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Abstract: 
 

This project analyzes the challenges that distributed manufacturing pose to solving 
modern engineering challenges.  The goal of the project is to build a Production plane that can 
complete an obstacle course carrying a 32 oz. Gatorade bottle payload.  The Production plane 
must be broken down into multiple sub-assembles that are then carried by a Support plane 
through the same course.  This project is for the AIAA Design Build Fly Competition, so the 
conceptual design phase is dominated by score optimization.  The Production plane will break 
down into two subcomponents that can then fit in the back of the Support Plane fuselage.  The 
production plane will be constructed using carbon fiber for improved durability.  The Support 
plane will be constructed of wood to reduce cost.  Due to lack of funding, the planes could not 
complete in the competition.  However, extensive ground testing and analysis indicates that both 
planes satisfy all major competition performance requirements. 
 
 
1. EXECUTIVE SUMMARY 
  

This report details the design, testing, and manufacturing of the University of Arizona 
Aero-Six entry into the 2015-2016 AIAA Design/Build/Fly (DBF) competition. The objective of 
the competition was to design a production Aircraft optimized for distributed manufacturing and 
a Manufacturing Support Aircraft to transport the Production Aircraft. The primary objective of 
Aero-Six was victory. This was achieved by researching successful radio controlled planes to 
complete the missions given by AIAA. The team analyzed the contest rules to discover ways to 
maximize the final score. Multiple designs were proposed and analyzed; a requirement matrix 
was created and will be discussed in the upcoming sections.   
 
1.1  Outline Design Problem 

 
This year’s AIAA Design-Build-Fly challenge was to design a Production Aircraft 

optimized for distributed manufacturing and a Manufacturing Support Aircraft to transport the 
Production Aircraft. The Production Aircraft must transport a payload of a 32 oz. Gatorade 
Bottle and the Manufacturing Support Aircraft must transport the sub-assemblies of the 
Production Aircraft in a minimal amount of flights. The Production Aircraft must be carried 
internally in the Manufacturing Support Aircraft. Together the planes must complete three 
missions. First, the Manufacturing Support Aircraft must fly 3 laps in 5 minutes with no payload, 
second, the Manufacturing Support Aircraft must carry all sub-assemblies of the Production 
Aircraft to the assembly location in 10 minutes, and third, the Production Aircraft must fly 3 laps 
in 5 minutes carrying the Gatorade bottle.  
 
1.2  Competition rules and Mission Requirements 
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The requirements for this year’s Design-Build-Fly competition were given to the group 
by AIAA. A requirement matrix was created to visually organize the requirements in three 
categories: team, functional and safety requirements. The requirement matrix is shown in Figure 
1. 

 
Figure 1: Requirement Worksheet. 
 
1.3  Key Mission Requirements 
 
Mission 1- Manufacturing Support Aircraft Arrival Flight: The Manufacturing Support Plane 
must take off within the prescribed field length and fly three laps within 5 minutes. The plane 
must successfully land to earn a score. 

 
Mission 2- Manufacturing Support Aircraft Delivery Flight: The Manufacturing Support Plane, 
equipped with a sub-assembly of the production plane, must take off within the prescribed 
length, fly one lap, return and land. The sub-assembly will be removed and the next sub-
assembly will be installed on the plane. The aircraft will repeat the procedure until all sub-
assemblies have been transported. The mission must be completed within 10 minutes. 

 
Mission 3- Production Aircraft Flight: The Production Aircraft must carry the payload, a 32 oz. 
Gatorade bottle, internally. It will take off within a prescribed field length and fly three laps 
within 5 minutes. 
 
1.4 Necessary Performance Capabilities 
 

In order to maximize the performance of the two aircrafts and fulfill the requirements 
posed by AIAA and the competition, specific design features were created and they can be 
summarized in Table 1. 
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		 Production	Airplane	 Manufacturing	Support	Airplane	

Span	 60	in	 96	in	

Chord	 10	in	 14	in	
Stall	Speed	 35.2	ft/s	 33.7	ft/s	

Cruise	Speed	 40	ft/s	 47	ft/s	
Cl_max	 1.5	 1.5	

Motor	Model	 Power	46	 G60	

Battery	Voltage	 16.8	V	 24	V	
Static	Thrust	 3	lbs	 4.5	lbs	

Takeoff	Distance	 142	ft	 223	ft	

Takeoff	Weight	 7	lbs	 13	lbs	

 
Table 1. Performance of Aircrafts 
 

The Manufacturing Plane has the capability of flight with the Production Plane inserted 
internally into it. The final design of the Production Aircraft was a conventional aircraft 
configuration with a high wing placement, single motor, and two-blade, 10”x7” propeller 
mounted on the nose. The 10” diameter propeller was large enough to generate the necessary 
thrust to takeoff and cruse with the weight of the bottle, motor, batteries, servos, etc. The 7” pitch 
on the propeller provided the necessary speed to complete the 3 laps (~2500 feet per lap) in 5 
minutes. The aircraft was designed to simultaneously minimize weight, size, takeoff distance and 
loading/unloading time. The propulsion system was designed around the requirement that only 
NiCad or NiMh batteries could power the plane.  

The final design of the Manufacturing Support Plane was a conventional configuration 
aircraft with a high wing placement, two-bladed propeller, and a single motor. It was heavily 
reliant on the design on the Production Plane. It utilized an 11”x8” propeller to carry the 
Production Plane and maximize performance. The design processs drew upon the knowledge of 
the team members and the underclassmen. 
  
2 Management Summary 
 

The Aero-Six team consisted of 9 students: six seniors, and three juniors. One of the nine 
students was a returning member from a prior University of Arizona DBF entry. The team also 
had several students who are heavily involved with the University of Arizona AIAA Chapter, 
and who have experience building airplanes. The knowledge of the experienced AIAA members 
aided in the design and development of the airplanes. 
 
2.1  Team Organization 
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The team organization of Aero-Six was structured to establish leadership among the 

senior members. The team’s seniors were assigned with the responsibility of designing the 
planes, while the underclassman helped the seniors with the construction of the planes. All 
members were held accountable to research their disciplines and actively participate in order to 
produce a successful aircraft. The work was divided into Structures, Dynamics & Controls, 
Propulsion, and Aerodynamics.  

Dr. Jeffrey Jepson is the faculty advisor and mentor. Jacob Kaplan is the manager of the 
company. Jacob Kaplan and Rolland Prempeh are the engineers in charge of Structures, 
Dynamics & Controls. Ivan Almirudis is the Deputy Manager of the company. Ivan and Kenneth 
Decker are the engineers in charge of Propulsion. Julie Imbornoni and Nicholas Bley are the 
engineers in the Aerodynamics Department. 
 
2.2 Milestone chart 

 
Two milestone charts were created at the beginning of the design process to cover each 

individual semester of the 2015/2016 school year. The schedule was essential to the design 
project as it forced the progress of the aircrafts to be monitored in order to ensure all milestones 
are met. As a team, we dealt with circumstances which changed our timeline but we were able to 
finish the project in time for Design Day. The Fall Semester is centered around the design of the 
airplanes and documentation while the Spring semester involved the manufacturing of the 
airplanes. The milestone charts are shown below in figures 2 & 3 and outline the actual events 
that created a successful project.  

 

 
Figure 2. Aircraft design milestone chart for Fall 2015 Semester 

9/3/15	 9/23/15	 10/13/15	 11/2/15	 11/22/15	 12/12/15	 1/1/16	

Aircra?	Design:					

Progress	Report	1	

Proposal	

Progress	Report	2	

Progress	Report	3	

Preliminary	Design	Review	

AIAA	Proposal	
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Figure 3. Aircraft design milestone chart for Spring 2016 Semester 
 
 
3. Conceptual Design 
 
3.1 Background Research 
 

The group’s preliminary design was guided by previous R/C models and past DBF 
competitions. From these sources the group determined that the aircraft weigh had to be kept 
below 5 lbs to be successful. In research of low Reynolds number airfoils the choices of E214, 
NACA 23012, and NACA 0015 airfoils are favored in previous designs. The initial drag 
estimates were taken from previous reports as well, the average drag coefficient of an aircraft 
this size was found to 0.03-0.06. Tail volume coefficients were derived from empirical data; a 
vertical tail volume coefficient of .03 and horizontal tail volume coefficient of .35 were found 
from empirical data. 

