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1. Executive Summary 

 This report presents the entire process taken by the University of Arizona Design/Build/Fly (DBF) 

team in order to compete in the American Institute of Aeronautics and Astronautics (AIAA) 2012 DBF 

competition. Starting from the given requirements and working through all of the challenges of designing 

and building a successful radio controlled (RC) aircraft, the goal was to optimize the aircraft design in 

order to obtain the highest score at competition. Detailed here are the justifications of design decisions, 

descriptions of each phase of the aircraft design, and the steps taken in arriving at a final design.  

 The objective of this year’s competition is to design a multirole aircraft, capable of carrying varied 

payloads without sacrificing power or performance. Key aspects of the overall design are weight and 

maintaining a balance between holding the required payloads and having a light aircraft which can fly and 

climb quickly. Additionally, because there are no restrictions on sizing of the plane other than total weight, 

the design space is very large. The primary goals of this design team were to minimize weight while 

maintaining adequate strength, to develop the necessary lift without sacrificing speed, and to analyze how 

each design change affects the potential score. 

 The first mission of the competition is a ferry flight, in which each team is given four minutes to 

complete as many laps on the defined course as possible. There is no payload, and the scoring is based 

on how many laps are completed. In order to receive a score the aircraft must also land safely. The 

second mission is a passenger flight, in which the payload is eight simulated passengers (aluminum 

blocks). The scoring in this mission is based on completion of three full laps and landing, and the weight 

of the aircraft (measured post-landing). The final mission is primarily focused on time to climb, and adds 

the complication of the plane being required to drop water once reaching the designated altitude of 100 m 

(328 ft). This will be accomplished by the use of an off-the-shelf CAM-f3q altimeter circuit, and a servo 

actuated dump valve. Scoring will be based on how long it takes the plane to takeoff and reach 100 m 

altitude. The clock will stop once the judges are able to see that water is being dropped from the aircraft, 

so the stream of water must be large enough to be visible from several hundred feet away. In all three 

missions, the aircraft must takeoff from the ground in a distance of 100 ft or less. 

 The design process began by analyzing the competition rules and determining how best to 

approach the mission objectives. A great amount of consideration was put into the fact that the hardest 

mission is the third, but in order to reach the third mission both prior missions must be successfully 

completed, with the plane still in good condition. This was one of the major tradeoffs for the design, as 

significant time and effort was needed to ensure success in mission three, but the aircraft would have to 

be successful in both prior missions just to compete in the final mission.  

 The chosen design best fits the mission requirements because it is lightweight, yet has space to 

accommodate the weight and volume of the necessary payloads. To maintain static stability and simplicity 

in design, the aircraft was made using the conventional geometry of a forward wing with empennage in 

the rear. The fuselage is designed for a wide range of applications, and it is easy to transform the aircraft 

from a passenger plane to a multipurpose carrier, specifically for use in mission three. The versatile 



 

 

4 

design means the aircraft can be widely used for different missions, and can easily be used for all desired 

requirements. The low structural weight makes the aircraft maneuverable, allows for greater speed, and 

increases the scoring potential for all three missions.  

 The aircraft’s wings and tail surfaces are made using balsa wood ribs with carbon fiber spars, 

covered in Monokote. Because a key aspect of the competition is being able to takeoff and land 

successfully multiple times in a row, the chosen design utilizes tricycle landing gear, with one wheel in the 

front, and two wheels towards the back of the fuselage. The propeller configuration used is tractor, in 

order to maximize thrust produced. 

 The aircraft has an empty weight of 5.1 lb and is designed to carry at least 4.4 lb of payload (the 

weight of two liters of water), which is the heaviest competition payload. The aircraft is capable of carrying 

eight aluminum passengers situated in four rows of two passengers each. During the third mission, the 

aircraft will climb at a rate of 35 ft/s. The design cruise speed of the aircraft is 48 ft/s, and with a takeoff 

speed of 35 ft/s it is capable of taking off after a maximum ground roll of 90 ft on the runway.  

2. Management Summary 

2.1 Design Team Organization 

In order to optimize productivity and ideas for solutions to the design requirements, the team split 

up into multiple groups based on the various sections of the aircraft design. Additionally, so that team 

members could see as much of the full design and build process as possible, an effort was made to place 

each member of the team in multiple design sections. This way, it was easier for each teammate to 

understand the coordination between the different aircraft parts and the way all of the components came 

together as the full aircraft. Each team member also observed and helped the other sections as needed. 

The groups are shown in Figure 1, along with the leadership positions. As this was a senior design 

project, the goal was for each senior to be the head of a section, with multiple underclassmen and the 

other seniors assisting. The seniors played the largest role in the main aerodynamics aspects of the 

design due to their experience in relevant courses.  
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2.2 Design Personnel and Assignment Areas 

 

Figure 1: Design Team Organization 

2.3 Milestone Chart 

The milestone chart shown in Figure 2 displays the deadlines created in order to keep the design 

project on track and in order to understand the importance of each section of work compared to the 

complete design and competition. The chart also shows dates of actual progress relative to the goals, 

current up to the report submission date. The main goal was to have a successful design completely built 

at least a month before competition (April 13-15, 2012), to allow for sufficient flight testing and time to 

make any required changes. 
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Figure 2: Design Progress Schedule 

3. Conceptual Design 

In the conceptual design process, basic mission requirements and material property options are 

considered, leading to the determination of possible geometry and overall design objectives. In this phase 

of design the team worked to analyze the rules and looked for the best ways to optimize the aircraft’s 

performance. A scoring analysis was performed so that the team could focus on parts of the competition 

in which success would be easiest to achieve, as well as how to obtain the highest possible score. These 

investigations led to decisions of the main project focus points, and from there relevant configurations 

were investigated to obtain advantages and disadvantages of each. For this conceptual phase only 

general guidelines were outlined, and exact geometry and parameters were determined in later design 

phases. 

3.1 Mission Requirements 

The 2012 Design/Build/Fly competition involves flying a small aircraft through three missions: one 

ferry flight, and two payload flights. In each mission the aircraft will takeoff from the ground and fly the 

course shown in Figure 3.  
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Figure 3: Course Layout  

The major guidelines in this year’s competition are outlined in the rules as follows
1
: 

! The aircraft must be propeller driven and electrically powered, using a maximum of 20 amps of 

current draw, controlled by a slow blow fuse. Batteries may only be Nickel Cadmium (NiCad) or 

Nickel-Metal Hydride (NiMH), and are limited to 1.5 lb total pack weight.  

! The aircraft’s takeoff gross weight (TOGW) must be less than 55 lb. 

! The aircraft will be subjected to pre-flight tech inspections as well as a wing tip test to verify 

structural integrity and safety.  

! The aircraft will use ground rolling takeoff and landing: takeoff must occur within 100 ft. A 

successful landing, as defined in the rules, must be completed at the end of each mission in order 

to receive a mission score and to continue on to the next mission. No significant damage can 

occur to the plane during the flight or landing. 

 

The descriptions of each mission, along with the scoring equations, are shown in Table 1. The 

flight weight in mission two is obtained immediately after completion of a successful flight. The T values in 

mission three are the time required to reach 100 m, with Tavg being the averaged time of all teams to 

complete the mission, and Tteam the specific team's time. The time is stopped once the judges are able to 

see that the aircraft has begun releasing water.  
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Mission Description Scoring 

Mission 1: Ferry Flight Complete as many laps as 

possible in 4 minutes 
!" # " $ %&'()*+,-+./012  

Mission 2: Passenger Flight Complete 3 laps with a 

payload of 8 “passengers,” 

aluminum blocks with a total 

weight of 3.75 lb which are 

situated according to the rules 

!3 # "45 $ 6475
89:;<=+>):;<=+?9(@ 

Mission 3: Time to Climb Takeoff and climb to 100 m 

altitude, with a payload of  

2 liters of water which is 

released once the altimeter 

circuit signals 100 m has been 

reached 

!6 # 3 $ A BCDE
BFGCH

 

Table 1: Mission Outlines 

The total competition score is obtained using the following formula: 

IJ,*) # >*:==)K+IJ,*) L !" $ !3 $!6
MNOP

 

where RAC is the greatest value of empty weight measured at mission completion (if all three missions 

are completed, RAC will be the highest post flight weight of the three), and written score is the report 

score as given prior to the competition.  

3.2 Design Requirements 

To begin designing the aircraft, it was necessary to convert the above mission requirements into 

design requirements and ideas. The main goal was to focus on a structurally lightweight aircraft capable 

of quickly reaching high speeds and altitudes.  

 To be successful in the first mission, the aircraft must be able to fly quickly without carrying any 

payload. The key need for this mission is a combination of motor, battery, and propeller capable of 

producing high flight speeds for four minutes continuously. The wing must be efficient with a low lift 

coefficient, and the entire structure should be as aerodynamically efficient as possible to reduce drag.  

 The requirements of mission two necessitate an aircraft with a large fuselage, designed to 

optimize interior space in order to hold the passengers without creating unused space or too large of a 

body. The rules require the passengers to be aluminum blocks sized 5 inches tall by 1 inch wide and 1 

inch long. Because the payload is heavy, the weight of the empty aircraft must be minimized while 

maintaining adequate strength.  
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 The third mission is the most complicated, and will require similar fuselage sizing to the second 

mission, along with a design allowing for very high speeds and maximum lift at takeoff. The aircraft will 

need to gain altitude rapidly without stalling. Because the payload is water, it is also very important to 

ensure that the electronics do not become damaged by any leakage, so sealing the payload compartment 

will be critical. Finally, the altimeter circuit will be installed by the team, so it should be verified that the 

sensor works properly and does not delay release of the waters. 

 With the combination of two very different payloads in the final two missions, it is critical to design 

a fuselage with sufficient space for both payloads. The two liters of water for mission three takes up more 

volume than the passengers of mission two, so the overall fuselage design is dictated by the water 

payload, although the geometry must still allow for the proper passenger spacing. It may be 

advantageous to switch propellers and batteries between missions because of the different mission 

requirements, and this is allowed in the rules. However, the motor must remain the same throughout the 

competition. For all three missions, a key requirement is to have efficient wings in order to quickly lift the 

aircraft during takeoff without stalling, with adequate control to maintain the aircraft attitude. Additionally, 

the objective for each mission is to obtain maximum thrust from the propulsion system. 

 An aircraft cannot be designed to fully provide the best results in all three missions, so the team 

needed to analyze the impacts of each mission requirement in terms of scoring, and see which 

requirements should be the most important. In order to decide which requirements to focus on, several 

scoring analyses were completed to show the impact of each mission on the final score, and how small 

changes could have the greatest impact on the total score. The following graphs demonstrate the scores 

possible in each mission depending on the aircraft’s performance: Figure 4 shows mission one data, 

Figure 5 shows mission two data, and Figure 6 shows the possible results for mission three. In the y-axes 

of these graphs and in future use, M1 refers to mission one, M2 refers to mission two, and M3 refers to 

mission three. 

 

Figure 4: Mission 1 Scoring 
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Figure 5: Mission 2 Scoring 

 

Figure 6: Mission 3 Scoring 

3.3 Solution Concepts/Configurations Considered 

The main solution configurations that were considered for this aircraft were monoplane with aft 

empennage (conventional), biplane with aft empennage, monoplane with forward canard, and flying wing. 

Each of these options was evaluated based on system weight, lifting surface area, aerodynamic 

performance, stability, and ease of construction, as shown in Table 2. Because the central focus 

remained on overall aircraft weight, this was the prime factor in configuration selection (although all 

factors were equally weighted in the analysis). Additionally, the need for fast lifting played a large role, 

along with aerodynamic performance. Finally, the items of lowest importance were stability and 

manufacturability; the team’s size will allow for greater manufacturing ability, and stability and control 

problems for the chosen configuration can be easily solved with electronics or piloting techniques.  
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Table 2: Configuration Options and Comparison 

Based on this analysis and the consideration of simplicity as well as most common usage, the 

conventional wing and tail configuration was chosen. The canard could have been a better option if this 

was a more experimental design process, but the team cannot risk its less traditional stability figures; the 

canard was not chosen because the team did not have much performance data, although it would have 

been stable and about the same ease of manufacturing, as well as moderate lifting ability and weight. 

Canards have a very limited center of gravity (CG) range compared to traditional configurations, have 

higher landing speeds, and make it difficult to find the correct CG for stability. The biplane configuration 

would produce more lift than the conventional configuration, but it would produce high wing interference 

drag and higher induced drag for similar wing area. The biplane would only be slightly less stable in roll 

than a conventional configuration, but allows for more control power. Overall, the biplane would only have 

been advantageous if the competition involved a wing span limitation. The flying wing was not chosen 

due to its poor qualities of stability and ease of construction and design; while the flying wing would have 

significant lifting surface area, it was not advantageous for any other reasons.  

