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Abstract 

Unmanned Arial Vehicles (UAVs) are broadly applicable and offer valuable 
solutions to many of the problems we face today. Their services range from military to 
moviemaking, from surveying land and to search and rescue.  

 
The Wildcats have developed an Unmanned Arial System (UAS) that comprises 

a single aircraft design and a team of operators for search and rescue. As an example 
mission, we search for a child in a blue jacket within a two-mile search radius with mixed 
ground cover at the Philmont Ranch, New Mexico. A team of seven students, the 
Wildcats enthusiastically pursued gathering knowledge of UAVs and analyzed each part 
of the challenge, which includes the objective function, the design variables, and the 
design constraints. Throughout the project, organization and management of the team 
was used to guide the project through the Conceptual Design, the Preliminary Design, 
and Detailed Design. The team became focused on a single UAV design that would 
carry a flexible camera payload.  When perfected, multiple UAVs will be in the sky 
searching for the child. The Wildcats used industry level software and open source 
alternatives to design and analyze the performance of the UAV. The solution underwent 
several iterations, each resulting in an improvement to the flight time and the overall cost.  
Our final solution uses four aircraft and an operations team of 10. 
  
            The plane meets all of the constraints and goals set by the challenge. The UAV 
is a fixed wing plane that flies with a cruise speed of 58.3 miles per hour in zone one and 
80 miles per hour in zones two and three. It has a total takeoff weight of 19.68 pounds. 
The UAV features a 44-inch wingspan, a low-area fuselage, and a 1.3hp engine. With 
the sensor payload X3000, a pan-tilt, and zoom video camera, we can complete 
detection and confirmation over the entire search region in 18.588 minutes, from an 
altitude of 800 ft. in zone one and from 1000 ft. in zones two and three. The UAV carries 
additional equipment to send video to the ground station and receive commands. Our 
UAS compares favorably to the search and rescue provided by the Coast Guard (a 
single mission costs less than $7000). In developing this UAS, we have achieved the 
goal of developing a viable economic model, capable of being used as an alternative to 
existing technology. 
  
            Each member of the Wildcats has learned life-long lessons from this challenge; 
the challenge has encouraged each team membersô interests in science, technology, 
engineering, and mathematics. The group envisions that UAVs will become more 
prominent in everyday life and lead to many opportunities in the United States.   
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1 Team Engagement 

1.1 Team Formation and Project Operation 

Dr. Pasquini, the advisor of the STEM (Science, Technology, Engineering, 

Mathematics) team in our school introduced RWDC to Kimball Union Academy at All 

School Meeting, a weekly gathering of the student body. Following the Meeting, Diego 

Rossi, Annika Kim, Chandler Song, Jonathan Butler, Roger Liu, Paul Katzberger, and 

Phillip Kessler volunteered to join the group and collaborate on this project. 

Team Members and Skills: 

Diego Rossi would like to become an engineer one day. He wishes to solve 

problems faced by society today and improve the quality of life for others. For him, 

RWDC was the only program that would give him an important team experience and an 

opportunity for problem solving. He believed working with fellow students to reach a 

common goal was a worthy task. Diego was the Project Manager on KUAôs 2011-2012 

RWDC team. He was a Systems Engineer and a Communication Specialist for the 2012-

2013 Challenge. 

Annika Kim, who previously had no interest in the field of aerospace engineering, 

joined the team purely for the challenge. Though her knowledge on this field was limited, 

she felt confident about her public speaking and leadership skills and thus decided to 

become both a project manager and document/communication manager.  

Chandler Song is particularly interested in solving economic and business 

problems. In addition to working with the airplane design team, he carefully examined 

the objective function and developed several different business scenarios. During the 

course of the project, he not only took charge of the business team, but also worked as a 

mathematician, making numerous calculations using the Mathcad software.  

Jonathan Butler was recruited to the KUA Wildcats RWDC team. Dr. Pasquini 

hoped that Jon would bring his knowledge of flying to the team. He has been a pilot for 

about 3 years now as part of Civil Air Patrol. He is familiar with airplane nomenclature 

and air systems and knows what works best from the standpoint of the pilot and the 

ground crew member.  He hoped to bring this to the STEM team to ease the workload of 

the group and speed the process along. 
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Roger Liu has a strong passion for designing and calculating. He designed 

robots for two years until he finally found something that caught his interest: Real World 

Design Challenge. He contributed to the team as a Mathematician and Test Engineer. 

His expertise in technology helped our team choose an appropriate sensor payload. 

Paul Katzbergerôs main interest as a five year old was inventing things and 

building with Lego bricks. He even built his own stirling engine a couple of years ago. It 

came as no surprise when he decided to join the RWDC Wildcats team. Paulôs parents 

are both architects, and their work inspired him to learn about the CAD software. He 

worked as a CAD engineer.  

Phillip Kessler has a strong interest in engineering and software design. As 

someone who enjoys learning new software and hopes to become a software engineer, 

he took the position of the test engineer in the KUA Wildcats team and helped with 

designing the wings for the UAV. 

 

Figure 1.1 Each member was assigned to specific tasks, and some members even held 
more than one position.  
 

The Project Manager developed the workflow document as well as the final team 

submission document.  The two Communication Specialists were in charge of contacting 

mentors. The Test Engineers, Simulation Engineer, Project Mathematicians, Systems 

Engineer, CAD Engineer, and Project Scientist were all involved in the detailed design 

process. 

Project Manager: 
Annika Kim 

Communication 
Specialists: Diego 
Rossi & Annika 

Kim 

Test Engineer: 
Philip Kessler & 

Roger Liu 

Simulation 
Engineer: Philip 
Kessler & Paul 

Katzberger 

Project 
Mathematicians: 

Roger Liu & 
Chandler Song 

Systems Engineer: 
Diego Rossi 

CAD Engineer: 
Paul Katzberger 

Project Scientist: 
Jon Butler 

Business Manager: 
Chandler Song 
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1.2 Acquiring and Engaging Mentors 

Mentors helped us make progress. Their guidance was especially helpful during 

the early stage of our design process. The team agreed in mid-October that it would be 

best to have a design mentor and an engineering mentor. We decided to have Dr. Julie 

Sharp, an operations research analyst of the FAA, as our design mentor.  We chose two 

engineering mentors:  Dr. Ned Teeny, an Aerospace Electrical and Avionics Systems 

Engineer from FAA, and Dr. Brandon Buerge, the president of Microflight.  They helped 

us understand how each component of the project synchronized and affected each 

other.  

We wanted mentors who were specialized in techniques and principles involved 

in projects like Real World Design Challenge. Dr. Sharp was our design mentor.  Any 

questions our team posed at the beginning of the projectðeverything from conceptual to 

preliminaryðwere directed to her. She provided helpful guidance in choosing detailed 

wing parameters.  Once we made a simple mistake while we were trying to calculate our 

wing area using the lift equation. This equation should have given us a wing area, but 

the number we got after we calculated the gross weight seemed abnormally small.  We 

showed her our work, and she noted that it was simply a unit problem. We used meters 

in a value when we should have used feet.  We asked Dr. Teeny to help us push forward 

into our next step. Since he was our systems engineer, we thought he could guide us in 

determining the overall combination of all the components in our aircraft.  It was 

important to have someone who could relate the wing design to the camera to the 

engine and other features of the design.  

For example, we initially had problems defining the weight of the aircraft with 

respect to the wing area and the sensor payload.  We estimated a weight of 14.2 pounds 

using the sensor payload weight of the guide.  This number was used in the Lift Equation 

to estimate wing area.  Then, with a number for the wing area, we could use the weight 

estimator workbook to find the weight of the aircraft body components.  These were 

estimated to 16.99 lbs before any internal components were added.  So, we had a wing 

area designed for a 14.2 lbs plane, but a plane that weighed more than 20 

pounds.  Something seemed wrong in our numbers, so we contacted Dr. Sharp, who 

helped us find the source of our problem; incorrect units in the lift equation 

As we studied the flight path for the search pattern, we reached out to Dr. Teeny 

often.  For our analysis, we treated the area on the ground covered by the camera as 

being built up from horizontal lines stacked together. To fully detect one line, the camera 
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must record an image of that line for at least 0.5 seconds. How the 0.5 seconds is 

accumulated was the question with which we struggled. We wondered if the camera 

could stay at one line for less than 0.5 seconds, pan to another location temporarily, and 

then return. We received a swift response from Dr. Teeny. He replied, ñAs you aircraft 

sweep the area, you need to take a quick clear picture of the field, process that picture 

for detecting the image, then take another picture with some overlap of the field... the 

overlap is needed to make sure that no areas are being missed.ñ His advice gave insight 

to the problem that ultimately improved our solution. 

Dr. Buerge took a look at the overall picture of our project and our design 

process. The business team frequently contacted Dr. Buerge. The team asked him 

about the future market of unmanned airplanes and how to analyze and assess the 

market. He told them to look at what else is out there and how those other things are 

compared to our design and the differences in cost/benefit. This led us to search for 

websites that contained details on how US Coast Guard usually completes search-and-

rescue missions and how much it costs per mission.  

In addition to working with our three mentors, we often asked questions related to 

aircraft design and modeling software to our coach, Dr. Pasquini, who has a strong 

background in experimental physics. He encouraged us to use what we knew about 

physics to estimate numbers without using the workbooks, and helped us do these 

calculations. 

