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List of Symbols
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1. Introduction and Motivation
A brief scenario sometime in the near future…
A small fire begins to break out in the middle of a forest. Nearby, a park ranger at
his post takes notice of the smoke rising from the trees in the distance. He radios for help
but cannot report exactly where or what is going on amongst the thick forest and smoke;
he doesn’t know whether it is a large fire or just some brush burning. There are two
options: he can wait 30 minutes for a local plane or helicopter or he can find out himself.
However, the terrain in the area is difficult and he cannot by rule leave his post.
Suddenly, he remembers he has one other option; a new solution to his problem that is
easy to use, reliable and ready to go. This solution is a Micro Air Vehicle (MAV). The
MAV has an onboard video surveillance system that sends back a real time video feed
and GPS data so its location is known at all times. The park ranger can fly the MAV over
the area of rising smoke and collect information about the exact location and
circumstances. This information allows the ranger and fire fighting team to more quickly,
efficiently and effectively deal with a dangerous situation.

What is an MAV?
An MAV, as defined by the Defense Advanced Research Projects Agency
(DARPA), is an airborne vehicle with a largest linear dimension of less than 15 cm (6
inches) [1]. Over the past decade, the aerodynamics and aerospace design community has
taken increasing interest in this emerging field. Led by a DARPA Roadmap that seeks to
have user-friendly, multipurpose MAVs for use by American soldiers and intelligence
agents by 2010, the research community continues to expand the library of knowledge on
this largely unknown flight regime.

What would an MAV do and who would use it?
The envisioned missions and uses for future MAVs are nearly limitless. The
military is an obvious benefactor of MAV technology and looks forward to giving each
squad of soldiers a handheld MAV that can be used for on-site reconnaissance.
Essentially, it will allow tactical surveillance of enemy positions before soldiers
RIT MAV 04-001
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themselves are endangered. Figure 1 shows two typical mission profiles: “over-the-hill”
reconnaissance and chemical contamination monitoring. The military also foresees
MAVs being used for missions such as bio-chem agent detection, mine location and radar
jamming. The intelligence community, excited by their success with larger UAVs and
spy planes, also sees great benefit from MAV technology. A nearly silent, nearly
invisible reconnaissance platform of centimeters in length could loiter only hundreds of
feet above unsuspecting targets for hours gathering crucial intelligence. Finally, the
civilian sector could also employ MAV technology. MAVs could see use as air pollution
monitors, airborne traffic watches, weather balloon replacements, disaster area
inspectors, search and rescue tools, etc. The list of possible MAV uses is long and will
grow continually as new industries and sectors realize the potential of the technology.

Figure 1: Over the hill reconnaissance and chemical detection missions[1]

Why MAVs over other technologies?
MAVs hold a distinct advantage over other forms of aerial surveillance for a
variety of reasons. The primary advantages derive from the fundamental quality of
MAVs: their small size. Their size allows for easy portability, the ability to fit in tight
places, and the difficulty of spotting them in the air even when only a hundred feet up.
Directly related to their size is the small cost of manufacturing and maintaining an MAV.
Current experiences and trends indicate that a basic model video and GPS capable MAV
could be mass produced for only a few thousand dollars per copy. The military and
intelligence community would certainly spend this type of money to gather valuable
information without risking lives. And while MAVs are recoverable and reusable, the
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loss of one due to malfunction, enemy action of chemical contamination would be very
acceptable from a cost analysis standpoint.

What is the status of MAV development worldwide?
Led by the encouragement and funding of DARPA,
several universities and commercial firms have been conducting
MAV research for several years. 1993 marked the initial year
MAV research began in earnest when DARPA handed out the
first government research funds to start developing this future
battlefield tool. This early research was essential in identifying
and understanding the problems that lay before the design

Figure 2: BlackWidow

community. In 1996 AeroVironment was contracted by DARPA to carry out the design
and fabrication of the first true Micro Air Vehicle. In 1998, this first MAV, BlackWidow
(Figure 2), was completed and delivered to the military and research community at large
[2]. This MAV was 6 inches in length and had real-time video, GPS, altitude, heading
and velocity information transmitted to the pilot. It was a very successful first step into
the realm of MAVs and would become the standard, and “giant’s shoulders”, on which
all subsequent work would be based.
Since 1998, little large-scale, full vehicle MAV development has been sponsored
by the military (at least publicly). However, much progress is being made at universities
across the country and around the world. For the past eight years a competition has been
held in the United States where universities participating in MAV research show off their
designs and progress to the rest of the community. The design problems and trade-offs in
MAV designs are substantial and it has been found that this yearly meeting can spark
ideas and disseminate knowledge.

What is the status of MAVs at RIT?
Last year saw the first formation of a group students dedicated to MAV research
and design. Under the auspices of the RIT Aero Design Team, the RIT MAV Team was
formed to design and build a vehicle and attend the annual competition. The first year’s
effort was hampered by a general lack of knowledge about the field, but encouraged by
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the Team’s modeling experience and desire to venture into the unknown. A strict
endurance airplane, powered by a miniature internal combustion engine, was built and
brought to competition. While the results were not as hoped for, the Team was satisfied
that a successful MAV could be built at RIT by using a more methodical design approach
and the information now available to them through attending competition.
Now, in the 2003-2004 academic year, the RIT MAV Senior Design Team is
using the lessons and experiences of all seven team members to design and build an
MAV capable of video surveillance of a distant target. We seek to apply the design
methodology and engineering techniques learned over our careers to make RIT a
recognized name in the Micro Air Vehicle research community.
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2. Team Organization and Work Breakdown
As with most modern engineering design processes much of the design, analysis
and testing of the various subcomponents of the project occurred concurrently. It was
decided at the very beginning of the project to organize the Team into four subgroups that
would each handle a specific subcomponent of the MAV design. Each team member was
assigned according to their specific backgrounds and skills. The four subgroups:
Airframe, Propulsion, Electronics and Launcher, are shown below in Figure 3.

Figure 3: Team organization

Each subgroup is responsible first and foremost for their respective part of the design.
This breakdown creates for each team member a portion of the design that they are the
“expert” in. However, each member of the team has and will continue to work closely
with all other members on every component of the vehicle. Integration of the
subcomponents is critical to the success of the design and all team members work to
ensure systems integration is as seamless as possible.
In an effort to make this report as clear and concise as possible, each step in the
design process will be laid out in order. Each step will be documented by these four
major subcomponents and the process undertaken to design and implement each.
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3. Literature Review
With our team organized and assembled, the first step in the entire process of
designing the RIT MAV was a comprehensive literature review. It was extremely
important to the Team that we completely understand what the current state of MAV
research and development is around the world. We did not want to spend needless time
on problems that have already been solved by previous researchers. An extensive
literature search allowed us to understand what has been proven to work in the past, and
what areas we should investigate more ourselves.

3.1. Airframe
An important consideration in the design of any aircraft is cruise speed and
operating Reynolds number. From published literature, quick calculation and Team
experience, MAV’s typically cruise at speeds ranging between 5 and 20 m/s, yielding an
operating chord-Reynolds number range between approximately 70,000 and 200,000.
Airfoils optimized for this application are termed low speed or low Reynolds number
airfoils. The relationship between cruise speed and Reynolds number is shown in
Equation 1.
Re =

ρVc
µ

Eqn 1

Classical aerodynamic theory provides reasonably accurate performance predictions for
airplanes flying at Reynolds numbers above one million. Unfortunately, for low Reynolds
number flow an accurate and complete analytical or theoretical procedure for predicting
aircraft performance is not yet available. Therefore the results of theoretical analysis may
be questionable and must be scrutinized; experimental data must be relied upon as much
as possible.
Due to these circumstances, the literature search for quality experimental results
concerning airfoils and body shapes is of paramount concern. Fortunately, much
experimental work has been done by Selig [3-5] with respect to 2-D airfoil lift and drag
performance. Also, a comprehensive planform shape study by Torres [6] was found that
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greatly aided in deciding the body shape of the MAV. Unfortunately, the library of
experimental data at low Reynolds numbers remains quite small. While other studies of
interest were found and their results considered in the design process, these two highlyregarded studies were relied upon most heavily.
Also collected in this portion of the literature review were the majority of papers
from past MAV designs from universities and private companies in the past ten years.
These papers give an excellent idea of what other MAV design teams have gone through
in the past to arrive at their final designs. It allows the current Team to avoid the pitfalls
of the past and hopefully meet and improve on existing designs. For instance, the
successes and failures of the few MAV related papers [7,8] published within RIT over the
past year have provided much insight into airframe design and systems integration.

3.2. Propulsion
The majority of background research in this area is referenced from the 2003
MAV Competition papers. These papers provide some of the most recent information
regarding MAVs and have been collected in one compilation [9-15]. The trend in MAV
propulsion is electrically driven propulsion systems. This was evident, as only one team
used a combustion engine at last year’s competition. What follows is a short summary of
the MAV propulsion work done by several of the universities.

Bringham Young University, Provo, UT
Bringham Young conducted a thorough study of motor options by characterizing
electrically driven motors by their weight, shaft power produced for a given voltage, and
current draw for a given load. This process allowed the team to quickly reduce their
selection to the most promising motor candidates.
Bringham Young did not investigate commercially available propellers. Instead,
propellers were designed for each of the motors selected using a design applet available
online, called “JavaProp” [10]. This group used the stipulation that there is only one
propeller shape, profile, etc. that is most efficient for specific flight conditions and a
specific motor. Using conditions like flight velocity and the motor’s power curve,
propellers were designed by the applet. These propeller-motor combinations were then
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tested in a wind tunnel. This testing provided dynamic propeller data to show the power
available for a range of aircraft velocities. The Skyhooks and Rigging KP00 was chosen
as the ideal motor for their 5-inch MAV. With the motor and propeller chosen, the testing
yielded the power requirements for the batteries.

University of Florida, Gainsville, FL
The University of Florida used a Portescap motor on their endurance MAV, while
a Maxon RE-10 was used on their surveillance MAV. This group used JavaProp in a
manner similar to Bringham Young; the ideal propeller was designed according to the
flight conditions of the vehicle. The selection method involved an experimental test
matrix which varied the motor, prop, airspeed, and voltage settings. The final propeller
design was tested with 3 diameters and 3 different motors. The testing took place in a
wind tunnel so the behavior of the propeller and motor combination during flight could
be analyzed. The results of the testing revealed the efficiency of each prop and motor,
with the best system combination being chosen.

Worchester Polytechnic Institute, Worcester, MA
Worcester Polytechnic Institute selected their motor by evaluating several
commercially available motors with respect to their efficiency. The selection
methodology placed emphasis on motor operation at maximum efficiency under the
available voltage and current conditions characterized by the battery specifications. Using
this approach WPI found the Grand Wing Servo Company’s EDP 50XC and its paired
propeller to be the best propulsion system of choice for their 7.9” MAV.

Lehigh University, Bethlehem, PA
Lehigh University selected the U-80, a commercially available propeller, as their
propeller and tested two different electric motors; a Maxon RE-10 and a DC5-2.4. Their
methodology for motor selection involved thrust testing while varying the number of
lithium polymer cells used. This test results concluded that the Maxon RE-10 would be
the motor of choice for their 4.5-inch MAV.
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KonKuk University of Korea, Korea
Konkuk University’s 2002-2003 MAV, with a largest linear dimension of 6.3”,
utilized the Maxon RE-10 motor and a U-80 propeller. According to published articles
the RE-10 is the only motor type considered by Konkuk University. Their work with the
U-80 propeller included altering its shape to find the optimal blade shape and overall
diameter. Three different tip shapes were tested: fillet, ‘S’ type and elliptical. Shaping
the propeller is completed to change the aerodynamic characteristics, most specifically
the drag to lift ratio. Konkuk University found the ‘S’ type and elliptical propellers to
have considerably less drag than the fillet shape, simply because the decreased surface
area eliminated some of the frictional drag. This allowed for a potentially higher RPM,
but a loss in the thrust due to the smaller surface area.
Konkuk considered the advanced ratio of the propeller while making their
propeller choice. For this reason Konkuk also looked at different propeller diameters. A
smaller diameter will produce less drag allowing for a higher RPM and a better advanced
ratio. This will also produce less thrust, but the lower drag of the propeller will demand
less torque from the motor, and consequently less current from the batteries. The torque
of a motor is directly related to the current draw. After testing was completed the Konkuk
team concluded that a 70mm U-80 propeller with an ellipse shaped tip would be the
optimal propeller for their design. These selections provided 24g of thrust at a speed of
16000rpm.
A major concern when selecting a propeller for a specific application is the
performance of the propeller at varying flight speeds. As the relative wind speed changes
the relative wind seen by the propeller also varies. The advanced ratio of the propeller is
a parameter that allows for some basic insight into the propellers performance at different
flight speeds [16]. This is calculated by:

J=

V∞
nD

Eqn 2

This quantity is a ratio of relative wind speed to the propeller tip speed. The relative wind
speed seen by the propeller is an addition of these two vectors as shown in Figure 4
below.
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V∞

e Wind
Relativ

α

rω

Figure 4: Propeller blade [16]

Lift

The propeller’s pitch angle, the wind speed, and the rotational speed of the propeller
determine the angle of attack that the blades of the propeller actually see. When choosing
a propeller, the advanced ratio must be considered to ensure that the dynamic
performance of the propeller can be simulated by the static performance. It should also be
noted that for a specific advanced ratio the propeller will reach its maximum efficiency as
is shown in Figure 5. At that point the rotational speed of the propeller and the wind
speed impinge upon the propeller blade at its most efficient angle of attack. This point
can only be determined through dynamic testing.