3.4 Concept Weighting, Selection Process, and Results 

Once the team had made the decision of which overall configuration to use, it was necessary to 

make initial design choices for smaller components. This was one of the most important parts of the initial 

design, since each choice would impact the aircraft’s performance. The greatest consideration during the 

selection process was how each decision could impact the score received, but aerodynamic performance 

and impact on weight were also very important.  

3.4.1 Fuselage Sizing and Payload Location 

The primary consideration for designing the fuselage was making sure that the center of gravity 

would remain in as close to the same spot as possible during all three missions. Because mission one 

does not require a payload and the water payload of mission three can be placed in many different ways, 

the specific configuration restrictions of the passenger flight essentially set the fuselage design. The 

possible options were to place each of the eight passengers in its own row (as in Figure 7), to have four 

rows of two passengers each (as in Figure 8), or to use eight staggered rows so that the width of the 

fuselage is the same as with four rows of two (see Figure 9). These options were considered along with 

their impact on the overall aerodynamic efficiency of the aircraft (especially differences in drag 
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production), the weight, the location of the CG, and the sizing of the payload of mission three. Another 

less influential consideration was manufacturability of the fuselage and passenger compartment; because 

the fuselage needed to be rectangular, there were no major manufacturing difficulties with the options. 

The single file line idea was very appealing at first due to the small frontal area; however, it would leave 

the fuselage too narrow to fit electronics and other necessary non-payload items. Although creating rows 

of two passengers each added significant fuselage size, and thus would bring much more drag and 

bulkiness to the design, it was a more efficient use of space.  

 Each layout option below shows the corresponding dimensions required for the passengers, 

according to the spacing explained in the rules.  

 

Figure 7: Single File Passenger Layout 

 

Figure 8: 4x2 Passenger Layout 

 

 

Figure 9: Staggered Passenger Layout 

Although the narrow fuselage was more advantageous in many respects, the practicality of a 

wider body and the need for space for electronics proved that the choice of four rows of two passengers 

each was the best. The major drawback was the increased drag due to frontal area, but the 4x2 layout 

also allowed for a desirable CG location and the best weight distribution along the aircraft. A three-

dimensional image of the chosen passenger layout is shown in Figure 10 (drawn to scale).  
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Figure 10: Passenger Arrangement for Mission 2 

 The next decision involved the sizing of the outer portion of the fuselage: the height of the block 

passengers made the fuselage very bulky overall, so options for adding curved sides were considered. 

The three main options were leaving the fuselage essentially as a box, using a cylindrical mold so that the 

outer portion was circular, or creating a hybrid of the two by only adding circular sections to parts of the 

sides. The main considerations were manufacturability, structural durability, mission constraint, and 

aerodynamic efficiency and performance. After evaluating the three options (see Table 3), the simple box 

layout was selected. The cylinder would be easy to manufacture and would be structurally durable, but it 

had the largest frontal area and would produce a significant amount of unused space. The hybrid reduced 

some of this extra space but still had a larger frontal area than the box. The team hoped the hybrid would 

reduce some of the effects of a crosswind; however, based on pilot input, the crosswind effects would be 

minimal. Therefore, the box shape was chosen as the most beneficial due to the small frontal area and 

the manufacturing benefits.  

Table 3: Fuselage Configuration Selection 

3.4.2 Fuselage to Tail Connection 

In deciding the overall aircraft design, the team initially chose between two very different options: 

connecting all major sections of the aircraft to a carbon fiber boom, as shown in Figure 11, or using a 

large fuselage construction which connected directly to the tail (the fuselage/payload bay would be very 

large and blend back to meet the tail, as in Figure 12). The former would allow for a much smaller and 

lighter design, minimizing wasted space, while avoiding considerable difficulty in manufacturing. The main 

downside to the carbon fiber rod connection is cost, as they are very expensive. Moreover, if extremely 

precise measurements were not used during construction, this would involve a large unnecessary 
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expense to buy extra parts. Connecting the fuselage to the tail with the fuselage itself would simply 

involve using more balsa wood and plywood, which would be much cheaper and still lightweight. 

However, because the ultimate goal was to minimize weight and unnecessary space, the rod connection 

was chosen, as the simplicity of the main structural component running in one piece from nose to tail was 

preferred. The team initially planned for a short fuselage, but allowed for potential length adjustments as 

necessary during testing phases to increase performance.  

 

Figure 11: Short Fuselage Option 

 

Figure 12: Long Fuselage Option 

3.4.3 Wing Material, Geometry, and Location 

Although the ideal wing placement would be central along the aircraft fuselage, a high wing was 

chosen in order to maximize ease of manufacturing. Due to constraints in the rules, wing spars could not 

be placed in between the blocks in mission two. The team considered options of a single wing running 

through the fuselage as well as a wing in two pieces which would meet at the center of the fuselage. 

Because of the passenger regulations, the latter option allowed for a smaller fuselage, since less space 

would be required to house the full wing section at the top. Using two wing sections would reduce 

strength by increasing the bending forces, and would require extra weight to strengthen the spar. The two 

wing sections would also increase the need for manufacturing accuracy to ensure that both wings are 

aligned, but this option was chosen for its better space allowance and weight advantage.  
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The next consideration was which type of material to use for the wings, either foam or balsa wood 

ribs. Ribbed wings made of balsa were lighter, had a smoother skin surface, were easier to produce 

(made with a laser cutter), and ended up being stronger during early strength tests (see strength test data 

in Section 8.1.2). The light weight and rigidity of the balsa wings made them the better choice. 

Due to the goal of simplicity of design and production, rectangular wings were chosen. The area 

of the wings was initially made conservatively large, so that once the entire aircraft entered flight test 

phase, shorter wings could be tested as well to determine the ideal sizing. The team also aimed to make 

a large wing in order to reduce induced drag. The aspect ratio was chosen to be high (around 7) so that 

the wings would be as successful as possible in the third mission. 

In order to aid in the quick takeoff and climb for the third mission, flaps were considered for the 

aircraft, but were not chosen for the preliminary design. The team was confident that sufficient lift and 

speed of climb could be attained from airfoil selection along with wing design and the chosen power plant.  

3.4.4 Tail Arrangement and Control Surface Sizing 

The wing control surfaces were conservatively sized at first, so that during initial testing the 

effects could be observed and sizing could then be changed to improve performance. The major factors 

considered in tail design were strength, weight, and ease of manufacturing. The tail configurations 

considered were T-tail, H-tail, V-tail, and a conventional tail. The combination of simplicity of design, stall 

issues, and ease of production led to selection of a conventional tail, after the analysis of figures of merit 

in Table 4. The major disadvantages of both the T-tail and H-tail are greater weight and structural 

requirements along with a decrease in aerodynamic performance. The T-tail would be fairly easy to 

construct, but has no significant benefits associated with its design. Finally, the V-tail weighs less than the 

conventional configuration, but also does not provide sufficient performance, and only provides reduced 

longitudinal and lateral stability, more complicated control mixing and response, and more complicated 

manufacturing. The specific advantages of each empennage configuration were investigated and 

evaluated using Raymer’s text
2
. 

 

Table 4: Tail Selection 

3.4.5 Propeller Location 

The location of the propeller was primarily determined by the need for efficient power production 

and clean takeoffs and landings, but was also influenced by the goal of creating the least amount of drag 

possible. Three propeller locations were considered: pusher, tractor, and “side by side” (two tractors). The 
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initial concern was with the location involving a pusher propeller, as the propeller could easily be 

damaged during takeoff; however, this same conflict occurred with the tractor location during landing. 

Additionally, the problem with using a pusher propeller is that the fuselage and wing wake decreases the 

efficiency, and it is noisier than other propeller options. A “side by side” configuration has two propellers 

with smaller diameters and therefore provides more ground clearance. Because it would be easier for the 

pilot to land cleanly without damaging the tractor propeller on the runway than to takeoff without 

damaging a pusher, the decision was narrowed to tractor and dual tractor. In order to minimize weight 

and complexity of the electrical system, the tractor option was chosen, since multiple propellers would 

require extra wiring, motor, and a speed controller, and would most likely reduce propulsion efficiency. 

The figures of merit that led to this choice are shown in Table 5. 

Table 5: Propeller Location Selection 

3.4.6 Landing Gear 

An initial landing gear configuration was chosen based on an estimated propeller size and aircraft 

weight. The ideal landing gear solution would be simple, strong, lightweight, and would not produce 

significant drag. However, these traits often contradict each other, and the major tradeoff involved 

strength versus parasite drag. The two landing gear options considered were tail dragger and tricycle, as 

shown in Table 6. Although it produces a significant amount of drag, the tricycle option was the best 

choice because of its better handling of crosswind takeoffs and landings. 

 

Landing Gear Configuration Tail Dragger Tricycle 

Durability 0 2 

Parasitic Drag 1 0 

Weight 1 0 

Survivability 1 2 

Ease of Takeoff/Landing 0 1 

Total 4 5 

Table 6: Landing Gear Selection 
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The final conceptual aircraft design is shown in Figure 13. 

 

Figure 13: Final Conceptual Design 

4. Preliminary Design 

During the preliminary design phase, specific components of the aircraft were designed and 

sized, the expected geometry of every part was decided, and the important electronic and propulsion 

components were selected. All of the major systems were optimized in this phase, but more specific 

testing and analysis were conducted in later design phases.  

4.1 Design/Analysis Methodology 

The preliminary design process began with initial assumptions and approximations of sizing and 

weights, based on the required payloads and the desired materials. Some of the early numbers were 

derived from the competition rules, such as the payload sizing and volume, which led to the major design 

choices involving the fuselage shape, wing and tail sizing and shape, and overall design optimization. 

Solidworks was used to determine the total empty aircraft weight, and the initial goal was to understand 

the weight distribution of the aircraft’s components; computer programs allowed for easy determination of 

the effect on total weight of changing certain components’ materials or sizes. The geometries were 

determined based on aerodynamic research and calculations, all focused around the main goals for the 

entire competition: minimizing weight and drag, while maximizing efficiency, score, and simplicity of 

construction. However, as stated before, the initial numbers were conservative to allow for testing and 

analysis in the later stages.  

4.2 Design/Sizing Trades 

The main tradeoffs in this design involved the differing outcomes of the overall goals along with 

the requirements in the competition rules. The goal of minimizing drag was opposed by the need to carry 

the required payloads, especially in mission two when the payload is not particularly dense. Similarly, 
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attempting to minimize total aircraft weight was difficult because of the structural integrity and material 

needs in order to successfully carry all payloads. Finally, to successfully complete the time to climb 

mission, it was necessary to design an optimized propulsion system which adhered to the rules while 

providing maximum power; essentially, the propulsion system design and decisions were some of the 

most influential in the overall performance, as they determined speed and climbing ability, two of the 

major aspects of scoring. Thus, the propulsion system tradeoff was between the allowances in the rules 

and the maximum scores possible. The overall design tradeoff for all three missions was being able to 

carry the required payload while being as aerodynamically efficient as possible. 

 The following sections detail the design decisions and tradeoffs involved in the preliminary design 

of the major components of the aircraft.  

4.2.1 Batteries 

The selection of batteries was somewhat simple due to the maximum weight allowed of 1.5 lb. 

The team researched various types of batteries, cells, and packs, and aimed to find the lightest batteries 

which would still be capable of providing sufficient power to the motor. The two types of batteries allowed, 

NiCad and NiMH, have a lower energy density than some of the newer cell chemistries, so it was 

extremely important to determine the best battery layout in order to maximize power output. The best 

battery pack would provide the required voltage at a sufficient discharge a sufficient discharge rate. The 

main concern was selecting a battery pack that would be able to power the aircraft during each entire 

mission, while also providing sufficient amperage for the motor.  

 The first decision in battery selection was NiMH over NiCad. Both battery types produce the same 

voltage in the same cell sizes. However, NiMH was chosen because they typically outperform NiCad 

batteries during multiple high-drain uses. Because NiMH do not have any memory effect, they are 

advantageous for this competition in which they will need to be charged and discharged repeatedly. 

Finally, NiMH have more than twice the capacity of standard NiCad batteries, and NiMH have a higher 

energy density.  

