evidence of sea turtles, and the
position of that evidence needs to be marked. To process the images and identify tracks,
computer vision was utilized. Specifically, a neural network based on Darknet, an open
source neural network, and YOLO algorithm. This neural network was trained using
a mock test model due to the limited number of aerial images of actual turtles that
were available. This architecture and a MongoDB database was ran on a remote server
that communicated to the plane, in theory, through a LTE cellular network. The server
utilized port forwarding and SFTP to send files securely between the two devices. This is
the limit of where the prototype stage stopped due to COVID-19 induced complications.
It was planned to process the images, GPS, and gimbal orientation data to determine
the exact ground position of the suspected evidence of turtle activity. This was to be
accomplished using simple trigonometry and the elevation of the aircraft (data received
from the Pixhawk 2.1). The image with a bounding box and certainty, along with the
GPS position would then be sent to the end user.
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Figure 16: Payload wiring diagram

3.8 Controls & Electrical Design
3.8.1 Power Budget
Table 5 provides a breakdown of the estimated power consumption and required current
draw of the electrical components on-board the UAS.

Table 5: Estimated power & current Budget

Component(s) Power (W) Voltage (V) Current (A)

Raspberry Pi 4 Model B 6.4 14.8 0.432
STorM32 Gimbal 2.1 6 0.35

Sony IMX219 Camera 0.3 3 0.1
Servos (6) 14.4 6 2.4

RFD-900 Telemetry Radio 4 5 0.8

Pixhawk + add’l components* 2.5 5 0.5

Total 29.7 – –
* Additional components included the digital airspeed sensor, Here2 GPS Module, the
LTE hat, and the RC receiver, all of which were considered to be low-power devices.

Data regarding current draw, operating voltages, and power consumption for each non-
propulsion component was collected using their respective data sheets. Current draw
and power consumption for the Pixhawk and additional components were estimated, as
these values were not available in their data sheets; they were assumed to be low-power
devices that did not draw a significant amount of current. For components where power
consumption was not given, power (P) was calculated with Ohm’s Law with respect to
voltage (V) and current (I), given by equation 2.

P = I ∗ V (2)
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The power consumption of each component was summed to calculate an estimated total
power consumption of 29.7-W. To calculate the total current draw, equation 2 was rear-
ranged to solve for current. Using a battery voltage of a 6S battery (22.5-V), Equation
2 yields an estimated total current draw for non-propulsion components of 1.32-A, or
1320-mA.

3.8.2 Controllers
The Pixhawk 2.1 with a Black Cube (Figure 17a) was chosen as the flight controller for the
UAS. The Pixhawk 2.1 was chosen over the Pixhawk 4, the alternative option, due to its
IMU redundancies, simplified power distribution, and its flexibility with using legacy flight
controller software (ArduPilot). Another benefit of the Pixhawk 2.1 is its use of the Cube
to house all the flight controller hardware. The Cube opens the possibility of condensing
hardware into a smaller form factor (i.e. a PCB) when scaling up manufacturing; the
Pixhawk 4 flight controller hardware is fully integrated within the Pixhawk itself and
cannot be modified.

3.8.3 Radio Communications
An RFD-900 (Figure 17b) was chosen for telemetry radio communication with the ground
station due to its long-range communication capabilities. Long-range communication was
critical due to the design requirement for flight range (at least 24.9-MI from launch site).
Alternative solutions for telemetry communication (such as the Transceiver Telemetry
Radio V3) did not provide evidence to support the long ranges necessary for the mis-
sion. RC communication capabilities is to be implemented via a Spektrum SPM4648 RC
receiver to provide users with the ability to manually control the UAS if autonomous
operation behaved unexpectedly or was deemed unnecessary for a specific flight.

(a) Pixhawk 2.1 (b) RFD-900 w/ antennas (c) Here2 GPS Module

Figure 17: Control system components

A detailed wiring schematic depicting the layout and connections between the Pixhawk
2.1 and the described sensors and components, control surface servos, and the on-board
microprocessor is shown in Figure 20.

3.9 Collection of Significant Preliminary Design to Detailed De-
sign Changes

The team faced cyclical trade off challenges in the detailed design phase. The tail in-
creased in size to counteract the motor pitching, but this increase in size added more
weight, so the wings also increased in size to provide more lift. Calculations were show-
ing the takeoff speed needed to be 31.8-ft/s. The team became concerned that as the
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weight increased and the wing span increased, it would become difficult to throw the UAS
and achieve that takeoff speed. A test was conducted that heavily informed the decision
to switch the mission to a wheeled takeoff.

Shown in Figure 18 is a glider made of scrap wood that weighed 8-lbs. This was thrown
5 times into the wind and 5 time with the wind. The wind velocity was unknown. The
throws were recorded with speeds shown in Table 6. By averaging all the throws, a net
no-wind velocity was determined to be 16.6-ft/s. This was significantly less than the
required 31.8-ft/s needed, so the team elected to switch to a wheeled takeoff. Resizing
the entire plane was considered; however, this was deemed a lesser option considering the
time constraint the decision was made under ahead of the MRR.

Moving away from a hand launch was helped by considering that the stakeholder will
ultimately be the one to throw the plane in the field. To ensure a high successful launch
rate, the plane would need to be easy enough to throw for an average adult. The individual
throwing the wooden glider stated it was uncomfortable to throw which helped steer the
team completely from hand launching a plane of this magnitude.

Figure 18: An 8-lb glider made from scrap wood

Table 6: Wooden Glider Speed Test

Throw Number Speed with wind (ft/s) Speed into wind(ft/s)

1 16.1 13.3
2 19.8 12.8
3 17.7 14.4
4 21.4 10.9
5 21.4 18.6

This change was reevaluated against the concept of operations. The wheeled takeoff was
deemed acceptable due to the prevalence of beach access driveways and compacted sand
that could be used to takeoff. It was checked that the UAS would meet the minimum
takeoff distance requirement of less than 200-ft. The calculated distance for the final
plane, weighing 10.5-lbs, was 33.6-ft.
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When reviewing the concept of operations, the team identified a change that would help
the team reduce weight in the form of less battery capacity. Previously, the concept
of operations called for an out-and-back style mission. Recognizing the identified nests
would need to be marked, the team engaged with the stakeholders and proposed the UAS
land at the end of its surveillance path. The autonomous operation would be monitored
by a passenger in a follower vehicle which requires a 14 CFR part 107 waiver. This
saved the return journey, permitting a one-way flight of 15-mi taking about 30-min (with
reserves).