Figure 5: Propeller efficiency [16]
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3.3. Electronics
In order to design the electronic system for an MAV, a general idea of what has
been accomplished in the past by other groups is necessary. Also, with the very rapid
improvements in electro-mechanical device miniaturization occurring every day, it is
vitally important to have a firm grasp on what new technologies are available to the team.
The electronics portion of the literature review began with these two motivating factors in
mind.
Two primary sources were used to obtain information on the current state of
MAV electronics subsystem design; published literature and commercial manufacturers.
The published literature of most benefit was the design procedures of previous MAV
design teams. Design papers authored by participants in the 2003 Micro Air Vehicle
competition were reviewed to study component utilization and can be found in the
competition paper compilation described before [9-15]. Papers that were found to be
most useful include the design papers from Brigham Young University, California
Polytechnic University, and Lehigh University.
Many of these works championed the utilization of a lithium-polymer power
source. These cells were purported to be the most efficient with respect to their physical
mass and volume characteristics. Careful consideration will be necessary in choosing a
electrical components that do not exceed the maximum discharge rate of the cells; larger
lithium polymer cells will be able to handle greater current draw. The other major
electrical component considerations drawn from previous manifestations of MAV design
are the use of ultra-lightweight servos from Wes-Technik [17]. These miniature servo
motors generally weigh less than 2.5 grams and supply sufficient torque to move the
vehicle’s control surfaces under load. Also proposed and used by many groups was the
implementation of coil-magnet actuators. These actuators are 600% lighter than the WesTechnik servos. However, these coils have a few serious drawbacks that must be
considered in a feasibility assessment.
Besides the batteries and control actuators, the other major electrical
subcomponent is the camera system. It was found through the competition paper
compilation that teams use a variety of different cameras to fulfill surveillance missions.
CMOS and CCD cameras have both seen use in past MAVs. Speaking with industry
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representatives, it would appear that CCD cameras provide a better image quality. Further
analysis on camera selection and transmission/receiving of the video signal is detailed in
following sections.

3.4. GPS System
GPS, which stands for Global Positioning System, is a satellite navigation system;
the only system today able to show you your exact position on the Earth anytime, in any
weather, anywhere. GPS satellites, 24 in all, orbit at 11,000 nautical miles above the
Earth. They are continuously monitored by ground stations located worldwide. The
satellites transmit signals that can be detected by anyone with a GPS receiver. Using the
receiver, location can be determined with great precision. GPS receivers can convert the
signals into position, velocity, and time estimates. Four satellites are required to compute
the four dimensions of X, Y, Z (position) and Time.
Each satellite is equipped with an accurate clock to let it broadcast signals
coupled with a precise time message. Civil users worldwide use the SPS (Standard
Positioning Service) without charge or restrictions. The space vehicles transmit two
microwave carrier signals. The L1 frequency (1575.42 MHz) carries the navigation
message and the SPS code signals. The L2 frequency is used by the Precise Positioning
Service, which is only available to authorized users. The ground unit receives the satellite
signal, which travels at the speed of light. Even at this speed, the signal takes a
measurable amount of time to reach the receiver. The difference between the time the
signal is sent and the time it is received, multiplied by the speed of light, enables the
receiver to calculate the distance to the satellite. To measure precise latitude, longitude,
and altitude, the receiver measures the time it took for the signals from four separate
satellites to get to the receiver. The changes in position between updates allow the GPS
receiver to calculate velocity and heading.
A literature search shows that the best source of information concerning
miniaturized GPS systems is through the industries and companies that manufacture and
sell them. The technology and capabilities are evolving quite fast and the best source of
knowledge on the current state of the art is with these commercial firms.
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3.5. Launcher
The launch of an MAV is very important as it can make for a potentially
successful or unsuccessful flight. A successful launch would be characterized as the
vehicle being released in a stable manner with a velocity close to steady-level flight
speed. In the past, many groups have hand launched their MAV. However, a few select
groups have attempted to build dependable launchers that successfully launch the MAV
in a controlled, consistent manner. Most of these methods involved catapults and
pneumatic systems. One method that has proven to be highly successful is the pneumatic
system, which was designed and built by AeroVironment for
their famous Black Widow MAV [2].
Hand launching is performed by throwing the MAV in
the same manor as a paper airplane. This is difficult to do
successfully and repeatability is hard to ensure. Figure 6 shows
a student from Arizona State University launching their MAV
by hand.

Figure 6: Hand launching [18]

The catapult method is a mechanical system that accelerates the MAV to flight
speed using pulleys or springs. The vehicle is released at an angle of attack that is
adequate for the vehicle to immediately begin climbing upon release from the launcher.
The most significant attempts besides AeroVironment thus far have been made by
University of Florida (Figure 7) and the MLB Company (Figure 8). Both of these
concepts use guide rails with a strong rubber band to pull the MAV along the rails. The
greatest difference between the two is the angle of attack and the length of travel.
University of Florida has a long rail with a small angle of attack and MLB has a short rail
with a large angle of attack.
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Figure 8: MLB Company launcher

A previously noted, AeroVironment has had both the most successful MAV and
the most successful launching mechanism. The cartridge-style pneumatic launcher they
developed is shown in Figure 9 below. The launcher also acted as the MAV’s carrying
case which allowed for the vehicle to be portable and easily transported. While the
technology that was employed in this launcher is beyond the means and scope of the
current RIT Team, it is important that the truly cutting-edge technology and state of the
art techniques are kept in mind.

Figure 9: AeroVironment pneumatic launcher
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4. Needs Assessment
As noted before, DARPA has stipulated that to be officially considered an MAV,
the vehicle must have a maximum linear dimension of no more than six inches. With the
benefit of a several million dollar contract, the AeroVironment BlackWidow [2]
successfully met the size, performance and capability goals set by DARPA and became
the first truly functional MAV. Since that time a select few universities involved in fulltime MAV research have also met the six-inch requirement and had live video capability.
As miniaturization of the necessary electrical and mechanical components of MAVs
continues more schools will be capable of meeting the goal.
RIT is approaching this MAV design effort with a unique idea in mind. The RIT
MAV will be a versatile aerial platform that can carry out a variety of mission profiles.
The main vehicle will consist solely of the components necessary to fly the aircraft: body,
propulsion system and control system. A separate pod will attach to the main platform
and provide space for additional payload. This “cartridge-payload” concept will allow a
variety of different payloads to be carried by the same vehicle. Due to this overall design
goal our design objectives and needs differ from the expected “make it as small and
lightweight as possible”.
Listed below is the needs assessment and goals assembled by the team based on
our literature search, past experiences and customer requirements.

4.1. General Goals
Vehicle Dimensions and Mass
The vehicle shall not have a wing span that exceeds 38.1 cm (15 inches). The
maximum mass of the vehicle shall not exceed 110 grams.

Performance Goals
The vehicle shall fly for a minimum duration of 5 minutes. This will allow
adequate time for a pilot to navigate, conduct the proper surveillance and return to base
with the MAV. The vehicle shall have the ability to be fully functional at a target 300 m
away from the base station. To be fully functional, all of the on board electronics shall be
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working properly, allowing the vehicle to be controlled and video to be viewed from the
base station.

4.2. Airframe
Durability
The airframe of the vehicle shall be durable to withstand hard landings. The onboard
electronics such as the video and controls systems need to be used for every mission and
because of their expense, need to be protected from damage.

Pod
A detachable pod shall be integrated with the airframe that will responsible for holding
the necessary cartridge payload. The pod shall also meet the same durability requirements
of the airframe. Pod design and integration shall be flexible to allow for payloads of
various sizes and weights. A flight/payload envelope shall be developed to show what
size and weight payload can be carried by the MAV.

Stability and Control
The vehicle should be stable to allow for natural recovery of the vehicle during flight.
The pilot should be able to maintain good control of the vehicle for the duration of the
flight.

Propulsion
A propeller/power plant combination shall be chosen that allows the Performance Goals
to be satisfied.

4.3. Electrical Systems
Video System
The vehicle shall have an onboard camera capable of transmitting real time video back to
the base station. The base station shall have a method of viewing the real-time video feed
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and capturing that video for later analysis and documentation. Video should be used to
help fly the aircraft, navigate to pre-determined targets and pinpoint location.

Control System
The vehicle shall have an onboard receiver to receive the control signals from the pilot. A
lightweight control-actuation system shall interact with the receiver to control the vehicle.

Batteries
The vehicle shall be powered by onboard batteries that will provide the necessary power
for all of the onboard electronics.

4.4. Further Technology
Launcher
A launcher should be designed and analyzed for possible use with the MAV.

Global Positioning System (GPS)
A GPS system shall be investigated for possible use on an MAV. If deemed feasible,
GPS should be implemented in the design as a standard feature.
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5. Concept Development and Feasibility
Concept development of the four major subsystems occurred simultaneously, and
largely consisted of generating several different ideas for each aircraft system. After it
was agreed that an adequate number of ideas existed for a particular system a feasibility
assessment of each idea thinned the number of competing concepts to just a few. While
eventual system integration was kept in mind during concept development and feasibility,
for the purposes of this report it is necessary to examine each major subcomponent
individually.

5.1. Airframe
The airframe concept development can be separated into four categories; vehicle
configuration, airfoil geometry, planform shape and materials/fabrication. Each has a
profound impact on the overall flight characteristics and performance of the aircraft and
received a great deal of consideration.

5.1.1. Vehicle Configuration
The comprehensive literature search showed two options for MAV configuration,
conventional aircraft design and a tailless design. A conventional aircraft design consists
of a fuselage, wing, and tail, while a tailless flying wing design consists of only a wing
and control surfaces. The conventional configuration (Figure 10) has several drawbacks
when considering the unique application of MAVs. The tail surfaces in the conventional
design add unnecessary weight and drag, with little contribution to lift. Also, wing area is
not maximized in the conventional design because of the added tail. Thus, to maximize
wing area within a maximum linear dimension constraint, a flying wing configuration
(Figure 11) should be used. The major drawback to the flying wing configuration is the
lack of stability inherent in not having fixed tail surfaces. However, this can be overcome
with careful airfoil selection, control surface sizing and precise placement of the aircraft
center of gravity. With this in mind, the investigation of airfoil geometry is a logical next
step in the design process.
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Figure 10: Conventional
configuration

Figure 11: Flying wing
configuration

5.1.2. Airfoil
Several constraints were placed on the process of airfoil selection from the
beginning. Because the number of airfoil shapes is nearly limitless, several factors were
considered to limit the search: flight regime, thickness ratio, coefficient of lift and drag,
and stability effects. As previously noted an MAV operates at Reynolds numbers ranging
from 70,000 to 200,000; only airfoils designed with this flight regime in mind were
considered. It is also well known that airfoils with a low thickness to chord ratio delay
laminar flow separation and thus minimize drag. Keeping this in mind, only airfoils with
a thickness to chord ratio below 10% were considered. Also, with the small size and
relatively low wing loading of an MAV, it is susceptible to stability problems due to wind
gusts. Therefore, as a final criterion, only airfoils that had trailing edge reflex were
considered. Reflex describes the slight upward shape of the trailing edge camber line on
the airfoil a seen in Figure 12. It is
desirable because it often results in a
positive pitching moment, which is a
paramount

concern

to

ensure

longitudinal stability of flying wing

Figure 12: Airfoil reflex (exaggerated for effect)

designs like our MAV.
With a list of the dozens of airfoils that met the above criteria determined, the
next step was to pare the list down to three that would receive further, in depth
investigation. Several airfoil candidates were discarded due to their complex geometries:
they would be too difficult to manufacture. Others were discarded due to their very thin
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trailing edges: manufacturing (and durability) would again be a concern. Still others were
taken off the list due to their radical performance characteristics. Some had too low a liftto-drag ratio, others too much pitching moment. A few were discarded because of their
seeming lack of use in any aircraft design that has ever been publicly documented.
In the end, three airfoils were chosen that passed all the hurdles placed before
them. They were all similar in shape (as most potential airfoils for a specific design are)
but offered different possible benefits. The three candidates to make the final cut for
further investigation are shown in Figure 13.

Figure 13: Airfoil candidates

These airfoil candidates underwent an extensive study to determine which would
be selected for use in our MAV design. The analysis and final decision making process is
described in the Analysis Section.

5.1.3. Planform Shape
Although airfoil selection is a very important aspect of the initial design process,
the wing planform design is equally important to the final performance of the MAV. The
primary consideration when determining body shape is the need to maximize wing area
while minimizing the largest linear dimension. This suggests that to maximize the
available lifting wing area, the chord and wingspan should be roughly equal. This would
mean the aspect ratio, as defined by Equation 2, should be close to one.

b2
AR =
S
RIT MAV 04-001
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Wings of aspect ratio near one are termed low aspect ratio (LAR) wings. The planform
shape investigation confirms that the MAV will have a very low aspect ratio, flying wing
design. This leads to several basic shapes that were
studied for their practicality and feasibility. They
are the relatively simple shapes shown in Figure 14;
a square, a rectangle, a circle, an ellipse, or some
combination

such

as

the

Zimmerman.