 

1.3 State the Project Goal 

The National Challenge is to design a sUAS (small Unmanned Aircraft System), 

which includes one or more fixed-wing UAVs, and to develop a business plan in support 

of commercial applications based on a mission scenario.  The mission scenario is to 

locate a missing child in a 2-mile radius area.  The mission scenario for the National 

Challenge is slightly different from the State one. In the two-mile search radius, there are 

three zones, all with a distinct line-of-sight. Zone 1 has no trees, and there are no 

obstacles that interfere with the line-of-sight of cameras. Zone 2 has short trees, and the 

camera is restricted to thirty degrees or less from vertical line-of-sight. Zone 3 has tall 

trees, and the camera line-of-sight is restricted to fifteen degrees or less from a vertical 

view. 
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For the National Challenge, we must refine the UAV design, mission plan, and 

the business analysis from the State Challenge. The major challenge is to find the child 

in the least amount of time possible and to minimize the cost that goes into our mission 

plan.  

We viewed the Problem as having two main components: aircraft design and 

mission planning.  We chose to design a simple UAV that satisfies all the criteria and 

constraints and is capable of quickly finding the child in the search area. The simplicity of 

a single aircraft design and absence of expensive technology in the plane were two 

important business components.  We thought the UAS would be more commercially 

viable if it was simple in design and cost-efficient.  In order to minimize cost, we also 

wanted a plane that could be used by a small group of employees to minimize cost. This 

theme of simplicity would be our strategy for marketing the system. 

The challenge had design requirements that the UAV had to meet. The UAS 

could not exceed 55 pounds per UAV. The antennas on the UAV have to be a minimum 

of 18 inches apart in order to avoid destructive interference, and the UAV has to conduct 

search operations at 150-1000 feet above the local ground level. The UAV has to be 

able to clear a 50 foot obstacle within 300 linear feet, and a launch catapult and capture 

snag-line are provided. The team also has to confirm by analysis that the UAV can 

perform the maneuvers required by the search pattern. During the Challenge, we 

assumed that the line-of-sight contact would be maintained as long as our aircraft 

remained within the designated search area plus a one quarter-mile buffer. 

The objective function, Of = T*C is the tool we use to analyze the business model 

and the mission plan. In the objective function, T stands for the in air search time and C 

is the cost to operate 50 missions with the same equipment.  

Our analysis of the objective function is simple. Reductions in flight time cost 

money, but as long as the cost increases more slowly then the search time. We find for 

example out that if we can add another plane to this mission, it would cut the search time 

in half while doubling the cost by less then a factor of two. However, the time being 

saved is more than half.  

As described in Section 2.1.1, we focused on minimizing time because the fixed 

cost associated with our UAS was quite high. 

To consider other details and reach our goal, we first defined the main variables. 

The sensor payload was the major variable in the design. It determined the speed at 

cruise, altitude at cruise, weight, and how we would search. With a large and powerful 
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sensor payload, a larger plane and a powerful engine were needed. A small sensor 

payload meant we needed an airplane that is capable of dropping for confirmation and 

then climbing back up; this would cost more fuel and time.  The number of sensor 

payloads also influenced weight and power; one could be used on for detection while the 

other could confirm when needed and not disturb our sensor footprint.  The ground 

equipment was dependent on the UAV, and it significantly impacted the system 

cost. The personnel used to pilot and maintain the UAS was also based on the needs of 

the mission, like having a safety pilot in case of a malfunction, and a data analyst to 

analyze the video that gets transmitted.   

 

1.4 Tool Set-up / Learning / Validation 

Completion of the project required the use of many software tools, including Creo, 

FloEFD, JavaFoil, and MathCad. Early on, we realized that not everyone could be 

trained to use each tool, so we chose to specialize.  For each tool, we needed to 

complete installation and training before we could use the software for the challenge. 

JavaFoil:          

          JavaFoil is an online program that uses Java and can be used on any computer. 

To set it up, you just open the website and import the airfoil. In learning how to use 

JavaFoil, we referenced to the manual and also the RWDC Webinars. Validating the 

performance of JavaFoil was easy; we chose an airfoil from the UIUC database for 

which data was available and compared the results to JavaFoil. 

FloEFD:  

FloEFD was installed in our STEM room on one desktop computer, since it 

needed a lot of CPU power. It was operated by our test and simulation engineers.  

Installation was tricky because we needed to use identifying information from the 

computer to obtain a license.  This process required a bit of emailing with the support 

team at PTC. 

From the first moment we opened FloEFD, we knew that it was a program that 

wouldnôt be easy to use since it had a lot of functions and options. We also had a time 

schedule that didnôt allow us to spend a lot of time learning the program since we 

needed to confirm airfoil data as soon as possible. So, we focused on the essential 

functions of the program and followed the instructions given to us by the online videos 

provided by PTC. By doing this we often had to pause the video and look for a button or 
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an error we made early on. One of the biggest things that we learned was that we 

always have to check everything and that even smallest mistakes can mess up the 

whole calculation. And since calculations take a long time to be carried out we had to be 

extremely careful by setting them up. 

To validate our results from FloEFD we used our data from Java Foil. For every 

analysis that we made on FloEFD we also made an estimate with the Java Foil data and 

if the difference was significant, we would check our work and run the calculation again. 

At one point, for example, we forgot to change our units in Creo from mm to in so our 

numbers were off from our estimate by a factor of 20. 

Creo: 

Creo was installed on two computers in the STEM room since it needed 

Windows and a lot of CPU power. It was operated by the simulation engineer. 

Creo was a program that was hard to use, and we needed a lot of discipline and 

will to learn the program. Getting started was probably one of the easier things to do 

since a lot of information was provided by PTC. However, when we were on our own and 

had to design our airplane it was very hard. It took us a long time till we learned how to 

place new parts in an assembly so that each part was in the right place. Compared to 

OpenVSP, Creo in was much more precise; we could define each part and were so able 

to balance our plane perfectly. 

An important step in the process of using Creo was to check our work constantly. 

We often had to zoom out and look if nothing was sticking out the fuselage, if the wing 

was placed in the correct spot, and if every part was where it was supposed to be.  

Open VSP: 

Open VSP was one of the only software that we were able to run on our Mac 

school computers. It was very easy to install and ran perfectly on every machine. We 

had however to request a lot of download rights from our school. 

Learning Open VSP was in comparison to FloEFD and Creo very easy. With two ten 

minutes videos, we were ready to go. Designing the fuselage was very easy and we 

quickly had our first plane designed. When we came to the point where we wanted to 

tweak the shape and work with complex shapes, it was impractical, since it was nearly 

impossible to make the changes we wanted. One example of this is that we tried to 

make our fuselage more aerodynamic and appealing to the human eye by making a 

smooth flowing object. This was difficult since the program could just connect rings and 

we needed to design each ring separately.  
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Excel: 

Excel was a useful program; we used it for all kinds of calculations and data collection. 

Especially when we were running FloEFD, Excel was a great tool to use since it was 

easy and fast to work with the collected data. 

Mathcad: 

We also used Mathcad for nearly every more complex calculation. One of the many 

useful things about Mathcad was that it was extremely easy to convert units. We could 

change one number and immediately get new numbers. 

 

1.5 Impact on STEM 

Philip Kessler:    

The RWDC competition opened my eyes to what a job in engineering is really 

like. I used to think it was people sitting around a table, brainstorming ideas, then making 

those ideas a reality. The perspective I have on aerospace engineering has only grown. I 

now have more respect for STEM, and the challenges and processes associated with it. 

Before I started this project, I had no idea how hard creating something that works really 

is. The time, dedication, and hard work put into it was just unprecedented, and I have 

realized that now that I have worked on this project. I am still not certain about my future 

career path, but this project has definitely made me consider a career in engineering. 

Though it was hard work, the challenge was fun to work on, and though frustrating at 

times, the bonds I formed were memorable. 

Annika Kim:  

Being the only girl and the project manager for this team was definitely a huge 

challenge. I was expected to engage every single personôs attention and assign each 

person a daily task without upsetting or frustrating anyone. It was an experience that 

taught me collaboration skills, public speaking skills, and, of course, communication 

skills. It helped me become more familiar with terms or concepts related to STEM. I 

learned the ability to approach a big project and handle conflicts that often arose within a 

team. I am still thinking about pursuing a career in medical researchðmost likely in the 

field of biomedical engineeringðso the project itself did not exert any influence on my 

future career choice, but it certainly helped me grow as a leader. I will be studying pre-

med at Johns Hopkins University starting next fall. 

Paul Katzberger: 
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When I started this competition my perspective on STEM was quite different to 

when we finished the competition. When I began the competition, I thought that its fairly 

easy to design an airplane; you just take a wing and a fuselage, put it together and done. 

During the competition, my point of view changed dramatically since we had to keep 

thousands of things in mind. My view on STEM changed dramatically since I didnôt think 

that so many calculations were involved, and I now know how difficult it is to design an 

aircraft. My respect for engineers rose significantly, since I now know what they have to 

accomplish. By participating in STEM I was encouraged to become an architect since I 

am interested in engineering and learning new concepts.  