Despite this, an effort was still being made to reduce weight. One such effort was switching
the image processing from a slightly heavier but computationally superior NVIDIA Jetson
TX2 to a Raspberry Pi. This required the vision processing to be conducted off board
using a Raspberry Pi LTE hat instead of on-board with the TX2. This saved 0.12-lbs,
which was negligible in hindsight, but in the moment, the team was looking to cut any
weight possible.

4 Components & Assemblies
This section details the final structural design and electrical design of the UAS.

4.1 UAS Assembly Drawing
A full assembly drawing of the SAILR UAS is shown in Figure 19. Exploded views of the
full assembly, as well as additional drawings for major sub-assemblies, are provided in a
drawing package located in Appendix K. An engineering bill of materials is provided in
Figure F.1.
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Figure 19: SAILR 3-view Drawing
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4.2 Wiring Diagram
A full wiring diagram detailing the required electrical connections from the battery to the
payload, sensors, control systems, actuators (motor and servos), and avionics systems is
shown in Figure 16. Note that an electronics bill of materials is provided in Figure F.2.

Additional sensors connected to the flight controller for retrieving state parameters in-
clude a Here2 GPS module (Figure 17c) for GPS tracking of the UAS and a digital air
speed sensor with a pitot-static tube to monitor air speed during operation.

A wiring diagram of just the controls components and their interfacing path with the
Pixhawk is shown in Figure 20.

Figure 20: Pixhawk 2.1 wiring schematic

5 Production Plans & Manufacturing Process
5.1 Production Overview
In order to move through the manufacturing process smoothly, three tools were used: a
detailed build schedule, a bill of materials, and job instruction sheets.

The build schedule outlined when each school should complete each build task, and how
long it should take. This is provided in Figure 21. By planning the work that should
occur each day, incremental progress was able to be tracked so an idea of the target ship
date was always known. Weekends were not planned to have work done, so they served
as catch up days. Additionally, the manufacturing programs team reviewed the plan at
their weekly subteam meeting and made updates as necessary.
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Figure 21: Day-by-day plan for manufacturing

The engineering bill of materials provided a single document reference for every part,
quantity needed, CAD file name, link to the part, price, and more. This is provided in
Appendix F. This helped the team see at a glance all the parts that were needed. Because
the BOM also included the school that would need it for their respective subassembly, it
was clear which manufacturing programs school representative was responsible for order-
ing it.

Finally, the job instruction sheets allowed team members to plan ahead to avoid in-work
delays. These sheets provided information on the manufacturing process, tools and PPE
needed, and step-by-step instructions. By thinking through the processes ahead of time,
mistakes and time delays were likely reduced. A sample is provided in Appendix F. Job
instruction sheets were created for the payload board, fuselage layup (a first version and
second version incorporating learnings from the first version), wing construction, and tail
construction.
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5.2 Manufacturing
In order to evenly divide the manufacturing responsibilities, each university’s students
were assigned a part or parts of the UAS to build. This workload delegation was based
on each university’s capabilities and the members’ availability. Each university was al-
lotted two weeks to source materials, reserve lab space and equipment, and prepare for
manufacturing. A further two weeks were allotted for manufacturing. Finally, a one week
window was provided for ISU and Purdue to ship their completed parts to ERAU.

5.2.1 Embry-Riddle Aeronautical University
ERAU’s main responsibilities were final assembly of the UAS and manufacturing of the
payload board. This included integration of structural and electronic components. Team
members laser cut a payload plate from 1/4” plywood. This plate served as the mounting
platform for the electronics and an attachment point for the various UAS sub-assemblies.
A nationwide COVID-19 shutdown prevented the team from continuing manufacturing
on campus, so final assembly took place in team members’ houses.

Analysis of FEA results on the loads carried through the payload board required a slight
redesign. Due to the shut down, the redesigned board was not able to be created. How-
ever, an older version was repurposed to suit the needs where the increase in material was
considered negligible added weight. The changes are better summarized with figures, as
shown in Figure 22.

(a) Version 1 of the payload board (b) Version 2 of the payload board

(c) Version 3 of the payload board (d) Actual version 1 of the payload board

Figure 22: Payload board versions. Figure (a) was the original version. At a high level,
FEA showed the area in orange should be stiffer, so the board was redesigned to Figure (b).
COVID-19 restricted this board from being produced so the existing board in the team’s
possession, of Figure (a) was repurposed by manually cutting solid struts (previously, a
section was removed from them) and lengthening the tail boom to meet with the spar.
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5.2.2 Iowa State University
ISU was responsible for the fuselage shell. The shell design allowed a strong, aerodynamic
shape to be used with lower weight and more internal space compared to other fuselage
options. 3-oz fiberglass was used instead of carbon fiber to allow radio communication
through the shell. To increase the stiffness of the shell, a 1/4” Nomex honeycomb core was
sandwiched between the fiberglass layers. The honeycomb core weighed about the same
as one layer of dry fiberglass, but greatly increased the shell’s rigidity. The fiberglass,
honeycomb, and epoxy were wrapped around the upper and lower positive molds and put
under vacuum. The first attempt at the fuselage shell successfully matched the multi-
directional curves and produced a stiff structure, but the 2.4-lb weight was well over the
target of 1.5-lb.

To cut weight, a second shell was made with thinner honeycomb (1/8” thickness) and
carefully weighed epoxy. Instead of brushing the epoxy onto the fiberglass while on the
mold, the epoxy was spread evenly through the fiberglass cloth to form a “pseudo-prepreg”
fiberglass layup. This ensured any excess epoxy was removed before going under vacuum
and not filling in the honeycomb air pockets. While noticeably more flexible than the
first fuselage shell, the second shell weighed only 10.5-oz, or 0.66-lb; half the 1.5-lb target
weight. Both versions are shown in Figure 23.

(a) Version 1 of the fuselage with 1/4” Nomex
and pour-as-you-go epoxy

(b) Version 2 of the fuselage with 1/8” Nomex
and premeasured epoxy

Figure 23: Fuselage versions

5.2.3 Purdue University
Purdue University was responsible for manufacturing the wings, horizontal stabilizer,
and vertical stabilizer, all of which shared the same materials and construction method;
Foamular XPS 250, from Menards, served as the core by using a CNC hot wire to cut
the airfoil. Control surfaces were manually cut from the parent wing using the hot wire
following a semi-circular path that matched the wing as shown in Figure 24. This was
done to reduce airflow separation over the section. A design for manufacturability decision
was made to move the flaps and ailerons adjacent to each other (the control surfaces were
resized as necessary) so the root and tip portions could be kept as a continuous airfoil
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with the middle section being reworked to have both control surfaces removed at once, as
shown in Figure 25. The carbon fiber spar was epoxied into the wings before the wings
and control surfaces were separately covered with a single layer of 3-oz fiberglass, followed
by the necessary post-processing. A complete wing is shown in Figure 26.