The

following Analysis section, shows the final decision
process between the range of choices of planforms.

Figure 14: Possible planform shapes

5.1.4. Materials and Fabrication
Many concepts were considered for the design and construction of the airframe.
Members of the team are well-experienced with composites and initially a molded-carbon
airframe design, Figure 15, was considered. This concept and the fabrication
methodology originated with and was recommended by the 2002-2003 RIT MAV
Airframe Design Senior Design Team [7]. Unfortunately, after a thorough feasibility
assessment, it was determined that this design
was lacking the practicality to become a
reality given our resources. Weight of the
carbon skin and internal support structure
would become excessive. Also, mounting the
necessary

electrical

components

with

accuracy in the hollow airframe would be a

Figure 15: Molded carbon body

large manufacturing concern.
Another airframe design that received considerable thought was a carbon-rod
frame covered with an ultra-lightweight mylar covering material. This design was
determined to be the lightest in weight of all those considered, but manufacturability was
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considered to be an almost insurmountable obstacle. The first-hand experience of several
Team members during the previous year in constructing a frame-work design of this type
has shown the problems in creating an accurate, repeatable airframe. Creating frame parts
of the correct size and shape is a difficult task requiring the skill and patience of a veteran
model builder. Joining these parts in the correct orientation and covering them without
warping the frame is arduous, time-consuming and error-prone. Aeroelastic bending
might also occur with this slightly flimsy airframe. While aeroelastic bending can be
beneficial, such as in the University of
Florida’s latest MAV design (Figure 16), it is
beyond the capabilities of the RIT Team to
calculate the effects. Finally, this design,
while superior on weight-savings, would be
inferior on structural integrity. The “hard
landings” anticipated in the flight-testing
phase of the project will need significant
Figure 16: U of Florida’s carbon rib airframe [18]

structural strength to withstand.

Of all the airframe designs considered, the one found to be the best compromise
between strength, weight and manufacturability was a foam design. As depicted in Figure
17, lightweight polystyrene foam can be easily cut to any desired shape using
straightforward wire-cutting methods familiar to the Team. Covering material similar to
that considered for the frame-based design could cover the foam to give it additional
strength. Pockets can be easily
milled into the foam to both
lighten the overall weight and
insert electrical components
and

accessories.

Further

analysis of the foam design is
seen in the Analysis and the
Synthesis

sections

of

this

paper.
Figure 17: Polystyrene, wire-cut wing
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5.2. Propulsion
A propulsion system must be found that efficiently propels the MAV and satisfies
the requirements stated within the needs assessment. The most important factor is the
thrust produced. However, there are other very important factors that play a role in the
propulsion system selection for an MAV: weight, reliability and ease of use. Several
possible propulsion systems were considered as prospective solutions to meet the
demanding criteria.
There are two proven propulsion techniques that would propel an MAV
effectively: rocketry and propeller driven systems. Within propeller driven systems two
power plant options are available: electric motors or an internal combustion engine (ICE).
The other key component in a propeller driven system is, obviously, the propeller. Both
commercially available propellers and individually designed and fabricated propellers
have been used on previous MAVs [9-15]. Both of these options will be considered in the
current investigation.
The first concept considered is a rocket propelled
MAV. The power plants to be used would be the model
rockets available commercially for rocket hobbyists as
shown in Figure 18. These small rockets can develop a
great deal of thrust that would be able to lift an MAV off
the ground.

Figure 18: Model rocket engines

The second concept is a propeller driven system,
where either an electric motor or an ICE would drive the propeller. A wide variety of
companies exist that provide commercially available electric motors, an example of
which is shown in Figure 19, with many different performance characteristics. The
electric motor would draw power from the onboard
batteries and would be controlled through a speed
controller. The speed controller would be integrated with a
receiver where it would receive commands from the pilot
pertaining to throttling. From the prior literature search,
typical motors used by other MAV design groups have
Figure 19: Electric motor
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weighed 10-15g, can produce up to 45g of thrust and can spin a propeller up to 19,000
rpm. Most electric motors are also fairly maintenance free, making the entire MAV more
reliable. The initial literature search showed the tendency of most of other MAV groups
is to use an electric motor for the power plant.
The internal combustion engine (ICE) investigated during the concept
development phase is produced by Cox. Cox is an R/C model company that
revolutionized the small ICE for hobbyists to use in R/C planes, cars, boats, etc. Cox
offers an engine with a .01 cubic inch displacement called the Cox Tee Dee .010. Figure
20 below shows the engine size in relation to the eraser of a pencil. This engine runs on
R/C fuel and can run at speeds up to 30,000RPM. “Micro-Flite” is a small company
which has further developed the Tee Dee to provide for throttling capability and a more
reliable fuel tank. Both of these advances were very critical to the engine performance
and the ability of the Tee Dee to compete with electric motors.
Experience with the Cox Tee Dee in past projects has shown that it can provide a
great deal of thrust; however it is very unreliable and very difficult to work with. The fuel
was corrosive and presented a safety concern when integrated with the overall system;
the external electrical components presented a source of heat that could combust the fuel.
Furthermore, the engine weighed 15 g including propeller. With
the addition of the fuel tank and fuel, the total weight is 20-25g. In
addition to the entire propulsion system, batteries would still be
required onboard to power the remaining electronics. An MAV
with an ICE for propulsion would be heavier than an MAV with
electric propulsion. The cost of a Tee Dee is also considerable; a
single engine, fuel tank and fuel kit costs approximately $200.

Figure 20: Cox Tee Dee .010

The information presented the Literature Review has provided an understanding
of what criteria need to be satisfied to provide an adequate propulsion system for an
MAV. This allows the feasibility of the different propulsion concepts to be evaluated
more thoroughly. The following criteria were decided upon to best decide between the
different concepts:
•
•
•
RIT MAV 04-001

Thrust available
Reliability
Weight

•
•
•

Ease of integration
Multiple usage
Ability to control
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The thrust available is how much thrust can be provided by the system. The
reliability refers to whether or not the system can be depended on for every flight. The
weight of the system is the weight of the propulsion components needed for the system.
The ease of integration is how easily the system can be integrated with the rest of the
MAV. A system with the ability to be used over and over again repeatedly is a system
that is described by multiple usages. And finally the ability to control refers to the ability
of the pilot to control the propulsion system along with the MAV. A weighted evaluation
was used to grade each concept when compared to the rest. The ICE was used as a
baseline concept because the team has the most experience with this system. Tables 1 and
2 below shows the results of the weighted evaluation.
Thrust Available
Reliability
Weight
Ease of Integration
Multiple Usage
Ability to Control

Thrust Available Reliability
<---

0

0

Weight
<--<---

0

Ease of Integration Multiple Usage Ability to Control Row Total Row + Column
<--<--<--5
5
<--<--<--4
4
<--<--<--3
3
\
<--1
1
\
0
1
0
1
0
1
1
15

Table 1: Weighted propulsion concept analysis
Relative Weight
0.333
0.267
0.200
0.067
0.067
0.067

Electric Motor/Propeller
Score
Weight Score
2
0.67
5
1.33
5
1.00
5
0.33
5
0.33
5
0.33
Total =
4.00

Rocket Engine
Score
Weight Score
5
1.67
3
0.80
3
0.60
1
0.07
1
0.07
1
0.07
Total =
3.27

Table 2: Baseline concept vs. alternatives

The weighted evaluation above reveals that the thrust available from each system
is the most significant factor when evaluating the method of propulsion. Reliability and
weight are also important factors to consider during the evaluation. The results from this
exercise revealed that an electric motor and propeller system would be the best
propulsion system for the MAV.
With the propeller/motor concept selected as the propulsion system, a large-scale
study was performed to determine the combination of motor and propeller that would
best meet our requirements. This process is described in detail in the Analysis Section.
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Weight
0.333
0.267
0.200
0.067
0.067
0.067

5.3. Electronics
The most important constraints imposed upon the design of the electrical systems
are the mass and spatial limitations. The weight of the entire vehicle cannot exceed 110
grams and initial projections are for an even smaller total mass to ease strain on the
propulsion system. Sixty grams are initially budgeted for the entire electronic system,
excluding the motor and servos. Another constraint is battery capacity. This becomes a
double-constraint, as each functional component will be chosen based on their current
draw and the battery will be chosen to supply all components.
Compatibility with the power source is also an important facet of the design.
Some motors, receivers, and transmitters use a 5 Volt source while others utilize a 12
Volt source. It was decided to use a DC 5 Volt power source not only because it reduces
the amount of overall power consumed, but also because the lightweight batteries decided
upon were capable of producing a 3.7 Volt potential across each cell. A 7.4 Volt source
can be regulated using a small fixed-voltage DC regulator with filtering capacitors.

5.3.1. Control System
Numerous control receiver units were considered, taking into consideration the
amount of current drawn, the physical size, the mass, and receiver range. Unfortunately,
the receiver range was not always given for parts researched. An assumption/design
decision was made based on the knowledge that the base station would have unlimited
transmission capability and the control signal can be boosted if necessary with the use of
a signal amplifier. The receivers considered and their major characteristics are the shown
in Table 3. All are receivers that operate in the 72MHz band and are five volt compatible.
Manufacturer

Hitec

Airtronics

Hitec

Wes-Technik

Model

HFS-04MG

92515Z

Feather

R4P-JST

Channels
Current
Weight

4
9 mAh
19 g

5
NA
NA

4
9 mAh
8g

4
NA
4.3 g

Volume
DC Range
Rx Range

0.9 in3
3.6 – 6.0 V
> 1600 m

1.1 in3
4.8 – 6.0 V
NA

0.416 in3
3.6 – 6.0 V
300 m

0.343 in3
4.8 – 6.0 V
150 m

Table 3: Receiver alternatives
RIT MAV 04-001

29

The HFS-04MG and 92515Z were rejected based on weight considerations
despite superior range characteristics. The Feather was
also rejected due to the benefit in weight and size
reduction realized by choosing the R4P-JST (Figure 21).
Official specifications and manuals for the R4P-JST are
included in Appendix C. Control signal transmission
from the base station will be optimized through either
amplification or objective-specific antenna choice to
achieve range requirements after preliminary testing of
chosen components.

Figure 21: Wes-Technik R4P-JST

Speed control modules are required to increase or reduce speed of the motor as
necessary by varying the time that the power to the motor is on. Speed controllers that
were considered for use are seen in the comparison table below.

Manufacturer
Model
Weight
Continuous Current

Maxxprod
MX9104 Micro ESC
2.0 g
5A

Wes-Technik
YGE-6
1.3 g
4A

Wes-Technik
YGE-3
1.0 g
2A

Table 4: Speed controller alternatives

The YGE-3 was chosen over the MX9104 because of its compatibility assurance
with the R4P-JST receiver. It was chosen over the YGE-6 because the motor (eventually
chosen by the propulsion group) should not draw more than two amperes, making the
YGE-3’s continuous current rating sufficient.

Figure 22: Wes-Technik YGE-3
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5.3.2. Video System
All

image

acquisition

and

transmission

equipment that was considered was supplied by Black
Widow

Audio-Video.

A

significant

monetary

discount and valuable practical advice was obtained
from the proprietor of the company, an RIT alumnus.
The camera chosen is the Panasonic CX161 seen in
Figure 23. This CCD camera was chosen because of

Figure 23: Panasonic CX161

its superior image quality compared with CMOS
cameras despite their weight disadvantage. The camera runs in the five volt range at
160mA, increasing its ease of integration into the rest of the system. The camera weighs
11.6 grams and has a 52 degree field of vision. It is NTSC compliant and displays 330
lines of resolution. To receive the video imagery in real time, a transmitter/receiver
system is necessary. The standard commercially available miniature five volt transmitters
all send data in the 2.4 GHz band. Transmitters considered for the vehicle are the shown
in Table 5 and the accompanying figure.

Model

Core5-24 50mW Core5-24 200mW

Weight

7g

Current 70 mA

12.5 g (antenna detached)
240 mA

Table 5, Figure 24: Video transmitter alternatives

Transmission range is doubled with a quadrupling of transmission power. The
smaller transmitter was chosen based on weight and power consumption considerations.
The issue of improving the range is addressed in the choice of the receiving antenna at
the base station.
Four different 2.4GHz band antennas from Hyperlink Technology are considered
to increase the range of the video signal. Desired attributes are high gain and wide
beamwidth. High gain is most important, however. Antennas considered are the
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HG2414P Patch antenna, the HG2414D Backfire Reflector antenna, the HG2416P
Directional Panel antenna, and the HG2424G Parabolic Grid antenna (Table 6).

Model

HG2414P HG2414D HG2416P HG2424G

Horiz. Beamwidth 30 deg.

25 deg.

25 deg.

8 deg.

Vert. Beamwidth

30 deg.

25 deg.

25 deg.

8 deg.

Gain (Directivity)

14 dB

14 dB

15.5 dB

24 dB

Table 6: Video receiver antenna alternatives

The HG2424G was selected as the correct antenna for the design because if it’s
maximum gain and the a priori flight path information. Also, team members will be able
to point the antenna manually in the direction of the aircraft at all times. An adapter/cable
is required to properly interface the antenna with the receiver unit.