The choice of propeller will also have a significant influence on design performance.  
Propeller size is given with dimensions ”diameter x pitch”.  The diameter of the propeller is the 
diameter of the circle that is swept out by the rotating propeller tips.  The pitch of the propeller is 
the distance that the propeller travels during each revolution.  Higher diameter propellers provide 
a high amount of thrust and are good for planes that make steep climbs or acrobatic maneuvers.  

2/5/16	 2/25/16	 3/16/16	 4/5/16	 4/25/16	 5/15/16	 6/4/16	

Manufacturing:				

Build	Prototype	

Model	ProducMon	Wing	

Wing	Molds	

Build	Wing	

ProducMon	Fuselage	Mold	

Build	Final	Planes	

Dra?	

Final	Report	Due	

CDR	Dra?	

Engineering	Design	Day	
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High pitch, on the other hand, is best for planes that travel at high speeds but do not need to 
perform acrobatic maneuvers.  To meet the design requirements, it is important that the propeller 
provides a balance between these two extreme cases.  The diameter must be large enough to 
provide enough thrust for the plane to complete the necessary maneuvers in the lap.  
Furthermore, the pitch must be large enough for the plane to travel fast enough to complete the 
lap in the required time, but not so large that the propeller loses performance during maneuvers.  
Having a ratio of pitch to diameter near .7 will provide the proper performance for a plane with 
these requirements. 
 
3.2 Scoring Description 
 
 The Total Score is broken down into three different components: written report score, 
mission score, and rated aircraft cost (RAC).  Score is determined using the equation 
 
SCORE = Written Report Score * Total Mission Score / RAC  (Equation 1) 
 
The written score will be determined by the quality of the written report submitted to the judges 
prior to the competition.  The mission score is calculated as the product of the score of each 
mission.  The scoring for each mission will be all-or-nothing, with missions 1 and 3 earning a 
score of 2.0 for completion, mission 2 getting a score of 4.0 for completion, and all missions 
getting a score of .1 for failure.  The all-or-nothing scoring system for each mission removes any 
real optimization.  RAC is given by the equation 
 
RAC = EW1*Wt_Battery1*N_Components + EW2*Wt_Battery2 (Equation 2) 
 
This equation exhibits clear tradeoffs between the empty weight of both planes, the battery 
weights of both planes, and the number of subcomponents that the production plane breaks down 
into.  The primary goal of the conceptual design phase will be to determine a configuration that 
will minimize the RAC in order to optimize total score. 
 
3.3 Translation into Design Considerations 
 

Total score is maximized when RAC is minimized.  To minimized RAC, a sensitivity 
analysis is performed on the RAC equation using MATLAB.  Several contour plots were 
developed to analyze how changing aircraft properties would affect RAC.  The tradeoff between 
number of components and the empty weight ratio (empty weight of support plane divided by the 
empty weight of the production plane) is of particular interest, as these qualities will be closely 
related.  Using the contour plot shown in Figure 4, it can be shown that increasing the number of 
components of the production plane has a larger effect on increasing RAC than increasing empty 
weight ratio over practical ranges for each value.  Thus, it will be our goal to minimize the 
number of subcomponents of the production, even if it means building a larger, heavier 
manufacturing plane to hold larger the components. 
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Figure 4. Empty Weight ratio and Number of Components vs. 1/RAC 
 
3.4 Down selection 

 
Figure 5 shows the figure of merit analysis done to determine the importance of several 

factors and their differences between the three planes.  In this analysis, a value of 5 is assigned to 
factors in which a certain production method is superior, 3 is assigned to factors in which the 
method is adequate, and 1 is assigned to factors in which method is poor. 
 
Figure of Merit Analysis 
Factor Prototype Production Support 
Cost 4 1 2 
Weight 3 4 5 
Manufacturing Ease 5 3 2 
Reparability 5 1 4 
Experience 3 3 3 

 
Figure 5. Figure of Merit Analysis for Each Product 

 
Because both the Production and Support aircrafts will be used in competition, they will 

be more expensive than the prototypes.  The goal of these prototypes is to be built quickly and 
inexpensively.  The prototype should be comparable in weight to the final plane, and have 
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similar weight distribution.  More weight-saving measures will be taken when constructing the 
final aircraft over the prototype.  The prototype must be built easily quickly in order to ensure 
there is enough time for flight-testing before then designs for the competition aircraft are 
finalized.  Much more time and consideration will be taken in the construction of final aircraft so 
it is not as crucial for their construction to be as easy.  The production aircraft will only be 
conducting one flight.  For this reason and from observing results from past competitions, it is 
apparent that it is very unlikely that there will be a chance to repair the Production plane should 
it crash.  This makes the need for prototype testing essential, so that all design characteristics and 
manufacturing processes can be tested and finalized before producing the final plane for 
competition.  The Support plane, on the other hand, will both make multiple flights, increasing 
the possibility for required repairs.  Thus, reparability must be more carefully considered in the 
Support plane design.  The relatively long timeline for the completion of this project will allow 
adequate time to learn, practice, and attain the necessary skills to complete these construction 
methods. 
 
Construction Value Analysis 
Factor Wood Build Foam Core Mold Composite 
Cost 4 3 2 
Weight 5 3 5 
Manufacturing Ease 3 5 4 
Reparability 3 4 3 
Experience 3 3 3 

 
Figure 6.  Preliminary Sensitivity Analysis for Construction Methods 
 

Figure 6 shows how the three different construction methods are rated with respect to the 
same 5 factors.  The Wood building method will consist of a structure made with a combination 
of balsa wood and thin competition grade plywood.  This structure is then covered in a film 
material such as Monokote.  This leads to an extremely lightweight and relatively inexpensive 
aircraft.  The drawback is that the wood will most likely crumble in the case of a crash or 
collision, which reduces reparability.  In the case of a minor crash where only the film skin is 
damaged or torn, covering the damaged area with simple tape can easily repair the aircraft.   

In the foam core construction method, a foam core is cut out of a larger block using a hot 
wire cutter for the wings and a router for the fuselage.  These foam cores are then covered with a 
fiber cloth and coated in epoxy.  The result is a very easily manufactured aircraft that is still 
relatively lightweight.  The aircraft is able to hold up to a crash much better than the other two 
methods, but the absence of an internal structure means that the foam must be very dense, strong, 
and heavy.  Using carbon fiber spars for internal structural support can mitigate these effects.  
Furthermore, the foam can be easily cut into airfoil shapes, making wing and fuselage 
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construction simple and quick.  This quality makes the foam core an attractive construction 
method, particularly for prototype testing. 

In the mold composite method, molds are constructed using MDF wood and a CNC 
router.  These are used to construct a carbon fiber or fiberglass skin or shell for the aircraft.  
Internal structures are built using a variety of materials such as foam, wood, 3D printed plastic, 
or composite sheets.  This method requires the design to be very well defined so that all of the 
pieces come together and join snuggly during final assembly.  The final aircraft will be very 
strong and lightweight but somewhat difficult to repair.  Another advantage is that once the 
molds are made, they can be reused to make multiple skins for the aircraft, should they need to 
be replaced.   

The values in Figure 7 are obtained by multiplying the corresponding values form figures 
3 and 4 together to obtain final figures of merit for each construction method and each product.  
After performing an analysis on the different construction methods, it has been decided that we 
will use foam core for the prototype, mold composites for the production plane, and wood for the 
support plane. 
 
Final Totals 
  Wood Build Foam Core Mold Composite 
Prototype 70 75 67 
Production 45 43 46 
Support 60 56 58 

 
Figure 7.  Final Sensitivity Analysis for Construction Methods 
 

In the down selection process for the aircraft configuration, several factors are taken into 
account: mission viability (how well the design was suited to complete each mission), the 
penalty (a measure of the weight of the aircraft along with the number of pieces the aircraft is 
broken into for transport), drag, stability and wing area.  The goal is to have the least drag, best 
stability, and smallest wing area possible in order to minimize RAC.  Ease of production and 
number of servos are also considered in order to minimize design complexity and possible points 
of failure.  In order to account for the calculation of penalty, the figure of merit scale is revised in 
the following analysis such that a score of 10 corresponds to a superior design, a score of 5 
corresponds to an adequate design, and a score of 1 corresponds to a poor design.  