The length of square carbon fiber wing spar the design called for was not available in
the size needed, so a wooden ferrule, measuring 2” in length was machined to a tight
tolerance fit on one end and interference fit on the other. This was epoxied into place to
ensure as homogeneous of a connection as possible.

The process was nearly identical for the tail airfoil surfaces. The only difference was that
the control surfaces were not “nested” due to the swept nature of the surfaces. The joint
was cut straight with the elevator tail being attached by tape and the rudder attached
with elbow hinges.

Purdue’s responsibility also included installing the servos. Servo trays were used so that
servos could be interchanged if needed. The pockets the trays sat in were cut using an
end mill for a Dremel and ruler as a guide which ensured a clean fit. A pocket and control
horn is shown in Figure 24.

Figure 24: Curvature of the Wing-Aileron Joint

Figure 25: One wing is shown separated into the root and tip sections with the third
section, the center, having the control surfaces cut out.

6 Risks & FMEA
6.1 Risks
A tracking system was developed within 3DEXPERIENCE for risk management. The
tool tracks the description of the risk, the impact number, the probability number, the risk
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Figure 26: Completed wing showing control surfaces and servo installation

probability number, the abatement plan, and the measure of success. The risk probability
number is the impact number multiplied by the probability number. This number is used
to sort the risks from highest to lowest. The risks associated with this system have been
properly documented to bring these issues to light and to aid in mitigation techniques.

Figure 27: Risk matrix and major descriptions

The risk matrix can be seen in Figure 27, this shows the impact versus the probability
and the colors indicate the severity. In Figure 27, the grey dots indicate risks, with major
risks being described in the figure. A large number of these risks are medium to high in
their exposure to the team; the abatement plan seeks to move the high- to medium-range
risks to a lower-risk region. The complete risks analysis can be seen in the Appendix G.

It was intended to review and update the risks periodically; however, the time was never
set aside to do that beyond the initial risk review. Updating it at the conclusion of the
project has little value since everything already played out. The irony is that had time
been set aside to periodically review the risks and create mitigation plans, the team likely
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would not have had to treat many situations that emerged as high priority. This is a major
lesson learned. To identify risks is next to worthless without creating mitigation plans
(and reviewing their accuracy as they age) and periodically reviewing the risk exposure.
To be clear, some risks were examined when making decisions; however, they were not
logged and monitored. Tangentially, the COVID-19 impact to the project is a lesson in
risk recognition. While it is impossible to identify every possible situation that could
occur, it is reasonable to define “catch-all” scenarios and mitigate those. For instance,
a risk could have been defined as “an external act mandating work stoppage”. In which
case, the team would have been better equipped to handle the situation. This comes from
the perspective that projects in the workplace generally must carry on even in times of
crisis because they cannot afford work stoppages. Effective workplace leadership comes
from properly preparing employees for even the most unlikely situations.

6.2 Failure Mode and Effects Analysis
Anticipating, identifying, and prioritizing failure in a system is a great way to limit failure
modes that can occur. To limit the failures associated with the UAS, the FMEA method-
ology was used. The main difference between risk analysis and FMEA is that risks isolate
an event while FMEA associates a system or device with an event. By using FMEA and
risk analysis, the whole system and the components will be assessed for failures. To
document this, an Excel sheet was created. This documents the component, the failure
modes associated with that component, the effects of failure, severity, occurrence, detec-
tion, risk probability number, and lastly recommended actions. Members were solicited
to complete this document.

Figure 28: FMEA matrix and major descriptions

In Figure 28, the critical risks are pointed out with the recommended actions for each
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risk. Each risk is associated with a component of the UAS. For example, a high risk
concern is that the battery would cause loss of power; a way to combat that is to ensure
it is charged after every flight and to check the voltage on the battery before flight. Such
an action would transition this high risk to a low risk. Therefore, by doing this analysis,
components that pose a high risk can be mitigated and moved from a high risk to a lower
level of risk. Through this analysis, the correct actions and precautions will be taken to
ensure the safest and most successful flight possible. The entire FMEA analysis can be
seen in Appendix G.

Despite initial efforts to update the FMEA matrix, the effort fell to a lower priority to
outright doing the work. Failure modes were being mitigated through FEA and subsystem
tests and through discussions in making decisions. These were treated as necessary to
substantiate a design in comparison to recognizing it as a failure mode mitigation step.
Of course, FEA and testing is not the only way to mitigate failure modes, so this is
another lesson learned in hindsight. Failure modes should be tracked throughout the
design and development process with the FMEA matrix. The matrix, specifically the
mitigation tasks, should be used to influence upcoming tasks. Much in the same way
the team pursued traceability in purchasing with the workflow, traceability is desired in
responding to recognized failure modes from an accountability perspective.

7 Verification & Validation
Every requirement was paired with a test procedure to ensure that requirement will
be satisfied. Most system-level requirements were planned to be tested with a visual
test on the ground or with data collected from a flight test. The verification status of
each requirement can be found in Appendix H. Assembly of specific test plans and their
execution fell to the responsibility of the Test and Evaluation team. This team was
also responsible for determining any additional sub-system checks that may have been
advantageous to complete before system-level tests.

Structural testing of the full-scale UAS was conducted theoretically using FEA in SIMU-
LIA, and then paired with physical tests at Embry-Riddle. Unfortunately, the COVID-19
pandemic prevented the team from conducting all the physical tests planned for the UAS.
Regardless, various elements of the structure were analyzed for structural integrity via
tail boom bending, wing bending, and pylon bending.

In the fall, the team built a scaled glider prototype, with the intention of using the glider
as a test bed for the full-scale UAS. However, due to poor glider quality and significant
aircraft sizing and configuration changes, the glider was abandoned, and an off-the-shelf
UAS with an over-wing motor (HobbyKing Bixler) was sourced and utilized as a test
bed, instead. Power and controls components were installed on the aircraft to test the
validity of the planned configuration. Autonomous flight testing conducted on the Bixler
was of significant assistance to the team’s efforts in developing autonomous operation of
the full-scale UAS. However, the effects to the COVID-19 pandemic hindered the team’s
efforts to prove autonomous operation of the full-scale UAS, as well as to conduct system
flights as a whole.