Figure 25: HG2424G Parabolic Grid Antenna and
range specifications
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5.3.3. Batteries
The literature search and a short feasibility analysis concluded that the battery
source would be lithium polymer cells due to their extraordinary power capacity to
weight ratio. The decision process was implemented in deciding which of the available
battery capacity would minimize weight, yet still supply sufficient current for a
prescribed flight time. The cells considered are shown in the table below, with two of the
choices shown in the accompanying figure.

Manufacturer
Model

Kokam

Kokam

Kokam

SLPB104330 SLB452128 SLPB283452H

iRate
LP500

Capacity

48 mAh

145 mAh

340 mAh

500 mAh

Weight (per cell)

1.7 g

3.5 g

10 g

10.8 g

Max Continuous Current

NA

725 mA

6.8 A

4.0 A

10 min Flight

288 mA

870 mA

2.04 A

3A

15 min Flight

192 mA

580 mA

1.36 A

2A

20 min Flight

144 mA

435 mA

1.02 A

1.5 A

Table 7: Comparison of battery cells

Figure 26: Kokam lithium polymer batteries

The batteries will produce a 7.4 volt DC source. However, most of our
components run on roughly five volts. To provide the correct voltage, a voltage regulator
is necessary. Requirements of the regulator are that it can source at least 1 amp
continuously for the video and receiver circuits. It is initially assumed that the motor will
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be attached directly to the battery. The LM2940 is chosen based on its size and its fixed
voltage characteristics (as opposed to using variable resistors to tune the level of
regulation). The LM2940 can source one ampere at a constant five volts. Should direct
battery attachment of the motor not be possible, a larger regulator would need to be
acquired to handle the additional current draw. Easily acquirable SOT-223 regulators do
not exceed a one amp current rating.

5.3.4. GPS System
The purpose of the GPS system is to allow the pilot to know where the vehicle is
at all times and aid in the navigation of the vehicle. For this to be implemented the
vehicle must have a GPS receiver on board that receives its current location from GPS
satellites. The GPS data received from the satellites then has to be transmitted to the
ground control console where the pilot is navigating the vehicle. After the ground console
has received the data the latitude, longitude, elevation, and heading of the vehicle needs
to be displayed via laptop computer or video monitor.
Some possible solutions researched were GPS SPS (Standard Positioning
Service), DGPS (Differential GPS) and APRS (Automatic Position Reporting Service).
GPS SPS is the most frequently used GPS system; therefore, it has the most industry
support and is the easiest system to find and implement. DGPS is very similar to GPS
SPS; essentially it is an upgraded version of SPS. DGPS is much more accurate than SPS
because it performs corrections on the data by way of a fixed point. However, there are
only 47 existing fixed points, or U.S. Coast Guard DGPS beacons, broadcasting in the
U.S. Therefore, DGPS corrections are only available in certain coastal and river regions
where the U.S. Coast Guard is operating. There are clearly accuracy performance benefits
of a DGPS unit, but the high cost of the units and the limited regions of DGPS beacon
coverage make the cost outweigh the benefits. DGPS units are priced at around $1,000;
well over the budget for the navigational unit of the MAV. INS provides frequent
measurements, which would be ideal for the MAV, but the accuracy of the measurements
is dependent on the sensitivity of the sensors. With inexpensive sensors the error can
become unreasonable quite easily. Also, the smallest INS unit found was around 200
grams. INS, therefore, was eliminated as a solution because of weight requirements.

RIT MAV 04-001

34

APRS is a somewhat new concept that tracks objects with digital radio. The downfall of
the APRS system is that requires an FM transceiver, and several other large parts. Also,
because it is a newer concept, there is less support for the development of such a system.
The onboard GPS unit will consist of a GPS receiver and antenna to receive the
data from the satellites and output a standard NMEA GPS sentence. The simplest and
most efficient use of space and weight to
transmit the data to the ground unit is to use the
video transmitter that is already onboard the
vehicle. The initial concept was to convert the
GPS data to an audio signal and transmit that to
the ground through the unused audio signal on
the video transmitter. Then the data would have
to be converted back to display it on the laptop.
The video overlay board is an alternative to
this concept. The video overlay board inputs a

Figure 27: Example of GPS video overlay board output

NMEA GPS sentence and a NTSC video signal and overlays the GPS data onto the
NTSC video signal. The GPS data is displayed at the top of the video monitor after it has
been transmitted to the ground. An example of this is shown in Figure 27, and a
schematic of the GPS system is seen in Figure 28.

Video
Camera

GPS Antenna

Video
Transmitter

GPS
Overlay
Board

GPS
Receiver

Ground Console

Figure 28: Overview of proposed onboard GPS components
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The initial criteria that were considered when investigating feasibility of parts
were weight, dimensions, power consumption and accuracy. Because the GPS receiver
and display board have to be onboard the vehicle, it is important that they are extremely
lightweight and compact in size. The goal for the weight of the entire GPS unit was 20
grams, with an area of no more than 2 cm2, this criteria weeded out most of the units that
were researched. Low power consumption was another key criterion in the GPS selection.
The voltage onboard will be a regulated 5 volts, so this is the desired input voltage. The
less current draw from the components the better. After these initial criteria were met, the
set of possible GPS units was narrowed to a fairly small group. At this point the units
were compared to find a receiver and display board combination that would interface
well together. The baud rate and data output format determined the final selections.
It was decided that a GPS receiver with a built in antenna would be a better choice
because it will save us the hassle of trying to interface the two parts separately. Buying
the complete package guarantees that the two will be working together correctly. This
allows a focus on the integration between the receiver package and the GPS video
overlay board. The two complete receiver and antenna units found that met requirements
were the Furuno GH-79 and the Sarantel SmartAntenna. The SmartAntenna is a little bit
larger but is more adaptable and provides an evaluation kit with debugging software.

Manufacturer
Model
Accuracy
Weight
Dimensions
Voltage
Current
Interface
Update Rate
Price

Furuno
Sarantel
GH-79
SmartAntenna
15 m
approx 15 m
13g + built in antenna
15g + built in antenna
32mm x 64mm x 13mm
28mm x 21mm x 10mm
3.1-3.3 V
3.1-12 V
76 mA
180 mW (55mA @ 3.3V)
Asyn, 4800 bps
9600 or 4800 bps programmable
N/A
2 Hz
N/A
$250

Table 8: GPS receivers with built in antenna
tenna alte
alternatives
rnatives

Because the video data is being transmitted in NTSC format back to the ground, it
was determined the simplest way to transmit the GPS data would be by overlaying the
GPS data onto the video. The two options explored for overlaying the data are the
STVPROJ-G board by Black Box Camera, and the OSD-GPS by IC Circuits. Both
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boards are approximately the same size and use the same interface. As seen in Table 9,
the primary characteristic that separates the two is the nominal operating voltage. The
OSD-GPS voltage is higher than the voltage being supplied by the batteries chosen for
the vehicle. Therefore, the STVPROJ-G is the more feasible choice for our design.

Manufacturer
Model
Weight
Dimensions
Voltage
Current
Interface
Video
Price

Black Box Camera
STVPROJ-G
20 g
60 x 54 x 20 mm
5V
50 mA
4800 bps
1 Vp-p PAL or NTSC
$60

IC Circuits
OSD-GPS
22 g
63.5 x 63.5 x 11.75 mm.
8V
60 mA
4800 bps
1 Vp-p PAL or NTSC
$120

Table 9: GPS video overlay board alternatives
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5.4. Launcher
Three concepts for launching the MAV were developed through brainstorming:
hand launching, a hand-held launcher and ground based launcher. Each design addresses
the requirements needed from the launcher. The most important requirement is a proper
launch, described as a launch that provides the vehicle with a flight speed and pitch that
allows the vehicle to begin a climb upon exiting the launching device.
The hand launching technique is self explanatory and will not require any design.
Hand launching the vehicle introduces unpredictable flight conditions that require the
pilot to compensate for immediately. In turn, it cannot guarantee a repeatable or proper
launch. It is, of course, feasible and would most likely become more predictable and
successful with extensive practice.
The hand-held launcher is based around
the concept of a crossbow as shown in Figure
29. The MAV would be held in a cradle
mounted on top of the crossbow and launched
using the forward travel of the crossbow. The
cradle would be designed with a focus on
integration between the crossbow interface and
the MAV. A method to provide the launcher
with a firm grip on the vehicle until the point of
launch would be devised. This launcher would
be relatively portable and offer a degree of
reliability. The device would launch the MAV
consistently, but would still be prone to human
error. This factor may or may not prevent the
launcher from consistently providing a proper

Figure 29: Crossbow launcher concept

launch.
The ground launcher concept (Figure 30) would be similar to the concepts shown
in the literature review. The ground launcher consists of guide rails and a cradle that rides
between them. The guide rails will be held firmly by support rails that lay parallel to the
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ground. The cradle that rides between the guide rails will hold the MAV firmly just as the
hand held launcher would. The cradle will be pulled along the guide rails by a constantforce spring. This concept also shows a degree of portability along with reliability. This
concept is relatively more reliable than the hand held launcher because it eliminates more
chance of human error.

Figure 30: Ground based launcher concept and constant force spring

The feasibility assessment between the three concepts was performed using a
weighted evaluation method. The criteria the launchers are evaluated with are:
•
•
•

Effectiveness
Portability
Cost

•
•
•

Ease of use
Design process
Repeatability

Effectiveness is the ability of the launcher to bring the vehicle safely to flight
speed at an appropriate angle of attack to ensure vertical climb. The portability of the
launcher is how easy it can be transported and setup by the personal using it. The
portability aspect of the launcher will also constrain the weight, size and girth of the
launcher assembly. The ease of use is an ability of the launcher to allow for quick and
easy use every time a vehicle is launched. The design process of the launcher should not
be too involved, so both the design and fabrication can be completed by the time the
vehicle is completed. Repeatability is the quality of the launcher to consistently launch
MAVs in the same manor. Tables 10 and 11 show the weighted method and results (hand
launch method considered the baseline).
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Effectiveness
Portability
Cost
Ease of Use
Design Process
Repeatability
Column Total

Effectiveness

Portability
<--

Cost
<-^

0

0

1

Ease of Use Design Process
<-<-\
\
^
\
<--

1.5

1

Repeatability Row total
\
4.5
^
1
^
0.5
\
1.5
^
0
0
4

Row + column
4.5
1
1.5
3
1
4
15

Table 10: Weighted evaluation method

Reference concept: hand
throwing
Ground Launcher

Effectiveness
Portability
Cost
Ease of Use
Design
Process
Repeatability

Relative
weight
0.30
0.07
0.10
0.20
0.07
0.27

score
5
2
1
3
1
5
Total =

weight
1.50
0.13
0.10
0.60
0.07
1.33
3.73

Hand-Held Launcher
score
4
1
2
3
1
4
Total =

weight
1.20
0.07
0.20
0.60
0.07
1.07
3.20

Table 11: Launcher evaluation results

After completing the weighted evaluation the effectiveness, repeatability and ease of use
are seen as the dominant characteristics of the launcher. The concept that rated the best
with all of the considered criteria is the ground launcher.
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Weight
0.3000
0.0667
0.1000
0.2000
0.0667
0.2667

6. Design Objectives & Specifications
6.1. Performance Specifications
The overall performance specifications for the MAV defined after the concept
development and feasibility phase are as follows:
•

The vehicle shall not exceed 110 grams gross mass

•

The vehicle shall not exceed 385 millimeters maximum linear dimension

•

The vehicle shall have a endurance of at least 5 minutes

•

The controls and video link shall be functional to a range of 300 meters

•

The vehicle shall have a cruise speed between 5 and 20 meters per second

•

An electric motor/propeller combination shall propel the vehicle
o The powerplant shall generate at least 25 grams of continuous thrust, with a
goal of greater than 30 grams

•

Lithium polymer batteries shall be utilized to power the all onboard electrical
systems

•

All electrical systems must run on 5 V and have the low continuous current draw

•

The launcher system should be designed to release the MAV in a stable orientation
at sufficient flight speed

6.2. Design Objectives
•

All drawings and calculations shall be utilize metric standard units

•

All CAD work and formal drawings shall be performed in SolidWorks or ProEngineer, and all attempts will be made to ensure uniformity of style

•

All purchases must be verbally approved by the Team Manager

6.3. Evaluation Criteria
The criteria for evaluating the success of the MAV is as listed in the Needs Assessment
section. If all goals are met with adequate time before completion date of this project,
further research and development will be performed on all systems. Completion date for
the project is May 21st, 2004.
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7. Analysis
7.1. Airframe
Fundamental aerodynamic analysis was performed as a first step because it would
influence the entire design of the MAV. Using standard aerodynamic equations and
methods [16], the performance and stability of the aircraft was modeled. The results of
this analysis showed the theoretical performance of the MAV and proved the aircraft will
fly if the design is carefully made a reality. For instance, the performance calculations
validated the performance parameters developed via the literature search and needs
assessment. Appendix A shows the plots derived from this analysis.