Jonathan Butler: 

My perspectives on STEM have changed dramatically since I have become a 

member of the team.  I did not know much about STEM, nor did I have any interest 

before collaborating with the program.  My interest has always been flying for the military, 

and STEM has given me another option that is near to military aviation if I were to 

change course.   

Chandler Song: 

Participating in this challenge boosted my interests in engineering as well as 

business management. It surely had a huge impact on my selection of my career path. I 

started to think about pursuing a career in engineering or even more specifically, 

aerospace engineering.  

Diego Rossi: 

My second year participating in the RWDC gave me more confidence in the 

leadership aspect of teamwork.  I learned that it does not take title, for example, 'Project 

Manager', to be a leader.  One thing is being in charge of organization and another thing 

is motivating colleagues to do well.  Giving people a feeling of purpose is a valuable 

ability.  At the technical level, my second year in the RWDC gave me a good 

understanding of the significance of having an objective function.  It is something that 

combines every aspect of the project and gives a definition of success. I will be majoring 

in Engineering. I have yet to decide whether RIT or Drexel University will provide me 

with the better academic environment. 

Roger Liu: 

This project has made me more careful. As an engineer, I worked on the sensor 

footprint and search pattern that required specific data and huge amount of calculation. 

Every step has to be accurate, because they always affect each other. At first, I messed 
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up the calculation again and again. But after a few failures, I started to double check and 

became more careful eventually.  

 

Impact on STEM Interests at School: 

Students at our school do not usually participate in STEM; compared with sports, 

arts, and theatre, the STEM program is relatively unpopular. The student body is 

generally uninformed and unaware of the importance and the excitement of spending 

their afternoon by doing some research on real world matters, building robots, or even 

building a UAV. Once the achievements of STEM students reach the rest of the student 

body, they may be more likely to participate in the program. We hope to attract more 

students in our school to join the STEM team or even participate in the Real World 

Design Challenge next year. Last year, our STEM team made a presentation on their 

project. Their presentation was interesting and effective enough to capture attention from 

the school and get six new people involved with RWDC. 
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2 The System Design 

2.1 Conceptual, Preliminary, and Detailed Design 

     Our system design process proceeded at several levels sometimes 

simultaneously through Conceptual Design. We worked to understand and identify the 

problem, the design requirements, and the specifications. We brainstormed solution 

candidates and went through a qualitative down select process, gathering ideas from 

each member in our team and considering the pros and cons of every idea. Ideas that 

didnôt help us improve flight time or reduce costs were eliminated. 

            During Detailed Design, we delved into the specifics and relative merits of each 

candidate design. We narrowed down our concepts and sought to come with fewer 

solution candidates. That combined our best ideas. We made estimates and focused on 

the quantitative part of this project.  

            During the refinement stage, we worked on our single solution candidate and 

made small changes to see how they would impact performance. We optimized our 

aircraft design and considered every tradeoff. 

2.1.1 Conceptual Design (Many Solution Candidates) 

We began by clearly defining the problem. To start our brainstorming, we first 

wrote the objective function on the white board. 

Of = T (flight time) * C (plane $ + hourly cost * (Ttravel + Tsetup + Tflight)) 

We also considered what elements would comprise each variable. In our initial 

analysis, the time variable included the travel time, the flight time, and the setup 

time.  The cost included the cost of building the planes, as well as the cost of hiring 

members for the ground team; the members would be payload operators, safety pilots, 

operational pilots, and range safety/aircraft launch & recovery/maintenance officers. 

Aside from two members who had considerable knowledge about aerospace 

engineering, our team members generally lacked fundamental knowledge of planes, and 

thus we devoted much of our time to conducting a thorough research of aircraft wing 

terms, details, and mechanics. We also had some presentations from our coach and our 

pilot team member. After collecting enough information, we held a brainstorming session 

during which we tried to come up with some basic characteristics of our solution plane. 

¶ What should our aircraft look like? 

¶ How much should it weigh? 
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¶ What are some tradeoffs? 

¶ What technology is going to be used for this project? 

We brainstormed to identify all the relevant parts. 

We agreed that our aircraft would include a propeller, an engine compartment, a 

fuselage, a rudder, a fin, a horizontal stabilizer, and wings. Since the camera we 

expected to use weighed around 4.25 pounds and should be 15% of the weight, we 

estimated the aircraft would weigh somewhere around 29 pounds.  

The tradeoffs we looked at all sacrificed time for cost (or vice versa): 

1. More than one aircraft = More hired workers, but faster search 

2. More expensive cameras = Greater cost, but possibly faster search  

3. Software detection vs. human detection 

4. Quantity of cameras vs. Quality of cameras 

 

 
Figure 2.1 Our team made good use of our white board. We brainstormed ideas and 
wrote possible solution candidates. The board was also useful for exchanging numbers 
and functions and visualizing our mission plan by drawing rough sketches. 

 

Other ideas we came up included: 

1. Number of aircraft 

2. Different takeoff possibilities  

3. Diving down (high gas consumption) for identification 

4. 1st plane spotting possible areas, 2nd plane flying lower for identification 
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5. We identified the search pattern and camera footprint as being critical 

6. Max speed, good expensive camera, more fuel = cover distance quickly 

7. Gas consumption is negligible 

8. Plane details not important if it flies 

9. Refueling "expensive" in terms of time: may increase Objective Function 

In our state design, we were very pleased with the capability of the X3000 and 

liked the idea of a simple, one aircraft design solution. So, we agreed that we would 

initially use Model X3000 for our sensor payload and that each plane would carry only 

one sensor payload. We constructed three different scenarios. Since this was only a 

brainstorming session, we did not delve into the details, but we developed a general 

sense that our three scenarios would be:  

1. Two aircraft. One aircraft will fly over Zone1 and the other aircraft will fly over 

Zone 2 and 3. Once Zone 1 aircraft finishes detection and confirmation, it will fly 

over to Zone 2 and 3 to assist the second aircraft with detection and confirmation. 

2.  Three aircraft. Each aircraft will be in charge of one of the three zones. Since the 

aircraft for Zone 1 will finish the search within twenty minutes (the footprint we 

will use for Zone 1 will be very similar to the one we used for the State 

Challenge), it will assist the search for Zone 2 and 3 once everything for Zone 1 

is completed. 

3. Four aircraft. One aircraft will complete the search for Zone 1. Another aircraft 

will do Zone 2. The other two aircrafts will both be responsible for Zone 3. 

 

When we were developing the three scenarios above, we were assuming that the 

UAS would complete the ñobject confirmationò event for a sequence of three false-

matches (one false-match occurring in each zone) and one successful confirmation of 

the child in Zone 3, so each plane would need to be able to do its own confirmation.  

During the conceptual design, we also made a schedule that helped us keep 

track of tasks.  This is described in more detail in Section 2.1.4. 



 18 

 

Figure 2.2 We mapped out the relationships among our design variables on a blank 
poster board. For example, we made it clear on our map that we needed to install 
Fortran and Mission NML, conduct a footprint analysis, and determine the final speed in 
order to fully develop the mission plan. 
 
 

2.1.2 Preliminary Design (Few Solution Candidates) 

In the Preliminary Design phase, we began to generate numbers to evaluate 

aspects of the design and the cost and times of each scenario. After our initial 

brainstorming, an important decision was made; our team split up into different work 

groups: aircraft design team, business plan team, camera selection and search pattern 

team, and group coordination team. The aircraft design group worked on the preliminary 

design of the wing, tail and fuselage. The business plan team worked on the business 

model and the estimated cost of the three different scenarios. The camera selection and 

search pattern team studied the changes to the terrain in the National Competition to 

see what the impact they would have on the design and plan some search patterns for 

the scenarios. The group coordination team was mainly responsible for the 

communication between the different groups and the distribution of writing assignments, 

and a review of the documentation. 
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The aircraft design group was responsible for converting the ideas that we had 

initially brainstormed on the board into digital models that we could analyze. We started 

by looking at many different sailplane style airfoils. By doing this relatively early we were 

able to make good estimates of maximum lift coefficients for our wing. The calculations 

we made were the estimates of the weight of the aircraft and the area of the wing. We 

estimated the weight by making the assumption that our camera was 15% of our whole 

aircraft. Then we used our airfoil and the estimated weight to calculate the wing area. 

Then we built a simple CAD model in Open VSP that represented all of our ideas. We 

had a V-tail, a slight dihedral for the wings, the estimated wing area and a slim fuselage.  

Additionally, we looked at how components would be laid out in the fuselage to obtain 

good balance in the aircraft. 

 

 
Figure 2.3 The figure above shows one of our solution candidates. When we designed 
this UAV, we decided that a V-tail would reduce drag more than a standard tail would. Of 
course, we made drastic changes after we completed this design. 

 

 For the business side, we looked at the different scenarios to compare their cost 

and benefits. In our State Challenge, we considered the scenario with one plane only. 

This was due to our misunderstanding of the objective function; we thought that the 

variable time included travel time and adding planes would reduce the time by a very 

small percentage. In this National Challenge, we found out that there were fixed costs 

associated with operating the mission. When we double the numbers of the plane to 2, 
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the time for the search decreases by a factor of two. However, the cost does not 

necessarily double. Thus, our objective function decreases overall. We then looked into 

the costs for three, four, and five planes, respectively. In Section 4, we present an 

explanation of how the objective function changed based on the number of planes. We 

formulated a graph showing that when we have three or four planes, the objective 

function is the lowest. We then asked the system engineer to decide in the detailed 

analysis whether we should use three planes or four planes.  