Static and dynamic testing of the propulsion system was conducted at Purdue University
to ensure that measured thrust values from the propulsion system matched theoretical
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values gathered from MotoCalc. Test procedures were written for noise mitigation testing
to prove the effectiveness of the motor-over-wing design with blocking noise, but the test
was unable to be conducted due to the COVID-19 pandemic. Wind tunnel testing was
also conducted to validate airfoil selection and aerodynamics analysis, as described in
Appendix I.

Operation of the payload was tested separately from the UAS throughout the semester.
Unfortunately, the payload could not be integrated into the full-scale UAS before the
COVID-19 pandemic enforced school closures. Work conducted on manual flight testing,
which was also halted due to the COVID-19 pandemic, is also documented in this section.

7.1 Structural Testing
Structural tests were conducted with SIMULIA Static Test within the 3DEXPERIENCE
platform on the bending of the wing, the pylon, and the tail boom in response to aero-
dynamic forces and motor thrust. Plans for physical tests were written up for each of
these cases to serve as a parallel for FEA results, but some physical tests could not be
conducted due to the COVID-19 pandemic.

7.1.1 Wing Bending
The objective of this test was to determine if the payload board and wing supports would
withstand the bending forces from the lift on the wing surfaces. Because of issues with
getting the entire wing and payload board to run in the analysis, the model was simplified
to only the carbon fiber structural members and the payload board by removing the foam
and fiberglass layer from the model. The plate was fixed along the front and rear edges
of the electronic board to allow for the electronics board to flex with the wing. Pressure
was then applied to the bottom of the carbon fiber rods that would be equivalent to the
lift force of the wing, which for steady-level flight conditions was 12-lbf.

The results from the FEA showed that most of the bending stress from the wing was
contained to the base of the wing to the electronics board, but the electronics board was
not taking much stress from this force. The maximum stress in the carbon fiber spars
was 12.76-ksi. With an ultimate compressive stress of 300-ksi, the factor of safety was
23.5. The deflection of the wing spars was at 9.15”. from the 12-lbf lifting force on the
wing. A screenshot of the wing displacement and wing stress from the FEA can be seen
in figure 29a and figure 29b respectively.

Hand calculations were then performed to compare with the results of the FEA. From
the hand calculations, the deflection of the spar should have been 7.7”. After looking at
the FEA, it was seen that the deflection measurement was taken from the fixed lowest
point to the height at which the spar was deflected. Some of the difference in deflection
came from the electronics board warping in the middle where the wings connect, causing
the deflection to be higher. The calculated values can be seen in Table 7.

Physical bending tests were planned to be conducted, but due to the COVID-19 outbreak,
they could not be completed. The original plan was to set up the aircraft applying force
to the mid-span of each wing, mimicking the lift force on the wing. Weight would then
be applied to the body until the weight reached 12-lbf. The setup for the test can be seen
in Figure 30.
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(a) Wing Displacement (b) Wing Stress

Figure 29: Wing Bending FEA

Table 7: Wing Displacement Comparison

Applied Force (lbf) FEA (in.) Hand Calculation (in.)

2 1.525 1.288
4 3.050 2.576
6 4.575 3.864
8 6.100 5.152
10 7.625 6.440
12 9.15 7.728

Figure 30: Physical Wing Bending Setup

7.1.2 Pylon Bending
The objective of this test was to determine if the motor mount and pylon could withstand
the thrust from the motor during flight. The base of the pylon was fixed for the analysis
to replicate being fully adhered to the aircraft. A force of 3.6-lbf was then applied to the
face of the motor mount, replicating the required thrust at takeoff.

Initially, the motor mount was planned to be 3D-printed with ABS plastic. Initial FEA
showed that the stress in the pylon and in the motor mount was within the limits of the
material, although there were some force concentrations on the motor mount. After pre-
senting the results at the Manufacturing Readiness Review, a concern emerged regarding
the potential risk of layers delaminating due to the stress. Another concern was how heat
could affect the plastic in the motor mount. If the heat from the motor was too high, it
could cause the motor mount to deform and ultimately fail. To reduce these potential
failure modes, a redesign and material change of the motor mount was considered. The
weight penalty was marginal by switching to aluminum. Ultimately the design shown in
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Figure 31 was used.

Figure 31: Motor Pylon FEA Setup
Motor Pylon FEA Setup with 3.6-lbf force applied to face

In production, the aluminum mount was adhered to the motor pylon using Hisol bonding
solution. The FEA was reran using the same constraints from the first test. The stress
concentration in the motor mount was reduced significantly to 0.54-ksi. With an ultimate
stress of 30-ksi, the factor of safety was 55. A screenshot of the FEA can be seen in Figure
32.

Figure 32: Motor Pylon FEA
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7.1.3 Tail Boom Bending
The objective of this test was to determine whether the payload board and tail boom
could withstand forces acting on the tail during flight.

To simplify analysis, all unnecessary components not contributing to the forces being
examined were removed from the assembly, leaving the payload board, supports, channels,
tail boom, the wing spar connector, and tail connector. All surfaces were fully adhered
to one another to test the stress in the payload board and tail boom, rather than in
the connections. A screenshot showing the FEA setup for this configuration is shown in
Figure 33.

Figure 33: Tail Boom FEA Setup

The maximum expected loading was 1.6-lbf; this was derived from the motor generating a
pitching moment of approximately 23.4-in-lb (6.5-in. above CG * 3.6-lbf thrust at takeoff
= 23.4 in-lb), which would be neutralized by an approximately 0.6-lbf downward force
from the tail (23.4-in-lb / 39-in. aft from CG = 0.6-lbf). An additional 1-lbf was added
as a buffer to account for adverse conditions (steady, level, unaccelerated flight required
0.06-lbf downward force from the tail according to AVL). However, it was desired to test
over the range of 1-lbf to 5-lbf to examine potential worst-case scenarios.

Forces were incremented by 1-lbf over a range of 1-lbf to 5-lbf, with an additional data
point for a 1.6-lbf force, resulting in six total cases. The wing spar connector was fixed
to simulate the constraint of the wing spars holding the electronics board in place within
the overall UAS.

A physical test was conducted to supplement the results from FEA, but a data point was
not gathered for 1.6-lbf due to the lack of precision available. Hand calculations were
also conducted to serve as a parallel to FEA and physical results. A comparison of the
collected displacement data is shown in Table 8.