7.1.1. Airfoil
The three selected airfoils described in the Concept Development and Feasibility
section were analyzed using all three of the major areas of aerodynamic research:
experiment, theory and computational simulation.

7.1.1.1.Experimental
As previously noted, current aerodynamic theory breaks down at low Reynolds
numbers. Because of this the team has placed a great deal of emphasis on experimental
results. While the library of available data at such flight regimes is limited, some airfoil
data of interest was taken by Selig and is available via the UIUC Airfoil Database [3-5].
Specifically, Selig has published highly regarded 2-D lift
and drag data for the S5010 and MH45 airfoils at a
Reynolds number of approximately 100,000. Thankfully,
this fits squarely in the middle of our expected flight
regime.
After a considerable search it was determined that
no experimental data is available concerning pitching
moment of our airfoils at low speed. Regrettably, the
facilities available at RIT do not allow us to gather
Figure 31: RIT Mechanical Wind
Tunnel Force Balance
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moment data of our own. It has been decided we must utilize the analytical results and
our own experiences concerning pitching moment as best we can.
Also, no solid data could be found for the S5020 airfoil. An attempted solution to
this problem was the collection of S5020 experimental data in the RIT Closed Circuit
Subsonic Wind Tunnel. A student designed and fabricated balance, seen in Figure 31, can
take very accurate measurements of lift and drag at low speeds [19]. However, it was
determined after initial steps towards testing an S5020 airfoil that the facilities and
equipment could not produce accurate 2-D data; only 3-D (finite wing) data can be taken
using the balance. Regardless of this, a small test of the S5020 was performed and
showed the expected trends. While it of course does not correlate exactly with 2-D data,
fundamental trends like stall angle, zero lift angle and L/Dmax did coincide as expected.
Time constraints did not allow the in depth testing of all three airfoils to allow a full 3-D
comparison of data.
While the balance does not help in the initial 2-D estimates of airfoil performance,
it will be invaluable in determining the actual flight characteristics of our full vehicle.
Very accurate measurements of the lift and drag of the vehicle will be taken and used to
much more definitively model our MAV’s performance. This data collection has not yet
occurred as of publishing time of this report, but is due to occur within days.

7.1.1.2. CFD (Computational Simulation)
Due to the lack of available moment information and a lack of proper equipment to
determine the moment coefficient in RIT’s Wind Tunnel, a CFD analysis was tested for
accuracy using FLUENT. Lift and drag were not analyzed with CFD due to the existence
of accurate experimental results.
The University of Illinois at Urbana Champagne has recently published moment data
for a small number of airfoils. Although none of these airfoils would be appropriate for a
MAV design, one was chosen to determine if FLUENT could accurately predict the
moment coefficient. The airfoil chosen was the S6063. The moment coefficient was
calculated about the quarter chord location for both the experimental data from UIUC and
the analysis in FLUENT.
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7.1.1.2.1. Gambit – The Preprocessor
Gambit is the meshing tool that is used to generate the mesh model to be fed in to
FLUENT. To create the 2-D airfoil geometry, the airfoil vertex data is imported from a
.txt file and the upper and lower surfaces are created using a line type called nurbs. The
curve created by nurbs passes through each vertex point, creating an airfoil surface that is
smooth. Once the airfoil geometry is created, various meshing schemes are developed
and tested for skewness quality. A low level of skewness increases accuracy and lowers
the number of iterations needed for convergence. The final meshing scheme has 60,000
total elements, with only 0.74% skewed. The final meshing scheme consists of only
quadrilateral structured meshes. Ideally, a quadrilateral mesh should be used because it
allows for the creation of a boundary layer on the airfoil. In a structured mesh, all nodes
are associated with a triplet of integers identifying the cell location. Structured meshes
yield faster convergence to a solution and typically yield more accurate simulation
results. Structured meshing is more time consuming than unstructured because each edge
must be meshed before the entire face can be meshed, but an accurate solution is more
important than a quick solution.
On each of the edges perpendicular to the airfoil surface, edge grading was used.
This non-symmetric grading scheme uses a constant R-value to describe the ratio of two
adjacent mesh elements. The edges in contact with the airfoil surface used a grading of R
= 1.1. The effects of the boundary layer on lift and drag are extremely important in low
Reynolds number flow, so it is important to create a very fine mesh near the surface of
the airfoil.
7.1.1.2.2. FLUENT
FLUENT is a commercial code used for CFD analysis that simultaneously solves
the continuity, momentum, energy, and species equations. FLUENT has typically been
used for airfoils and airframes flying at much higher Reynolds numbers than MAVs. To
date no FLUENT CFD data has been published for low Reynolds number airfoils.
For the S6063 airfoil application, an implicit coupled solver was used. The
implicit solver will generally converge much faster than the explicit solver, but will use
more memory. In the case of a 2-D airfoil, memory is not an issue. FLUENT offers
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multiple viscous models including the K-Epsilon and Spalart-Allmaras models. Both
models were tested using the same meshing scheme and converged to similar solutions,
but Spalart-Allmaras was chosen because it converged in half the iterations of K-Epsilon.
The Spalart-Allmaras model was designed specifically for aerospace applications
involving wall-bounded flows and has been shown to give good results for boundary
layers subjected to adverse pressure gradients. The S6063 airfoil was tested using
FLUENT at 0, 5, and 10 degrees angle of attack at a Reynolds number of 100,500.
Unfortunately, FLUENT was not able to produce results that were consistent with the
experimental data found in [3-5]. The coefficient of moment about the quarter chord was
extremely inaccurate and therefore could not be used as a basis for airfoil selection. Due
to time considerations, further attempts using FLUENT to determine the moment
coefficient were abandoned.
7.1.1.3.Analytical Predictions
Two methods were used to develop analytical models of airfoil performance. Both
thin airfoil theory and XFOIL’s viscous model produce results that can be applied to the
design if their inherent inaccuracies in our flight regime are kept in mind.
7.1.1.3.1. Thin Airfoil Theory
In classical thin airfoil theory, the airfoil is simulated by a vortex sheet placed
along the chord line, where the strength of the vortex sheet is determined such that the
camber line is a streamline. For the camber line to be a streamline, the component of
velocity normal to the camber line must be zero at all points along the camber line. The
relationship between the coefficient of lift and the equation for the mean camber line,
z(x), is seen in equation 1.2. [20].

1
⎡
Cl = 2π ⎢α +
π
⎣

∫

π

0

dz
(cos θ 0 − 1)dθ 0 ⎤⎥
dx
⎦

Eqn 4

The relationship between the moment coefficient about the quarter chord and the
equation for mean chamber line, z(x), is seen in equations 5 and 6 [19].

π

C m ,c / 4 =
An =
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π ∫

4
π

0

( A2 − A1 )

dz
cos nθ 0 dθ 0
dx

Eqn 5
Eqn 6
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The equation for the mean camber line for each of the airfoils, MH45, S5010, and S5020,
was determined using a polynomial Trendline of 6th order in Excel, with R2 values of
0.9954, 0.9985, and 0.9988 respectively. A comparison of the thin airfoil theory
predictions of the coefficient of lift versus angle of attack and the experimental data for
Reynolds numbers of approximately 100,000 and 200,000 are seen in Figures 32 and 33.
Thin airfoil theory predicts the coefficient of lift relatively accurately for angles of attack
below the stall angle. This can be beneficial when reliable experimental data does not
exist for a particular airfoil, such as with the S5020, and also in determining which
airfoils merit testing. Using the thin airfoil theory, the three airfoils were found to have
very similar lift curves, with the S5020 slightly better than the others.
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MH45 Cl vs. AoA
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Figure 32: MH45 Lift Coefficient

S5010 Cl vs. AoA
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Figure 33: S5010 Lift Coefficient

RIT MAV 04-001

47

Table 12 represents the pitching moment coefficient data calculated using thin airfoil
theory about the quarter chord location. As stated above, there is no experimental data to
compare these values. Thin airfoil theory, of course, is modeled on ideal flow and
therefore only predicts the pitching moment independent of angle of attack and cannot
predict drag.
Airfoil

CM,c/4

MH45 -0.00316
S5010

0.00529

S5020

0.0043

Table 12: Thin Airfoil Theory moment coefficient data

7.1.1.3.2.

XFOIL

The well-regarded airfoil analysis package XFOIL [21] was also used to determine
analytical performance plots of the three airfoils. All three airfoils were analyzed in
XFOIL at a range of angle of attack from -5 to 15 degrees. The viscous solver was used
with the maximum 280 panels per airfoil and an iteration limit of 50. A fixed Reynolds
Number of 100,000 was set with free transition. Some of the results from this analysis are
shown in Figures 34. The results show good correlation of the basic performance trends
between the other data sources.
Worthy of note is the fact that XFOIL does provide a benefit that the other data
sources do not. XFOIL provides a moment coefficient prediction that changes with
respect to angle of attack. This more realistic moment prediction lends credibility to the
eventual stability analysis.
7.1.1.4.Final Airfoil Selection

After the exhaustive airfoil research and analysis process previously described, the
final conclusion is the S5010 airfoil will be utilized in our design. The reasons behind this
are many, but the primary consideration is our confidence in the available data. Selig’s
tests are widely held as accurate information; it agrees with analytical data and has
acceptable performance parameters. In addition, the other airfoils have serious drawbacks
to their use. As seen in Figure 34, the MH45 has very radical stall characteristics that
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would be a severe problem for recovering the aircraft from stall. The major drawback to
the S5020 is the lack of experimental data.
Cl and Cm vs AoA
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Figure 34: Airfoil lift and moment data from XFOIL and experiment

7.1.2. Planform Analysis

Keeping in mind the necessity to maximize lift with respect to drag, the literature
search was conducted as previously described to determine the planform shape best
suited for a low aspect ratio flying wing
configuration MAV. While published research
on micro air vehicles is limited, an extensive
study on planform shape was conducted by
Torres [6]. He discussed how wingtip vortices
generate nonlinear lift on low aspect ratio
wings. As the angle of attack increases, the
wingtip vortices propagate in, towards the
centerline, causing the surface pressure to
decrease, thus increasing the nonlinear lift
(Figure 35). As the location of max span
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increases, the distance between vortices increase, and as the distance between vortices
increase, the nonlinear lift increases. Therefore the location of max span closest to the
trailing edge is ideal.
The inverse Zimmerman has the furthest aft location of maximum span and
experiences the tip vortices more drastically than the other planforms. Publications
[2,6,12] describing several successful micro air vehicles are also available and their body
shapes compared. Included in this comparison was perhaps the most successful MAV to
date, the AeroVironment Black Widow [2].
After reviewing this literature, it was concluded that a modified inverse
Zimmerman was the best choice for the planform shape of the RIT MAV. The true
inverse-Zimmerman shape would be too difficult to manufacture using techniques and
tools available to the team at RIT. A tradeoff was made to maximize wing area while also
incorporating the lessons learned in the Torres planform study. The basic concept of the
selected planform shape is seen in Figure 36. Other successful MAV designs that
impacted the final decision are shown in the accompanying figures.

Figure 37: AeroVironment Wasp MAV

Figure 36: RIT MAV planform

Figure 38: University of Arizona 2003 MAV
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7.2. Propulsion

In order to find acceptable propulsion components, thrust testing was done. The
thrust testing required the measurement of thrust through some means.
Thrust Measurement Requirements:
•
Resolution of 0.5 grams
•
Easy to setup and use
•
Reliable
The measurements of thrust should have a resolution of 0.5 grams, which will ensure
accurate measurements so the minor changes in thrust from different propeller/motor
setups can be documented. The test setup should also be simple, easy to use and intended
for future use in years to come.
To measure the thrust, a method of measuring force in one direction is needed.
The two methods investigated to do this were either the use of a load cell or a mechanical
balance. A load cell is commercially available from many vendors. Load cells use strain
gages to sense the applied load and outputs a voltage as a function of that applied load.
Load cells are also specific to a certain load range (i.e. 0-500g). A mechanical balance
would measure the amount of thrust by applying known masses to a lever or pulley
system. When the mass, equivalent to the thrust, is applied to the system, the system will
be in equilibrium. These two concepts were compared against each other in areas such as
cost, ease of setup and ease of use. A load cell was chosen over a mechanical balance
when the two were compared. The load cell will be much easier to setup and use than a
mechanical balance. Also several companies offered good prices on load cells that met
our requirements. The mechanical balance would cost relatively the same amount and
still require fabrication and assembly.
The load cell to be used for testing is an SMD Miniature Platform Load Cell.
Strain Measurement Devices (SMD) makes load cells and force sensors for a number of
uses like non-invasive medical sensors, pharmaceutical testing, aerospace and industrial
measurements. The load cell chosen is the S250 Miniature Platform with a max load of 1
kg with a 2mV/V output. This load cell is ideal for our test setup because of its small size,
sensitivity and the convenient mounting holes for setup. (See Appendix B for more
details)
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Figure 39: SMD S250 Miniature Platform Load Cell

The load cell is integrated into the test setup with the use of a 12 Volt power supply,
instrumentation amplifier, multi-meter and an oscilloscope. The power supply supplies
the load cell with the proper excitation; the instrumentation amplifier increases the output
of 2 mV/V so that our readout instrumentation can yield accurate results. The multi-meter
and the oscilloscope are being used to capture the output of the load cell after passing
through the signal amplifier. The multi-meter will be used to record the voltage and the
oscilloscope will allow the signal to be monitored for any interference or vibration.