Using the system shown in the following figures, the performance of possible design 
choices is evaluated in order to select the optimal configuration. Figure 8 shows the sensitivity 
analysis for the Production Plane wing location. It is determined that a high wing aircraft would 
best suit the mission profile because a high wing would allow for the wing to remain in one piece 
for disassembly, reducing RAC and penalty score. It also provides a lateral stability advantage 
over a low wing aircraft.  Figure 9 shows a similar analysis for the Support Plane location.  
Using similar reasoning, it is determined that a high wing will also provide the best performance 
for the support plane.  It is important to note that the design for the support plane is contingent on 
the final design for the production plane.  Since the final shape of the production plane will not 
be known until flight-testing is performed, a detailed design for the support plane fuselage has 
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yet to be determined.  While a high wing provides the best performance, its possible that the 
shape of the production plane may cause loading the components into the high wing 
configuration to be difficult, whereas it may be easier with a low wing.  The difference in 
performance between the low and high wing configurations is small, so the final decision will be 
made upon further testing 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Sensitivity Analysis for Production Plane Wing Placement. 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 9. Sensitivity Analysis for Support Plane Wing Location 
 
 The production plane empennage will be chosen after rigorous flight-testing.  Three 
Production Plane tail configurations will be considered: a conventional tail, an H tail, and a V 

 Production Wing   
Figure of Merit 
(Points) 

High 
Wing 

Low 
Wing 

Mid wing 

Mission 1 (10) - - - 
Mission 2 (10) 10 10 5 
Mission 3 (10) 10 10 10 
Bonus (5) 5 5 3 
Penalty (10-10P) 7.5 7.5 6.25 
Drag (5) 4 4 4 
Stability (10) 10 8 8 
Ease of Production 
(5) 

5 5 3 

Wing Area (5) 5 5 5 
Number of Servos 
(5) 

5 5 4 

Total 61.5 59.5 48.25 

 Support Wing   
Figure of Merit 
(Points) 

High 
Wing 

Low 
Wing 

Mid 
Wing 

Mission 1 (10) 10 10 10 
Mission 2 (10) 10 10 8 
Mission 3 ( 10) - - - 
Bonus (5) - - - 
Penalty (10-10P) 5 5 4.5 
Drag (5) 4 4 4 
Stability (10) 10 8 6 
Ease of Production 
(5) 

5 5 3 

Wing Area (5) 5 5 5 
Number of Servos 
(5) 

5 5 5 

Total 44 42 35.5 
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tail.  Each configuration will be evaluated based on stability, maneuverability, and ease of 
loading into the support plane.  Furthermore, it is possible that a sensitivity analysis using 
traditional aircraft performance equations may not provide the best prediction of performance 
sue to the low Reynolds number regime of the RC plane flight envelope.  Thus, each tail will be 
sized such that the production plane can be trimmed and longitudinally stable for each 
configuration.  The final configuration will be chosen based on flight-testing results. 
 

 
 

 
 
 

 
 
 
 

 
 
 
 
 
 

 
Figure 10. Sensitivity Analysis for Support Plane Tail Configuration 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. Sensitivity Analysis for Support Plane Motor 
 

The support aircraft was judged in a similar way to the production aircraft. In this case 
we did not have strict size requirements so the design is more conventional.  Figure 10 and 
Figure 11 show the sensitivity analysis for the support plane empennage and motor respectively.  

 Support Empennage   
Figure of Merit (Points) Conventional H tail T-tail 
Mission 1 (10) 10 10 10 
Mission 2 (10) 10 10 10 
Mission 3 ( 10) - - - 
Bonus (5) - - - 
Penalty (10-10P) 6 4 5 
Drag (5) 5 4 5 
Stability (10) 10 10 10 
Ease of Production (5) 5 4 4 
Wing Area (5) 5 5 5 
Number of Servos (5) 4 3 4 
Total 45 40 43 

 Support Motor   
Figure of Merit 
(Points) 

Puller Pusher Wing Pull 

Mission 1 (10) 10 10 10 
Mission 2 (10) 10 10 10 
Mission 3 ( 10) - - - 
Bonus (5) - - - 
Penalty (10-10P) 5 5 4.5 
Drag (5) 4 4 4 
Stability (10) 10 8 10 
Ease of Production (5) 5 5 4 
Wing Area (5) 5  5 4 
Number of Servos (5) 5 5 5 
Total 44 42 41.5 
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The conventional empennage is chosen due to its stability benefits.  The conventional tail will 
also provide ease of production and less complexity for control systems. The puller motor is 
chosen primarily due to its ease of production. 

There are several available options for propeller installation on the production plane: a 
single pusher configuration, a single puller configuration, a two wing-mounted pusher 
configuration, or a two wing-mounted puller configuration.  To optimize RAC, it is important 
that the weight of the aircraft be minimized.  Having multiple propeller locations would add a 
considerable amount of difficulty to the manufacturing process.  Furthermore, multiple wing-
mounted propellers would likely require two separate motors with additional battery cells in 
order to generate the proper amount of thrust.  The additional weight of a system with multiple 
propellers, in addition to the added manufacturing complexity and possible points of failure, 
removes multiple propeller systems from consideration.  Thus, the downs election process will 
be carried out between a single propeller pusher configuration and a single propeller puller 
configuration. 

Figure 12 shows the sensitivity analysis performed on each configuration.  The puller 
motor will be easier to produce because the motor and batteries can be built in the fuselage right 
behind the nose, reducing production complexity.  Furthermore, a puller motor will have fewer 
issues with ground clearance during takeoff and landing.  Thus, the production plane will be 
designed using a puller motor.  The same analysis is applied to the support plane.  In both cases, 
ground clearance and ease of production are important considerations for choosing propeller 
location.  Since the problem facing the propulsion system is similar for both cases, it is 
determined that a puller motor is also the best configuration for the support plane. 
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Figure of Merit 
(Points) Pusher Puller 
Mission 1 (10) - - 
Mission 2 (10) 10 10 
Mission 3 ( 10) 9 9 
Bonus (5) 5 5 
Penalty (10-10P) 7.1 7.5 
Drag (5) 4 4 
Stability (10) 10 10 
Ease of Production (5) 3 5 
Wing Area (5) 5 5 
Number of Servos (5) 5 5 
Total 58.1 60.5 
 
Figure 12. Sensitivity Analysis for Production Plane Motor 

 
Figure 13 shows the sensitivity analysis for three airfoils.  These three airfoils were 

selected after researching common airfoils for rc planes undergoing similar flight conditions.  In 
terms of performance, the E214 is determined to be the best choice due to its favorable Cl and 
L/D.  However, for such a low Reynolds number regime, the predicted aerodynamic performance 
of these airfoils is likely not as reliable as it would be for larger scales.  Furthermore, the main 
drawback to the E214 is that its complex shape could prove to be difficult to manufacture.  Since 
the final production plane will be manufactured using mold composites, it is likely that the E214 
airfoil should be able to be manufactured.  However, in case the manufacturing of the airfoil 
proves to be too difficult or inefficient, we will likely use the NACA 0015 or NACA 23012.  To 
prepare for each scenario, flight-testing will be performed on wings using all airfoils.  This way, 
data will be available for all airfoils once the final production plane is manufactured. 
 

 
Figure 13. Sensitivity Analysis for Airfoils 

 

   
Figure of Merit (Points) NACA 0015 NACA 23012 E214 
Cl max (10) 7 7 10 
L/D max (10) 6 5.25 10 
Stall Angle (10) 8.5 7 10 
Ease of Production (10) 10 5 5 

Total 31.5 24.25 35 
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4. Preliminary Design 
 
4.1 Design Trades 
 

The design of the planes was heavily influenced by the scoring criteria provided by 
AIAA. As stated previously, the number of subcomponents dominates in the calculation of RAC. 
The highest score possible could be achieved with only one component, meaning the production 
plane is stored in the manufacturing plane without removing or folding any of its parts. However, 
it was determined that storing the entire width and length of a fully assembled production plane 
inside the fuselage of the support plane would not be feasible. Instead, the production plane is 
disassembled into two sub-components: the wing and the fuselage.  

While the design of the support plane fuselage is greatly simplified with the use of two 
sub-components as opposed to one, the next design challenge would be to fit the entire span of 
the wings inside the support plane’s fuselage. For this reason, the span of the production plane’s 
wings must be as short as possible, while still providing enough surface area to lift the Gatorade 
bottle. This wingspan of the production plane influences length of the support plane’s fuselage. 
Next, the cross sectional area of the support plane’s fuselage is dependent on the size of the 
production plane’s fuselage, tail and winglets. Again, the sizes of these features are minimized in 
order to create the lightest support plane configuration, minimizing the empty weight ratio of the 
two planes. Finally, the span of the support plane is determined by the final length and cross 
sectional area of the required support plane fuselage.  These tradeoffs and constraints will be 
critical in determining the final sizing and structural configurations of each plane. 
 