Screenshots of the resulting von Mises stress distribution and deformation in response to
a 1.6-lbf load are shown in Figures 34 and 35, respectively.
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Table 8: Tail Boom Displacement Comparison

Applied Force (lbf) FEA (in.) Physical Test (in.) Hand Calculation (in.)

1 0.162 0.472 0.215
1.6 0.259 N/A 0.345
2 0.324 1.023 0.431
3 0.485 1.496 0.646
4 0.647 1.653 0.861
5 0.809 2.165 1.077

Figure 34: Tail Boom FEA: Von Mises Stress Distribution

Figure 35: Tail Boom FEA: Deformation

In summary, the results from the physical test differed significantly than those collected
from the FEA. A multitude of reasons could have resulted in the large difference observed.
One potential source of error was the difficulty of duplicating the constraints in the FEA
on the physical test. The wing spar connector could not be properly constrained physi-
cally, so the wing tabs and aft end of the board were constrained, instead. Additionally,
during the physical test, the displacement resulted from the bending in the payload board
itself, rather than the tail boom, which did not bend at all, while the FEA suggests the
opposite should have occurred.
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Since significant bending was only evident with a 5-lbf force during the physical test,
the moderate bending observed in response to 1-lbf and 2-lbf forces show the results fell
within the design parameters to be able to withstand an expected loading of a 1.6-lbf
force.

7.2 Autonomous Flight Testing
Testing of autonomous flight had three major objectives: Pixhawk and sensor setup
validation, connectivity between the aircraft and the ground station, and validation of
autonomous flight capability of the aircraft through Mission Planner. An off-the-shelf
trainer aircraft (HobbyKing Bixler) was selected due to the similar propeller-over-wing
configuration to the team’s UAS. It was modified to house the Pixhawk, the sensors,
such as the airspeed sensor and the Here2 GPS, and communication devices, such as the
telemetry and Spektrum radio receivers. This is shown in Figure 36.

Figure 36: Modified Bixler Trainer Aircraft configured with SAILR avionics

A total of three different flight modes were tested for the Bixler through three different
flight tests. The test started with manual control to prove that aircraft can fly under pilot
control, than moved to altitude control to maintain stable, level flight while airborne.
Once the Bixler passed these two tests, the team executed mission mode by assigning
waypoints to the aircraft. All three flight tests were conducted under a certified pilot’s
supervision at McAllister Field in Lafayette, Indiana. The vehicle was intended to fly an
elliptical path around the airfield. On the day of test flight, the aircraft experienced heavy
wind gusts toward the east above treetop level, which made manual and altitude mode
flight tests hard to maintain the planned flight path. However, under autonomous mode,
the aircraft was able to continuously follow its planned trajectory and autonomously land
at the specified location. The flight paths are shown in Figure 37.

Through the flight tests, the team was able to learn how to setup the aircraft for au-
tonomous flight and also created a checklist to repeat the process for future users. A
problem was discovered in the radio communication. Despite numerous successful ground
range tests, the receiver would loose connection periodically being in range. A possible
solution that was going to be explored before work halted was experimenting with the
antennae orientation. Other than this, it was concluded that the avionics for SAILR were
capable to conduct a fully autonomous mission without any human interaction along a
pre-determined flight path.
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(a) Flight log from three tests (from left: manual, altitude, & mission
mode flight

(b) Mission mode flight
waypoints (orange dots)
and actual recorded tra-
jectories

Figure 37: Flight paths from trainer aircraft testing

7.3 Propulsion Testing
The objective of the propulsion testing was to confirm the results generated by MotoCalc
during the design phase and to determine the effects of increased free stream velocity
on the thrust output and power draw. The test included static testing and dynamic
testing. Static testing aimed to confirm the thrust output and to determine the expected
thrust output during takeoff. Static testing was conducted by mounting the motor and
propeller onto the test stand, and operating it at varying speeds. The dynamic test aimed
to confirm the effects of an increased free stream velocity on the thrust output and power
draw. The motor was mounted in the Boeing wind tunnel at Purdue on the test stand as
shown in Figure 38. The static test was performed in the wind tunnel on the same setup
but with the wind tunnel turned off. To protect the motor, limitations were configured
in the test stand program. The ESC signal range was set to be 1000-µsec to 1900-µsec.
Pushing the motor above 1900-µsec triggered the automatic cutoff of power.

Figure 39: Static condition ESC signal VS Thrust

As shown in Figure 39, the static thrust data suggested that a linear relationship existed
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Figure 38: Propulsion wind tunnel test setup

between the increase in ESC signal and increased thrust. The data also suggested that
1200-µsec was the lowest ESC signal necessary to overcome the magnetic forces in the
motor. At 1200-µsec, the motor generated 0.16-lbf, and at 1900-µsec, the motor generated
3.90-lbf.

Figure 40: Static condition ESC signal VS Power

Figure 40 shows that the power draw had a powered relation between the increase in
throttle and power draw. At the minimum ESC setting of 1200-µsec, the power draw was
only 9.0-W, but as the ESC signal increased to 1900-µsec, the power draw increased to
522-W. These results closely resembled those generated during the design phase and, at
some conditions, exceeded expectations with lower power and current draw.

Figure 41 shows the thrust recordings during the dynamic test. The results from different
wind tunnel speeds presented on the same graph suggested that as the free stream velocity
increased, the propeller produced less thrust proportionally. The data also suggested
that as free stream velocity increased, the motor still performed with a linear relationship
between the ESC signal and the thrust output. The most significant drop observed was
when the tunnel speed increased from 50-ft/s free stream velocity to 80-ft/s free stream
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Figure 41: Dynamic condition ESC signal VS Thrust

velocity. The data also showed that from 80-ft/s onward, at 1200-µsec, the propeller did
not produce any thrust, and was windmilling, instead.

Figure 42: Dynamic condition ESC signal VS Power

Figure 42 showed that with increasing free stream velocity, the motor drew less power at
the same ESC setting. This result agreed with the theory that the propeller and motor
do less work when in a higher free stream velocity. The data suggested that when the
free stream velocity reached 140-ft/s, the power draw dropped substantially.

In conclusion, the propulsion test confirmed that the motor and propeller combination
would perform as expected from the detailed design. The data obtained from the test
closely resembles the data generated from MotoCalc. The test also suggests that the
motor and propeller should be able to provide the required propulsion for takeoff and
cruise without drawing a substantially large amount of power from the battery.
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7.4 Payload Testing
Due to the COVID-19 pandemic, payload development was unable to be completed. As a
result, the team was unable to validate the payload and vision system in totality. Instead,
the validation efforts were shifted to a piecemeal perspective.