 Once the battery type was chosen, the number of cells needed to be selected. The main battery 

options (a total of five types, as shown in Table 7) were evaluated and compared based on their capacity, 

voltage produced, size of each individual battery, individual and total weight, and number of cells 

available. The Elite 3300 Sub C was chosen because of its overall performance, large capacity, and a 

better discharge rate compared to AA batteries. The total number of batteries chosen is one less than 

could have been used to meet the weight requirement, but the team chose to save the extra weight 

allowance for wiring, casing, etc. Because the batteries are limited to 20 amps by the competition rules, 

there is a minimum voltage level corresponding to sufficient power and allowable current. As seen in the 

options table, the chosen batteries provide the lowest total voltage. 
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Name 
Capacity 

(mAh) 
Voltage 

Size 
(in) 

Individual 
Weight (oz) 

Cells 
Total 

Weight (lb) 
Total 

Voltage 

Elite 3300 SC 3300 1.2 0.9x1.7 1.93 11 1.327 13.2 

Elite 2000 4/5 A 2000 1.2 0.6x1.7 1.15 19 1.366 22.8 

Elite 1500 2/3 A 1500 1.2 0.7x1.1 0.81 29 1.468 34.8 

Elite 2000 AA 2000 1.2 0.6x2 1 22 1.375 26.4 

Elite 2400 4/5 SC 2400 1.2 0.9x1.3 1.46 15 1.369 18 

Table 7: Battery Selection 

4.2.2 Motor and Propeller 

 The motor choice was driven and limited by the battery selection and weight restriction. The 

obvious goal was to use a powerful motor, but it was difficult to find a powerful motor that would run on 

the available batteries. As the choices were narrowed down, the team selected the best motor from three 

options, as shown in Table 8. The motors considered were chosen based on their suitability for the weight 

of the aircraft and ability to maximize the aircraft’s power. The chosen motor is the Hacker A50-12L 

outrunner. Although all three motors were fairly similar, the team was guided toward Hacker models by 

industry advisors and hobby store owners. The main advantages of the Hacker motors are that they are 

very reliable and durable.  

Name 
Weight 

(oz) 
Kv 

(RPM/Volt) 
Power Limit 

(W) 
Resistance 

(Ohm) 
Peak Current 

(A) 

Hacker A50  15.35 348 2200 0.021 80 

E-flight Power 60 13 400 1700 0.06 65 

RimFire .55 9.5 480 1850  unlisted 80  

Table 8: Motor Selection 

 After the motor was chosen, the team considered a range of propellers based on suggestions 

from the motor manufacturer. These options were then compared to the mission requirements and goals. 

Because multiple propellers are allowed by the competition rules, the team aimed to select two propellers 

to use in competition, in order to maximize the score received. The missions were broken down based on 

their overall goals: greatest speed in mission one, and greatest thrust produced at lower velocities in 

missions two and three. In general, speed oriented propellers have a lower diameter and higher pitch in 

order to produce significant thrust at relatively high speeds, while propellers used for maximizing thrust at 

relatively low speeds have larger diameter and lower pitch. For these reasons the team aimed to decide 

on one propeller with a larger diameter and lower pitch for the last two missions, and a high pitch 

propeller for the first mission.  

 With these initial guidelines for propellers, MotoCalc software
3
 was used to perform estimations 

for the electronics system. This program is an accurate tool for estimating system outputs such as 

current, voltage, energy, RPM, thrust, and rate of climb. MotoCalc can be obtained via online free trial, 

and contains many internet tutorials and help pages. This program helped the team narrow down 
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propeller options and understand which propellers would be most advantageous to use at competition, 

especially in terms of full system integration.  

 Aside from aiming to choose propellers which corresponded to the mission goals, the major 

constraint was ensuring the propellers’ diameters would integrate well with the landing gear options. The 

landing gear that the team chose (around 5 inches tall) allowed for safe clearance with a maximum 

propeller diameter of 18 inches. To make a final propeller choice, the team utilized the previously 

described input as well as advice from hobby store owners. Once all of the input had been reviewed, the 

propeller selection was a 14 inch diameter, 12 inch pitch propeller for speed to be used in mission one, 

and an 18 inch diameter, 10 inch pitch propeller for power in missions two and three. The propeller details 

are shown in Table 9. 

Goal Speed Power 

 

 
Name APC- LP14012E APC-LP18010E 

Size 14 x 12 18 x 10 

Weight 2.72 oz 3.03 oz 

Table 9: Propeller Selection 

4.2.3 Airfoil 

The initial decisions in airfoil selection were made in order to produce significant amounts of lift 

and to have the fastest, most aerodynamically efficient aircraft possible. Additionally, an important 

constraint was high performance in low Reynolds number flight. Based on the UIUC Low-Speed Airfoil 

Tests
4
, low Reynolds numbers include those in the range from 40,000 to 400,000. The team researched 

many airfoils designed specifically for low Reynolds numbers, using the UIUC results as well as the Airfoil 

Investigation Database
5
. These airfoils were then compared based on data obtained with the program 

XFLR5
6
, with the results shown in Table 10. The program XFLR5 is available for free download online; 

several online tutorials are available as well, but there is not an official user guide. It has input parameter 

options for forced or free boundary layer transition (when used for three-dimensional modeling), and has 

some capabilities for separation bubble modeling. 

Especially for the third mission, the range of angles of attack was important to consider, as were 

maximum and design lift coefficients. Thus, the criteria used to select the best airfoil were: range of 

angles of attack, maximum lift coefficient, maximum lift-to-drag ratio, design lift coefficient, and range of 

Reynolds numbers, as explained below and shown in Table 10. 

 The range of angles of attack is the difference between the angle at which the aircraft produces 

no lift and the angle at which maximum lift is produced. A large range of angles of attack is especially 

beneficial due to the possibility of different wind and weather conditions; a large range would mean that 

the aircraft would still be able to produce lift during strong winds, which is a high priority of the team. 
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Finally, due to the difficulty in keeping a constant angle of attack while flying an RC plane, a large angle of 

attack range is important because it makes stalling the aircraft more difficult.  

 The maximum lift coefficient, CLmax, is important for considering the airfoil’s performance in two-

dimensional flow. This is a critical design point for the chosen airfoil because of how influential lift 

production is in overall success in each mission, especially the more complex second and third missions. 

Due to the heavy payloads, a higher maximum lift coefficient will allow the aircraft to continuously produce 

more lift, and in turn to efficiently complete the necessary laps (or for the third mission, to climb as quickly 

as possible). 

 The lift-to-drag ratio is obtained by dividing the lift force by the drag force, or the lift coefficient by 

the drag coefficient. The L/D max value involves the maximum lift or lift coefficient value. This is another 

key requirement because a higher L/D max allows for much more efficient flying; specifically, because the 

lift required is determined by the aircraft weight, a better L/D means there will be less drag generated by 

the airfoil. For this competition, a high lift-to-drag ratio means that less power output will be required from 

the propulsion system, while greater speeds (and thus faster mission completion) can be obtained. 

Finally, a high L/D max value is very desirable for the third mission because it would allow the climb 

performance to be improved.  

 The design lift coefficient is the measured lift coefficient at the airfoil’s maximum lift-to-drag ratio, 

and it provides a better idea of the lift performance of each airfoil. The design lift is more important to 

consider than the maximum lift coefficient in this competition because this is the flight condition at which 

the aircraft will be flown.  

 The Reynolds number range is an estimation of the Reynolds numbers in which the airfoils will 

perform well, and for which they were optimized. Because the team estimated that the competition would 

involve comparatively low Reynolds numbers, it was important to choose an airfoil designed for low 

Reynolds number flow. Section 4.4.1 provides the detailed calculation of competition Reynolds numbers. 

Airfoil Choice NACA 9510 E423 GEO 366 NACA 6510 Sd 7062 

Alpha Range 1 1 1 1 1 

Cl max 1 1 1 0 1 

L/D Max 0 0 -1 1 1 

Design Cl 1 1 1 1 0 

Re Range 0 0 0 0 1 

Total 3 3 2 3 4 

Table 10: Airfoil Selection 

 Based on its performance compared to the four other airfoils in the categories explained, the 

Sd7062 airfoil was chosen. Another consideration involving the airfoil selection was manufacturability. 

This was not included in the figure of merit because all of the airfoils considered were similarly cambered 

and were considered fairly equal in terms of complexity of manufacturing. The team aimed to find an 

airfoil that would meet all of the requirements while having a lower surface that was not overly concave. 
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Since the wings were designed to be balsa ribs covered in Monokote, having a highly curved bottom 

surface would cause the Monokote to pull away from the ribs and not provide the aerodynamic qualities 

necessary. The two-dimensional geometry of this airfoil is shown in Figure 14.  

 

Figure 14: Two-dimensional Geometry of the Sd7062 Airfoil 

4.2.4 Fuselage 

While the overall shape of the fuselage and payload compartment was estimated in the 

conceptual design phase, a more detailed fuselage shape was considered and decided upon for the 

preliminary stage. The main fuselage shape was determined by the layout of the passengers for mission 

two, which necessitated a tall rectangular shape. Specifically, the passenger compartment chosen (four 

rows of two passengers each) required an open area 5 inches tall by 3 inches wide and 6.5 inches long. 

This then needed to be slightly expanded to accommodate the full water payload (the passenger 

compartment volume required was 97.5 cubic inches, while the water volume (of the 2 liters) was 122.47 

cubic inches). There is an additional compartment over the main fuselage to hold the batteries. Since the 

batteries are heavy relative to the plane, the team decided to place them near the center of gravity of the 

aircraft to keep balance during flight. The battery packs are placed on top of the fuselage to protect them 

from any possible water leaks during mission three. The conceptual design was for a fuselage shape that 

would be rectangular, 3.25 inches by 7.125 inches as seen from the front.  

 The major problem with this fuselage design is the large amount of frontal area, and the overall 

box shape which would greatly decrease aerodynamic efficiency by causing significant amounts of drag. 

However, this shape was essentially set by the chosen passenger layout, which the team did not want to 

change. The next steps were to consider how to lessen the drag produced and to make the box shape 

more rounded for efficiency; the team intended to add curved pieces of balsa wood or foam to the front 

and back ends of the fuselage. The front section would be used to house most of the electronics, while 



 

 

23 

the back would be empty except for the servo for the dump valve used for mission three and any extra 

parts that would not fit in the front storage area.  

 The sizes and weights of major electronic components were estimated so that the front storage 

area could be sized and verified to fit in with the aircraft CG. The next step was to determine the best way 

to access the payload compartment and the electronics bay. A hatch system on the top of the fuselage 

was designed which would open from the back end (so there would be less of a chance of opening during 

flight) and allow for the payloads to be changed between missions. The payload bay will be completely 

separated from the electronics area by plastic sheeting, plywood, and Monokote. The decision to use two 

separate areas was made because of the desire to protect the electronics from the water during the third 

mission; the payload bay itself will have as much separation from the electronics bay as possible to 

prevent water leaking through. The nose cone will slide forward along the motor boom to allow access to 

all of the electronics except for the batteries. The batteries will sit on top of the fuselage hatch and have a 

separate cover of foam and Monokote to make the external structure of the aircraft aerodynamic. 

4.2.5 Tail Sizing 

In order to size the horizontal and vertical stabilizers, the main factors to determine were: 

distance between wings and tail, aspect ratios, planform areas, planform shapes, and airfoils. The main 

requirement for static stability of the aircraft is that the slope of the plot of pitching moment coefficient, Cm, 

versus angle of attack, ", must be negative over the range of angles of attack at which the aircraft will fly. 

This single consideration led to a determination of the approximate distance between the wings and tail.  

 The tail planform areas and aspect ratios were determined by calculating the vertical and 

horizontal tail volume coefficients. These coefficients were obtained using the tail volume coefficient 

method outlined in Raymer’s text
2
. The planform shapes were selected to maximize simplicity of 

manufacturing, so, similarly to the wings, the stabilizers were both rectangular. Airfoils were also selected 

for simplicity and because using more complex airfoils would bring negligible improvements on such a 

small scale. The main criterion in selection was to have airfoils that produced low drag. Because of these 

factors, the chosen airfoils were symmetric. The NACA 0010 met all of these considerations and was 

chosen for both stabilizers, and its two-dimensional geometry is shown in Figure 15. 

 

Figure 15: NACA 0010 Airfoil 
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 Initial sizing of the rudder and elevator was determined using traditional equations and methods, 

again conservatively. Choosing conservative sizing was beneficial not only so that changes could be 

analyzed later, but also because it would increase the ease of controlling the aircraft. The elevator would 

be placed along the entire span of the horizontal stabilizer with a chord being 1/4 of the horizontal tail 

chord. The rudder was designed with a chord of 1/4 of the vertical tail chord, covering 77.5% of the 

vertical tail span in order to allow for clearance of the deflected elevator.  