The footprint and search selected our sensor and laid out a basic footprint and a 

basic flight plan. We started by selecting our sensor the x3000, since we were very 

happy with it in the State Competition. When we had our sensor selected, we looked at 

how our State footprint would need to be changed to handle the different zones in the 

challenge.  During this process we noticed that three different footprints would be 

necessary and that Zone 3 would take the longest time. We were able to make an 

estimate for our flight time. This was essential to make steps forward to our detailed 

design phase. 

 

 
Figure 2.4 A major change from the State Challenge is the addition of three zones in the 
search area, which have distinct line-of-sight characteristics due to the presence of trees. 
In order to better understand the change, we made a rough sketch of the search area 
and the search pattern for each zone. We also made a list of things that we needed to 
focus on for the National Challenge. 
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In terms of management of the group, everyone who was working on this project 

worked in more than one group, so these different groups interacted together well. This 

was very important since every single team needed a lot of information from other teams 

like how heavy the camera was or how fast we were able to fly. As information was 

passed along, we confirmed our suspicion that a medium size aircraft could be built 

around a camera that could scan. 

 

Figure 2.5 This chart, developed during the preliminary design, was especially useful 
during our detailed design and documentation phase. The team could have a better 
sense of where we were in the process and how much work we have accomplished so 
far. 
 
 

2.1.3 Detailed Design (One Solution Candidate Refined) 

Our goals in the detailed design were to develop a plane that satisfied the 

requirements for flight and to optimize our plane and search pattern to lower the 

objective function. Using our state design as a starting point, we would be able to prove 

that the proposed improvement was helpful. 



 22 

Our detailed design was based on the decision that we would have one airplane 

designed around the x3000 sensor. In this stage, we started with our best guess 

estimations from the preliminary design and used the detailed design tools provided by 

the competition to compute more accurate values. 

For our aircraft design, we basically used the state design with which we were 

very happy, and optimized its use to fit to the new scenario. Through detailed analysis, 

we found that our fuel tank and our battery were oversized since we just used just one 

plane for the state competition and we would use four for the national competition.  That 

cut down the flight time so we needed less energy and fuel. That made our plane lighter 

and so our wings then provided more lift so that we were able to fly at a very low speed 

of 56 mph as our lowest speed. The new weight also helped us to clear the 50 ft 

obstacle easily and to fly at a maximum speed of 80 mph very easily. Many other things 

had to be checked and tweaked as well. 

One of the most important things that we did in the detailed design phase was to 

confirm the data that we took from java foil with a much more sophisticated tool namely 

FloEFD. What we did was that we first confirmed our Lift curve from Java foil, which we 

used to design the airplane, with FloEFD by analyzing our three dimensional wing in 

different angles of attack. Then we made a special two-dimensional analysis in FloEFD 

of the Clmax so that we could also confirm our Clmax from the state competition. That was 

very critical to our low speed. All these analysis worked out very well and in both cases 

the difference between FloEFD and Java Foil laid under 10%. 

Another optimization that we did was to optimize the footprint to get as much 

area covered per second as possible. This was a major thing to do since every square 

inch that was covered more per second helped us to cut down the objective function by 

a lot. To motivate us to get the best footprint as possible we made a challenge within our 

group where every member had to come up with a footprint for each of the different 

zones. After we all spent many hours thinking about the footprints, we used the 

footprints with the most area covered per second. 

Our major results and data are detailed in the sections below. 
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Figure 2.6 This is our final design of our UAV. The figure shows its side view.  
 

 
Figure 2.7 Bottom view  
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2.1.4 Describe Lessons Learned 

 Coming into this challenge, no team member (except Diego) had worked on a 

project of this scale. The Real World Design Challenge is made so teams face 

challenges and work through them, and learn from the experience. This is exactly what 

we did. 

            One lesson learned was how to manage our time better. When we first started 

this challenge, our project manager put together a workflow on Google Docs so we could 

all view it. 

 
Figure 2.8 Workflow Document 

The document was made so that we could stay on schedule, but shortly into the 

brainstorming, we realized that many of the deadlines were unreasonable. We had to 

push back the deadlines into the brainstorming phase and even into the design phase, 

as we were not working at the speed that we hoped. The schedule, however, did provide 

some pressure to ñjust get it doneò because we saw how much was still to come. 
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            In the conceptual design phase, what we learned was to generate lots of ideas, 

and to make sure we record them in some way for future reference.  Getting our ideas 

out was a good first step instead of just talking amongst ourselves. We copied down all 

of our ideas onto a Google Doc so we would not accidently erase our work. Towards the 

end of our project, we mostly used our white board to communicate recent changes to 

our aircraft design and to update the members with any important information. 

            Another lesson we learned early in the detailed design was to make estimates for 

variables, instead of finding out the precise number right away. This is because the 

numbers are bound to change as we develop the airplane. Estimates saved us a lot of 

time. Then, as we finished designing the airplane, we could substitute the precise 

numbers in our Mathcad and Excel workbooks. Using Mathcad made this process very 

easy, as it would update all the other calculations as we updated design parameters. 

            The team also learned the valuable lesson of checking our calculations sooner, 

rather than later. This is because errors in the calculation could screw up the whole 

plane, and we would have to go over design choices again.  Though this might seem like 

common sense, we constantly forgot to double check our numbers, and ended up 

finding mistakes later in the challenge then we would have liked. 

            Another mistake made in the State Competitionðthat was later fixed in the 

National Competitionðwas how we viewed the objection function. We thought that the 

objective function included the time it took to travel from the airport, to the ranch, and to 

set up the equipment. This meant that no matter what, the total time would not be below 

eight hours.  Because of this, we initially focused our efforts on reducing the cost of our 

solution. After we reviewed the document, and sent an email to rwdc_support@ptc.com, 

they replied saying that the time is only the how long it takes for the planes to fly the 

search pattern. This greatly reduced our time and the objective function.  It also heavily 

influenced the way we approached the problem in the National Challenge.  

 

2.1.5 Describe Project Plan Updates and Modifications 

The project manager developed the project plan for the Wildcats team. We used 

the workflow document that RWDC committee uploaded on its website to make an 

outline of the items the team needed to accomplish by the deadline. People and 

deadlines were assigned to each task. For example, as shown in the figure below, the 

manager wrote ñPhilip Kesslerò under ñ1.1.3 Size your fuel tank, sensor payload 

rwdc_support@ptc.com
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batteries, and flight control system batteries.ò The workflow document kept the team 

members focused and organized. 

 The deadlines changed drastically as the team moved forward. For the State 

Challenge, teamôs original workflow document had the preliminary design completed by 

December 1st, 2012 and that the detailed design was to be completed by the end of the 

winter break. The team, however, had trouble just trying to come up with estimate the 

length of the aircraft, the gross weight, the size of the fuselage, and so on. The 

deadlines thus had to be pulled back at least one to two weeks. Fortunately, we had time 

for revision and writing on the last week of State Challenge. Still, the final week before 

the deadline saw several four-hour and even 6-hour workdays for the whole team. 

 

Figure 2.9 This is a sample of our workflow document that describes our preliminary 
design process in detail. As shown above, names were assigned to each task, and 
several sentences were added to the task in order demonstrate to the team what needs 
to be included in the specific process. 
  

Finally, ñlast minuteò changes led to a lot of work being completed after 

scheduled. When an initial plan proved to be very difficult to compute, the mission 

planning team put off writing until the last day (January 18th) in order to develop a new 

search pattern.  This caused some confusions and frustrations within the team especially 

as the improvements that were made to the search pattern could not be transferred to 
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other parts of the solution or documentation. Overall, the workflow document was an 

effective way to keep the team motivated, organized, and on task at all times.  

The team did a much better job meeting the deadlines during the National 

Challenge. Since we decided not to make any big changes to the aircraft design and 

organization of the ground station, we could focus on learning how to use and operate 

FloEFD, designing new footprints for the other two zones, and optimizing the footprint for 

the zone with no trees. 

We used our spring break efficiently, updating sections in the document and 

finishing calculations. Specifically, Roger worked on proving the viability of his new 

footprint designs. He kept in touch with the mentors, especially Dr. Teeny and Dr. Sharp, 

and wrote a paragraph that described the evolution of the footprints. Diego and Roger 

both worked on documenting the ñMission Plan,ò Chandler, the ñBusiness Plan,ò and 

Annika, ñConceptual Designò and ñPreliminary Design.ò 

We decided to finish the writing component of this Challenge by April 1st so that 

we could set aside the last week for last-minute revision and proofreading. This 

obviously was an unrealistic goal, and we continued updating and improving the quality 

of the document until the very deadline.  

 

2.2 Detail the Aerodynamic Characterization 

2.2.1 AeroData Characterization 
 

The majority of the design flexibility for the aircraft was in the construction of our 

wing. The airfoil was the most important decision as it provided the lift for our craft. To 

select our airfoil for our plane at the desired speed and altitude, we needed to find the 

coefficient of lift (CL), the coefficient of drag (CD), and the coefficient of moment (CM). 