The Sony IMX camera interface with the Raspberry Pi was verified to be functional after
merely plugging it in a member’s Raspberry Pi.

A functioning LTE system and database were unable to be completed. The former re-
quired hardware locked in a lab, and the later was stalled by reduced help available when
working remotely.

Progress was made in advancing the vision detection. The accuracy of the neural network
is highly dependent on having quality images to perform the inference on, so validating
the camera performance was of vital importance to achieve the desired performance of
the neural network. Over 700 images were captured using a drone to train the object
detection model. The test model, shown in Figure 43a, was intended to mimic an adult
loggerhead turtle. Payload testing would have allowed us to create a proof-of-concept
demo for the fly-off to show the capability of training the model on a custom dataset;
however, the stock recognition capabilities were successfully configured as a stepping stone
to a custom inference model. An example output to the stock capabilities is shown in
Figure 43b. In the future, a higher-fidelity model would be created to detect an actual
sea turtle nest as well as expand the model basis to include nest and track detection to
improve the field robustness.

(a) Gathering images for
custom dataset

(b) Sample output of YoloV3 Object Detection model

Figure 43: Payload testing

7.5 Manual Flight Testing
Manual flight testing was not completed due to campus shutdowns resulting from the
COVID-19 pandemic. The plan was to complete the test in two parts: ground control,
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and takeoff to landing with flaps. The tests were to be completed at Embry-Riddle with
an experienced UAS pilot.

The goal of ground testing was to understand the behavior of the UAS when it is still
on the ground or runway. The test would have been completed on a large section of
pavement allowing the aircraft to maneuver or drive about. The deliverables for the
ground testing were to determine the maximum speed the aircraft should be taxiing
at before losing friction to the ground and to determine the rate at which the aircraft
naturally slowed down to a stop. Determining the taxi speed was to be done by driving
the aircraft in a circle and slowly increasing thrust until the aircraft deviated from the
path. Maximum taxi speed would have been the speed at which the deviation occurred.
The natural deceleration would have been found by bringing the aircraft to taxi speed on
the pavement and cutting power. The distance would be measured from where the power
was cut to where the aircraft stopped. Deceleration would have then been extrapolated
from the distance and the overall time it took to stop.

The goal of the ”takeoff through landing” test was to determine maneuverability of the
aircraft during all stages of flight, the takeoff and landing distances, as well as maximum
time in flight. Takeoff and landing distances would have been measured during each
stage of flight and compared to the hand calculations for takeoff and landing. This
would also serve as a benchmark for the runway requirements when flying the aircraft.
Maneuverability would have been checked by inputting pitch, roll, and yaw commands
into the aircraft, and the UAS would be monitored for aggressive motion. If the aircraft
was maneuvering too aggressively or not maneuvering enough, the gains and deflection
angles would be adjusted accordingly for this control issue.

Running these tests would have provided useful information on aircraft performance that
could have been used to fine-tune the aircraft and to inform users on how to operate the
UAS.

7.6 Flight Checklists
Flight checklists were generated to ensure safe and consistent operation of the UAS. While
they were unable to be put into practice due to the COVID-19 pandemic, the checklists
were still of beneficial use as a guide during autonomous flight testing. Checklists were
generated for day before flight, pre-flight, in-flight, post-flight, and emergency scenarios.
All checklists are shown in Appendix J, and would be also be included with the user’s
manual upon customer delivery.

7.7 Glider Prototype
In an effort to understand construction methods and to prove the design outside of digital
models, a prototype glider was constructed at 75% scale during the fall (Figure 44). This
scale was set due to the size constraint of the CNC hot wire cutter used to manufacture
the wing sections.

7.7.1 Manufacturing
The wings of the prototype glider were constructed out of scrap foam available in the
Purdue lab. The wings were cut in half-spans using a CNC hot wire foam cutter and
covered in packaging tape to provide a smooth surface for better aerodynamic performance
and protect the airfoil from light damage. Cutouts for a carbon-fiber spar (also a lab

46



Team 4

Figure 44: Prototype glider

scrap) were added ex post facto. The spar was designed to run along the length of both
wings; however, the actual spar used was about 3” short of the ends due to material
availability. Cutouts were also made on the wings for flaps and ailerons, which were also
scaled down from the calculations made in Section 3.4.

The wings were mounted to a carbon-fiber square tube (the tail boom) using a 3D-printed
bracket (Figure 45). The wing spar was to be inserted through the hole located through
the fin on the top half of the bracket. The wing spar was first inserted through the bracket,
after which the wings were fit around the spar. The wings were semi-permanently secured
to the bracket using packaging tape.

Figure 45: Three-view drawing of 3D-printed bracket

The bracket was attached to the tail boom via the square hole through its lower half. The
tail boom was inserted via friction fit and was secured in place using epoxy. A vertical
tail was mounted on the tail boom using a carbon-fiber spar through the tail at quarter-
chord position. This spar extended through the bottom and top of the vertical stabilizer
to mount it to the tail boom and horizontal stabilizer, respectively. The horizontal
stabilizer was attached to the vertical stabilizer using epoxy. The spar extending from
the bottom of the vertical stabilizer was inserted into a hole drilled into the tail boom,
and was semi-permanently secured to the tail boom with packaging tape.

The glider’s initial center of gravity was located at the end of the wing’s trailing edge.
This was an unfavorable position, since it should be located near 25% to 38% of the mean
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aerodynamic chord. To move the center of gravity forward, ballast was cantilevered off
the front of the bracket on a wooden bar. Adding a 0.75-lb weight located 10.5” in front of
the leading edge of the wing adequately moved the center of gravity to a more preferred
location. A foam housing was constructed around the ballast and epoxied to the 3D-
printed bracket to provide structural support and to mimic a fuselage. The ballast was
attached to the glider using Velcro to provide flexibility in center of gravity location.

7.7.2 Test Results
Flight tests were performed on Nov. 26, 2019. The glider was thrown three times from a
height of 9.84’ at a 5◦ angle of attack, resulting in an immediate stall, followed by a roll
left and a steep nose-first dive to the ground. The glider was thrown two more times at a
1◦ angle of attack to avoid stalling, and while stall was not observed in either instance, the
glider yawed immediately to the left upon launch, followed by a roll left and a nose-first
dive to the ground for both subsequent flights. In all three test flights, the glider traveled
approximately 20’. Images of the flight are shown in Figure 46.