4.3 Mission Model 

All three missions were modeled based on the major relevant phases of aircraft flight: takeoff, 

climb, initial acceleration, cruise, turns, acceleration after turns, and landing. All of these phases will be 

encountered in each mission, and although takeoff, climb-out, and landing will only be performed once 

each mission, the major phases will occur repeatedly throughout the missions as multiple laps are 

completed.  

 In the takeoff phase, the aircraft is allowed to use 100 ft of runway length. The team decided to 

plan for a ground roll of between 75 and 90 ft, aiming to takeoff within 80 ft so that there would be extra 

clearance in case of adverse weather conditions. Based on this distance and the selected batteries and 

motor, a takeoff speed of 35 ft/s was approximated. 

 Once the aircraft has left the ground, the propulsion system will continue at or near maximum 

power in order to maximize rate of climb. For the first two missions, the climb phase will last 

approximately until the aircraft has reached an altitude of 100 ft. Due to the requirements of the third 

mission, the climb phase in mission three will involve full powered climbing until the 100 m (328 ft) height 

has been reached. Climb angle and climb rate calculations were performed using the process and 

equations given by McCormick
7
. The climb angle has been estimated to be 23

!
.  

 After the pilot has determined that the aircraft has reached its cruising altitude, the maximum 

power which had been used for climbing can then be used for accelerating to the desired cruise speed, 

which will be greatest in the first mission. The cruise speed has been estimated at 48 ft/s, but the specific 

speeds possible will be investigated in greater detail in order to approximate scoring and goals for the first 

mission. The cruising phase will be very short due to the competition flight path, but especially during the 

second and third missions, cruise will be utilized for the short times between turns, when accelerating and 

keeping a constant high speed is not as crucial as in the first mission.  

 As required by the competition rules, the aircraft must complete two 180# turns and one full 360# 

turn per lap. Specific calculations involving turns (speed, load factor, etc) will be performed in later design 

phases. The turning phase will involve lower speeds than the straightaway sections of each lap, so the 

mission model phase following each turn is acceleration. The turning causes the aircraft to encounter a 

greater amount of induced drag, so the acceleration after turning phase will allow the aircraft to return to 

cruising speed.  
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 At this point, all of the major flight phases have been covered except landing, so the aircraft will 

either continue to follow the phases above excluding takeoff and climb (except in mission three, when 

only one full lap is required). Once the flight time or required number of laps has elapsed, the final phase 

of landing will be entered. The aircraft will begin to approach the runway while slowing down and 

beginning to lower its altitude. The pilot will then maneuver the aircraft successfully to the ground with 

enough runway to allow for ground roll before a complete stop is made. Landing is one of the most 

important steps of each mission, since the mission score will only be counted if a landing is completed, 

and if any problems are encountered during landing it may impact performance or the ability to compete 

in remaining missions. It will be very important to determine proper landing speeds and approach angles 

prior to competition in order to successfully complete this phase. 

 The weather during competition is one of the greatest uncertainties of the project. One of the 

biggest concerns relevant to the competition is the wind, so the team researched typical wind patterns 

during April 13-15 for the competition site in Wichita, KS. Based on this research there will be a great 

amount of variance in wind patterns, but the study allowed the team to consider the possibilities of strong 

winds, and to attempt to plan for as many situations as possible. Due to the possibility of damage to the 

aircraft in the potentially variable wind conditions, the team will be prepared with extra supplies at 

competition.  

 Weather is by no means the only uncertainty in the project. The other uncertainties include 

aerodynamic calculations and assumptions, electronics, and manufacturing. Because many of the design 

calculations were made using approximations or theories that may not correctly appy to small RC planes, 

the team may encounter problems with aerodynamic outcomes that are different from those calculated, 

intended, or expected. The team aimed to overcome this uncertainty by performing as many tests as 

possible in order to confirm calculations or adjust the design if necessary. The major complication with 

electronics was trusting that the specifications for each component would hold true, and that the batteries, 

motor, and full power system would perform as designed. If any of the major electronic components were 

to fail or not perform to the level expected, the aircraft might not complete the required missions. Finally, 

the last important uncertainty the team addressed was the potential difference between the design and 

the actual manufactured aircraft. Once the prototype is built, the team will test the aircraft and its 

components as much as possible in order to uncover potential issues and make any changes prior to 

competition.  

4.4 Aircraft Lift, Drag, and Stability Characteristics 

Once the design choices had been made for the wings, airfoils, and tails, and the overall fuselage 

shapes had been estimated, an analysis of the aircraft’s lift and drag was carried out. Similarly, the 

aircraft’s stability characteristics were investigated and proven to be sufficient. The team’s main aids in 

these analyses were computer programs: the U.S. Air Force’s Digital DATCOM
8
, and XFLR5. These 

programs allowed for many scenarios to be tested, such as changes in component sizing and different 
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control surface deflections. The relevant outputs from the programs for this section were the lift, drag, and 

stability characteristics of the full aircraft as well as just the wings or tail.  

4.4.1 Lift 

To begin gathering lift and drag data, XFLR5 was used to consider the system in only two 

dimensions. The inputs to the program were the airfoil (Sd7062), wing and tail sizing, Reynolds number, 

and Mach number. The Reynolds and Mach numbers were calculated based on elevation, density, and 

speed of sound for the competition site of Wichita, KS (see Table 11). These calculations produced 

estimations of Reynolds and Mach numbers (during cruise at around 48 ft/s) of 219,000 and 0.043, 

respectively. The outputs of the two-dimensional XFLR5 analysis were various plots including lift 

coefficient vs. drag coefficient and both coefficients vs. angle of attack, which gave the team initial ideas 

of how the wings would perform.   

Estimated Competition Flight Conditions 

Density 2.2x10
-3

 slug/ft
3 

Chord Length 0.73 ft 

Cruise Speed 48 ft/s 

Kinematic Viscosity 1.6x10
-4

 ft
2
/s 

Reynolds Number 219,000 

Speed of Sound 1.1227x10
3
 ft/s 

Mach Number 0.043 

Table 11: Estimated Flight Data for Wichita, KS 

 The next step was to plug similar inputs into DATCOM, which performed an analysis on the 

aerodynamics of the design in three dimensions. The main inputs used for DATCOM were angle of attack 

range, Mach number, Reynolds number, and dimensions of the aircraft’s components. The outputs of 

DATCOM were very useful to the team’s progress. The main constraint to the analysis provided by 

DATCOM is that it applies only to steady and level flight. 

 At first, the lift of the wings alone was analyzed, and then the lift of the entire aircraft was also 

calculated so the two could be compared, as shown in Figure 16. At low angles of attack, the lift 

coefficient is less for the entire plane; this is because the horizontal stabilizer sees a negative angle of 

attack and thus produces negative lift, lowering the total lift of the aircraft (the lift produced by the wings is 

still positive). Once the aircraft moves past these lower angles of attack, the tail begins to contribute 

positively to the lift force, so there are two surfaces contributing to the lift.  
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Figure 16: CL vs. Angle of Attack from DATCOM 

4.4.2 Drag  

While the computer programs provided some estimates of drag data, more detailed drag 

calculations were obtained from equations and techniques described in the book Aerodynamic Drag by 

Hoerner
9
. This allowed the team to better understand how each component contributed to the overall 

drag, and how certain small changes could significantly increase or reduce drag.  

 From both the calculated drag analysis and the DATCOM output, the team saw the overall drag 

produced by the aircraft as designed, and was able to consider potential beneficial changes. The data 

output from DATCOM allowed for the following graphs to be created: Figure 17 showing the drag 

coefficient vs. angle of attack, and Figure 18 showing the drag polar.  

 

Figure 17: CD vs. Angle of Attack 
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Figure 18: CL vs. CD 

 The specific contributions to drag were analyzed and calculated for each of the major drag-

producing components in the aircraft. Table 12 and Figure 19 below show the results of these 

calculations, and demonstrate how great of an effect some components had on total drag. Most of the 

estimates were made using equations and techniques described by Hoerner (see citations below). The 

drag was calculated and shown as drag force divided by dynamic pressure, q, in order for the drag to be 

analyzed separately from changes in the aircraft’s velocity. Thus, the drag could be estimated specifically 

for each mission and at different phases of flight, but the initial calculations were not impacted by speed 

changes. The bullets below explain the process of obtaining the expected drag for each component. 

! Wing/fuselage junction: calculated by multiplying the junction length by the coefficient of drag. 

Hoerner states that there is interference drag due to corners such as when the wing meets the 

fuselage. The drag coefficient of the wing juncture is found by entering the thickness of the wing 

relative to the wing chord into the equations presented (Ch. 8, Fig. 23 and 24). 

! Skin drag of fuselage, wing, and tail: all of these values include approximations for the Monokote 

covering, which has a skin drag coefficient of 0.0025 (an assumption based on the Monokote’s 

smoothness and the expectation of laminar flow over the surface for most of the aircraft); this was 

then multiplied by the wetted area of each surface (Ch. 2, Fig. 4-5, 13-14, 21-22).  

! Landing gear: because landing gear produces a significant amount of the drag, the team hoped to 

use this drag analysis to better choose a landing gear type. Drag coefficients were obtained from 

the geometry of the wheels and landing gear type. The wheel profile producing the least drag is 

completed rounded wheels, so these were favored during selection. Rounded struts produce the 

least drag, due to their reduced wetted area compared to square struts (Ch. 13, Fig. 33-35). 

! Induced drag: obtained from DATCOM model along with equations from Anderson
10
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! Holes on fuselage (required to vent the altimeter so that the fuselage cannot be pressurized): 

calculated by multiplying the hole area by the drag coefficient given in the text (Ch. 5, Fig. 19-21). 

The larger the fraction of hole diameter is with respect to the depth, the larger the drag coefficient 

will be. The depth of the hole in this design is far greater than the diameter, and thus the lowest 

drag coefficient for a fuselage hole can be used.  

! Control surfaces: based on Hoerner’s derivations, the drag of the control surfaces was 

determined using the aircraft geometry, specifically the spacing between control surfaces and the 

wing. The small gaps between the wing and control surfaces create drag, so the drag coefficient 

is found by plugging the measured gap size into the given equations (Ch.5, Figures 26-30).  

Component (D/q) % of Total 

Wing/fuselage junction drag 0.00148 1.12% 

Wing, skin drag  0.0184 13.93% 

Wing, induced drag 0.0873 66.10% 

Drag from 5 holes on the fuselage 0.00028 0.21% 

Drag from ailerons 0.000297 0.22% 

Fuselage, skin drag 0.00705 5.34% 

Tail, skin drag  0.01140 8.63% 

Tail, control surfaces 0.000357 0.27% 

Landing gear wheels drag 0.0025 1.89% 

Landing gear struts Drag 0.00302 2.29% 

Total 0.132078 100% 

Table 12: Drag Calculations 
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Figure 19: Drag Breakdown  

4.4.3 Stability Characteristics 

The main purpose of the DATCOM software is to calculate longitudinal and static stability of an 

aircraft, and thus it was very applicable to this section of the design process. The model produced in 

DATCOM with a rough version of the conceptual design is shown in Figure 20.  
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Figure 20: DATCOM Model 

 While XFLR5 was used for the two-dimensional approach in producing lift estimates, it was also 

helpful to understand pitching moments, as it allowed for modeling of varying deflection angles of control 

surfaces; the team was able to experiment with different angles of aileron, rudder, and elevator deflection 

and to calculate the effects on overall stability and the moments created. Figure 21 shows the pitching 

moment coefficient, Cm, vs. the angle of attack, with the moment reference point being the aircraft’s 

center of gravity. Because the requirement for static stability of an aircraft is that the slope of the moment 

curve must be negative, this shows that the design is statically stable. The other criterion for a stable 

aircraft is having the aerodynamic center (AC) behind the center of gravity. This is due to the definition of 

stability being that the aircraft should always tend to revert back to a stable position once it encounters a 

disturbance; if suddenly the aircraft pitches up, the stability condition means that the plane will then pitch 

down to return to an equilibrium angle of attack.  
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Figure 21: Cm vs. Angle of Attack 

4.4.4 Static Margin 

Static margin calculations were performed based on the process outlined by Simons
11

. The static 

margin was calculated to be 1.8% of the wing chord. The position of the neutral point is 32% of the wing 

chord, while CG position is 30% of the wing chord. Longitudinal stability is obtained when the CG is 

ahead of the neutral point, so these numbers confirm the aircraft’s stability. Because the wings are 

rectangular, the aerodynamic center of the wing is at 25% of the chord. Static margin for an RC aircraft is 

typically 5 to 10% of the reference length, so the number obtained is very low. This low of a static margin 

may mean the aircraft is especially sensitive to changes in pitch. This indicates that the center of gravity 

may need to be shifted aft. However, Simons explains that a static margin is largely influenced by 

propeller, motor, and fuselage changes, and that adding these influences will often change the static 

margin by around 5%. Thus, because this static margin was calculated using approximate weights of 

these major components, once the exact weights are known the static margin should increase to a more 

typical value. The battery packs can be shifted in the top of the fuselage to allow for tuning of the center 

of gravity, should it be necessary once flight testing commences. The benefit of having a low static margin 

is lower trim drag and smaller deflections necessary to move the airplane. 