We found these numbers by using JavaFoil to evaluate airforce solution from the UIUC 

database. JavaFoil is a free program that you can access on the Internet. JavaFoil is 

used primarily to find the lift, drag, and momentum characteristics of airfoils.  

 The airfoil we selected was SD7032-099-88. Our reasons for selecting this airfoil 

are given in Section 2.4.1. 
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Figure 2.10 Shape of our Airfoil 

We used the data from JavaFoil and entered it into one of the workbooks to 

determine the performance of our aircraft. The table and figures below show the 

performance of the airfoil. 

 

Figure 2.11 A Cl vs. Cd Graph from JavaFoil. Drag remains low up to a CL value of 1, 
and doubles by approximately .3. At cruise, we would need a lift coefficient near 1. 
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Figure 2.12 A Cl vs. Ŭ Graph from JavaFoil. The lift coefficient is quite high at 0o angle 
of attack, and reached is maximum of 1.45 at approximately 10ę angle of attack. 
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Figure 2.13 Table Generated by Mathcad. It contains both the inputs from 2D Airfoil 
Analysis and the UAV aerodynamic coefficients. Note that the drag coefficient is 
modified to include drag from the fuselage and the wing has been mounted on the plane 
at 3o to increase the zero degree lift coefficient.  
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Figure 2.14 A CMarray vs. AOAarray Graph from Mathcad  

JavaFoil only accounts for the drag from the wing. To account for the drag of the 

rest of the aircraft, we added drag from the fuselage using an excel workbook. The 

equation we used is ὅὈ ὅ ὅὈπ
ᶻ

. This equation is basically saying that the 

drag buildup equals the airfoil drag for the corresponding cell+.005*UAV Area/Wing 

Area+ Lift Induced Drag. This process gives us the drag buildup for the angle of attack 

that we choose.  

 

2.2.2 Airfoil Validation 

 To validate the airfoil, we needed to confirm that our airfoil provides enough Lift 

for our plane using a more accurate tool than JavaFoil. We used FloEFD as a plug-in to 

Creo for this. To do so, we made an assembly with our wing as the only component. 

Then, we defined the area to analyze be describing a box around the wing in which the 

air particles were analyzed to calculate our lift. We had to define the temperature, how 

fast we would fly and so on. With this having been set up for our wing at various angles 

of attack we ran a 3D analysis of the wing. When the computer finished rendering we 

were able to extract the data to Excel and were able to confirm the curve given to us by 
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JavaFoil. The Lift and Drag values were approximately 10% lower than given by 

JavaFoil. 

 

Figure 2.15 3D analysis of our wing model 

 

When we had confirmed this curve we went on and tried to find our maximal lift 

coefficient Clmax. To do so we ran a 2D analysis on a simplified model of our wing, that 

was 24 inches long and that had our airfoil at an angle of 10ę, since we knew from the 

curve that our Clmax was near there. When this wing had been built we were ran the 

analysis described in the national video. We used our slower speed, since it is our most 

critical speed and our airplane wonôt need to use Clmax at higher speeds. When we had 

all of this set up, it just took the computer about an hour to give us a result. 

With this result we were able to calculate the Clmax.  

ὅὰάὥὼ
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Were L is the lift (6.19), q the dynamic pressure (2.27), s the wing area (1.66 ft^2) 
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Now that we have the maximal Lift coefficient, we are able to confirm that our 

wing is well designed although the Lift coefficient is a bit smaller than the Clmax from 

JavaFoil (which is 1.45). The rules of this competition allows us to use the higher values 

provided by JavaFoil. However, it would be easy to change our design to account for a 

lower Clmax. We would just make the wing area about 10% larger. 

 

2.3 Selection of System Components 

2.3.1 Propulsion System 

Our first weight calculation was based on our camera, the x3000.  Estimating that 

camera would of weight 15% the aircraft, we expected a total weight of 14 pounds.  With 

this value we thought the 2.5 horsepower Gl-25 was a good fit based on the estimate of 
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100 W/lb.  As we progressed on our detailed design and started achieving more numeric 

parameters, we also grew more specific on the calculation of our gross weight.  Then, 

using our wing parameters on the óConfigurator V5ô Excel file, the output weight 

estimates for the body of the plane came out to be 16.4 pounds.  So our actual gross 

weight considering all the components turned out 22.3pounds.  At this point 2.5 

horsepower seemed too weak and we selected the 5.5 horsepower GA-55. However, an 

engine that could fly our aircraft straight up seemed too big, so we tried another 

technique to estimate engine needs.   

The engine must supply enough power to overcome drag during cruise.  Since L 

= ½ * ɟ * CL * A * v2 and D = ½ * ɟ * CD * A * v2, we merged the two equations to form D 

= W * CD/CL and we calculated the force of our drag by replacing the variable W with 

22.3 pounds, which is the weight of our aircraft, CD with 0.0600, which is the drag 

coefficient, and CL with 0.800, which is the lift coefficient. The force turned out to be 8.32 

N. We calculated how many horsepower we needed for our mission using the power 

equation, P = Fd * v. Our aircraft will fly at a speed of 69.0 miles per hour or 30.8 meters 

per second. We would need 0.343 horsepower. Therefore, we found our earlier estimate 

to be a major over-estimate, it would make much more sense to use the propulsion 

module GL-25( 2.1 pound 2.5 horsepower) rather than the propulsion module GA-55(4.9 

pounds 5.5 horsepower). With 2.5 horsepower, we would be able to power our 22.3-

pound aircraft.     

We tried to build our plane using the propulsion module GL-25, but it turned out 

that the engine was as big as our fuselage.  As we arrived to the point of using the 

mission-planning workbook we found that even the GL-25 was too large, and that the Gl-

12 was more than powerful enough.  This was a good thing, since it fit nicely into our 

fuselage.  

No change was needed for the National Challengebecause we only need to fly 

slightly faster. 
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Figure 2.16 This figure shows the steps we took to calculate the horsepower and to 
determine which engine would be the most appropriate.  We also estimated fuel 
consumption to size the tank. 
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2.3.2 Sensor Payload Selection 

Because we wanted a small aircraft that could do detection and confirmation at 

the same altitude, we chose X-3000 to be our only imaging sensor. The altitude of our 

plane is limited to less than 1000 feet, so any sensors with extremely high zoom ability 

would not be necessary for our plane, and that is why we eliminated out x-5000 and x-

4000. On the other hand, a small zoom of 2 times would not be good enough for 

detection and confirmation at the same altitude. We thus did not choose either x-1000 or 

x-2000.  

X-3000 sensor is able to roll 80ę to left, right, front and back. Its horizontal field of 

view is 55ę and horizontal field of view is 41.25ę with 10 times zoom in. It weighs 2.1 

pounds and has an internal volume of 16 inches3. It needs a power draw of 10 to 14 

watts and it costs 38,000 dollars. If power consideration were important, we would 

reconsider the x-4000 since it draws less power.   

We made no updates for the National Challenge. 

 

2.3.3 Ground Station Equipment Selection 

Since most of the ground station equipment is required, we didnôt have much 

freedom to pick what we wanted. We have one of the following: 

¶ Safety Pilot Flight Box $200 * 4 = $800 

¶ Operational Pilot Workstation Computer $1,500 * 4 = $6,000 

¶ Sensor Payload Workstation Computer ï Version B $ 12,000 

¶ Command Datalink Ground Transceiver $300 * 4 = $1,200 

¶ Video Datalink Ground Receiver $400 * 4 = $1,600 

¶ Shelter/ Trailer ï Fleet $14,000 

¶ Launch Catapult/ Snag Line $7,521.77 

For all of these ground station equipment we choose only one because for each 

of the items above are required, one per UAV. The total cost of these items is $45121.77. 

For Operating Personnel, we employ  

¶ Payload Operator $150/hr 

¶ Safety Pilot $100/hr * 4 = $400/hr 

¶ Operational Pilot $150/hr *4 = $600/hr 

¶ Range Safety/L&R/Maintenance Officer $175/hr 

¶ Ground Search Personnel $0/hr * 3 = $0/hr 
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For the operating personnel we employed one of each of these professions 

because they are each needed to track and maintain the aircraft, we also employ three 

people to recover the missing child. The total cost to pay the employees is $1325/hr. 

 

2.3.4 Additional UAV/UAS Equipment 

For Additional UAV/UAS Equipment, most of it was required. We have one: 

¶ Video Datalink UAV Transmitter 4* $200 

¶ Command Datalink UAV Transceiver  4* $300 

¶ Flight Control System 4* $2000 

Each of the items above is required to record, transmit, and receive data. We 

only use one of them because you only need one per sensor payload. The total costs of 

these items are $10000. 

 

2.4 Aircraft Geometric Details 

2.4.1 Wing Configuration 

The Wing area A was calculated through the current weight of the airplane, W 

20.3 lbf, the lift coefficient at the angle of attack Cl max (1.405) of our airfoil (SD7032-

099-88), the density of air at 8000ft p (1.2041), the power of our engine (1.3 hp), and the 

minimum speed. Often this occurs at takeoff.  

One requirement that must be met is clearing a 50ft obstacle in 300ft. We can 

calculate the Climb rate of our plane per second:  
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Now, we can calculate the time during which we clear a 50 ft obstacle:  
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With this information we can calculate the? maximum takeoff speed Vtakeoff :  
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This is much higher than our allowed speed, so we choose a fast, but reasonable 

takeoff speed of 60mph. This would require an assistive launching device, like a catapult. 