Figure 46: Glider flight time lapse

By evaluating video footage of each flight test, it was confirmed that the glider dove faster
than anticipated. According to the Glider Flying Handbook by the FAA, glide ratio can
be obtained from equation 3.

Glide ratio =
Lift

Drag
: 1 (3)

This showed that the glide ratio is proportional to L
D

ratio, and also explains why drag
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minimization was critical for the glider (“Glider Flying Handbook”, 2013). At a 1◦

angle of attack with an estimated hand-launch speed of 16.4-ft/s, the L/D from wind
tunnel testing (see Appendix I) was approximately 4, meaning the glider was expected
to fly about 13.1’ forward for every 3.3’ of descent. However, in actual flight, the glider
experienced a steeper rate of descent (6.6’ of forward travel for every 3.3’ of descent).

The observed discrepancy was likely due to the weight of the glider being heavier than
anticipated (2.53-lb total weight). With a large weight, the glider was likely not being
thrown with enough initial velocity for stable flight. Additionally, a slight breeze of wind
from the left of the planned flight path may have contributed to the yaw and roll observed
during testing.

7.7.3 Glider Use and Lessons Learned
The team concluded that poor planning during glider manufacturing in the fall resulted
in a hastily-constructed glider that contributed to poor glider performance and quality.
While the team intended on modifying the glider for powered flight and wind tunnel test-
ing, sweeping changes made to the aircraft sizing and configuration during winter break
rendered the glider significantly out-of-date with the final configuration. Consequently,
the work needed to modify the glider into a model representative of the full-scale UAS
would have detracted significantly from the work necessary for final manufacturing. These
changes, coupled with the poor glider quality, prompted the team to cease glider work in
the spring, and the glider was effectively abandoned; an off-the-shelf aircraft was sourced
for powered flight tests in its place. Despite this, several valuable lessons were learned
from the process of manufacturing the glider.

The glider manufacturing was rushed due to poor planning. The overall bulk of the
3D-printed bracket resulted from the part being hastily designed. Care would need to
be taken on the actual UAS to design parts. Consequently, manufacturing protocol was
overhauled for the spring. Job instruction and process specifications were drafted for
manufactured components of the UAS to ensure a streamlined and coordinated manufac-
turing experience.

It was concluded that the CNC hot wire foam cutter was an extremely effective tool for
cutting out the shape of the wings, but the spar cutouts would be incorporated within
the initial cut profile for the final UAS, instead of being manually added in later cuts.
It was also resolved that a fiberglass layup should be used as structural reinforcement
for the wings and tail, rather than the packaging tape used for the glider. All of these
suggestions were followed when manufacturing the wings and tail for the final UAS.

In summary, while the glider was not used during the spring for testing, the lessons
learned during its fabrication process provided valuable experience for the team during
full-scale UAS manufacturing.

8 Conclusion
The mission to locate sea turtle nests is unique and empowering because it is relatable
to some team members. Just as unique is the motor over wing configuration. Much
analytical and experimental work has been completed on validating this configuration.
The UAS currently sits at ERAU as a grounded airplane. The structure is fully assembled
and electronics are fully integrated sans the payload. A controller and 14 CFR Part 107
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Figure 47: Team SAILR, from left to right, Allen Perron, Jefferson Kim, Dylan Lurk,
Evan Lee, David Eddy, Josh Neumann, Josh Norris, Kayla Hollis, Jake Falck, and Stanley
Liu.

certified pilot is all that is needed to begin the ground test program, which will be followed
by the flight test program. Concurrently, the sea turtle recognition needs to be finalized,
and the LTE & database development needs to be completed. Once the payload is fully
developed, it can be integrated into the grounded airframe prompted with full system
tests to complete the validation of the requirements. The team recognizes that despite
all the subsystem testing and detailed analysis, some rework may be necessary to ensure
all requirements are met before delivery (theoretically) to the customer.

Among the collection of models, drawings, and manufacturing documentation, the team
feels the project could be passed off to a subsequent design team to complete the de-
velopment. All documents not herein covered, namely manufacturing job instructions
and test plan instructions, are available upon request to the project manager, Dylan, at
dlurk97@hotmail.com. Seeing as though the customer expects a completed product ready
to use, it would not be appropriate to deliver the incomplete product to them given they
have limited engineering background. The user guide they would be provided with covers
operation and basic troubleshooting only.

Aside from the technical and managerial lessons already cited, some themes have emerged
as lessons learned. Working effectively across time zones, disciplines, and cultural back-
grounds proved challenging. The team had to come to trust everyone; each person brought
a unique perspective and skill level to the project, stemming from unique technical and
cultural backgrounds. The solution to effectively working with open-ended direction was
a balancing act between giving direction and leaving the task open ended to promote
creativity. Schedule delays were encountered and the effect of those delays on other peo-
ple responsible for subsequent tasks was learned. Lastly, a plan on paper is great, but
it requires follow-up to ensure targets are being met and then to update the plan when
deadlines are not met. In conclusion, this has been a valuable experience that team
members will build on in future endeavours.
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https://www.wildlabs.net/resources/case-studies/thermal-imaging-drones-and-sea-turtles-case-study-using-flir%E2%80%99s-new-duo-pro-r
https://www.wildlabs.net/resources/case-studies/thermal-imaging-drones-and-sea-turtles-case-study-using-flir%E2%80%99s-new-duo-pro-r
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Appendices
A Organization Structures

Table A.1: Team organization prior to MCR/SRR

Scrum Team Members Sprint Objectives

Mission
Definition

Kayla,
Allen

Define the mission objective and problem
statement

Concept of
Operation

Jefferson Develop the concept of operation

Stakeholders Kayla,
Allen

Identify stakeholders and interview them as
available to identify their wants in this prod-
uct

Requirements/
KPIs

David,
Stanley

Formalize stakeholder wants & team wants
into requirements and KPIs

Payload
Definition

Jefferson Investigate and recommend a payload config-
uration

Cost
Estimate

Jake Develop a cost estimate based on anticipated
equipment to be used

Competitive
Assessment

Josh Neumann,
Josh Norris

Investigate products currently on the market
and areas of research in sea turtle locating

Project
Management

Dylan,
Evan

Prepare the schedule and framework for the
team to function

Figure A.1: Organization of Team SAILR following the MCR/SRR to MRR
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B Detailed Schedule
The figures contained within this section shows the work breakdown as a Gantt Chart
for the project. For each task, the light gray bar on top indicates the planned start and
finish time; the dark bar underneath it indicates the actual start and finish time. The
green/red status icons indicate if a task is complete or incomplete and late, respectively.
An alternate color, yellow, shows if the task is incomplete but at risk of being late.