4.4.5 Dynamic Stability 

 Dynamic stability is defined by the equilibrium state and the longitudinal modes of the aircraft. 

Dynamic stability is important to aircraft design because it can cause instabilities even if a chosen design 

is statically stable. In order to estimate the aircraft’s dynamic flight qualities, the team created a 

longitudinal model based on the design, and then followed the necessary steps to linearize the system 

and analyze results, as outlined by Stevens
12

. The results of linearization allow for insight into the 

dynamic response of the aircraft to various control inputs. Longitudinal model analysis can be simplified 
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based on desired characteristics; for example, if it was desired to test results regarding elevator 

deflection, the system can be used to only focus on relevant inputs and outputs for that analysis.  

 The team’s longitudinal model analysis involved approximations of the aerodynamic and thrust 

forces that would be experienced by the aircraft in the body axes; crosswind effects were neglected, and 

it was assumed that the thrust force was fully in line with the x-axis. An initial step was solving for 

components of the aerodynamic and thrust moment vector, along with the pitching moment as a function 

of angle of attack and elevator deflection. The values used were converted from the body frame to North-

East-Down (NED) coordinates. The main constraint of the linearized model was that it only applies to the 

case of straight flight during cruise.  

 Once the model was linearized, the team could apply any desired inputs in order to approximate 

the model around certain points (the equilibrium state) and solve for the relevant outputs, corresponding 

to stability modes. For each analysis performed, the equilibrium state contained the aircraft’s cruising 

speed, angle of attack, pitch angle, and a component of angular velocity. This analysis was used to 

simulate various parts of the competition, and to prove that the aircraft would be sufficiently stable in both 

static and dynamic aspects. 

4.5 Aircraft Mission Performance 

 The preliminary design phase calculations allowed for a full estimation of the aircraft’s 

performance during each mission. The key calculations involved time taken, distance traveled, and 

velocity. These were broken down into the stages of the mission model, and are shown in Table 13. 

 Velocity (ft/s) Distance (ft) Time (s) 

  M1 M2 M3 M1 M2 M3 M1 M2 M3 

Takeoff 40 42 42 85 90 90 2 2 2 

Climb 44 43 40 256 256 5023 6 6 126 

Cruise 48 46 48 315 315 315 7 7 7 

180# Turn 40 37 40 185 185 185 5 5 5 

Cruise 48 46 48 500 500 500 10 11 10 

360# turn 40 37 40 370 370 370 9 10 9 

Cruise 48 46 48 500 500 500 10 11 10 

180# turn 40 37 40 185 185 185 5 5 5 

Cruise 48 46 48 500 500 500 10 11 10 

Total - - - 2896 2901 7668 64 68 184 

Table 13: Mission Performance Estimations 

5. Detailed Design 

Once the conceptual design had been considered and analyzed further, the final detailed design 

was decided upon. This section provides the final geometry and details about the major components 

chosen for the final design. The specifics behind the actual structure were chosen and the manufacturing 

choices were made in this phase. As in all previous stages, the key points the team kept in mind were 
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choosing options that would not be especially difficult to manufacture, choosing the simplest design 

possible, reducing the weight of the full aircraft, and reducing the drag produced. Finally, this section 

provides specifications for components as well as explanations of how all systems and components 

integrate to create a successful system solution.  

5.1 Final Dimensional Parameters 

 Table 14 below lists the major dimensions and parameters of the final aircraft design. 

Wing Dimensions 

Span 5.478 ft = 65.736 in 

Chord 0.73 ft = 8.76 in 

Aspect Ratio 7.5 

Wing Area 4 ft
2 

Airfoil Sd7062 

Static Margin 1.7% wing chord 

Incidence 2° 

Maximum Aileron Deflection Possible ±30° 

Aileron Chord 30% wing chord 

Aileron Span 2.191 ft = 40% wing span 

 

Horizontal Stabilizer Dimensions 

Span 19.2 in 

Chord 7.6 in 

Area 1.02 ft
2
 

Airfoil NACA 0010 

Incidence -2° 

Elevator Span 19.2 in 

Elevator Chord 25% tail chord 

Maximum Elevator Deflection Possible ±30° 

Horizontal Tail Volume 0.7 

Aspect Ratio 2.526 

 

Vertical Stabilizer Dimensions 

Span 8.88 in 

Chord 7 in 

Area 63.072 in
2 

Airfoil NACA 0010 

Vertical Tail Volume 0.04 

Aspect Ratio 1.269 

Maximum Rudder Deflection Possible ±30° 
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Fuselage Dimensions (box section only) 

Length 6.875 in 

Width 3.25 in 

Height 6 in 

 

Overall Aircraft Dimensions 

Length 56.543 in 

Width 5.478 ft 

Height 19.036 in 

Gross Weight (M1, M2, M3) 5.095 lb, 8.86 lb, 9.51 lb 

 

Additional Parameters 

Payload to TOW ratio (M1, M2, M3) 0, 0.42, 0.46 

Wing Loading (M1, M2, M3) 1.27 lb/ft
2
, 2.22 lb/ft

2
, 2.38 lb/ft

2
 

Load Factor (M1, M2, M3) 2.80, 1.61, 1.50 

Table 14: Dimensional Parameters 

5.2 Structural Characteristics and Capabilities 

A main structural requirement is to successfully pass the wingtip during the technical inspection 

portion of the competition. This involves simulating a 2.5 g distributed load over the wings. The team 

worked to ensure the wings were capable of withstanding a greater distributed load than this, and thus 

the wing structure was supplemented with extra strengthening materials. First, the team decided to use 

wing spars made from carbon fiber rods; to increase the wing strength further, two separate spars were 

used, one towards the leading edge, and one closer to the trailing edge. Using two spars is a fail safe 

design in that it creates a torque box which is the most effective for supporting shear, torsion, and 

bending. The only danger with using the pair of spars is buckling, although only local buckling would be 

encountered. To further aid in load bearing by the wings, the spar near the leading edge was chosen to 

be twice as thick as the back spar. The manufacturing options will be detailed in later sections, but an 

early design choice was between the carbon fiber spars and webbed balsa wood spars. Despite the 

additional cost of the carbon fiber, it was chosen to strengthen the wings and provide as much structural 

integrity as possible for both the wingtip test as well as during flight.  

 The main strengthening aspect within the fuselage will be the plywood walls of the payload bay. 

Thin pieces of plywood will both aid in the aircraft’s ability to carry the weight of the two payloads, as well 

as help reduce impact stresses and possible damage during landings. Another key part of manufacturing 

the fuselage will be the landing gear connection. Based upon the rules, a mission is only successful if a 

landing is made without significant damage to the aircraft. To satisfy this mission requirement, the landing 

gear must be structurally sound, capable of withstanding multiple hard landings, and must be connected 

to the fuselage in as solid of a manner as possible. The aircraft’s structural capabilities will best be proven 

in its ability to land without damaging the landing gear, tail, propeller, or the bottom of the fuselage.  
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 The final major structural component of the fuselage is in reinforcements to the carbon fiber 

boom: the team will add metal reinforcements at points where the boom goes through the fuselage to 

increase impact resistance and decrease potential damage. The main need for this reinforcement is 

because at the intersection of the boom and the fuselage, there will be very little extra space above the 

boom for mounting strength.  

5.3 Design, Component Selection, Integration, and Architecture of Systems and Sub-systems 

The following sections provide details regarding the final design of major components of the 

aircraft. 

5.3.1 Wing 

One of the primary initial design choices was to use rectangular wings for simplicity and ease of 

manufacturing. The two wing sections will be connected to the fuselage (joined at the boom) with two 

carbon fiber spars. The wings will be constructed using laser cut balsa wood ribs; these ribs will be 

equally spaced along the wingspan. The rib spacing was chosen to be two inches, a compromise 

between holding the wing’s shape and keeping the overall wing weight near its minimum; if the ribs are 

spaced too far apart, the Monokote covering will not maintain the selected airfoil shape between ribs, but 

if too many ribs are added the weight will become so great that the key advantage of using laser cut balsa 

wood ribs is lost. Because the early design choice for the wings was between solid foam and balsa wood 

ribs, it was important to keep the full ribbed wing at a lower weight than an equally sized foam wing. Each 

of the two wing sections will be directly connected to the main fuselage with the spars: since there will be 

no ribs in the section directly above the fuselage, the spars will be the only part of the wing contained 

though the fuselage, and this will allow for reinforcements to be made to ensure structural strength and 

maintaining a solid connection between wings and fuselage. Increased structural stability and strength will 

be obtained via large pieces of strong tape along the leading edges of the wings and balsa cross beams 

along the trailing edge and the edges of the control surfaces. The leading edge tape increases the ease 

of adding Monokote, and the thin pieces of extra balsa wood mounted near the trailing edges create an 

extra strengthening surface. 

5.3.2 Fuselage/Payload Bay 

The payload bay area is an open rectangular box for maximum storage capacity. The sides of the 

payload bay will be waterproofed and sealed (using plastic sheeting, waterproofing liquid, and caulking) to 

ensure that no water leaks during flight. The main payload area will be constructed with large pieces of 

plywood and balsa wood, to create a strong structure which is easy to manufacture. The payload bay will 

be easily accessible via a top hatch, so that the different payloads can be quickly interchanged and the 

aircraft itself is multifunctional and flexible. During the passenger mission, two small balsa wood supports 

will be placed horizontally in the fuselage in order to keep the passengers from shifting during flight; the 

supports will be shaped to perfectly fit within the payload bay with cutouts where each passenger should 
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be placed. This will guarantee that even during a bumpy flight and takeoff and landing, the passengers 

will remain separated and correctly aligned in the four rows of two. The passenger supports will be glued 

in, and because the boom goes straight through the center of the fuselage, the supports will remain in the 

payload bay during mission three. No major changes will be made to the payload bay between missions 

two and three.  

To reduce drag and create a more aerodynamic outer shape, the front and back of the fuselage 

will have fairings added to reduce the boxy shape and make as smooth of a fuselage as possible. The 

specific sizing of these sections was determined after an aerodynamic analysis of the skin friction drag 

and form drag, and which sizing would be the most efficient way to reduce drag without adding much 

extra weight. The main housing for electronics is the nose cone in front of the payload bay, while excess 

parts may be housed in the back section. However, the team intends to fit all electronics in the front 

section due to complications of connecting wires through the boom to reach the back section. Specifically, 

the only electronics intended to be placed outside of the front section are the servos for the rudder, 

elevator, and ailerons. To access the electronics in the nose section, the cone can be removed by pulling 

it forward along the boom, towards the motor. The batteries will be held above the payload bay and above 

the central wing section; this added top section requires extra balsa wood and Monokote, in order to 

reduce drag and create a smooth top surface.  

 A hollow, square cross section carbon fiber boom connects the tail to the main fuselage section. 

The square cross section was chosen over the round cross section type because it is easier and more 

structurally sound for mounting the tails and wing sections, especially when accuracy and the importance 

of alignment are considered. The spars of each wing and tail section will be bonded to the boom using 

epoxy. 

 The initial decision regarding the landing gear selection was made during the conceptual design 

phase, but for the detailed design it was necessary to take a more in-depth look at what type of gear 

would be required in terms of size, material, and strength. Rubber and foam wheels were researched, but 

the team decided that using foam wheels would be too much of a risk in terms of strength and 

performance. The option of constructing landing gear was considered, but once again, this was not 

chosen because of potential errors in manufacturing, and premade landing gear is more reliable. Based 

on the propellers chosen, it was clear how large of a landing gear would be required depending on how 

much clearance the team desired during landings. It was established that in order to feel confident during 

landing, the landing gear needed to be at least 4.5 inches tall with 2.5 inch diameter wheels, as this would 

provide at least 2 inches of clearance between the maximum diameter propeller (18 inches) and the 

ground. The landing gear chosen is the tricycle configuration, having two wheels aft of the CG on the 

fuselage and a single nose wheel at the front of the fuselage.  
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5.3.3 Tail 

Both the vertical and horizontal stabilizers are constructed similarly to the wings, using carbon 

fiber spars and laser cut balsa wood ribs. The spars are thin, 0.125” diameter circular cross section tubes, 

with a forward and aft spar, as in the wings. The ribs are spaced two inches apart. To reduce the chances 

of encountering torque on the control surfaces, the servos are mounted as close to the center of the 

stabilizers as possible. On the horizontal tail, the servo is located just off of the boom, while it is halfway 

up the vertical tail and lined up about halfway down the chord line, slightly closer to the leading edge.  