Now, the wing area Awing can be calculated from the lift equation:  
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To make sure that our wing is big enough we round this number up. We also 

changed the wing area based on new minimum speed requirements for the National 

Challenge. The current wing area is 349 square inches or 0.23 square meters.  

After the Area of the wing is found, the Lift coefficient at zero degree of attack 

can be calculated. For our cruise velocities of 69mph and 80mph  

Vel = 69 mph  

Vel = 80 mph 
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Vel = 80 mph 
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To figure out what airfoil was best to use, we had to take into account of several 

variables. These variables are Speed, Lift, Drag, Reynolds Number, and Weight of the 

Aircraft.  

Speed, Lift, and Drag influence the airfoil selection because we needed to find an 

airfoil that has the least amount of drag and a ideal lift coefficient, but can fly at speeds 

of 69 mph and 80 mph. The Reynolds Number characterizes the dynamic and viscous 

forces in a fluid. It is calculated by velocity (V) time the length of the fluid has traveled 

down the surface (I) multiplied by the ratio of fluid density to fluid viscosity (p/u). This 

influences the parasitic drag coefficient, and whether the drag will be laminar or turbulent, 

and when and were the flow separation will occur.  

Calculation for Reynolds Number: 

 69mph*44in*.9093/1.004E-5 = 500000 

Our Reynolds Number is 500,000. After we found our Reynolds Number, we 

looked at a selection of airfoils from the UIUC airfoil coordinates database that could fly 

with our Reynolds Number. 

These were: 

¶ CGULT 

¶ DH4009 

¶ E472 
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¶ S8036 

¶ S8052 

¶ SQ6040 

¶ SG6041 

¶ SG6042 

¶ SG6043 

¶ TRAINER60 

¶ ULTRASPORT 1000 

¶ SD7032-099-88 

After we found these airfoils, we examined the Cl vs Drag to find out ones that 

we could use. We looked for ones that didnôt have much drag up to Cl=1.0, and we 

found several that did. After that, we found two that had little drag up to 1.3 Cl, these 

were S8037 and SD7032-099-88. We ended up choosing SD7032-099-88 because it 

had the ideal Cl we needed. 

Our airfoil selection was confirmed by on Internet research about airfoils of slow 

travelling airplanes, our maximal speeds (69 mph and 80 mph). Via the ratio of the 

takeoff speed and the maximal speed we knew the ideal ratio of Cl0 and Cl max (3.45) 

that we needed. With this number we looked through all kinds of airfoils that are made 

for slow travelling planes and found our airfoil (SD7032-099-88). 

 

Figure 2.17 Design of our airfoil 

 

We chose our aspect ratio by studying existing small RC airplanes. 5.6:1 was our 

solution. When we discussed that number with our team member, who flies planes 

himself, he said that this number indeed makes sense because a 20:1 or even a 10:1 

aspect ratio was not practical for our mission.  A 20:1 aspect ratio is a sailplane ratio and 

does not provide good maneuverability.  A 10:1 aspect ratio is still slightly too big and is 
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nearing a glider aspect ratio.  5.6:1 is a good ratio for plenty of stability and 

maneuverability.    

We also chose our taper ratio by studying existing small RC airplanes and 

concluded that a ratio of 2:1 is ideal, since it is a middle way between a long wing and a 

short wing.  A 2:1 taper ratio is a good number because it puts emphasis on lift on the 

origin of the wing.  A 3:1, 4:1 or above is usually to high for the aspect ratio we are using 

because there is too much emphasis on lift on the origin and not the control surfaces.    

Instead of using winglets we decided to use a slight dihedral of 8° for keeping our 

airplane stabilized by reducing sideslip when the aircraft is at level flight.  The dihedral is 

good because it does not affect the roll rate of the aircraft so as to not cut down 

maneuverability.     

When we had made all this decisions we could finally make our wing: 

Dimensions: 

Length: 44 

Width:10-5 

Taper ratio: 2:1 

Aspect ratio: 5.6:1 

Dihedral: 8°  

Sweep: 0 

 
Figure 2.18 Wing top view aspect ratio= 2, length = 44 inch 
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Figure 2.19 Wing front dihedral = 8° 
 

 
Figure 2.20 A drawing of our wing 
 
 

2.4.2 Tail Configuration 

We tried to determine which out of the three tail types, V-tail, standard tail or T-

tail, was the best choice. Initially, we thought that V-tail reduces drag because it uses 

two pieces instead of three. However, when we are constructing a V-tail, we discovered 

that the two stabilizers must be large enough to effectively stabilize the aircraft, that the 

tail would have nearly the same drag as three pieces would. After conducting research 

on V-tails, we figured out that these tails are used to ensure that prop-wash doesnôt 

affect the stabilizer functions when an engine is placed at the middle of the aircraft. 

Because V-tail does not reduce any more drag than a standard or T-tail, we decided that 

there is no reason to use one since it needs complex software to build one correctly.    

Our decision between those two designs was based on the study of slower travelling 

aircraft such as sailplanes, which mostly use T-tails because of the increased stability in 

level flight. However, an aircraft with a T-tail is more likely to stall if the angle of attack is 

increased too much.  So, we decided on a standard tail because it was more practical for 

our purposes as a small aircraft. 

We made a standard tail with these dimensions: 
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Horizontal tail: 

Aspect ratio: 1.4 

Taper ratio: 1 

Sweep: 0 

Area: 84.672 square inches 

Dihedral: 0 

Vertical tail: 

Aspect ratio: 3.5 

Taper ratio: 0.5 

Sweep: 15° 

Area: 28.382 square inches 

 
Figure 2.21 Horizontal and vertical stabilizers  
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Figure 2.22 A drawing of our tail  
 
 

2.4.3 Fuselage 

The fuselage sizing was based on the components that had to fit into the body of 

the plane. In our Preliminary Design, we made a scale drawing of every component and 

then arranged these parts on a paper in an airplane shape. This we did both on a top 

view of the plane and on a side view of the plane. When we finished these arrangements 

we drew the shape of our fuselage around it. By doing this we had to keep in mind that 

our engine has to be in the front, that the two antennas had to be 18 inches away from 

each other, and that the fuel tank had to be at the center of mass of the plane. This was 

so that as the fuel was used up, the center of mass wouldnôt change. 
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Figure 2.23 Early stage of the scale drawing 

 

 

Figure 2.24 Early stage fuselage layout 

 

With this information it was very easy to make a 3d model in OpenVSP, since we 

had the exact dimensions of our rings, with which we configured the fuselage in the 

software. We used 7 rings that we modified to form them in the right shape of the parts 

inside the fuselage. One time we had to flatten out two rings so that the sensor fits in the 

fuselage. 
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After we put the information from this drawing into OpenVSP, we made some of 

the limited rings bigger so that we got a shape of a ñgood lookingò airplane. 

The OpenVSP model was exported to Creo Elements Pro to confirm that the 

components fit into the fuselage. Some parts didnôt quite fit, and we had to make 

changes back in OpenVSP.  We repeated this step over and over again till we found the 

perfect fuselage.  Our wetted area turned out to be 284.57 squared inches.  

 

 
Figure 2.25 The figure shows the top view of our fuselage. It also includes the location 
of our parts.  
 

 
Figure 2.26 This is the side view of our plane.  
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2.5 System and Operational Considerations 

The system considerations influenced how our actual aircraft was designed.  

System tradeoffs were very easy to manage since they were based on intuition, simple 

math, and detailed computations depending on what phase of the design process we 

were in. If we had a to make decision our whole group would come together and we 

would make a pro and con list and vote for it, since our group has seven members it was 

always possible to come to a decision.  One example of our considerations would be the 

sizing of the fuel tank for the plane. A smaller fuel tank would weigh less, but have less 

fuel capacity, which means that the aircraft would have to refuel more often, taking up 

more time. A larger fuel tank would cut refueling time out of the equation.  We decided 

that a larger fuel tank would be more beneficial to the mission objective. 

 There are many other examples of design tradeoffs throughout this text. Section 

3.2, which describes the camera footprint detailed design process, and Section 4.4, 

which describes the preliminary design process which led us to choose a 4-plane 

solution, show our work in using analysis to support design decisions. 

Probably the most important decision we made early on was how to spend our 

time. The team decided to not design a perfect plane, but a good plane. This was 

because we realized the objective function did not depend so much on the plane as the 

search pattern and camera footprint. The team decided to spend the majority of our time 

to make and perfect a camera footprint and search pattern in order to reduce the search 

time. 

The operational considerations are how our entire operation would run from start 

to finish.  These were extensively based on tradeoffs, since every variation had its 

advantages and disadvantages. One example of our operational decision-making was 

the search pattern of our UAV.  A spiral search pattern was at the top of our list for a 

while, because it was one continuous turn putting less stress on the design of the pattern.  

However, we went with a more rectangular pattern.  The rectangular pattern would allow 

the aircraft level flight until it absolutely needed to turn, and it was a more efficient design.  