 
4.2 Aerodynamic Qualities 
 

The airfoil selected is the SD 7062 (Figure 14) airfoil after performing a detailed 
sensitivity analysis of several different airfoils including the Epler 214, NACA 23012, and 
NACA 0015 as described previously. The SD 7062 airfoil has the best combination of high lift, 
low drag, low moment and ease of manufacturing.  The SD 7062 also exhibits a high level of 
performance at low Reynolds numbers, making it suitable for this particular application. 

 

 
Figure 14. SD 7062 Airfoil 
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This airfoil has a high lift at low angle of attack, making ideal for a transport aircraft. The 

Cl at 0 degrees is 0.45 and the Cl max is 1.6. The stall angle is at 15°, this gives the plane a large 
envelope to operate in without stall. The Cd min is 0.018 at an angle of attack at 3 degrees the 
CL/CD at this point is 40. The aerodynamic moment is also lower for this airfoil than the other 
high lift airfoils, providing improved stability and controllability.  The manufacturing support 
plane needs to be able to fly with and without a payload, which necessitates a low aerodynamic 
moment to maintaining stability for varying of flight conditions and payload configurations. The 
13.98% maximum thickness means there will be room for internal structures to run spanwise 
through the wing but will not necessitate an excessive number of spars to maintain torsional 
rigidity.  The profile of the airfoil will be easy to produce using a laser cutter to cut ribs and a 
router to form composite molds. 
 
 

  
 Figure 15. Lift, Drag and Moment Coefficients of SD 7062 Airfoil 
 
 The size of the production plane wing is crucial since the production plane wingspan will 
be the driving factor in sizing the support plane.  The wing most optimize size while still 
producing enough lift to be able to take off quickly to meet the takeoff distance requirement. The 
wing is designed to lift the estimated weight of the aircraft at an angle of attack of 3 degrees at 
the desired cruising speed of 35 mph. An angle of attack of 3° is chosen to minimize drag for the 
SD7062 airfoil and lower the thrust required for takeoff and cruising. The estimated gross 
takeoff weight of the Production plane is 9 pounds (4 kg) and the estimated gross takeoff weight 
Manufacturing support plane is 17 lbs (7.7 kg). The analysis is done using the Horseshoe vortex 
method in Xflr5; a design tool for airfoils, wings and planes operating at low Reynolds numbers. 
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Figure 16. Lift, Drag and Moment Coefficients of Production and Support Plane Wings 
 
4.3 Propulsion and Electronics 
 

Specific models of motor, battery, speed controller, and propeller are chosen based on the 
previously conducted sensitivity analysis.  The propulsion must be able to allow the plane to 
takeoff on a 100 ft. runway and should be able to keep the planes in the air for the entire mission 
time.  Nickel Metal-Hydride (NiMH) batteries were selected instead of Nickel Cadmium 
(NiCAD) batteries they are cheaper and can carry more charge and higher voltage per unit 
weight.  It is predicted that the production plane will require a 16.8 V, 4.4 Ah battery and that the 
Support plane will require a 24 V, 10 Ah battery in order to fulfill the mission requirements.  
Three different motors are considered for the Production Airplane E-flite Power 32, Power 46 
and Tiger Motor’s MT3515. Utilizing Kv, continuous current draw, and power provided as 
parameters, the team’s final selection was the E-flite Power 46, with a 670Kv (RPM/Volt), 800 
W power and maximum current draw of 40 A. After static thrust testing on the Production 
Airplane’s motor, a scale up taking into account the larger dimensions and weight, the final 
motor selection for the Manufacturing Support Plane is made, a Turnigy G-60 motor with 400 
Kv, 1009 W power and maximum current draw of 40 A. 

Both planes would be flying at a Reynolds number of approximately 60,000 with respect 
to mean aerodynamic chord. At this Reynolds number, the streamlined geometry of the 
production plane would result in a drag coefficient of around 0.1. For the manufacturing support 
plane, also at a Reynolds number of 60,000, the large fuselage creates a slightly less streamlined 
geometry than the production plane, resulting in an estimated drag coefficient of 0.4. Using these 
approximate drag coefficient values, the total drag force on each plane can be found using the 
equation: 
 

𝐹! =
1
2𝜌𝑣

!𝐶!𝐴 
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where 𝐹! is the drag force, v is flow velocity, 𝜌 is air density, 𝐶! is the drag coefficient, and A is 
the reference area. In this equation, the reference area used is the total projected area of the plane 
in the direction of the airflow. For the manufacturing support plane, the reference area is 
calculated to be 524 in2 and for the production plane, the reference area is calculated to be 140 
in2. This results in an approximate drag force of 5.9529 lbf for the manufacturing support plane 
and 0.3977 lbf for the production plane.  
 
4.4 Stability and Control 
 

The sizes of the ailerons are determined by the time it takes to complete a 30 degree 
bank. The design point is 3 sec to complete the bank with 5 degree deflection of the ailerons. 
Using Xflr5 the ailerons are simulated using 5 degree flaps, with 20% of chord length. The 
analysis is done for ¼ span and 1/8 span ailerons. The rolling moment is then calculated, Figure 
17 shows the plot of rolling moment coefficient against lift coefficient. The torque is then 
calculated from the coefficient by 𝜏 = 𝐶! ∗

!
!
𝜌𝑉!𝑆𝑏 the torques created by the ¼ span aileron are 

estimated at 156 lbfin for the production plane and 562 lbfin for the Support plane. The 1/8 span 
aileron produces a torque of 104 lbf-in for the production and 375 lbf-in for the support plane. 
The mass moment of inertia is estimated for each aircraft. The mass moment of inertia is 
estimated to be 80900 lbm-in2 for the production and 310000 lbm-in2 for the support plane. From 
these values the acceleration is calculated using Newtons second law 𝛼 = !

!
 and then the time to 

30 degrees bank is calculated using the equations of rotational motion 𝑡 = !"°
!

. The time to 30 

degrees bank is found to be 3 seconds for both the planes with ¼ chord ailerons and 3.5 s, and 
3.7s for the 1/8 chord ailerons on the production and support plane respectively. The ¼ chord 
ailerons were selected for both aircraft.  

 
Figure 17. Roll moment against Lift Coefficient 
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 The Elevator size is determined by the static margin created by the elevator at 5 degree 
deflection. The static margin is calculated by determining the aerodynamic center with no 
deflection of the elevator, then finding the aerodynamic center for various elevator sizes at 5 
degrees deflection. The change in Aerodynamic center is equal to the maximum amount the 
center of gravity could shift for the elevator to be able to stabilize the aircraft. The static margin 
is calculated from this by dividing by the chord.  The design point of the elevator is a static 
margin of 5%. The production plane needs a elevator on the V-tail of 30% of the tail chord in 
order to attain this static margin, as shown in Table 2. The T-tail on the manufacturing support 
plane needs a smaller control surface. The necessary size is 20% of the tail chord, as shown in 
Table 3.  

Elevator 
Size 

Aerodynamic 
Center (m) 

Δ Aerodynamic 
Chord (m) 

Max Static 
Margin 
(%chord) 

No 
deflection 0.1041 0 0 
20% Chord 0.0944 0.0097 3.88 
30% Chord 0.0923 0.0126 5.04 
40% Chord 0.0908 0.0133 5.32 

 
Table 2: Elevator calculation for V-tail.  
 

Elevator 
Size 

Aerodynamic 
Center (m) 

Δ Aerodynamic 
Chord (m) 

Max Static 
Margin 
(%chord) 

No 
deflection 0.1206 0 0 
20% Chord 0.1079 0.0127 5.08 
30% Chord 0.1024 0.0182 7.28 
40% Chord 0.0957 0.0249 9.96 

 
Table 3: Elevator Calculations for Conventional Tail 
 
 
 The minimum rudder size of the Manufacturing support plane is designed by tail sizing 
coefficients for Cargo aircraft. The minimum vertical tail area is .15*Swing and the minimum 
rudder chord is .2*Cv. The tail area was followed, however due to structural considerations the 
size of the rudder is approximately .4*Cv.   Since the V-tail has coupled control, the rudder for 
the production plane is determined by the elevator sizing. 
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Figure 18. Vertical Tail Sizing Coefficients 
 
4.5 Predicted Budget 
 
The budget has been update to include the materials projected based on our current stage in the 
manufacturing process.  The budget also accounts for travel to Wichita for the final competition. 
 