5.3.5 Control Surfaces 

The ailerons and tail control surfaces are made using the trailing edge sections of the balsa wood 

ribs, glued to thin pieces of balsa and covered with Monokote. The ailerons are attached to the wing using 

tape hinges, and connected to the servos within the outer sections of the wings. The rudder and elevator 

are constructed exactly like the ailerons, with tape hinges and servos at the center of each control 

surface. The main difference between the ailerons and tail control surfaces is that the ailerons use full 

size servos, while the tail surfaces use micro servos due to the limited space available in the thinner cross 

sections.  

5.3.6 Power Control Systems 

! Receiver and controller selection: the team selected the Spektrum AR7610 7-Channel DSMX 

high speed receiver due to its low weight, reliability in previous DBF competition experience, and 

meeting the failsafe requirements of the rules. The batteries used to power the receiver are the 

Tenergy 4.8 V, 2000 mAh RX NiMH, chosen because they are lightweight and provide sufficient 

power to complete the missions. The controller chosen to communicate with this receiver is the 

Phoenix 60 electronic speed controller (ESC). This ESC was chosen due to its high efficiency, 

low weight, and long range. Additionally, some team members had prior experience using this 

and similar models in past DBF competitions. 

! Propulsion system: the main selection criteria for the propulsion system have been explained 

previously, but overall the team aimed to select components which would work well together to 

provide the greatest amount of power while efficiently using the allowable battery weight and 

amperage. The components were chosen in a specific order so that each decision made 

influenced the next, and with each choice it was ensured that the parts would work well when 

integrated; batteries were chosen first, followed by motor, then propeller, servos, and other 

smaller components. The final design choices were a Hacker A50 motor, Elite 2200 mAh Sub C 

battery pack, and the two propellers, a 14x12 APC-LP14012E for speed, and an 18x10 APC-

LP18010E for power. 

! Servo selection: the servos selected for the horizontal and vertical stabilizers are Hitec HS-81 

micro servos. These were chosen due to the small sizing of the tail surfaces; regular sized servos 



 

 

39 

were too large to fit inside the structure of the tail. The servos chosen for all other sections of the 

aircraft are Hitec HS-645MG Ultra Torque servos, because they can take a higher load and will 

be less likely to fail. Although the Ultra Torque servos are slightly heavier, they were chosen for 

their extra strength. The servos are mounted within the wing and tail surfaces, between the spars 

and in between two ribs, as close to the center of the control surfaces as possible. 

Table 15 below displays the major component choices. 

Component Model Chosen 

Batteries Elite 3300 Sub C 

Propeller APC 14x12, APC 18x10 

Motor Hacker A50-12L 

Speed Controller Phoenix 60 

Receiver Spektrum AR7610 

Receiver Batteries Tenergy 4.8 V, 2000 mAh, RX, NiMH 

Servos Hitec HS-81, Hitec HS-645MG 

Transmitter Spektrum DX-7 (2.4GHz) 

Table 15: Propulsion and Electrical System Components 

5.4 Final Weight and Balance 

The weights of the full aircraft and its components were determined using the Solidworks model, 

actual measured weights during manufacturing, and the expected weights of electronics from 

specifications. The empty weight of the aircraft is estimated to be 5.1 lb. This gives full loaded weights of 

5.1 lb for mission one, 8.86 lb for mission two, and 9.51 lb for mission three. The main competition 

requirement involving the CG is that it must remain within the main wing chord for all three missions. 

However, the team hoped to keep the CG of the payload aligned with the CG of the entire aircraft, so that 

the overall CG will not shift between missions. This will eliminate the necessity of extra weight for ballast, 

and will allow for stability to be maintained throughout the competition. The full weight and CG analysis is 

shown in Table 16. 
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Part 
Distance 

from Nose 
(in) 

Mission 1 Mission 2 Mission 3 

Weight 
(oz) 

Moment 
(oz-in) 

Weight 
(oz) 

Moment 
(oz-in) 

Weight 
(oz) 

Moment 
(oz-in) 

Boom 22.167 3.850 85.344 3.850 85.344 3.850 85.344 

Horizontal 
Stabilizer  

41.340 3.200 132.288 3.200 132.288 3.200 132.288 

Vertical Stabilizer 41.300 1.400 57.820 1.400 57.820 1.400 57.820 

Fuselage 11.600 3.600 41.760 3.600 41.760 3.600 41.760 

Foam 11.600 0.300 3.480 0.300 3.480 0.300 3.480 

Nose 5.750 1.000 5.750 1.000 5.750 1.000 5.750 

Wings 13.100 16.000 209.600 16.000 209.600 16.000 209.600 

Propeller  0.000 2.720 0.000 3.030 0.000 3.030 0.000 

Motor 1.000 15.350 15.350 15.350 15.350 15.350 15.350 

Batteries 12.465 21.230 264.632 21.230 264.632 21.230 264.632 

Electronics 8.190 6.275 51.396 6.275 51.396 6.275 51.396 

Landing Gear 13.220 4.800 63.456 4.800 63.456 4.800 63.456 

Nose Gear 8.200 1.800 14.760 1.800 14.760 1.800 14.760 

Payload 11.600 0.000 0.000 60.000 696.000 70.400 816.640 

Total 
  81.525 945.636 141.835 1641.636 152.235 1762.276 

  5.095 lb   8.864 lb   9.515 lb   

Final CG 
Distance from 
Nose (in) 

  11.599 11.574 11.576 

Table 16: Weight and CG Analysis 

5.5 Final Flight Performance Parameters 

 Table 17 shows the calculated performance parameters for the final design. These results were 

calculated using equations provided in Nicolai
13

, along with the climb rate analysis from McCormick
7
. 

  Mission 1 (Empty) Mission 2 (Passengers) Mission 3 (Water) 

CL, cruise 1.13 1.35 1.13 

CL, max 1.55 1.55 1.55 

e (Oswald Factor) 0.70 0.70 0.70 

CDo 0.08 0.08 0.08 

L/D, cruise 4.00 7.00 7.00 

L/D, max 10.50 9.00 10.00 

Climb Rate (ft/s) 44.00 40.00 35.00 

W/S (lb/ft
2
) 1.06 2.00 2.16 

Cruise Speed (ft/s) 48.00 48.00 46.00 

Stall Speed (ft/s) 25.00 34.00 35.00 

Total Flight Time (s) 240.00 192.76 30.00 

Empty Weight (lb) 5.095 5.405 5.405 

Loaded Weight  (lb) 5.095 8.864 9.515 

Table 17: Flight Performance Parameters 
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5.6 Mission Performance 

The mission performance of the aircraft was evaluated using a MATLAB code written by the 

team, which contained sections for each mission. During the first mission, the score is calculated using 

the number of laps completed. Thus, the MATLAB code and its scoring analysis for this mission 

depended fully on estimations of potential performance. Based on final design calculations, each lap in 

mission one will take around a minute (considering a cruise velocity of 48 ft/s). The team had originally 

set a goal of potentially completing six full laps in mission one, but due to the estimated lap time, a more 

realistic estimation is that four full laps will be completed in mission one. This gives a mission one score of 

1.6667 points.  

 In the second mission, the score is based on the weight of the aircraft measured at the end of the 

mission. The only way to improve the mission score is to reduce the weight of the empty aircraft, since the 

payload weight is fixed at 3.75 lb. Using the scoring code, the final estimated weight of the aircraft gives a 

score of 1.94 points. If the flight weight is reduced by 0.5 lb, the score is improved slightly to 1.97 points. 

 The final mission score is dependent on the average time to climb to 100 m of all teams who 

complete the mission. Thus, estimating the score for this mission is more complicated, and involves 

estimating how well this aircraft will perform compared to the others in the competition. For score 

calculations, the team assumed that the University of Arizona’s time would be at worst equal to the 

average time of the rest of the teams. For that scenario, the lowest score received would be 3 points. 

Thus, the team’s goal is to score at least 3 points in the third mission. If the aircraft is 20% faster than the 

average of all of the teams, the score for mission three will be 3.095.  
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1 Propeller 1 Composites

2 Motor 1

3 Nose 1 Foam
4 Front Wing Spar 2 Carbon Fiber

5 Cut Wing Ribs 16 1/8" Balsa

6
Leading Edge 

Support
2 Masking Tape

7 Full Wing Ribs 22 1/8" Balsa
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Tip Trailing Edge 

Support
2 1/8" Balsa

9 Hinge Support 2 1/8" Balsa

10 Aileron Hinge Support 2 1/8" Balsa

11
Aileron Trailing Edge 

Support 
2 1/8" Balsa

12 Aileron Ribs 16 1/8" Balsa

13
Root Trailing Edge 

Support 
2 1/8" Balsa

14 Back Wing Spar 2 Carbon Fiber

15 Battery Cover 1 Foam

16 Boom Carbon Fiber

17
Horizontal Stablizer 

Leading Edge 
Support 

1 Masking Tape

18
Horizontal Stabilizer 

Ribs
10 1/8" Balsa

19 Elevator Ribs 11 1/8" Balsa

20
Vertical Stabilizer 

Leading Edge 
Support 

1 Masking Tape

21
Vertical Stabilizer 

Ribs
6 1/8" Balsa

22
Vertical Stabilizer 

Spar
2 Carbon Fiber

23 Rudder Ribs 5 1/8" Balsa

24
Horizontal Stabilizer 

Spars
2 Carbon Fiber

25 Fuselage Taper 4 1/8" Balsa

26 Landing Gear 1 Fiber Glass

27 Back Wheels 2 Rubber

28 Front Wheel 1 Rubber

29 Nose Gear 1 Metal
30 Fuselage Top 1 1/16" Plywood

31 Fuselage Back 1 1/16" Plywood

32 Fuselage Side 2 1/16" Plywood

33 Fuselage Bottom 1 1/16" Plywood

34 Passanger Restraint 2 1/8" Balsa

35 Fuselage Front 1 1/16" Plywood
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Mission Two Configuration - Passenger Flight:

Detail A
Cargo Bay
Scale 1:4

Front View of Cargo Bay
Scale 1:4

Servo slot

Mission Three Configuration - Time to Climb:

Valve Closed
Scale 1:4

Valve Open
Scale 1:4

The center of the fuselage is covered in plastic and waterproofed. 
The valve stopper is pulled out by a servo to release the water.
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6. Manufacturing Plan and Processes 

For all of the main components of the aircraft, different manufacturing options were considered 

!"#$%&'(&)'*&+)$,&-$+&+)$&+$"-.#&/'"0&'1&!$2(/&02/)+*$2/)+&,$+&#+3'(/4&51+$(6&+3"%$'11#&*$3$&$(7'8(+$3$%&

between strength, simplicity, and ease of manufacturing; it was necessary to analyze all options in order 

to determine when it was better to require more complex construction techniques, or if adequate 

structural capability could be obtained with simpler construction techniques. The primary consideration 

during manufacturing was to choose the options that would result in the most successful aircraft as a 

system solution to the missions in competition.  

 The simplest way to plan the manufacturing process was to split the full design into the major 

components, and to then make manufacturing plans for each. The following sections detail these plans as 

well as the decisions made regarding materials used. 

6.1 Process Selected for Manufacture of Major Components and Assemblies 

6.1.1 Wing 

As described previously, the wings were manufactured using balsa wood ribs held together by 

carbon fiber spars, which covered the full wingspan. The ribs were shaped precisely using a laser cutter, 

and two hollow, circular cross section carbon fiber rods were used as spars, one towards the leading 

$%/$&9:4;<=>&2(&%2"-$+$3?&"(%&'($&($"3&+)$&+3"202(/&$%/$&9:4@;<>&2(&%2"-$+$3?4&A)$&2(($3&#$7+2'(&'1&+)$&

wings (the portion inside the fuselage) was different in that it only had the spars, and no ribs, so that more 

reinforcements and connections could be placed in that area, and the fuselage and boom served as the 

wing structure in that section. This section is also where the batteries were placed, and where a fairing 

was used to create a smooth top surface. The wings were made in two sections and then connected to 

each other and the fuselage at the boom. 