When the airplane is turning, it needs to travel significantly slower so as not to leave 

gaps on the outside of the turn.  Particularly in Zone 1, we were able to fly the entire 

area in a very short time because our footprints did not overlap 

Other examples of operational considerations are found in Section 3.3, where we 

discuss the detection an identifying the target, and Section 4.2, where we talk about how 

to effectively run the operation with supportable costs. 
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2.6 Component and Complete Flight Vehicle Weight and Balance 

The weight of the UAV changed in each phase of the design. As we made 

progress in our UAV design, each phase became more and more detailed.  Our first 

conceptual weight was solely based on the assumption that the sensor payload weighed 

15% of the UAV.  The x3000 weighed 2.1 lbs. giving us a UAV weight of 14 lbs. During 

the preliminary design phase, we defined wing parameters, chosen engine, and had a 

good idea of our fuselage design.   Now, with most variables defined, we used the 

weight estimator provided in the State Challenge Design Kit. We input the parameters of 

our design and estimated a weight of 22.3 lbs. Finally; in the concluding detailed design 

with everything defined we got a final weight calculation of 20.68 lbs.  Details are shown 

in the figure below. 

The balance of the aircraft is important.  To achieve maximum efficiency, you 

have to account for aircraft balance.  If the center of gravity is not at the same point as 

the center of lift, the unbalanced forces cause a torque.  The torque can be either a 

twisting or pitching force.  This means that for cruise flight the plane will have to 

constantly use either the flaps or the tail increasing drag force.  Thus, the power required 

of the engine will be greater making a mission require more fuel.  Ideally, both forces 

were to be at the same point; but time constrained our fuselage shape design, which 

constrained our capabilities of placing aircraft components, and the forces finished 1.87 

inches apart.  This created a trim drag force of 0.486 pounds on the tail.  Using the 

power equation we calculated and the power increase 0.089 horsepower.  All though not 

perfectly balanced, the difference between the center of gravity and lift is 

negligible.   With more time, we would evaluate two solutions.  Either moving the wings 

1.87 inches backward or edit placement of components in the aircraft moving the center 

of gravity 1.87 inches forward.   
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Figure 2.26 Detailed Weight Calculation. As we completed our analysis, we reduced our 
amount of fuel, but it had no impact on the center of gravity since the fuel tank is in the 
center of the plane. 
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Figure 2.27 Part location drawing for balance 

Figure 2.28 Balance Analysis  

 

2.7 Maneuver Analysis 

Our UAV is going to fly in a wavelike pattern of motion alternating straight level 

flight and 180° turns.  Level flight occurs between 55 and 80 mph.  Additionally, the 
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plane must take off and perform tight turns to do confirmation of detected objects.  

 

Take off: Clear a 50-foot object in less than 300ft. 

In Section 2.3.1 we estimated the power of our engine based on the take off 

condition. We confirmed that our aircraft satisfied these conditions using the 

performance workbook in MathCad, which says that we could clear a 50ft obstacle within 

228.41ft.  

 

Level flight: Fly at speeds between 55 and 80 mph. 

In section 2.3.1 we estimated the power of our engine based on the minimum 

speed of 55mph and the maximum speed of 80mph. We confirmed that our aircraft 

satisfied these conditions using the performance workbook in MathCad, which says that 

our minimum speed is 53.64mph. 

 

Turn: Minimum turn radius of 273 ft with F<4g 

To confirm that our aircraft can execute a turn with radius 273ft and still satisfy 

the 4g condition, we make two checks.  First, when the aircraft is making a steep turn, 

the inverse of cosine of our angle must be less than the maximum lift coefficient, which 

is 1.405. This computation is shown below: 

 

FNet = (m v2) / r = FL sin ɗ                 is the condition for turning 

m g = FL cos ɗ                                    is the condition for staying airborne 

 

(m v2) / ( m g r) = tan ɗ 

 

The variable m, which represents mass, cancels out. The turning radius is 273 

feet (83.21 meters), and we will test the minimum speed of 55mph (24 m/s): 

 

(24 m/s)2 / (9.8 m/s2 * 83 m) = tan ɗ 

 

ɗ = tan-1 (24 m/s)2 / (9.8 m/s2 * 83 m) = 35.3°  

 

To confirm that the plane will not sink, we check that the lift equals the weight. 

The weight of our plane is 19.6 pounds or 8.9 kilograms. 
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CL = 1 / cos ɗ = 1 / cos 35.3Á = 1.22 

 

The inverse of cosine of 18.0 degrees is 1.22. This number is certainly less than 

the value of our maximum lift coefficient and shows that we can turn our plane to do 

confirmation. Larger radius turns will be easier for the plane to manage. 

Finally, we check the 4g condition by looking at the net force expression.  We 

require that v2 / r < 4g.  Even for a maximum speed of 80mph and 273ft radius turn, this 

v2 / r = 1.6 g, well less then the requirement. 

 

2.8 CAD Models 

The CAD models are included with the submission and have been uploaded to 

Windchill. 

 Images of our final design are included in figures 2.6, 2.7, 2.18, 2.19, 2.20, 2.21, 

2.22, 2.25, 2.26, 2.28, and 2.30. 

 

2.9 Three View of Final Design



 51 

 

Figure 2.30 Plane drawing 
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3 The Mission Plan 

The Challenge goal is to locate a child who is at rest in a Boy Scout Camp in 

New Mexico. Here, we describe the search pattern, detection and identification 

requirements, and the details of a sample mission. 

3.1 Search Pattern 

Since the search area has three different zones (tall trees, low trees, and no 

trees), we are required to design three different footprints, each with different widths.  

These are described in detail Section 3.2.   We also need three different search patterns.   

Our analysis of the footprint for zone 1 required that we fly in a straight line in order to 

ensure coverage, and we did not see any advantage to flying in curved paths.  A curved 

path would require a slower speed and would result in overlap over the entire inside of 

the turn.  The team decided that flying straight was the simplest and most reliable way to 

know the footprint was truly covering the width calculated.  

 

 

Figure 3.1 A first test for zones 2 and 3.  Note that all of the turn radii are listed as too 
small and gaps appear where they should not. 
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The path we make for each zone is a set of parallel paths that are spaced at the 

width of the camera footprint (or the swept footprint for zone 1).  When the plane 

reaches the edge of the search region, we turn with a radius equal to half the camera 

footprint in zones 1 and 2 and equal to the camera footprint in zone 3.  These paths are 

connected to the staging area with paths that allow the plane climb to altitude.   We 

originally planned our paths using Cartesian coordinates. Trigonometry permitted us turn 

the Cartesian points for our path into polar data for the mission planning workbook.  

However, several problems concerning the flight pattern came up and the position 

coordinates inputted in the Mission Planning worksheet werenôt applicable.  

First, it was clear that we needed to understand the behavior of the Fortran 

simulator.   It was odd; in some curves it would depict a smooth and wide curve flying by 

the waypoint and in others it would go straight to the waypoint and turn abruptly in a 

highly improbable way. Over all, it wasnôt happy with the trajectory we calculated.  Many 

tweaks left us believing that an extra point in the curves would improve the trajectory 

calculation. The extra point helped the simulator understand our input better and made 

the trajectory more like what we intended.  It still gave problems, but with several 

alterations, the team achieved a successful flight pattern that fulfilled both Fortran 

simulator and aircraft restrictions.   
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Figure 3.2 The final flight plan for our 4 aircraft.  Small optimizations have added extra 
paths that cross zone 3. 
 

The flight plan consists of a four aircraft UAV system.  Two are designated to 

cover zone 3 due to the small footprint width.  One plane each goes to zone 2 and 1.  

The planes all climb as the move from the center of the search area to the edge.  At this 

point, they begin winding their way back and forth in parallel lines.  The aircraft in zone 3 

were the last to finish their detection in 18.99 minutes.  Zone 1 and 2 aircraft both 

finished in around 17 minutes.  We hoped to reduce the mission time by having these 

two aircraft ñhelpò the zone 3 aircraft, so we connected the end of their paths to the ends 

of the zone 3 paths.  After connecting the patterns between zones, the last aircraft 

finished in 18.34; a pleasant 4% decrease in the objective function.  A few changes to 

bring waypoints that were outside of the 0.25 mile buffer region in slightly (to maintain 

line of sight with the ground station) didnôt change the time for the longest flying plane. 

As drawn, our mission plan does not include confirmations.  These would take 

place at unpredictable locations, so we account for them at the end, as described in 

Section 3.5. 
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3.2 Camera Footprint 

Based on the information provided by RWDC, to be detected by our chosen 

computer system, the 4-foot-wide boy requires 4 pixels and will have to stay within the 

camera footprint for 0.5 seconds. We need to design a system of overlapping camera 

ñfootprintsò to make sure that these criteria are satisfied. 

Because the footprint analysis was a major part of our work, we present the 

evolution of our footprint, beginning from the State Challenge. 

The camera footprint is the area on the ground that is imaged by the sensor. The 

detection zone is the area on the ground where the sensor is able to detect an object 

given the resolution of the camera and the altitude. This means, the sensor is able to 

detect at any point in the detection zone, but it is only going to search in the camera 

footprint area. With the X-3000 sensor and the video scanning software, the sensor will 

detect the object after the object stays in the footprint of the sensor for 0.5 seconds. 

However, as shown below, the detection circle can be much bigger than the rectangular 

camera footprint. 