Projected	Bill	of	Materials	

Composite	Cloth	 $200	
Epoxy	 $100	

MDF	Mold	 $100	

Supplies	 $200	
Carbon	Rods	 $100	

Balsa	 $200	
Motors	 $250	

Speed	Controllers	 $90	

Batteries	 $150	
Servos	 $100	

Recievers	 $40	
Transmitter	 $350	

3D	Printed	Parts	 $200	
	Travel	 		$600	

Total	 $2680	

 
Table 4. Bill of Materials 
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5. Detail Design 
 
5.1 Final Design Configuration 
 

Calculations and simulations are used to determine the final optimum sizing of the 2 
aircraft.  The configurations of the two aircraft are chosen as a result of the down selection 
process described in a previous section.  The Production airplane will have a rectangular wing to 
reduce manufacturing complexity.  A high wing is used to improve the stability of the aircraft 
and to make the wing easier for the user to remove prior to loading.  Winglets will be used in 
order to reduce drag to improve takeoff distance and max cruising speed.  Conventional tails and 
H-tails pose problems for loading and unloading the production plane, so a V-tail is used to 
allow the plane to fit inside the rectangular compartment in the support plane fuselage.  The 
production plane will have a single nose mounted propeller to reduce the number of motors and 
batter cells need to power the propulsion system.  The production plane has a wingspan of 60 in 
(1.52 m) and a chord of 10 in (.254 m), which results in an aspect ratio of 6 and a wing loading 
of .27 oz/in2 (1.16 g/cm2) when fully loaded. This results in a stall speed of 24 mph (35 ft/s). 
 The support plane will also use a rectangular wing in order to reduce manufacturing 
complexity.  Winglets will be used to reduce drag and improve takeoff distance and cruising 
speed.  A high wing is used to improve stability.  To allow the production plane to load from the 
back of the support plane fuselage, a T-tail will be employed so that the high horizontal stabilizer 
will provide clearance for the user during loading and unloading.  The plane uses a single nose 
mounted propeller to reduce the number of motors and battery cells needed to power the plane.  
The support plane has a wingspan of 96 in (2.44 m) and a chord of 14 in (.355 m), which results 
in an aspect ratio of 6.85 and a wing loading of .24 oz/in2 (1.04 g/cm2) when fully loaded.  This 
results in a stall speed of 23 mph (34 ft/s). 
 
5.2 Structures 
 
 Structural configurations are chosen based on the previous sensitivity analysis.  The 
structural configuration must be made of materials and manufacturing techniques which optimize 
performance with simplicity.  The production plane will be subjected to a higher level of wear 
due to the disassembly and reassembly as well as any minor impact loads that arise from loading 
and being inside the support plane during flight.  Thus, stronger, harder, and stiffer materials 
with good fatigue properties will be selected for the production plane.  The tradeoff will be that 
these materials are more expensive.  To counter this, the support plane will be constructed with 
cheaper, lighter wood.  This tradeoff is reasonable since the support plane will not be subjected 
to the same wear as the production plane.  Therefore, it is reasonable to trade structural 
performance for lower cost in order to optimize our production process and meet our budget 
constraint.    
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Both planes are composed of three main structural types.  The first type is lightweight 
wood that makes up a combination of spars and ribs.  These are then covered in Monokote.  This 
method is the most traditional in designing and building RC aircraft.  The wood offers a 
sufficient strength-to-weight ratio and the Monokote provides an incredibly smooth aerodynamic 
surface.  Other benefits include the low cost and the ease of manufacturing.  The ease of this 
process is made possible by the use of a laser cutter.  Drawings are simply uploaded to the laser 
software and precise components are produced that fit together snuggly.  Because notches can be 
cut into the components, the entire wing can be assembled and checked for accuracy before any 
glue is applied as seen in Figure 19.  This allows for quick changes to be made if any design 
errors are encountered.   
 

 
 
Figure 19. Support Plane Rib Structure 
 
 Another key method of the structural assembly for the production plane is a full carbon 
fiber lay-up.  This method is chosen for the production wing because of the high level of 
handling that the wing will encounter.  This method still provides an even better strength to 
weight ratio but is considerably more expensive and requires a more extensive manufacturing 
process.  The lay-up for this wing configuration uses a single mold for the top skin and a single 
mold for the bottom skin.  A slightly untraditional method is used to create the molds to ensure a 
fast and efficient manufacturing process. The molds are created by using a ball end mill to cut 
the cavity out of medium-density fiberboard.  To seal and finish the molds, the same epoxy used 
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for the layups themselves, is applied to the entire mold surface.  Heat is focused on the epoxy as 
it is applied to ensure it penetrates the wood’s surface.  This layer is cured, sanded, and checked 
for any blemishes.  Once the molds are sanded smooth, they are buffed with an automotive 
rubbing compound.  Finally the finished surface is coated with several layers of polyvinyl 
alcohol as a release agent.   With the molds finished, the rest of the process follows a very 
traditional vacuum bagging procedure.  The wing skins consist of two carbon fiber layers with a 
foam core between them as seen in Figure 20.  One-inch foam ribs are made using the laser 
cutter.  These are evenly spaced on the top wing skin and carbon spars are inserted through the 
ribs along the entire span shown in Figure 21.  Epoxy is applied to both skins and the bottom 
skin is placed on the top skin, using the ribs for proper alignment.  The leading and trailing edges 
are trimmed and sanded smooth and ailerons are cut and hinged.   
 

 
 
Figure 20. Production Plane Carbon Fiber Layup 
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Figure 21. Production Plane Layup with foam Ribs 
 
 The final mentionable structure type is acrylonitrile butadiene styrene (ABS) 3D printed 
plastic.  While 3D printing is a relatively new technology that is primarily used for prototyping, 
it can also be used for key structural components when the stresses are appropriately low.   This 
technology is used to create most of the joints used in the aircraft.  Parts are created in 
Solidworks with the exact shape and dimensions that are needed.  The parts are then transferred 
to 3D printing software, which writes the Gcode for the printer.  The nose gear for the production 
gear is shown in Figure 22. 
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Figure 22. Digital Rendering of 3D-printed Joint 
 
 These three building methods are combined to build two substantially large, radio-
controlled aircraft.  Many other lightweight materials are used in the construction including 
wooden dowels, foam, carbon tubes, and carbon sheets.  All of the members of the design team 
were initially unfamiliar with construction methods used in RC aircraft.  Much research has been 
required along with innovation.   
 
 
5.3 Propulsion and Electronics 
 
 Based on the sensitivity analysis and ground testing, the final electrical components are 
chosen and outlined in the following tables. 
 

Propulsion	Airplane	 Manufacturing	Support	Airplane	
Power	46	E-flite	motor.	 Turnigy	G60	motor	
16.8	V	4200	mAh	battery	 24	V	5Ah	battery	
60	A	Speed	Controller	 60	A	Speed	Controller	

Spektrum	AR400	receiver	 Spektrum	AR400	receiver	
Hobbyking	in-line	Volt/Amp	meter	 Hobbyking	in-line	Volt/Amp	meter	

RadioShack	rocker	switch.	 RadioShack	rocker	switch.	
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Table 5. Propulsion Components Overview 
 
Motors: 

 
 
Figure 23. Support Plane Motor Image 
 

 
 
Table 6: Production Plane Motor Specifications 
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Type: Brushless outrunner 

Size: Replacement for 40- to 46-size glow engines 

Bearings or Bushings: One 6 x 15 x 5mm Bearing, and Two 6 x 12 
x 4mm Bearing 

Wire Gauge: 14 

Recommended Prop Range: 12x8 to 14x10 

Voltage: 14.4 to 19.2 

RPM/Volt (Kv): 670 

Resistance (Ri): .04 ohms 

Idle Current (Io): 3.90A @ 10V 

Shaft Diameter: 6mm (.24 in) 

Overall Length: 55mm (2.15 in) 

Weight: 290 g (10.0 oz) 

Overall Diameter: 50mm (2.00 in) 

Diameter: 50mm (2 in) 

Length: 55mm (2.15 in) 

Continuous Current: 40A 

Maximum Burst Current: 55A (15 sec) 

Cells: 12–16 Ni-MH/Ni-Cd or 4–5S Li-Po 

Speed Control: 60A brushless 
  

 
Table 7.  Support Plane Motor Specifications 
 
ESC:  

 
 
Figure 24. ESC Image 
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Specs: 
Constant Current: 60A 

Burst Current: 80A 

Battery: 2-4S Lipoly / 5-12s NiXX 

SBEC: 5.5v / 4A 

Motor Type: Sensorless Brushless 
Size: 70 x 32 x 17mm 
Battery Wire: 14AWG 
Motor Wire: 14AWG 