7.2.1. Calibration

The calibration setup went through several iterations until a sound system was
found. The final system schematic is in Figure 40.

Figure 40: Calibration schematic
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The power supply provides 12V and 24V to the load cell and the instrumentation
amplifier respectively. The instrumentation amplifier required an external resistor which
determines the level of amplification. A 100ohm resistor was used to give an
amplification of 500 (see Appendix B for Amplifier data). This allowed the load cell
output voltage to be read to the nearest mV.
The calibration of the load cell was carried out by using calibrated weights. The
calibration found linear relationship between applied load and output voltage. The
calibration was done over a range of 0-160 g. Calibrations were performed periodically
throughout testing to ensure accuracy of the load cell. The initial calibration curves and
equation are shown below.
Initial Load Cell Calibration
200
180
160

Oct 28 b

140
Grams

y = 75.8034216x - 108.0382070
2
R = 0.9999996

28-Oct a
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Figure 41: Calibration plot

The problems and lessons learned from the load cell calibration were very
beneficial to determining the final test setup. Initially there was a significant issue with
signal interference. The signal from the load cell would drift when analyzed with the
oscilloscope. After consulting with various sources and experts, this problem was fixed
through the proper grounding of the load cell and instrumentation amplifier.
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7.2.2. Motor and Load Cell

The motor and propeller assembly had to be attached to the
load cell in a secure fashion. A motor holder was designed in
SolidWorks and fabricated in the machine shop out of PVC. The
holder secures the motor with the help of a hose clamp and is
attached to the load cell by two screws that thread directly into the
load cell. Two holders were made that allow for different size
motors to be used. The CAD drawing for the holder can be seen in
Appendix B.
Figure 42: Motor holder

7.2.3. Test Setup

The setup for motor testing is very similar to the calibration set up except for the
addition of the motor. The schematic of the motor setup and load cell setup is in Figure
43. The motor is held facing down, the propeller is secured to the shaft of the motor with
epoxy, preventing any slipping and still allowing the propeller to be removed rather
easily. The motor was supplied variable voltage from the Mastech DC Power Supply.
Two multi-meters were put into the circuit to read the current and voltage seen by the
motor. There are two versions of this schematic, where the location of the voltmeter in
the circuit is different. The first location, labeled “Original Setup” in Figure 44, yields the
voltage drop across the two power supply terminals. This is not the voltage seen by the
motor since there is a voltage drop across the ammeter due to its internal resistance. The
second location of the voltmeter will read the voltage seen by the motor.

Figure 43: Test setup
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Figure 43: Test schematic and overall setup

7.2.4. Testing Methodology and Analysis

Due to the complexity involved in motor and propeller selection a testing
methodology is established to provide an efficient evaluation of the options available.
The propeller will be evaluated first through experimental testing. Once the propeller
options are narrowed to a select few, these propellers will be matched to an appropriate
motor that will provide the torque and speeds necessary to meet the propulsion need.
The propeller evaluation process can be broken down further into a few steps. The
first step in the testing process is to complete thrust testing on several commercially
available propellers. This testing will be completed on both stock propellers and
propellers with modified tip shapes. This step reduces the number of possible propeller
options significantly. The next step to take is to evaluate propeller diameter. The most
promising candidates selected from the previous testing will be tested at diameters of
75mm and 70mm. Due to the maximum continuous torque of the available electric
motors, the propeller drag must be closely monitored. By reducing the diameter, the drag
is significantly reduced, allowing for greater propeller speed and a more compatible
motor-propeller combination.
The propeller test setup is described previously. To complete the first step of
testing a Maxon Motor RE-16 is being used. This specific motor is being used because it
can provide a maximum continuous torque of 5.31mNm and at speeds up to 16000rpm.
This range will allow for the characterization of a large variety of propellers.
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The propellers to be evaluated are all commercially available with diameters
under 80mm. This diameter constraint is provided to initially narrow the propeller
options available. Propellers were not designed in this study due to the complexity and
time prohibitive nature of propeller design. Also, due to the small scale and complexity of
the part, fabrication is difficult. Furthermore, it has been proven that commercially
available propellers are a viable option in MAV propulsion. The propellers to be initially
tested are the U-80, EP-0320. Each propeller will be tested ‘as is’ from the supplier, and
with modified tip shapes.
Three different tip shapes are going to be tested with the hopes that they will
provide for an increase in the thrust to drag ratio of the propeller. These tip shapes will be
designated ‘A’, ‘B’ and ‘C’. Tip style ‘A’ is rounded on both the leading and trailing
edge of the propeller. Tip style ‘B’ is only rounded on the leading edge, and ‘C’ is an
elliptical shape that leads to a point. These three propellers are shown in Figures 44.

Figure 44: EP-0320 and U-80 tip shapes
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The testing is carried out by varying the RE-16 motor voltage input from 10-24V
while monitoring the input voltage, current, and the output rotational speed and thrust.
Using this information each propeller can be characterized. The relationship between
propeller rpm and torque, and propeller rpm and thrust can be evaluated. Most
importantly a relationship can be established between each propeller’s thrust output and
torque requirement, the most prohibitive constraint for the motor selection. Due to the
prohibitive nature of this constraint it is an important parameter in propeller selection.
This torque value is found using the torque/current constant provided by the motor
manufacturer. Since the same motor is being used on all tests, the current draw of the
motor is a good indication of each propellers drag. Therefore, the most efficient propeller
will be the propeller that corresponds to a data set which has the greatest slope. Figure 45
and Figure 46 are the propeller performance curves for the U-80 and EP-0320
respectively. Figure 45 shows that the U-80 propeller’s performance is not significantly a
function of the tip shape. The tip shaping only provided for reduced drag that was
coupled to a reduction in thrust output. Even though the U-80, U-80 A, and U- 80 B
cannot be clearly distinguished or ranked when considering the uncertainty in testing, the
high performance of the U-80 is evident. Furthermore, the propellers with modified blade
tips introduce complexity in fabrication and repeatability. For theses reasons, the stock U80 and U-80B will be pursued further.
Figure 46 shows the results of the EP-0320 testing. This testing was completed
with the same process using the same Maxon RE-16 motor. The tip shapes designated A,
B, C represent the same type of blade tip end. All of the propellers were once again very
similar in their thrust to current behavior. Within this set of propellers the EP-0320 B
seems to stand out most obviously as the best performing propeller. Once again the
original stock EP-0320 also performs well. Both of these will be pursued further in our
testing. Figure 47 shows the final four propellers that will be tested further.
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Propeller Performance - U-80
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Figure 45: U-80 tip shape study

Propeller Performance - EP-0320
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Figure 46: EP-0320 tip shape study
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Propeller Performance - Overall
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Figure 47: Propeller overall results

Motor selection and propeller selection must be carried out simultaneously due to
their close dependency on one another. The two motors being considered are the Maxon
RE-10 and the DC5-2.4 from WesTechnik. These motors have been selected due to their
low weight (10g), ability to achieve high rotational speeds, and low power requirements.
With both motors the maximum permissible torque is low, but high rotational speeds are
needed to maintain an ideal advanced ratio to maintain lift at flight speeds. Larger motors
are available, but their weight (greater than 20g), high power requirements, and low
maximum permissible speeds make them unfeasible.
Maxon provides a great deal of information with their motors to aid in motor
selection. Using this information it is possible to make a prediction of the motor’s
performance. The motor manufacturer provides no load speed, speed/voltage constant,
torque/current constant and the speed/torque gradient. This information can be used in
turn to predict at what speed a given motor will operate when supplied a specific voltage
and under a specific load.
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Equation 8 provides the relationship between the speed, torque, and voltage; where n =
speed, kn is the speed/voltage constant, ∆n/∆M is the speed/torque gradient, and M is the
torque applied to the motor shaft. This relationship is theoretical and ideal, as are the
constants provided. They assume that there are no mechanical losses in the motor’s
operation. Furthermore, these calculations assume that there is no temperature influence,
as high temperatures result in decreased performance. Figure 48 shows the prediction of
motor speed versus torque applied to the motor shaft with 7.4V supplied to the motor.

n = U ⋅ kn −

∆n
⋅M
∆M

Eqn 7:

Motor Speed/T orque Relationship
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Figure 48: Motor performance plot

The motor should not run at the conditions in the red region of the above plot. The
maximum permissible speed of this motor is 19000rpm, this can be reached but not

RIT MAV 04-001

60

without some damage occurring to the motor. The maximum permissible torque varies
from 1.51mNm to 1.60mNm with these motor models. This value should not be exceeded
at all during operation. If this torque is exceeded for more than a few seconds the motor
will overheat and fail. This threshold cannot be exceeded at all during operation.
Each propeller exhibits its own unique speed/torque curve. As the propeller speed
changes, the drag on that propeller also changes. This is true for each motor as well, as
Figure 48 shows. In order to make an efficient motor combination, the speed/torque curve
of the propeller must intersect the speed/torque curve of the propeller at an operating
speed and current that is within the acceptable operating range of the given motor. From
Figure 48 it is evident that the only two motor options at the 7.4 V input are model
number 118393 and 118394. In order to provide the maximum thrust output for this
motor, it must operate near maximum operating conditions. Motor number 118393 is
outside the motor’s acceptable operating range, but as long as the maximum torque is
monitored, the speed can vary as necessary. Also, since the plotted values are ideal, the
actual speeds will be lower than predicted, possibly dropping the curve into an acceptable
operation state.
With every 80mm diameter propeller tested, a thrust of 25g requires a torque
above 2mNm to be applied to the shaft. Using any one of these propellers with an RE-10
will not provide more than 20g of thrust before exceeding the maximum torque of the
motor. This is the motivation for the investigation into propeller diameter. By decreasing
the propeller’s diameter, greater rotational speeds can be achieved with lower drag
values. This will allow the propeller to operate within the ideal operational window of the
motor and produce the desired 25g of thrust.
The DC5-2.5 is not supplied with any documentation therefore the motor’s
performance must be found through testing. Therefore this motor will be tested with each
of the final four propellers’ selected. Testing will also be completed with each of the
smaller diameter propellers to determine the performance of each combination. The
testing will include 24 tests or fewer if certain propeller-motor combinations can be
eliminated by interpretation of the results from previous testing.
Tables 13 and 14 below show an overview of the results of the testing described
by the test matrix detailed above.
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Motor
RE10
Propeller Rotational Speed (RPM)
U70
11748
U80
10027
EP70B
11562
U70B
11434
U75
11128
U75B
10741
U80B
10273
EP80
9949
EP75
10989
EP70
12579
EP75B
N/A
EP80B
N/A

Thrust (g)
16.87
17.36
17.67
18.34
18.42
18.76
18.80
19.22
19.48
20.47
N/A
N/A

Current Draw (A)
0.316
0.322
0.320
0.318
0.320
0.318
0.324
0.322
0.321
0.321
N/A
N/A

Table 13: Re10 motor results summary
Motor
DC5 -2.4
Propeller Rotational Speed (RPM)
Thrust (g)
EP75B
12458
23.57
EP70B
13357
23.73
U70B
13247
24.83
EP70
14052
25.96
U70
13529
26.00
EP80
11328
26.08
U75B
12217
26.25
U80B
11412
26.57
U75
12432
26.95
EP75
12673
26.99
EP80B
12737
28.62
U80
12183
29.71

Current Draw (A)
0.993
0.990
0.983
0.948
0.995
0.947
0.986
0.986
0.983
0.981
0.993
1.083

Table 14: DC5 motor results summary

From the results shown in Table 13 it is easy to see that the Maxon RE10 will not
be a viable option as the power plant for the MAV propulsion system. The testing was
not completed for the EP75B or the EP80B due to the poor performance of the EP70B.
When considering the strict torque requirements of the RE10 and the performance of the
stock propeller it was reasonable to infer that these propellers would be unable to reach
the target thrust of 25g. Table 14 shows that the DC5-2.4 from Wes-Technik will meet
the thrust requirement. Although the current draw is significantly higher for the DC5-2.4,
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the thrust is the most important parameter being considered. Figure 49 shown below is a
plot of the thrust output versus current draw from the motors highlighted in grey in Table
14.