 The outer wing sections were manufactured slightly differently in order to construct the ailerons; 

ailerons were attached on the back 30% of the wing chord, and spanned from 50-90% of each semispan 

of the wing. The ailerons were still constructed using balsa ribs, but were strengthened with balsa cross 

supports. These supports were pieces of balsa wood cut lengthwise and mounted to the ailerons. In order 

to maintain the strength and durability of the wings, the leading edge was reinforced with tape and the 

trailing edge was strengthened with balsa cross supports. This also aided in the final process of covering 

the wings with Monokote, as it allowed the coating to attach more smoothly.  

6.1.2 Horizontal and Vertical Stabilizers 

Both the vertical and horizontal stabilizers were constructed in almost exactly the same way as 

the wing; the largest difference was that the carbon fiber spars were all the same diameter, 0.125 inches. 

However, each tail still had two spars, placed at the same fraction of the chord in relation to leading and 

trailing edges. The control surfaces were smaller and constructed in their appropriate geometry 

corresponding to percentage of stabilizer chord. Just like in the wings, the leading and trailing edges of 
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both the horizontal and vertical stabilizers were reinforced with tape and balsa before the surfaces were 

covered in Monokote.  

6.1.3 Fuselage 

A'&!$/2(&#)"B2(/&+)$&B",0'"%&!",&#$7+2'(&'1&+)$&18#$0"/$6&@C@D>&B2$7$#&'1&B0,*''%&*$3$&8#$%&+'&

create the rectangular box for the payload bay. All sections except the top, where the hatch would cover, 

were glued together using epoxy. The inside of the bay was then surfaced with thin plastic for 

waterproofing. All connection areas (edges and corners) were sealed using caulking. The area in the 

bottom of the fuselage where the release valve was to be mounted was chosen to be near the very back; 

in this spot holes were drilled and the servo and valve were attached. Finally, the nose cone was added: 

made of foam and shaped to perfectly seal the front end of the fuselage, this compartment was used to 

house the electronic components (including ESC, receiver, and receiver battery pack). The electronics 

were attached inside the nose cone using Velcro. Another cone was formed for the back section of the 

fuselage, using thin balsa wood and Monokote. The last step was mounting the hatch on top of the 

payload bay, and attaching the nose cone over the boom. Figure 22 shows the fuselage during 

construction, with the two wing sections loosely attached (one covered in Monokote), and the boom and 

spars running through the top and centerline of the fuselage. 

 

Figure 22: Fuselage Manufacturing 
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6.2 Manufacturing Processes Investigation and Selection 

6.2.1 Material Selection Factors 

The team had the following major factors in mind when evaluating the options for different 

manufacturing processes for the aircraft:  

! Cost: because the team is on a limited budget, the aim was to buy every part at the lowest cost 

possible without sacrificing quality, and to order many components at once to reduce extra costs. 

The budget affected many of the initial decisions, such as whether to consider composite 

materials or more traditional and less costly balsa wood.  

! Manufacturability: while some of the team members had had prior experience with 

Design/Build/Fly competitions and similar projects, the majority of the team was new to 

manufacturing a small RC aircraft, so it was important to ensure that all components were simple 

to manufacture, and that the construction processes selected were understood by at least a few 

members so that they could then teach the rest of the team. The goal was to have as many of the 

major components as possible easy to construct, and just a few complex; thus, many team 

members could assist with almost everything, and the few experienced members worked on the 

more complex processes.  

! Precision: due to the small scale of the entire aircraft, the components themselves are small. 

Although the design was maintained somewhat simple, a major concern was about all of the 

small parts fitting together as designed, so that everything would be integrated well into the full 

system. This meant obtaining precision parts was absolutely necessary, as were specific designs 

and knowledge of part placement.  

! Assembly time: a major consideration was how long each manufacturing process option would 

take, especially due to the time constraints given by the competition date. The team aimed to 

choose manufacturing processes which would provide for a successful aircraft while not requiring 

significant building time. This constraint was most influential in the primary choice of material for 

wings and fuselage, and the main reason why composite materials were not used for the aircraft.  

! Drag: because of the overall goal of reducing drag as much as possible, the team hoped to 

choose the materials or manufacturing processes which could provide any benefits in terms of 

minimizing drag production. Although there were not major differences between these options, 

the team made sure to consider the effect of manufacturing choices on the overall drag produced 

by the aircraft. 

! Reparability: a major factor at competition will be plans for how to repair the aircraft if any 

damages are incurred after mission one and/or two. Because the competition spans multiple 

days, it will be important to ensure that the aircraft is successful in each mission; the team does 

not want to end up losing points on a later mission because of a crash or part failure during an 

early mission. For these reasons, it was key to consider how the components could be easily and 
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quickly replaced or repaired, and if necessary, what backup parts should be brought to 

competition. 

! Availability: the team was limited by availability of machining and production tools, so some 

construction options were not considered from the start because they would have been too 

difficult or costly to obtain.  

! Strength: all of the parts must be structurally sound to perform as successfully as possible under 

the loads experienced during flight.  

! Weight: as weight was a primary consideration throughout the design process, it was very 

important to ensure lightweight components and manufacturing choices. For this reason, the 

design was almost entirely constructed using lightweight wood, and heavier components were 

included only when necessary for structural strength and to meet other specific requirements.  

6.2.2 Manufacturing Process Options 

! Wing: 

! Construction: as explained in the early design phases, the main construction option the 

team faced was wing construction, and the options considered were balsa wood ribs or 

solid foam, both having carbon fiber spars. The balsa ribbed wings performed better than 

the foam wings in strength tests, and also provided a weight advantage. The two options 

were about equal in terms of manufacturability, availability, and cost, although the team 

had much more access to the materials and tools needed to produce ribbed wings. The 

precision of both types of wing was questioned, but it was decided that the laser cut balsa 

ribs would be very precise, while previous experience with foam wings showed that they 

are more complicated than expected and do not have entirely smooth surfaces, even 

once covered in Monokote. 

! Leading and trailing edges: the team wanted to reinforce the leading and trailing edges of 

the wing using tape, balsa wood, or carbon fiber pieces. The tape was not as strong as 

the other two options, but it had the advantage in almost every other category, especially 

cost, simplicity, construction time, and weight. After some simple tests the team decided 

tape was sufficiently strong for the leading edge. Since there is not a spar running 

through the control surfaces balsa is needed along the trailing edge to keep the control 

surface strong. Balsa also supports the trailing edge of the root section of the wing for 

consistency.  

! Material, number, and size of spars: the team had at first only considered using carbon 

fiber spars, but after learning about a wooden spar type called balsa webbing, both 

options were researched and compared. The idea of using balsa wood as the most 

important structural component of the plane was not liked by most of the team, especially 

because of the added manufacturing complexity and time that would be necessary, 
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especially because no one on the team had experience with the balsa wood webbing. 

Thus, the only advantage would be in price, and the reliability and strength of carbon fiber 

was deemed more valuable. Initially the team considered using a single spar in the wing 

and each of the tails, but after strength tests and further research, the decision was made 

to use two spars in every component to add rigidity and prevent warping. The major 

advantage was in added strength, while only slightly more weight and cost would be 

added. To determine sizing, the team researched strength of different diameters of 

carbon fiber rods, and chose to reinforce the front wing section with a thicker spar, while 

using the same diameter of spars for the other wing spar and all tail spars.  

! Fuselage connection: the type of fuselage/tail connection was questioned in the early design 

phases, with the two options being a large fuselage section which reaches the tail and a carbon 

fiber boom connector. There was not any significant advantage to the former, and it would have 

created wasted weight and space. The cost was the only major drawback to the carbon fiber 

boom, but it was greatly offset by all of the other advantages. 

! Payload bay:  

! Waterproofing: in order to seal the inside of the payload bay for mission three, the team 

considered using a plastic water jug (which would be removed for the other two 

missions), sheets of plastic, and liquid sealant. The jug seemed like a very simple option, 

but was impractical and quickly dismissed due to its added weight and volume; it would 

be very difficult to obtain or build a water bottle capable of fitting in a similar space as the 

passengers. Both sheets of plastic and sealant were easy to obtain, fairly cost efficient, 

and easy to use.  

! Strength: the overall material for the payload bay was a very important choice, and 

several options were available: composites, balsa wood, plywood, and plastic. 

Composites were dismissed due to their cost, time requirement, and because no team 

members had any experience with them. This left the other three options which were 

fairly similar in most respects. The plywood and plastic were strongest, while all were 

lightweight and easy to obtain and use. The strength of the plywood and ease of 

construction made it the best option for construction of the payload bay. 

! Nose and back cones: the two options for these added fuselage sections were foam and balsa 

wood, both being very similar in almost every figure of merit. The main advantage to using pieces 

of balsa wood was better surface quality, and thus less drag. However, the advantages of foam 

were its ease of manufacturing (simply obtaining the correct size and shape, and connecting it to 

the boom), and its more efficient hatch mechanism. To open the foam hatch, the team would 

simply need to pull the nose cone away from the fuselage and slide it off the boom. The hatch in 

a balsa section would be much more difficult to create, and would be weaker and more prone to 

failure after many uses.  
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! Tail material: as with the wing material, the options for tails were foam and balsa wood ribs; the 

rest of the analysis and decision are the same as detailed above for the wings. 

! Control surface connection: connecting the control surfaces to their respective components would 

be done using either tape hinges or cyanoacrylate (CA) hinges. Both options were very simple, 

cheap, and easy to access. The main difference was slightly less strength provided by tape 

hinges; however, the team preferred the assembly of tape hinges due to previous experience, 

along with the fact that they have no hinge gap, and are thus very easy to fix in the event of a 

crash. 

The final aircraft manufacturing choices can be seen in Figure 23, showing both wings, one covered in 

E'('F'+$6&+)$&18#$0"/$.#&B",0'"%&!",&!'G&#$7+2'(6&+)$&-'+'3&!''-6&"(%&!'+)&H$3+27"0&"(%&)'32I'(+"0&

stabilizers mounted to the boom. 

 

Figure 23: Full Aircraft Manufacturing Process 

6.3 Manufacturing Milestone Chart 

When manufacturing of the aircraft began, goals were set for when the major components and 

sections were to be completed. The team discussed the best order of manufacturing to follow, and made 

sure to plan out processes in advance as much as possible so that all of the necessary parts were 

ordered in time and all team members were aware of what work needed to be completed. As 

manufacturing took place, the progress was noted along with the original goal chart, to mark 

manufacturing success, and to keep all sections on track. The milestone chart in Figure 24 displays the 

construction goals for the major components of the aircraft.  



 

 

52 

 

 Figure 24: Manufacturing Schedule  

7. Testing Plan 

7.1 Objectives 

 Once the final design was set, it was important to outline all component and full system tests. The 

main objective of these tests was to compare the actual performance of the aircraft and its components to 

the expected and designed results. The results of testing allowed the team to understand the capabilities 

of the aircraft, and to make necessary adjustments if the performance was not as desired. The main 

testing sections were propulsion system, structures, and flight readiness. The main testing goal was to 

complete as many initial tests of subsystems prior to flight tests, so the team would have a solid 

understanding of the way each system would perform once full system tests were done. 

7.1.1 Propulsion System 

 Propulsion tests were performed in order to verify the performance of the motor, battery, and 

propeller configurations. Both static and flight tests involved testing the propulsion system, with the main 

goal of understanding the actual performance of the batteries; the team aimed to compare the tested 

battery performance to the performance listed in manufacturing specifications. 
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! Batteries: the battery packs were tested to ensure that they were capable of fully performing as 

necessary during each mission and the full competition. The +$"-.#&main objective was to verify 

+)"+&+)$&!"++$32$#.&7"B"72+,&*"#&"#&$GB$7+$%&"(%&*'80%&B3'H2%$&#811272$(+&B'*$3&+'&+)$&-'+'34&The 

voltage in each individual battery was tested along with the voltage from the pack as a whole. 

! Propulsion system: the major electronics components were tested together to verify performance 

of the full propulsion system; these tests involved the motor, batteries, and speed controller. The 

tests were performed using a static thrust test stand, and these static tests were the main way of 

learning how the system performed prior to flight tests. The test stand allowed the team to 

measure the actual thrust output from the propulsion system, and to then compare testing results 

to expected results and calculations. The main parameter measured during propulsion system 

testing was thrust as a function of time, as necessary devices for further testing and 

measurements were not readily available to the team. Initial test goals involved setting the 

propulsion system to full throttle and observing how long the batteries last. Secondary testing 

included performing simulated missions with the estimated times of full throttle and partial power 

corresponding to the mission model. 