Weight: 61g 
 
Table 8. ESC Specifications 
 
Receiver: 

 
 
Figure 25. Receive Image 
 

Antenna	Length:	 190mm	

Band:	 2.4GHz	

Channels:	 4	
Flight	Log	Compatible:	 Yes	

Model	Type:	 Airplane	
Modulation:	 DSMX,DSM2	

Range:	 Full	

Resolution:	 2048	
Telemetry:	 Yes	

Voltage	Range:	 3.5	-	9.6V	
 
Table 9. Receiver Specifications 
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5.4 System Integration 
 

The primary challenge for system integration will be sizing the fuselage to hold all 
electronic components and payloads in the smallest volume possible.  For the production plane, 
the fuselage will be designed to specifically hold the shape of the 32 oz. Gatorade bottle and the 
battery pack compartment will be designed to fit our pack specifically.  Since the majority of the 
with of the Production plane will be the Gatorade bottle payload and the battery, their locations 
will dominate where the location of the c.g. will be.  To integrate the structure of the fuselage 
will be designed to integrate the payload and electrical subsystem with the control system by 
fixing the location of the c.g. in front of the aerodynamic center of the entire airplane through 
payload and battery placement.  This is possible because the missions do not require the 
production plane to be flown without the bottle. 

For the Support plane, the fuselage size and shape is driven by the size of the production 
plane.  The same control system integration can be applied since the weight of the battery and 
production plane account for the majority of the gross takeoff weight.  However, the production 
plane cannot be vital for the placement of the c.g. since the missions require that the Support 
plane be flown with and without the production plane.  Thus, the system must be integrated such 
that stability is not compromised when the production plane is loaded or unloaded. 
 The monokote provides a simple way to integrate structural functionality with 
aerodynamic performance.  The rib and skin construction of the model will require several 
internal structures to handle the aerodynamic forces acting on the plane.  Furthermore, being able 
to access the inside of the plane to be able to install electrical components as well as load 
payloads will necessitate more mechanical structures and complexity.  It is important that these 
structures do not disturb the aerodynamic performance of the plane while still providing the 
necessary function.  Using monokote provides a smooth surface that can be used to easily cover 
internal structures to form a more streamlined structure.  Furthermore, monokote skin allows 
aerodynamic loads to be transferred the internal ribs and spars so that the loads can be distributed 
as the design intended. 

The systems involved in the two aircraft are consistent with standard RC hobbyist 
aircraft.  All of the control surfaces use standard hobby servos.  Store bought control rods and 
linkage are used to ensure proper operation. The motors, propellers, speed controllers, and 
receivers are also all store bought equipment that are commonly used in RC aircraft.  The only 
non-standard components of the electrical systems of both aircraft are the batteries.  Lithium 
polymer batteries are standard for RC aircraft, however the requirements prevent the use of 
these.  Instead, nickel-metal hydride batteries are used.  This requires an extensive amount of 
research and altercations to the propulsion system.  To lower the budget, only one transmitter 
will be used to fly both planes.  This is reasonable, since we will only need to fly one plane at a 
time.  The transmitter will be preprogrammed with each different tail configuration prior to flight 
testing.  This will allow the pilot to easily switch from V-tail control for the Production plane to 
conventional tail control for the Support plane. 
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5.5. Predicted Performance 
 

The propulsion system will need to generate the motor rpm necessary to produce the 
required amount of static thrust.  Static thrust is related to rpm through the equation 
 

𝐹 =  1.225 ∗ !∗(.!"#$∗!)
!

!
∗ (𝑅𝑃𝑀 ∗ .0254 ∗ 𝑝𝑖𝑡𝑐ℎ ∗ !!"#

!" !"#
)!      

 
Using the values of propeller diameter and pitch as described previously, it is calculated that the 
required rpm for production and support plane’s propellers are 3600 and 3800 rpm respectively. 
 The production plane contains a 670 Kv motor that is hooked up to a 16.8 V battery.  
This means that the maximum rpm with no load attached to the motor or any other losses is 
approximately 11000 rpm.  This is likely not going to be the maximum rpm we can achieve with 
the system because the motor will encounter inertia from the propeller.  Furthermore, the battery 
will also be used to run servos, ESC, voltmeter, and transmitter receivers, indicating the voltage 
that the motor sees could be slightly less than 16.8 V.  If we assume a 70% efficiency to account 
for these losses, then a max rpm of approximately 7700 can be expected.  This value exceeds the 
calculated value of rpm that is necessary to produce the required thrust for completing the 
missions in the required time, which meets our design requirement. 
 The support plane contains a 400 Kv motor that is hooked up to a 24V battery.  This 
means that the maximum rpm with no load attached to the motor or any other losses is 9600 rpm.  
Again, if 70% efficiency is assumed to account for losses, then the maximum expected rpm is 
approximately 6700 rpm.  Again, this exceeds the minimum rpm needed to complete the mission 
and satisfy the design requirements. 
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5.6 Design Requirement Verification 
 
Requirements Verification 

Number Type Description Outcome 

1 Team 
Team members must be full time students at an accredited University and 
student members of the AIAA. 

Fully Met 

2 Team At least 1/3 of the team members must be under-classmen. Fully Met 

3 Team The pilot must be an AMA member. Fully Met 

101 Functional 
The aircraft may be of any configuration except rotary wing or lighter-
than-air. 

Fully Met 

102 Functional No structure/components may be dropped from the aircraft during flight Fully Met 

103 Functional No form of externally assisted take-off is allowed. Fully Met 

104 Functional 
All energy for take-off must come from the on-board propulsion battery 
packs. 

Fully Met 

105 Functional Must be propeller driven and electric powered. Fully Met 

106 Functional Must have an unmodified over-the-counter model electric motor. Fully Met 

107 Functional Motors may be any commercial brush or brushless electric motor. Fully Met 

108 Functional Each aircraft will use a commercially produced propeller/blades. Fully Met 

109 Functional Motors and batteries may be limited in current draw by means of a fuse. Fully Met 

110 Functional Must use over the counter NiCad or NiMh batteries. Fully Met 

111 Functional Aircraft and pilot must be AMA legal. Fully Met 

112 Functional Payload must be carried internally. Fully Met 

113 Functional Airplane must pass the wing tip load test. Fully Met 

114 Functional Planes must meet 5-minute endurance requirement. Fully Met 

202 Safety 
Aircraft must have a mechanical motor arming system separate from the 
onboard radio Rx switch. 

Fully Met 

203 Safety 
The aiming fuse of the aircraft must be removed anytime the aircraft is in 
the hanger area. 

Fully Met 

 
Table 10. Requirements Verification List 
  

Table 10 indicates the requirements for the project were met.  Performance requirements 
are evaluated based on predicted performance from calculations and simulations and will be 
verified through several ground tests.  The Required performance is calculated based on the 
mission requirements.  Then, that performance is compared to our predicted performance based 
on the specifications of the final design configuration.  Based on preliminary projections, all 
performance requirements have been met, so we can proceed with construction.  These results 
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will be validated through ground testing. Although we have not yet flown our plane, we have an 
AMA legal pilot available for flight-testing. 
 
6. System Testing 
 
6.1  Risk Analysis and Prevention 

Likelihood/ 
Consequence 

Insignificant 
(easily 
handled) 

Minor 
(some 
disruption) 

Moderate 
(significant 
time/resources 
required) 

Major 
(project 
severely 
damaged) 

Catastrophic 
(project down 
the tubes) 

Almost 
certain 
(>80%) 

High High Extreme Extreme - 1 Extreme 

Likely (60-
80%) Moderate High High Extreme Extreme 

Moderate 
(40-60%) Low Moderate High Extreme Extreme 

Unlikely (20-
40%) Low Low Moderate High - 2 Extreme 

Rare (<20%) Low Low Moderate - 3 High High 
 
Figure 26. Risk Analysis 
 

There were three main risks to the project.  The first risk to the project was going over-
budget. In the Fall, the likelihood that our project would not acquire enough funding was almost 
certain (>80%) with a major consequence resulting in the project being severely damaged. We 
were able to adapt to having insufficient funding by utilizing the discount provided to us from 
Hobby Barn and by purchasing most of our parts in bulk. In addition, we were able to obtain 
additional funding from the University of Arizona’s Aerospace and Mechanical Engineering 
Department and the Tucson chapter of AIAA. In the end, we were able to stay within our budget 
and to acquire the necessary funding to complete our project through multiple donations.  