DC5-2.4 - Prop Performance

31
R-Squared Values
R2 = 0.9995
R2 = 0.9992
R2 = 0.9994
R2 = 0.9988

29
27
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23

EP75

21
19
17
15
0.7

0.75

0.8

0.85
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0.95

1

1.05

Current (A)

Figure 49: DC5 motor results plot

The results shown in Figure 49 show that the DC5-2.4 and EP80B combination is the best
propulsion option of those considered in this study. This motor-propeller combination
will be further evaluated through flight testing to determine the dynamic performance of
this propulsion system.
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7.3. Electronics

Testing began on the video sub-system to determine electrical characteristics and
range performance. It was found that in practice, the camera and transmitter actually
drew less current than was specified by the vendor (197mA vs. 230mA). The fixed
voltage regulator circuit itself draws an additional 9.8mA under a no-load condition. It is
assumed that regular loaded operation will require slightly more current. According to the
data sheet in Appendix C, the regulator circuit will draw an additional 1mA for every
100mA sourced. Video range specifications were
initially tested on January 31, 2004. Horrible weather
conditions

led

to

concerns

about

electrical

malfunction. The maximum distance achieved on this
day was approximately 123 meters. Due to concerns
of the stability of solder tabs on the lithium-ion
batteries and hoping to be able to recreate consistent
test conditions, a testing pod (Figure 50) was created
using Styrofoam to keep components stable during

Figure 50: Video system test setup

testing. The second round of video testing commenced on February 2nd. The results were
much improved as the maximum distance achieved was approximately 333 meters.
Concerns remained about fragility of the solder tabs when one was broken, destroying the
battery. To address this issue, battery ‘packs’ were created to stabilize the tabs and
provide a more solid connection point. Another concern was the use of a television/VCR
combo at the receiving station. This television would not accept signals of less than a
preset strength and was generally unreliable. A lab monitor was acquired to improve
reception of the image and show images of less than perfect quality. On February 14th,
another set of testing was performed to assess the impact of the new acquisitions and
actions. Results were improved again to a 457 meter range with no degradation of signal
quality. Plans are underway to find a new testing area with a safe line of sight of more
than 457 meters.
Before attempting to test the control system response from a great distance,
another testing platform was created to house the receiver unit, speed controller, and one
servo securely (Figure 51). Testing was performed on February 13th. Results were in line
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with specifications. A range of approximately
805 meters was achieved with minimal ‘chatter’
and preservation of discrete servo motion. The
unit became dysfunctional at a distance of
approximately 1100 meters away from the
control unit. Current use statistics were later
obtained for the receiver and servo units. The

Figure 51: Control system test setup

receiver draws 18.4mA in a static condition with
no servo motion. Current peaked at approximately 190mA when the servo is induced to
operate at full speed. This current burst is extremely short and should not be added into
the maximum continuous current considerations of the voltage source.

7.3.1. GPS

In depth analysis and testing of the GPS system is expected shortly. Due to
shipping concerns and time constraints the necessary GPS components did not arrive in
time to analyze and test.
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7.4. Launcher

The successful operation of the launcher is very important to the success of the
vehicle. The issues needing analysis concerning the selected ground based launcher are
the constant-force spring, distance of cradle travel and the launcher/MAV interface. The
constant-force spring should pull the MAV with enough force to reach flight speed, but
not with too much acceleration that the MAV is torn apart. The distance of cradle travel
is a function of the constant-force spring and the mass of the MAV and cradle. The mass
was assumed to be .5 kg which includes 110 grams for the MAV and an estimated weight
for the cradle. A calculation was performed to find out the relationship between cradle
travel and the force applied by the constant-force spring (Table 15).
Force (lb)
Acceleration
(m/s2)
Velocity (m/s)
4.47
6.71
8.94
11.18

2

3

4

5

10

15

17.79

26.68

35.58

44.48

88.96

133.44

0.561
1.265
2.246
3.512

Distance required (m)
0.374
0.281
0.225
0.112
0.843
0.633
0.506
0.253
1.497
1.123
0.898
0.449
2.342
1.756
1.405
0.702

0.075
0.169
0.299
0.468

Table 15: Launcher calculation results

The forces listed above are the available constant-force springs available from McMasterCarr. The acceleration available from each spring is calculated using Newton’s 2nd Law
and the distance required is calculated using the constant acceleration theory. This
calculation will help to determine the length of the guide rails.
Another issue to be concerned with is the interface between the MAV and the
cradle. The MAV shall be built durable as stated in the Needs Assessment, however the
MAV cannot be hardened to withstand extreme launcher forces due to weight concerns.
In short, the launcher will have to adapt to the MAV. The idea proposed for this will be
two Teflon forks. Figure 52 shows the side view of how the Teflon forks will interface
with the MAV.
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Figure 52: Teflon fork interface

The Teflon pieces hold the MAV on the top and bottom of each wing which will not
allow the MAV to pitch up or down during the launch. The Teflon will have minimal
frictional as well so the MAV will easily release from the launcher at the end of cradle
travel.
The launcher has been designed using CAD software, but the dimensions are not
finalized as of publishing. The drawings can be found in Appendix D.
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8. Detailed Design

The detailed design of the vehicle is the system integration of the airframe
configuration, propulsion system and electrical systems designed during the preliminary
design phase of this project.

The primary concern with systems integration is the

placement of components within the airframe. The electrical components and propulsion
system must be located within the airframe (Figure 53) such that flight stability and
performance are not hindered. From the detailed design a prototype was built to begin
flight testing. The following sections describe the detailed design for each subsystem.

Servos

Batteries
(adjustable)

Control
Receiver

Speed
controller

Motor
Figure 53: Component layout

8.1. Airframe

The airframe configuration is a flying wing consisting of a 10 inch wingspan and
a root chord of 8 inches, as shown in Figure 54.
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Figure 54: Prototype airframe configuration

The S5010 airfoil with a thickness to chord ratio of 9.8% was utilized in creating the
profile of the wings. The wings have an 8 inch root chord and 6 inch tip chord, with a
20º sweep and 5º dihedral. This results in an aspect ratio of 1.39. The fuselage’s upper
surface has the profile of the S5010 airfoil, and the lower surface is flat to provide a level
surface for the pod to interface with. The fuselage and wings are fabricated using a hot
wire and airfoil profiles made from sheet aluminum. The hotwire followed the profile of
the airfoil creating the geometry of the vehicle. Pockets in the fuselage are milled such
that the components press-fit into the proper places along with slots for the vertical
stabilizer and rudder. A small amount of epoxy holds the servos, motor and thin balsa
wood vertical surfaces in their milled emplacements. A milled slot running the length of
the body of the MAV allows the batteries to slide longitudinally so that the CG of the
aircraft can be adjusted.
Two control surfaces are used for maneuverability, a rudder and elevator along
with 2 vertical stabilizers for lateral stability. All control surfaces were cut out of balsa to
minimize weight. For complete sizing information, refer to the Solidworks drawings in
the airframe appendix. The rudder and elevator are connected to the servos with control
arms made from piano wire and use a single piece of fiberglass tape for hinges.
The pod, which could carry any number of different sensor packages, attaches to
the bottom of the fuselage, covering the internal components. This is done with a series
of pins that are slid through carbon reinforced pin-holes on both the pod and body. The
pod was designed to be large enough to hold the desired payload, yet remain streamline.
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The trailing edge of the pod has two milled pockets to allow for unobstructed movement
of the control arms that connect the servos to the elevator and rudder. Figure 55 shows
the pod with a video surveillance package integrated.

Figure 55: Pod with video surveillance package

8.2. Propulsion

The design for the propulsion system as a result of a feasibility analysis and static
thrust testing consists of the motor-propeller combination shown below in Figure 56. The
motor selected is the Wes-Technik DC2.5-2.4, and the propeller selected is the
commercially available EP-0320 with blade tip shape B (leading edge rounded) as
described in the analysis section.

Figure 56: Motor-propeller combination
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Through static thrust testing it was shown that this combination was capable of producing
over 30g of thrust at rotational speeds greater than 12800RPM while consuming a
maximum current of 1.1A at approximately 6V.
The propulsion system was coupled with a Wes-Technik YGE-3 speed controller.
The power input provided by the batteries was connected to the speed controller, which
then regulated the power input to the motor. The speed controller output was restricted
by the commands from the Futaba T6XA 6-Channel Digital Transmitter. The transmitter
was also adjusted so that at full throttle, the motor was being run at 6.1 V. This setup
ensured that the motor would stay within an acceptable operational range while
exploiting the high end thrust output of the system. Thrust testing completed while under
this control setup verified motor operation for at least 10 min without significant loss in
thrust output or destructive effects to the motor.
The motor was secured into the MAV with epoxy, which provided a lightweight
secure attachment that exceeded the strength of the foam body. The propeller was also
secured to the motor shaft using epoxy. This was necessary because the propeller’s center
anchor was too large for the motor shaft and therefore a press fit was not possible.

8.3. Electronics

Following the completion of the preliminary design, the electrical components
chosen are integrated into the MAV. A single battery pack would be responsible for
supplying power to the entire electrical system on board the MAV. The wires leaving the
battery pack were spliced to supply the voltage regulator and the speed controller with
power. This would ensure the components that required 5V would go through the
voltage regulator and the speed controller would receive the full potential of the battery.
This connection was insulated with shrink wrap. The voltage regulator and capacitors
formed a central terminal block for the input from the battery pack (7.4V), output (5V),
and ground (0V) terminals. From this terminal block, wires from the video camera, video
signal transmitter, and battery were soldered to their appropriate connection points. The
connections on the component end were insulated using small diameter heat shrink tubing
and the voltage regulator assembly was insulated with electrical tape. The speed
controller was connected to the motor in the same fashion, using solder and an insulator.
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Figure 57: Speed Controller

GPS was not integrated onto the 2004 MAV, however will be pursued during the
2005 school year. The GPS system can be described in more detail in the testing section.

8.4. Launcher

The design for the launcher would follow the preliminary design. Integration
with the vehicle has been investigated and dealt with by the methods seen in analysis
section. During the fabrication and assembly a few adjustments were made: addition of
spacers for the rails, the addition of padding in front of the spring reel, modification to
cradle to accommodate the shape of the horizontal rollers and the shape of the vertical
roller mounts were changed to allow for easier fabrication. The spacers were installed to
the hinge point on the base of the launcher. This would ensure the alignment necessary
for proper travel by the cradle. The padding in front of the reel would cushion the cradle
before it impacts the front of the launcher. This will prevent any damage to the launcher
that could occur during a launch.

Figures 58 and 59: Launcher

RIT MAV 04-001

72

8.5. Weight Distribution

Table 16 and Figure 60 summarize the component weight distribution of the
prototype MAV. At this point most of the initial component design and selection has
been completed, so the next step in the design process is flight testing

Vehicle Weight Distribution
Motor
10%
1%

30%

Propeller
Batteries
Receiver
Speed Controller w/wires
Servos
29%
Control Arms
Video Camera

7%
12%

1%

4%
5%

1%

Video Transmitter
Airframe

Figure 60: Approximate weight distribution

Table 16: Selected Components
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9. Flight Testing

Flight testing proved to be the most valuable design tool for this year’s team.
Flight testing revealed many characteristics of flight in this unique regime that assisted in
the development of a fully functional MAV. Flight testing began indoors where the flight
conditions were ideal, which allowed for easy assessment and diagnostics of flight
behavior. Once the MAV began to exhibit reliable flight, the testing moved outside as
the weather permitted. Flight testing outside brought unpredictable weather conditions
and a more realistic mission scenario. The camera was also integrated into the payload
once some confidence was achieved with outdoor flight. Soon after the initial outdoor
flights, the team attended the International MAV Competition at the University of
Arizona. The vehicle saw many flights at this competition both with and without the
video surveillance, where once again the team recognized some problems that could be
improved or corrected on the vehicle. When the team returned, the changes were made
and more flight testing was completed. The vehicle operated reliably both with and
without video and on board video was captured. The following sections summarize the
changes made to each subsystem as a result of flight testing.

9.1. Airframe

The flight testing of the prototype began indoors with a series of glide tests. This
initial testing was needed to determine proper center of gravity (CG) placement and
therefore did not include any surveillance equipment on the airframe. Figure 61 shows
the device that was used to measure the center of gravity. The aircraft was balanced on
the metal arm attached to the movable side of the caliper, which was adjusted until the
leading edge of the wings was parallel with the other metal arm that was connected to the
stationary portion of the caliper.
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Figure 61: Center of gravity location device

The indoor glide testing resulted in an approximate CG location of 2.5 inches behind the
leading edge of the wings. This location was achieved by moving the batteries as far
forward as possible within the body, reducing the size of the vertical stabilizer by half,
and placing a small amount of clay on the tip of the motor. Indoor flight testing resulted
in few additional minor changes: replacement of the carbon pins with tape for the
POD/body interface, replacement of taped hinges with plastic ball hinges and the trailing
edge of the fuselage was sanded down further to increase the effectiveness of the
elevator. These changes resulted in multiple short indoor flights, with a maximum flight
time of approximately 60 seconds.
The first flight outdoors proved successful, achieving a flight time of 2 minutes
and 30 seconds.

The vehicle behaved satisfactorily as it was still controllable and

somewhat reliable. However, when the video package was finally integrated, the vehicle
failed to climb. At this point, the team attended the International MAV Competition at the
University of Arizona, competing with a 1 minute and 30 second endurance flight and a
20 second surveillance flight. Using the knowledge acquired from competition, the team
decided to switch to a thinner airfoil, and reduce the camber in the fuselage to eliminate
as much drag as possible. The thinner airfoils initially had a thickness to chord ratio of
4.5%, but due to fabrication issues with the thin trailing edge, the airfoils were then
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scaled to a 6.5% thickness to chord ratio. In addition to thinning the airfoils, increased
reflex was incorporated at the trailing edge to help with stability issues. These changes
resulted in a short 15 second flight that showed the MAV was still drag heavy and
unstable. The amount of reflex incorporated in the wing was reduced, which helped with
the stability problems, but drag was still an issue. Additional measures were taken to
attempt to reduce the drag, including reducing the wingspan to 8 inches and adding a trip
strip to the leading edge of the wings, but to no avail. The MAV was able to glide, but
did not have enough lift to provide a flight longer than 20 seconds.
The airframe group then made the decision to increase the aspect ratio of the
MAV by increasing the wingspan and decreasing the root chord. The resulting MAV
configuration has a wingspan of 12 inches and root chord of 6 inches, as shown in Figure
62.