In Figure ??, the “Project Management” and “Mission Development” items were super-
seded tasks. Due to delays in having a functional collaboration space in 3DExperience,
tasks for that period were tracked in an Excel tool. Tasks were determined based on
MCR/SRR needs. These tasks, along with people assigned to them, are presented in
Table A.1. The items in Figure ?? are placeholders for the work that was completed in
that time period.

Figure B.1: Preliminary Design Schedule.
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Figure B.2: Detailed Design Schedule. Note that the tool was not used through late
December and January due to technical difficulties being resolved in conjunction with
the 3DEXPERIENCE support team. The main task that occurred during this time was
improving the quality of the CAD which was rushed earlier in the semester due to being
delayed.
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Figure B.3: Manufacturing Schedule.
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Figure B.4: Test & Evaluation Schedule.
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C Budget & Expense Breakdown

Figure C.1: The budgeted amount, actual cost, and difference for the budget categories
and items that comprise those categories

57



Team 4

D Wing & Propulsion Sizing Sheets

Figure D.1: Initial sizing constraint diagram inputs

Figure D.2: Initial sizing weight analysis inputs and outputs
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Figure D.3: Motor & battery sizing sheet
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E Stability Calculations
The CG location can be obtained by using the aerodynamic center XAC found in AVL
and the static margin equation as shown below.

Static Margin =
(XAC −XCG)

Wc

= 0.15

XAC = 17.38

Wc = 12in

XCG = 15.58in

The resulting CG location is close to the quarter chord of the wing. This suggests that
the aircraft should be stable.
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F Manufacturing Supplements

Figure F.1: Engineering bill of materials
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Figure F.2: Electronics bill of materials
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Figure F.3: Page 1 of a sample job instruction sheet for the fuselage manufacturing
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Figure F.4: Page 2 of a sample job instruction sheet for the fuselage manufacturing
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Figure F.5: Page 3 of a sample job instruction sheet for the fuselage manufacturing
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G Risks & FMEA Analysis
This Appendix shows the risks and failure modes and effects analysis items the team has
identified.

Figure G.1: Risks page 1 columns 1 through 10
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Figure G.2: Risks page 2 columns 1 through 10
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Figure G.3: Risks page 1 columns 11 through 14
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Figure G.4: Risks page 2 columns 11 through 14

70



Team 4

Figure G.5: Risks page 1 columns 15 through 19
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Figure G.6: Risks page 2 columns 15 through 19

Figure G.7: Risks summary
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Figure G.8: FMEA page 1 columns 1 to 7

73



Team 4

Figure G.9: FMEA page 2 columns 1 to 7
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Figure G.10: FMEA page 1 columns 8 to 18
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Figure G.11: FMEA page 2 columns 8 to 18
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H Requirements Verification
This appendix lists the system and subsystem requirements of the UAS, each marked
with verification of whether the requirement was met or not met with proper rationale.

Figure H.1: Verification Status of System and Subsystem Requirements
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I Wind Tunnel Testing
To confirm the aerodynamics analysis, the Boeing Wind Tunnel at the Purdue University
Airport was used. A 68% scaled wing was built using a CNC foam cutter, with dimensions
of 1.5m × 0.2m × 0.03m. A pseudo-boom made out of cardboard was attached to the
wing to provide a mount point for the angle of attach control arm; the cardboard also
mimics a tail boom that will be mounted in the real aircraft. Per regulation, the motor
driving the air could not exceed 25 Hz, which was equivalent to 17m/s. Therefore, a wing
was tested under wind speed ranging between 5.21m/s to 15.68m/s and angle of attack
between −10◦ to 15◦ with increments of 1◦. Collected data follows.

Figure I.1: CL vs α
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Figure I.2: Drag polar

Figure I.3: Lift-to-drag

A CL vs α graph is presented in Figure I.1. A region where the angle of attack is linearly
proportional to the lift coefficient between ±10◦ was observed. The wing approaches its
stall as the angle of attack approaches and exceeds 10◦ which matches expectations from
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the XFLIR analysis of the 2D wing. The magnitude of the coefficient of lift is slightly
smaller than that of the 2D wing examined, but this is expected because of the 3D wing.
The wing’s chord was also 2.54-cm shorter than planned because the wing was too thin for
the CNC machine to cut. Considering this, lift coefficient data obtained were considered
valid: 0.70 at take off speed and 0.58 at cruise speed with 5◦ angle of attack. Figure I.2
is a drag polar graph which shows that minimum drag occurs with a CL of 0.4 and a CD0

at 0.03. Proceeding to the L/D to α graph in Figure I.3, we observe that the maximum
L/D reached between 5◦ and 7◦ angle of attack, while ignoring the outliers.

There was a concern about not having enough lift force during takeoff, especially since
it will be conducted at a slow speed. To address this, flaps were added to the wing and
deflected at approximately 10◦. With collected data, a CL vs α graph and a drag polar
graph were created, as presented in Figure I.4 and Figure I.5.

Figure I.4: CL vs α with flap
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Figure I.5: Drag polar with flap

With the flaps deflected to 10◦, the coefficient of lift was increased by 20% to 25% along
the linear region of the graph, shown in Figure I.4, and the CLmax was reached at 6.5◦ of
angle of attack. The drag polar graph has become more radical with the flap deployment
due to increased drag.

During the wind tunnel testing, significant bending along the wing span was observed,
especially at high speeds near the cruise speed. It was expected that the wing tip would
be curved upward as the flight speed increased, but it concerned some of the members. Of
course, the test wing was made out of foam and it was only reinforced by a small carbon
fiber rod inserted in the middle, yet the deflection on both tips exceeded the expectation.
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Figure I.6: Wind tunnel testing
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J Flight Checklists
Flight checklists for day before flight, pre-flight, in-flight, post-flight, and emergency sit-
uations were created for use when operating the UAS. This Appendix section reproduces
these checklists.

Figure J.1: Day Before Flight Checklist

(a) (b)

Figure J.2: Pre-Flight Checklist
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Figure J.3: In-Flight Checklist
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Figure J.4: Post-Flight Checklist

Figure J.5: Emergency Checklist
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K Drawing Package
Nine drawings are provided on the ensuing pages for the overall UAS assembly in com-
plete, exploded, and three-view form, for the wing, tail assembly, tailboom, fuselage,
motor pylon, and payload assembly.
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