The second risk to the project was the possibility of a manufacturing error preventing us 
from gettin planes constructed. In the risk analysis, the likelihood of us not being able to fully 
construct the planes was unlikely (20-40%) with a major consequence where the project would 
be incomplete. This is because without the planes, we would not be able to participate in the 
competition or have a project to present on Design Day. We were able to fully construct both 
planes and present them on Design Day. We were able to manage this risk by adhering to a 
schedule and verifying that the design met the requirements at each phase of production. We will 
be performing flight-testing on the planes in the near future to validate our project and design.  

The third risk to the project was the possibility of failing fight tests. In the risk analysis, 
the likelihood of not performing flight-testing was minimal (<20%) with moderate consequence 
requiring significant time and resources to fix the project.  However, a lack of funding forced us 
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to postpone production until we had the funds necessary to begin purchasing materials.  This 
funding issue set us back on our schedule and, consequently, we were not able to perform flight 
testing before Design Day.  We also did not have enough funding to travel to the competition.  
We were able to present theoretical values and flight parameters for Design Day. As previously 
stated, the group anticipates performing flight-testing in the near future. 
 
6.2 Propulsion Testing 
 

The propulsion system is tested prior to flight-testing to ensure that the configuration 
selected using MotoCalc software and hand calculations will sustain flight and meet performance 
goals.  The objectives of these tests will be to first evaluate electrical properties such as voltage 
and current to ensure the components do not exceed rated levels.  Then, static thrust and 
endurance will be measured in each case.  The team will use results of the tests to evaluate if 
changes in the system need to be made prior to flight-testing.   
 Prior to testing, the voltage of the battery is measured using a DMM.  With a full charge, 
the battery pack produced a voltage of 19 V, which considerably exceeds the 16.8 V prediction. 
The Eflite power 40 motor has a maximum continuous current of 40 A.  At max throttle, the 
current draw of the system is below this limit, meaning that the electrical components are used 
within their rated capabilities.  The 60 A ESC is also not exceeded at max throttle.   
 After confirming each component is not exceeding its rated specifications, it is safe to 
perform a static thrust test.  Static thrust is calculated using the configuration shown in Figure 27.   
The propeller is attached to an arm such that the propeller can rotate freely.  The other arm is 
placed on a scale that gives the reaction force with a resolution of ± .1 oz (2.83 g).  With the 
length of each arm, the static thrust is calculated based on the scale reading. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

 
 

Figure	27.	Static	Thrust	Test	Configuration	
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The production plane propulsion system produced a static thrust of 3.0 lbs (1.36 kg).  
This value of static thrust is used to calculate the max speed of the production plane.  Since 
pressure in front of the propeller is equal to pressure behind the propeller, thrust is given by the 
equation  
 

𝑇 =  𝜌 ∗ !
!
𝐷! ∗ 𝑈! ∗ (𝑈! − 𝑈)        

 
where T is thrust, ρ is air density, Ue is exit velocity, U is flight speed, and D is propeller 
diameter.  The static thrust can be used to calculate exit velocity since U = 0 in static conditions.  
Max cruising speed is found by finding the speed at which thrust is equal to drag at max throttle.  
This value is obtained by plotting drag and thrust vs. airspeed and finding the intersection point, 
as shown in Figure 28. 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

The intersection of the curves occurs at 40 ft/s (28 mph), which corresponds to our 
predicted max cruising speed.  This value is not only sufficient to fly, but also is sufficiently fast 
to complete the lap in the necessary time.  Thus, test results conclude that the propulsion system 
is producing enough thrust to meet the relevant requirements. 
 The next test we did was an endurance test to see if the battery had enough stored charge 
to fly for the required 5 minutes.  This test is becomes somewhat complicated due to the fact that 
the voltage in the battery declines as the battery discharges.  Thus, the maximum thrust cannot be 
sustained for the entire 5 minutes because it require a battery that is too large to be practical or 
necessary.  Thus, we defined endurance as the amount of time it takes for thrust to diminish to 
the point at which the airplane can no longer fly.  This corresponds to the value of thrust at which 
cruising speed is equal to stall speed.  Using the analysis previously outlined for the static thrust 
test, the value of thrust that produces a cruising speed equal to stall speed is found to be 2.3 lbs 

Figure 18. Thrust and Drag vs. Velocity for Production Plane 
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(1.04 kg).  Thus, to test endurance, the motor is run at max throttle and the time at which thrust 
diminishes to 2.3 lbs is measured.   
 During the endurance test, the motor is shut off after 5 minutes.  At this point, the static 
thrust was still greater than 2.3 lbs.  Thus, it is determined that the selected battery is able to fly 
the plane for the necessary 5 minutes.  This means that all requirements that relate to the 
propulsion system are satisfied. 

The same tests for static thrust and endurance that were previously described for the 
production plane are performed.  The static thrust of the support plane is found to be 4.5 lbs 
(2.04 kg).  Thrust and Drag for the support plane are plotted vs. velocity for the experimentally 
determined value of static thrust in Figure 29. 

 
Figure 29. Thrust and Drag vs. Velocity for Support Plane 

 
The intersection of the curves occurs at 47 ft/s (32 mph), which corresponds to our predicted 
max cruising speed.  Again, this value is not only sufficient to fly, but also is sufficiently fast to 
complete the lap in the necessary time.  Thus, test results conclude that the propulsion system is 
producing enough thrust to meet the relevant requirements for the support plane. 
 The stall speed of the aircraft is calculated to be 36 ft/s (24 mph), which corresponds to a 
static thrust of 3.3 lbs (1.5 kg).  During the endurance test, the motor is shut off after 5 minutes.  
At this point, the static thrust was still greater than 3.3 lbs.  Thus, it is determined that the 
selected battery is able to fly the plane for the necessary 5 minutes.  This means that all 
requirements that relate to the propulsion system are satisfied.   
 It is important to note that these calculations are assuming the plane is loaded with the 
production plane.  This situation will have a higher stall speed than when the plane is unloaded, 
so these tests verify mission requirements for both missions.  Furthermore, it is important to note 
that the endurance requirement is tested for the plane completing the required flight one time in 
both missions.  While mission 2 permits multiple flights, the design is such that the entire 
production plane fits in the support plane, meaning only 1 flight is necessary. 
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6.3 Structures Testing 
 
 The primary support spar for both wings is selected to be a hollow carbon spar with an 
outside diameter of .5” and an inside diameter of .4”.  Carbon is chosen due to its high strength 
to weight ratio and excellent fatigue resistance.  This particular spar is chosen because it is thick 
enough to provide the stiffness needed during flight but is also widely produced and available in 
order to reduce manufacturing cost.  To reduce stress concentration where the wing meets the 
fuselage, the wing spar is designed to go through both wings and the fuselage as one continuous 
structure.  A structural analysis is performed on the spar prior to construction in order to ensure 
that it can withstand the loads of flight. 
 One of the project requirements states that the planes must be able to be picked up by the 
wing tips and have the weight of the plane supported by the wing structure without damage.  It 
can be shown that this wingtip test puts a bending stress on the wing spar that corresponds to a 
load factor of 3.  This value is significant because the FAA regulations dictate that commercial 
aircraft must be tested to withstand a load factor near 3 as part of its airworthiness standards.  For 
structural analysis, a load factor of 5 will be applied to the spar in order to build in a safety factor 
of 1.67.  Beam analysis is conducted to find the Von Mises stress distribution along the length of 
the spar as well as the location and value of max stress.  Results from this analysis are shown in 
Figure 30. 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 

The analysis shows the maximum stress in the spar to be approximately 2200 psi.  Since 
carbon can have an ultimate strength of over 145,000 psi (depending on composite layup 
structure), it is determined that these rods are more than sufficient to handle the loads they will 
be subjected to.  Due to the low cost, ease of manufacturing, and performance of these rods, they 
will be used in both planes. 
 

Figure	30.	Von	Mises	Stress	Distribution	in	Production	Plane	Spar	
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6.4 Pre-Flight Checklists 
 
1. Systems 

□  Verify that the receiver & propulsion batteries are connected and charged. 
□  Verify the motor/servos/wheels/landing gear are secured w/safety wire, loctite, or nylock nuts 
□  Verify all control horns are properly secured to the control surfaces  
□  Verify control surfaces and wing-surfaces are of adequate flutter & aero-elastic resistance (Check 
stiffness of wing & tail) 
□  Verify that transmitter is fully charged and there is no interference on frequency. Perform controls and 
throttle check. 
□  Verify Radio Range. 
□  Verify that all controls move in the proper sense. 
□  Verify Radio fail safe- Full up elevator, full right rudder, full right aileron, full flaps down. 