! Propeller: propeller testing involved running all missions with both propeller options, in order to 

fully evaluate all configuration options for their positive and negative mission results, since the 

propeller selection changed the loading on the motor. After testing, the team made a final 

decision on which propeller to use for each mission, based on the qualitative test results and 

competition expectations and requirements. 

! Communication system: although significant testing was not performed using the communication 

components, the transmitter and receiver accuracy were tested to ensure that the components 

worked as expected and to the full range of motion.  

7.1.2 Structures 

 The major structures of the aircraft were tested to verify that they could withstand sufficient 

loading, and the similar loading as which would be tested for and experienced during competition.  

! Wings: the major tests to verify structural integrity of the wings were performed at the beginning 

of the manufacturing stage. The main test involved ensuring the wings could easily pass the 

wingtip test conducted prior to flight at competition. This test was performed exactly as it would be 

at competition, by setting the wings on a table at both tips, and applying a 2.5 g load. 

! Fuselage: the main testing performed on the fuselage was to ensure fulfillment of payload 

requirements. For the passenger mission, the team tested to ensure that the eight aluminum 

blocks would stay held in place by the balsa wood spacing sheet during significant fuselage 

shifts. For the water mission, the fuselage was tested for waterproofing: the full 2 liters of water 

was placed in the payload bay and left overnight, so that the team could evaluate potential leak 

areas, especially if any leaks occurred near the connection to the electronics compartment. 
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7.1.4 Flight Tests 

 Flight tests will be completed to verify the performance of the full aircraft system. The initial flight 

tests will be performed in order to analyze the overall flight performance, while later tests will involve fully 

simulating each mission of the competition. The flight times, speeds, and power consumption will be 

measured in order to compare to the estimated predictions and then perform a more accurate score 

estimation. One of the most important aspects of flight testing is practicing takeoffs and landings, and 

verifying that the landing gear could sustain multiple impacts. Flight testing will also allow for full testing of 

the wing and tail structures. After the flight tests, the team will identify which areas of the design can be 

improved with the least amount of changes. The flight tests are crucial in giving the pilot experience with 

handling the aircraft during each mission and in order to maximize score during competition. Feedback 

from the pilot will provide the team with more understanding about the aircraft and its optimization, 

especially concerning stability, control, and aerodynamic performance.  

7.2 Testing Schedule and Checklist 

 The testing schedule and checklist in Table 18 were created to keep the team on track with 

testing objectives: 

Test Type Component/Test Focus Objective Dates 

Propulsion Batteries Verify the power and voltage produced by 
individual batteries and the full pack 

2/5-2/10 

Full Propulsion System Determine static thrust available during each 
mission as a function of time, determine motor 
and battery combination performance, verify 

propeller advantages and disadvantages, 
choose which propeller to use in each mission 

2/10-3/5 

Communication System Verify full accuracy of communication 
components 

3/2 

Structures Wingtip Test Verify successful completion of the wingtip 
test to be passed at competition 

2/14 

Fuselage Verify the correct placement and retained 
alignment of passengers during mission two, 
verify that the payload bay can hold 2 liters of 

water overnight without leaking into the 
electronics compartment 

2/16-2/17 

Flight Full System Integration Simulate each mission, verify the integration 
of all aircraft components 

3/5-4/10 

Landing Gear Verify the strength of landing gear by 
performing multiple takeoffs and landings 

3/5-4/10 

Table 18: Testing Schedule and Checklist 

 After completing aircraft manufacturing, the following flight test checklist was used to ensure 

results were sufficiently noted and proper improvements could be made. 

! Evaluate the overall condition of the aircraft before each test to see if structural damage has 

occurred; if there is damage, note where and why in order to ensure the problem does not persist. 
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! Perform flight test with empty load, including basic flight maneuvers such as takeoff, climb, 

descent, turn, and landing. 

! Perform flight test with basic flight maneuvers with both types of payload. Find and mark all CG 

locations for each mission. 

! Perform timed missions as required by the competition. Observe and note strengths and 

weaknesses and note ideas for performance improvements. 

! Make necessary changes to the aircraft to accommodate for the mission requirements and 

potential score increases. 

! If time allows, consider possible ways to improve performance without any major design changes. 

8. Performance Results 

 This section presents the results obtained from the tests performed during all portions of the 

design process. These tests compared actual aircraft performance to the calculated and expected results, 

"(%&"00'*$%&+)$&+$"-&+'&8(%$3#+"(%&+)$&"2373"1+.#&1800&B'+$(+2"0&+'&-$$+&+)$&3$J823$-$(+#&"(%&10,&

successfully at competition. All testing of the components and prototype model was critical to the specific 

building techniques and any design changes made for the final aircraft.  

8.1 Performance of Key Subsystems 

 The following results demonstrate the observed and measured performance of the major 

components of the aircraft which were tested prior to full system integration and testing. All tests followed 

the outline stated in Section 7, and the results were used to determine possible improvements and 

necessary changes to the design.  

8.1.1 Propulsion System Performance 

 Many of the electronic components could not be obtained soon enough to be fully tested and 

compared to the expected results due to problems with availability; the chosen batteries were 

backordered, and some of the major electronics selections were made too late relative to the testing plan. 

Thus, the team was unable to complete the propulsion system tests as expected, and the overall testing 

progress was delayed. Once the batteries are obtained as well as the motor and propeller, the team will 

use a static thrust test stand as shown in Figure 25 to measure the thrust produced, and to analyze the 

capabilities of the full power plant. All tests will still follow the testing outline as explained in Section 7.1.1.  
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Figure 25: Static Test Stand 

8.1.2 Structural Testing 

The first structural tests performed involved verifying the choice of balsa wood ribs and carbon 

fiber spars over foam wings. Wing strength tests were performed using wings of the same size, with the 

only difference being material. A three point bending test was then performed as shown in Figure 26: 

large blocks were placed on the center of the wings as the tips were rested on tables, and the deflection 

of the wings was measured after each weight was added. Each wing also had a 1/4 inch diameter carbon 

fiber spar, so that the total wing weight was 1.75 oz for balsa and 2.0 oz for foam. Each group of blocks 

that was added to test the wings was 900 grams (1.984 lb). When 8 lb of total force was applied to the 

carbon rod alone, it deflected 0.431 inch. Although the deflections of the foam wing were lower in the 

back, the balsa deflected less in front. Full results of this initial wing testing can be found in Table 19. A 

second test wing was built with two spars and used in the same strength test. The results of this test 

showed that the wing warping was eliminated, and the wing deflected evenly.  

 Balsa Ribbed Wing Foam Wing 

Weight (lb) 
Front Deflection 

(in) 
Back Deflection 

(in) 
Front Deflection 

(in) 
Back Deflection 

(in) 

1.984 0.08 0.224 0.166 0.22 

3.968 0.17 0.422 0.271 0.36 

5.952 0.224 0.603 0.376 0.502 

7.937 0.279 0.775 0.483 0.602 

Table 19: Wing Strength Test Results 
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Figure 26: Three Point Bending Test Setup 

 The second major test of the wing structure was simulating the wingtip test which would be 

performed during the technical inspection prior to competition. This test involves holding the aircraft up 

using only the tips of the wings, and applying a 2.5 g load. The team performed this test before the 

aircraft had been completely assembled, yet all of the major components were in place. The only things 

missing during the simulated test were the holes in the fuselage, and some of the additional strengthening 

sections which would be added at the wing-to-fuselage connection points. Thus, although the aircraft was 

missing some of its structural strength, the team tested it in order to understand how much structural 

integrity was possessed and what was still required. The results of this test were that the joints were 

weak, and the connection points between the wings and fuselage were not as strong as they needed to 

be. Overall, the aircraft did not perform as expected.  

 Based on the results from the wingtip test, the team decided to use additional strength in the 

second aircraft, the aircraft to be used at competition. The major change is to use thicker wing spars, and 

both spars of the same diameter. The exact dimensions have not been decided, but the team will 

evaluate the strength, weight, and cost of carbon fiber rods of diameters 3/8 inch and 1/2 inch. A final 

manufacturing change for adding wing strength will be to glue the wings to the fuselage using epoxy. This 

adds a disadvantage of the wings being permanent and difficult to repair or change if mounted incorrectly, 

but the advantages of structural integrity and having more secure wings are far more important.  

 In testing the structural capabilities of the fuselage, specifically the payload bay box, the team 

aimed to accomplish two things: verify the passenger alignment, spacing, and stability for mission two, 

and test the waterproofing for mission three. Once the fuselage had been constructed and the plastic 

sheeting and caulk were added to the payload bay, the thin balsa passenger spacing pieces were glued 
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into the compartment using hot glue. The passengers were placed in the required alignment, and team 

members moved the aircraft to simulate what it would encounter in flight: the aircraft was held in place in 

different positions, turned as if it was going through turns, pitched up and down, and shaken to simulate 

hard landings and turbulence. When the fuselage hatch was opened to observe the results of the test, 

everything was as desired and expected: the passenger restraint pieces worked as intended, and no 

passengers had moved from their spots. The sheets of balsa wood stayed in place as well, and proved 

that they were strong enough to hold the weight of the aluminum blocks upright and in the correct position 

during the second mission. 

 For the second part of fuselage structure testing, the team placed the full two liters of water into 

the payload bay to test the water carrying capabilities. The goal of this test was to prove the waterproofing 

methods were sufficient, and that the full aircraft structure was capable of carrying the heaviest payload. 

The team had intended to leave the water in the aircraft overnight, but a small leak was noticed soon after 

the water had been placed inside the payload bay. Water slowly dripped out of the front of the fuselage, 

at the connection between the payload bay and the foam electronics compartment. The leak occurred 

due to a small hole in the Monokote. The main problem was that there was a hole in the Monokote 

aligned with a corner, so it was where the pieces of plywood connected, and also where the corners of 

plastic met and were caulked. The results of this test showed that the payload bay needs to be 

waterproofed much more accurately. The team cannot simply assume that the thin pieces of plastic, 

plywood, and Monokote will hold in the water without leaks. The main change in manufacturing 

techniques will be to ensure that the Monokote has no holes, and that the assembly of the payload bay 

has been checked multiple times for no gaps, especially at connections between the pieces of plastic and 

plywood. The team may need to add a third layer of waterproofing before the fuselage is covered in 

Monokote, such as thicker plastic, or another way of sealing corners and edges in addition to caulk. 

8.2 Performance of Complete Aircraft 

 The performance of the complete aircraft has not yet been assessed, but will be observed and 

analyzed through flight tests as planned. The current assembly of the aircraft is shown in Figure 27. Initial 

flight tests will allow the team to understand the capabilities of the full system solution, and further testing 

will involve simulating each mission to ensure success at competition. The team will use input and 

observations from the pilot to consider potential beneficial changes to the design. Once the major 

improvements have been made and the final design is deemed sufficient and successful, final flight 

+$#+2(/&*200&7'--$(7$6&*2+)&+)$&/'"0&'1&"7783"+$0,&$#+2-"+2(/&+)$&"2373"1+.#&#7'3$&"(%&B$31'3-"(7$&"+&+)$&

competition.  



 

 

59 

 

Figure 27: Current Aircraft 

8.2.1 Plans for Improvement 

 A)$&"2373"1+&!820+&"(%&"("0,I$%&+)8#&1"3&2#&+)$&+$"-.#&B3'+'+,B$&"2373"1+6&"(%&+)$&-"2(&B0"(&1'3&

improvement is to analyze the performance and capabilities of the prototype in order to build a more 

successful final aircraft for competition. The weaknesses of the prototype aircraft will be noted during all 

system, component, and flight tests so that as many changes as possible can be addressed in the 

building of the final aircraft. Once the prototype has been sufficiently analyzed, the team will decide how 

-87)&+)$&%$#2/(&7"(&!$&7)"(/$%6&$#B$72"00,&2(&+$3-#&'1&*2(/&#2I2(/4&K%$"00,&+)$&12("0&"2373"1+.#&%$#2/(&*200&

have smaller wings since the team purposely overbuilt the wings on the prototype. Cutting down the wing 

area for the final design will reduce drag and allow the aircraft used in competition to obtain higher 

speeds with less total weight. Both the prototype and final aircrafts will be flight tested as explained in 

Section 7.1.4, so that the team and the pilot will have adequate experience with the aircraft handling 

abilities. Flight testing will also involve verifying strength and durability of the landing gear.  
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