 

Figure 3.3 This is the camera footprint and detection zone for the X3000, aimed straight 
down from an altitude of 400ft. The radius of the detection zone is 667 foot and the top 
right corner of the Footprint is at (27.5, 20.625). 
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We analyzed the footprint and found out that the 4-foot object will stay in the 

camera footprint much longer than 0.5 seconds with the assuming the maximum speed 

of 80 miles per hour (117 feet per second) at a height of 400 feet. So, we changed to let 

the sensor detect on one area for only 0.5 seconds, and then turn to another position to 

detect; this will certainly enlarge the detection area. However, the time of detection must 

be less than the time of the plane flying the vertical extent of the area, so that there are 

no gaps. That means that the slower we fly, the wider a region we will be able to detect 

in a single ñsweepò. After analyzing, we found out that we can slow down the airplane to 

cover more area in the detection cone with multiple positions. To reach multiple positions, 

we decide to let the sensor stay, then turn, then stay, then turn again, and continue. The 

sensor has to stay for 0.5 seconds at every position. For all the angled positions, the 

footprint is not going to be a rectangle but tetragon depending on the angle the sensor is 

turned to. 

We found out that the lower we fly, the bigger the detection zone will become. In 

a bigger detection zone, we will be able to detect larger areas with more positions, but 

we cannot fly too low or the footprint will become smaller. Also, the more positions we 

use, the longer time we need to detect and the slower we must fly. To solve this problem, 

we slowed down our airplane, and allowed 3.3 seconds for detection so we can stop at 

six positions. For 0.5 seconds each and have an extra 0.3 seconds to travel between. 

Since the camera can sweep at 200 degree per second, we can cover those 6 positions 

easily as long as it detects while it is sweeping.  

When the airplane flies straight, it must fly slowly enough so the camera 

footprints overlap vertically from sweep to sweep. To maximize the area covered per 

time, we try to find the maximum width for our 6 camera positions that stay within the 

detection cone. Generally, to reach the final goal, we have to slow down the airplane, 

lower the altitude, change the zoom and find the proper positions to stop. After trying for 

a few times, we find the suitable plan for footprint.  

The specific details of our State Challenge footprint are shown in the Figure 

below. 
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Figure 3.4 This is a diagram of all 6 positions that the sensor is going to stop at in the 
detection zone. The sensor works from left to right. A detection rectangle of 1952ft by 
334ft will fit completely within these footprints. 
 

All the positions are parallel to each other, and the footprint will effectively cover 

a rectangle that is 334 feet long and 1952 feet wide, if the airplane does not move. This 

rectangleôs area is 651968 square feet.  The airplane travels 334 feet with the speed of 

69 miles/hour every 3.3 seconds. So the actual detection footprint will become a 

parallelogram.  This should not be a problem as a parallelogram tiles nicely when the 

plane is flying in a straight line.  This is shown schematically below. 

 
Figure 3.5 Tiling of positions is preserved even though the plane moves forward 
between different positions.  

 

After the sensor turns from right to left and reaches the last position, the sensor 

will turn left to get back to the very first position rapidly and continue detecting. 
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After final analysis, we found out that our sensor has to turn from -50 degree to 

50 degree and go back to -50 degree each time we detect six positions. This means that 

our sensor has to turn 200 degree with the speed of 200 degree per second, and that 

will take totally 1 second to turn. This raises an issue for our sweep; if we stop at each 

position for 0.5s, we will need 4 seconds for detection instead of the allotted 3.3 seconds. 

However, we have a solution is that we let the sensor stay at the first and the last 

positions for 0.5 second and stay for slightly less time at the other positions, so the time 

for finishing detection will still be 3.3 seconds and we do not have to change our speed. 

The method for this solution is that we assume the sensor is detecting when it turns from 

one position to another, so the detection time for the area between first and the last 

position will add 1 second. By doing this, the sensor is going to detect everyplace in the 

area between first and the last position for 0.5 second or more, and we can successfully 

detect objects in those area.  This may require proprietary software to be developed for 

our company. 

 

Detection Footprint For Zone One: National Challenge 

The footprint for zone one is the most efficient one among the three footprints 

because there are no trees limiting the line of sight of the camera. The experience we 

gained in the State Challenge helped us a lot to design this footprint. After analyzing, we 

believed that the footprint could certainly become more efficient, so we started a small 

competition among all the team members to design the most efficient footprint. The 

competition worked well, and we found out a lot of new relationships among the 

variables. An increased Horizontal Field of view can decrease the radius of the detection 

circle and enlarge the footprint; a higher aircraft altitude can pull footprints farther from 

each other while enlarging them; a faster speed of aircraft can increase the distance 

travelled during detection time. For each footprint in the competition, we calculate the 

efficiency in square feet per second by multiplying the width of the largest rectangle that 

fit in the footprint with the distance travelled during detection time and divided by the 

time to travel the vertical distance. 

The best performance footprint used two sets of positions stuck together 

vertically. In this case, we would tilt the sensor horizontally and vertically to reach all the 

positions. The result was a much more efficient footprint with a faster speed of aircraft 

and a longer distance travelled during detection time. The result was a footprint that 

looked like a bow tie. The Picture II shows the left front corner of the footprint and the 
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other three corners were just symmetries of the left front corner. The whole footprint was 

made up of 8 positions; the sensor starts to detect from the top left to the top right, then 

down right and down left and tilt back to the top left, as shown in Figure 3.6. 

 
 

 
 
Figure 3.6 This is the diagram of the left top corner of the best-performed footprint. The 
first position on the left has a horizontal field of view of 30 degrees and the sensor tilts 
50.7 degree up and 11.27 degree left. The second position on the right has a horizontal 
point of view of 44 degree, and the sensor tilts 22degree up and 16.5 degree left. The 
aircraft flies at an altitude of 490 feet with the speed of 76 miles per hour. It takes 5.32 
seconds to scan all 8 positions and the aircraft will travel 593 feet during this time. 
 

After the competition, our team member who designed this footprint did a more careful 

analysis of the new idea of multiple vertical positions during the spring break. This 

analysis considered the effort of the moving aircraft on the scanning footprints. When the 

sensor is doing the detection, the aircraft is also moving forward, so the center of the first 

position at the beginning of the detection is different from the center of the position at the 

end of the detection, as shown in the figure below. In this case, with the footprint we got 

after the competition, the center of the first position moved 55.73 feet forward in 0.5 

second, and the sensor could only detect the area that has been covered by both the 

initial ñfirst positionò and the final ñfirst positionò.  This effect is not a problem when 

successive sweeps tile; a computer detection system can easily combine the data 

collected in one sweep with data from a physically adjacent sweep that is separated by a 

small time, assuming that the edges are parallel. 
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Figure 3.7 This is the diagram of a rectangular footprintôs initial and final position after a 
detection of 0.5 seconds. Only the shaded region is covered for the full 0.5s. 
 

 When the sensor tilted to the center of the second position, the aircraft was also 

moving forward. Consequently, the center of the second position will not be in line with 

the first position. The same thing will happen to the third and the fourth footprint, so the 

first set of four positions will cover an area that is more of a parallelogram than a 

rectangle.  This is not problematic with scan that includes horizontally distributed 

positions (as in our State Footprint), because the corresponding footprints from each 

sweep will still tile properly, as shown below.    

 
 However, a problem appeared when the sensor moved to the fifth position. To do 

detection, the two vertical positions were put together with no gap or overlap (they met 

along the horizontal axis. But, as shown in the figure below, the upper camera positions 

do not line up properly. This problem becomes more pronounced for the final camera 

position, which should line up with the first position. Put as a geometric problem, 

trapezoids do not tile well. After a discussion in the team, we decided to go back to the 

design of 6 positions horizontally lining together. 

 Finally, we slowed down the speed of the aircraft to maximize the width of the 

footprint. To our surprise, we actually got a footprint that was even more efficient than 

our State solution. The new footprint consists of six positions, but they are different from 

the former design because not the entire position is in the detection zone, and only half 

of it is in the zone. But the areas that are in the zone of the positions are connected, so 

there is no gap between the areas that has been covered. Half of the final footprint is 

shown as Figure 3.8. 



 61 

 

 
Figure 3.8 This is a diagram of the left part of the final footprint for zone one. It has three 
positions. The first position has a horizontal point of view of 18 degree and the sensor 
tilts 60 degree left. The second position has a horizontal point of view of 25.5 degree, the 
sensor tilts 44 degree left. The third position has a horizontal point of view of 36 degree, 
the sensor tilts18 degree left. The right part is symmetry with the left part. 
 

The aircraft is flying at an altitude of 800 feet with a speed of 58.3 miles per hour. 

The time required to do footprint detection for one time is 3.95 seconds. The aircraft is 

going to fly 338 feet during the 3.95 seconds, and the width of the area that is in the 

detection zone is 3720 feet. A rectangle with these dimensions fits snugly within the 

sweep of camera footprints. 

Detection Footprint For Zone Three: National Challenge 
 
The tall trees limit the line of sight of the camera in the zone three, so we had to design a 

footprint with the line of sight of 15 degrees. So, our sensor can only show the area in 

the view of 15 degrees left and 15 degrees right. We set the maximum horizontal field of 

view 30 degrees of view the widest footprint.  Also, we chose to let the aircraft to fly at an 

altitude of 1000 feet, because the higher we fly, the wider our footprint will become. The 

footprint is determined, as shown in Figure 3.9. 

 