 
 
2. Propulsion System  

□  Verify propeller and hub/pitch mechanism are secure. 
□  Verify that a fuse or arming plug is connected in line from the positive battery terminal to the motor 
controller 
□  Verify the wires from battery pack to speed controller are adequate to handle the expected current 
draw 
□  Verify no bare wires are visible and all connections are shrink-wrapped or fully-insulated 

 
3. Payload Requirements 

□  Verify payload is structurally secure to assure no movement of payload elements that could affect 
aircraft CG during flight 
□  Verify aircraft has a CG Mark for all configurations. (Note: Ensure that it is correct & reasonable) 
□  Verify Structure by wing tip lift test.  
□  Verify that CG Falls within the wing tip Chord.  
 
6.5 Flight Test Procedure 
 

1. Complete Preflight Checklist and Safety Inspection 
2. Test Systems 

a. Test Throttle response from  0% to 100% while plane is fixed on ground 
b. Check Control surface response 

3. Takeoff Roll- 
a. Full throttle to critical velocity or 50% of runway and  abort take off 

i. Ensure that aircraft will be able to take off in required distance 
4. Flight- Ensure that plane can make simple maneuvers and land 

a. Take off 
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b. Loop Around 
c. Land  

5. Flight-Mission profile- Ensure that plane is capable of completing the mission 
a. Take off in 100 ft. 
b. Make Right Turn 500 ft. from the starting line 
c. Make 360 degree left hand turn on the return leg 
d. Make Right hand Turn to landing approach 500 ft. from starting line. 
e. Repeat number of laps needed to complete mission profile for each craft 

6. Robust Flight Testing- perform all maneuvers at safe altitude to avoid crash.  Use discretion . 
a. Full throttle level flight- Max speed 
b. Hard Climb 
c. Dive and pull-out 
d. High banked turn. 

 
 
Figure 31. Course Layout  

 
Test Cases: 

Production Plane 

• Quarter	Load-Frozen	partially	filled	Gatorade	Bottle	
o Gatorade	 Bottle	 should	 be	 frozen	 with	 ice	 at	 bottom	 of	 bottle	 to	maintain	

center	of	gravity	of	the	aircraft.		
• Half	Load-	Half	Full	and	Frozen	Gatorade	Bottle	

o Similar	 to	 Quarter	 filled	 Bottle.	 Freeze	 at	 an	 angle	 to	 maintain	 center	 of	
Gravity	

• Full Load-Full sealed (Unfrozen) Gatorade Bottle 
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Manufacturing Support Plane 
• Unloaded	

o Use	Battery	location	to	maintain	Center	of	Gravity	placement	
• Half	Load	

o Mass	Simulant	Full	length	sheet	of	Thin	sheet	aluminum	or	other	material	
o Maintain	Center	of	gravity	with	batteries	

• Full	Load	
o Full	length	mass	simulant	with	same	weight	as	production	plane.	

Repeat for second test with actual Production plane in cargo bay. 
 
7. Systems Testing 
 
7.1 Subsystem and Component Performance 
 
Production Plane  
 
 The production plane propulsion system produces a static thrust capable of supporting a 
cruising speed of 40 ft/s (28 mph).  The speed required to travel the necessary distance (3 laps 
around an approximately 3000 ft. course) in 5 minutes is 30 ft/s (20.5 mph).  Traveling at this 
speed, the lap could be completed in 3 minutes and 45 seconds.  This means that the plane’s 
propulsion system is able to produce a cruising speed with a safety factor of 1.3.  This will allow 
for deceleration due to maneuvering and battery voltage decrease over time.  This cruising speed 
should be sufficient for the plane to complete the laps in the required time and thus achieve the 
full mission score.  All items on the preflight checklist are capable of being met and all preflight 
safety considerations have been satisfied.   
 The only requirement that is not satisfied is takeoff distance.  Our calculations have 
shown that the static thrust generated by he production plane could get the plane off the ground 
in 147 ft.  This exceeds the maximum takeoff distance of 100 ft. as outlined in the project 
requirements.  Increasing the number of battery cells to provide the power necessary to get off 
the ground in the necessary distance could solve this issue.  All other propulsion subsystem 
requirements are met. 
 
Support Plane 
 
 The support plane produces a static thrust capable of cruising at a speed of 47 ft/s.  
Traveling at that speed, the plane could complete the lap in 3 minutes and 20 seconds.  This 
means that the plane’s propulsion system is able to produce a cruising speed with a safety factor 
of 1.57.  This will allow for deceleration due to maneuvering and battery voltage decrease over 
time.  This cruising speed should be sufficient for the plane to complete the laps in the required 
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time and thus achieve the full mission score.  All items on the preflight checklist are capable of 
being met and all preflight safety considerations have been satisfied. 

The only requirement that is not satisfied is takeoff distance.  Our calculations have 
shown that the static thrust generated by he production plane could get the plane off the ground 
in 223 ft.  This exceeds the maximum takeoff distance of 100 ft. as outlined in the project 
requirements.  Increasing the number of battery cells to provide the power necessary to get off 
the ground in the necessary distance could solve this issue.  All other propulsion subsystem 
requirements are met. 
 
7.2  Final Budget 

 
The final budget for the project has been updated to include all purchases made. Also, it 

accounts for the fact that we did not participate in the Design-Build-Fly Competition. 
 

Final Budget 

Category Part Unit Price Total Est. Cost 

Prototype Plane All Parts  $612 

Mothership Plane All Parts  $1025 

Design Day Poster $73 $73 

Total   $1710 

 
Figure 32. Final Budget 
 
8. Conclusion 
 
 Each design factor of the proposed design will allow the planes to meet the mission 
requirements. The aerodynamic configurations of the planes are such that the plane can fly safely 
and be properly controlled. The wing is sized such that enough lift will be generated to carry the 
required payload. The tail is sized such that stable flight can be achieved.  Control surfaces are 
sized such that the pane can be controlled and the maneuvers of each la can be competed 
successfully. The propulsion system will give the plane the required endurance, range, and power 
to overcome aerodynamic drag and carry the payload. 
 Unfortunately, we were not able to fly our plane in the final competition due to a lack of 
funding.  However, rigorous ground testing was still performed to evaluate the actual plane 
performance and compare the results to what would be needed to succeed in the competition.  
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Aerodynamic simulations have indicated that all aerodynamic components should be able to 
perform well enough to produce controllable airplanes capable of completing each mission.  
Propulsion testing has shown that the plane should be able to fly fast enough to complete each 
mission in the require time.  The only requirement not satisfied is the 100 ft. takeoff distance.  
The could be solved by increasing the number of battery cells used in the propulsion system 
increase the power delivered in order to get off the ground sooner.  Structural testing indicated 
that the planes structures should be able to hold up against the loads we expect them to be 
subjected to with a reasonable safety factor.  All construction, material, and safety requirements 
are also satisfied. 
 We believe we were able to successfully apply the concepts we have learned throughout 
our educational experience in a way that could solve real problems.  The objectives of this 
project allowed us to be exposed to the types of challenges engineers face everyday when 
designing products and components.  We hope to begin a tradition of success in DBF 
competitions at the University of Arizona and believe we have laid a groundwork that could 
encourage future teams to represent our program and be successful at these competitions in years 
to come. 
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§ All	design	drawings	and	cad	models	
§ Aircraft	configurations	

o Build	
§ Mold	construction	and	composite	lay-ups	for	Production	
§ Production	fuselage	structure	and	landing	gear	
§ All	Manufacturing	structures	and	landing	gear	
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§ Preparation	of	laser	components	
§ Final	assembly	

o Report	
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§ Airfoil	selection	and	wing	design	
§ Tail	sizing	and	configuration	

o Build	
§ All	Monokote	application	
§ All	laser	cutting	of	components	
§ Final	assembly	

o Report	
§ 13,14,17,18	

• Nick	Bley	
o Administrative	



 44 

o Design	
§ All	Airfoil	selection	
§ All	wing	design	
§ Control	surface	sizing	
§ Tail	configuration	

o Build	
§ Production	empennage	and	tail	gear	
§ Production	Wing	mount	
§ Final	Assembly	

o Report	
§ 10,11,13,14,16,17,19-21,38-40	

• Ivan	Almirudis	
o Administrative 

§ Deputy Manager 
§ Original testing schedule 

o Design 
§ Propulsion system design and selection 

o Build 
§ Electronics lay-up configuration. 
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