Figure 62: Final airframe configuration

The fuselage no longer had the S5010 profile and was sanded to be relatively flat with
little camber. After a few glide tests to properly locate the center of gravity, the MAV
achieved a flight time of over 9 minutes with live feed video, however the aircraft
suffered from short period longitudinal instability. The longitudinal instability was not
experienced by the original airframe configuration and was determined to result from
wingtip vortices generated at the leading edge of the wings.

This instability was

eventually corrected with the addition of winglets and rounding of the leading edge. The
rounding of the leading edge on the thinner wings may have prevented leading edge stall
experienced by the sharper leading edge wings and the winglets reduced the effects of the
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wingtip vortices. These changes, along with changes made to the propulsion system,
resulted in a 6 minute live video feed, stable flight.

9.2. Propulsion

Flight testing provided valuable information concerning the operation and
reliability of the propulsion system. On initial flight tests it became evident that the EP0320B propeller created significant reliability issues. The propeller, which was fastened
to the motor shaft with epoxy, was difficult to align properly on the motor shaft. Also,
when landing the MAV the propeller repeatedly released from the shaft, and reattachment
was time consuming. Furthermore, the custom B tip shape was difficult to manufacture
with any degree of repeatability. For all of these reasons the EP-0320B propeller was
removed from the system and replaced by the U-80. The use of the U-80 propeller
permitted a press fit between the propeller and motor shaft. This eliminated the alignment
and detainment issues apparent with the EP-0320B. The concerns associated with tip
shape adjustment were also eliminated as the U-80 requires no blade tip shaping. The
performance of the U-80 is slightly lower than that of the EP-0320B, but the advantages
of its use in flight outweigh the slight performance gains associated with the EP-0320B.
Figure 63 is a photo of the U-80 propeller.

Figure 63: U-80 Propeller

Much later in the testing phase motor overheating became an issue. During
several test flights the motor seized after approximately two to three minutes of flight at
full throttle. This was unexpected after initial testing predicted motor endurance of over
ten minutes at full throttle. Once it became evident that the motor was overheating inflight, further investigation was conducted. Indoor testing was conducted once again in an
attempt to more accurately characterize motor endurance. The testing consisted of
running the motor at full throttle in the MAV body while recording the time and propeller
speed using a stroboscope. Table 17 below shows the data from this testing.

RIT MAV 04-001

77

Motor Endurance
Time (sec)
20
40
60
80
100
120

Propeller Speed (RPM)
16104
14521
12497
11185
8462
Motor had seized

Table 17: Motor endurance test data

It is easy to see that the motor performance degraded quickly as time proceeded. From
the flight testing and the static endurance test it was concluded that the foam is insulating
the motor causing it to reach temperatures resulting in catastrophic failure. In order to
eliminate the overheating problem a heat sink was designed and built. A Solidworks
model of the heat sink is shown below in Figure 64.

Figure 64: Heat Sink assembly

The heat sink is constructed of aluminum to provide a lightweight and highly conductive
device to promote heat dissipation. The small diameter end of the heat sink is epoxied
into the foam and the motor is inserted into the heat sink where it is held in place by a set
screw. Fine tolerances are held on the heat sink to ensure good contact between the
motor-propeller assembly and the heat sink. The device places the motor and finned
section completely outside of the foam body and within the flow field. The following
setup adds weight to the overall MAV, but it facilitates in the placement of the center of
gravity and prevents motor burnout.
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9.3. Electronics

The electrical system designed during preliminary design was integrated onto an
MAV and flight tested. During flight testing the electrical systems were modified as
problems arose. These modifications, once completed, have given the MAV the ability to
carry out a realistic surveillance mission.
The first change to the preliminary design was necessitated by the need for a more
durable video camera for surveillance. The Panasonic CCD camera initially chosen
became inoperable by the repetitive vibration associated with system testing. After
speaking with the manufacturer it seemed the lens assembly actually delaminated itself
from the CCD chip onto the electrical board. Therefore, it was decided that this camera
would be impractical for flight testing due to the inherent shock associated with the
impacts experienced during landings. The C-Cam-2A is chosen as a replacement camera
because of its relatively low price, high durability, and smaller mass and volume
characteristics. However, these beneficial qualities are offset by some shortcomings: a
poor field of vision compared to the CCD camera and black and white video rather than
color. The CMOS camera was easy to integrate into the system and has given the plane
the ability to send video back to the base station.
Another problem with the video system became apparent when the motor was
throttled up.

The motor used has brushes and these brushes create noise that is

destructive interference to the video signal. Initially, this noise was grounded via a
grounding a shield, which completely encloses the casing of the motor.

Future

modifications made to improve the heat dissipation of the motor were also beneficial with
respect to noise reduction. The tight fit of the newly designed heat sink around the casing
of the motor provided better contact for a ground plane, effectively grounding the motor
casing itself. Noticeable improvement was apparent in the video transmission after these
steps were implemented.
Another main problem experienced during flight test involved the fragility of
wires less than 26 AWG. On numerous occasions, wires became frayed and continuity
was lost between the battery and the speed controller or video camera. This was rectified
by the creation of a protoboard that successfully joined all electrical connections with
properly plated solder joints. This board also fits nicely into the pod, along with
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providing an easy interface for video components along with any other sensors within a
given payload.

Figure 65: Protoboard - top

Figure 66: Protoboard - bottom

Testing of the GPS involved the integration of the GPS components with the
video system selected for use on board the MAV. This required the fabrication of another
protoboard similar to the one created for the video system.

However, this system

required the use of a MAX232 Transceiver. This allowed the GPS and video overlay
board to communicate in the correct fashion. The assembly was successfully tested
outside while driving in a car. The screen shot from the video overlay can be seen in
Figure 67.

Figure 67: GPS overlay
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9.4. Launcher

The goals of testing the launcher were to determine the feasibility of a mechanical
launcher versus hand launching. The testing was performed inside, in a controlled
environment, with a prototype style MAV. The MAV was a fully functional with a
motor and powered control surfaces. There was no camera on board due to the unknown
violent nature of the launch process. The testing is summarized in Table 18.
Test
Test 1
Test 2
Test 3
Test 4
Test 5
Test 6
Test 7
Test 8

Result
antenna caught on cradle
MAV exited launcher properly
antenna and tail caught on cradle
MAV exited launcher properly
MAV exited launcher properly
MAV exited launcher properly
antenna caught on cradle
MAV exited launcher properly

Changes made
antenna coiled and secured to vertical tail
raised front end of pads with washers

Table 18: Launcher design iterations

Overall, the launcher performed satisfactorily. The MAV was not accelerated to
flight speed, so future designs will require a more powerful launching mechanism. The
antenna used in the MAV also had a tendency to get caught on the cradle. In the future,
either the cradle will have to be modified or a more compact antenna will have to be
used.

9.5. Flight Testing Conclusion

Overall, flight testing has been very beneficial for the team. The many vehicle
iterations built and flown has allowed the team analyze the flight behavior of the vehicle
and incorporate the necessary changes for the final design. A total of 15 MAVs were
built and over 30 successful flights have been flown over the course of three and half
months.
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Figure 68: Outdoor flight testing
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10. Final Design
10.1. Airframe

The final airframe configuration resulting from changes made during flight testing
consists of a wingspan of 12 inches and root chord of 6 inches and is shown in Figure 70.

.
Figure 70: Final airframe configuration

The S5010 airfoil with a thickness to chord ratio of 6.5% was utilized in creating the
profile of the wings. The wings have a 6 inch root chord and 4 inch tip chord, with a 17º
sweep and 5º dihedral. This results in an aspect ratio of 2.32. The fuselage’s upper
surface no longer has the profile of the S5010 airfoil, it is slightly cambered near the
leading edge, relatively flat for the rest of the body and slopes downward at the trailing
edge for maximum elevator effectiveness. The fuselage is milled in the same manner as
the prototype, such that the components press-fit into the proper places and the batteries
can be slid longitudinally to adjust CG location. The short period longitudinal instability
experienced by this airframe was corrected with the addition of winglets as shown in
Figure 71.
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Figure 71: Final airframe with winglets

As compared to the initial control surfaces, the rudder and elevator are the same,
while the upper vertical stabilizer is about half the size in height. The rudder and elevator
are still connected to the servos with control arms made from piano wire, but the taped
hinges are replaced with plastic ball hinges.
The series of pins that were slid through carbon reinforced pin holes on both the
pod and body were replaced with tape for the pod/body interface. This allowed for
quicker adjustments between flights and held the pod tightly to the body. The original
shape of the pod was maintained and sized down to the 6 inches root chord of the final
airframe configuration. The foam portion of the pod extended approximately 4 inches
and contained the surveillance equipment. Balsa pieces were taped to the back side of the
pod and extended to the end of the fuselage. The balsa contains two slots to allow for
unobstructed movement of the control arms that connect the servos to the elevator and
rudder. The foam pod was shortened and balsa pieces were added to complete the pod
because the trailing edge of the pod would typically break off upon impact.

10.2.

Propulsion

The final propulsion system consists of the Wes-Technik DC5-2.4 motor coupled
with the U-80 propeller. The motor is encased in a heat sink, which is then fastened to the
airframe with epoxy. The system is powered and throttled through a Wes-Technik YGE-3
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speed controller. The motor will require 6 to 6.3 V and draw 1 to 1.2 Amps from the
power source.

10.3.

Electronics

The final electrical systems on board and investigated this year are the control
system, video surveillance and GPS system. The control system is made up of:
•
•
•
•

2 x Wes-Technik Linear servos, 2.0 grams
R4P-JST 4 channel GWS receiver, 3.8 grams
Wes-Technik YGE3 speed controller, 1.0 grams
Futaba T6XA 6 Channel Digital Transmitter

The video surveillance system is made up of:
•
•
•
•

CMOS C-Cam-2A, 4 grams
BlackWidow AV Video 2.4 GHz 50mW Transmitter, 7 grams
BlackWidows AV 200 mW receiver
National Semiconductor Voltage Regulator Assembly, 3.0 grams

These systems have been modified from the first prototype is ways that have made
the vehicle lighter, easier to assemble both during a complete built and pre-flight and has
allowed for a functional surveillance tool.

Figure 72: Electrical system
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The GPS was developed as a technology demonstrator as the total GPS package is too
bulky to put on board an MAV. The demonstration of the GPS system is successful as it
is ready to integrate onto an aircraft, just not as small as this design. However, this
design will be pursued in the future to hopefully integrate onto an MAV. The GPS
system consisted of:
•
•

Sarantel SmartAntenna GPS, 2 Hz, 15 grams
Black Box Camera STVPROJ-G Video Overlay board, 20 grams

10.4.

Launcher

The flight testing has shown that hand launching is more feasible than using a
launcher, assuming there are multiple people at the launch point of the MAV. The design
of this launcher was similar to that of the preliminary design except for a few minor
changes that allowed the MAV to leave the launcher in a stable manor.

The part

drawings and final assembly drawing can be found in the appendix.

10.5.

Budget

The budget for this project was $6,000 total where $2,000 came from the Senior
Design budget and $4,000 was donated from the RIT Imaging Science Department.
After the project was completed there was only $2.09 left in the account. The following
figures show the budget in more detail.

Table 19: Budget overview
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Table 20: Budget used per group

Proposed Budget by Group
5%

2%
Electronics

12%

Propulsion
Airframe
Launcher
Misc
19%
62%

Figure 73: Proposed Budget

It would be recommended that the budget for next year’s MAV effort be larger so that a
little more research and testing can be done with certain systems on the MAV.
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11. Future Recommendations

While the vehicle and electronics package delivered by this years senior design
team was capable of meeting and exceeding the set performance goals described in detail
in the design objectives and specification section of this report, there is room for
improvement in several areas.

11.1.

Airframe

The airframe durability could be improved by constructing the airframe using a
composite lay-up covered with mylar sheeting. This is a daunting task, and significant
time must be devoted to an airframe construction of this type. This method of
construction would permit the use of a thin airfoil, which could reduce overall drag.
Significant weight savings are also possible with this type of construction.
Windtunnel and flight testing research should be furthered to develop a unique
airfoil shape specific to the low Reynolds number flight regime and the specific flight
envelope envisioned for future MAV missions.
Control surface effectiveness, placement, sizing, and type should be investigated
to provide for a more efficient control system.

11.2.

Propulsion

An investigation should be conducted into the design and fabrication of a
propeller. There are a very small number of commercially available propellers on the
small scale required for use with MAV’s. A propeller could be designed to specific motor
and flight specifications. This tailor made propulsion system could be far more efficient
reducing electrical power requirements and increasing vehicle payload and agility.
Further testing should be conducted with commercially available motors to
characterize motor performance at speeds and loads exceeding ‘recommended’ operation
ranges. Depending on airframe design a new power plant should be selected.
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11.3.

Electronics

A more robust video receiver unit should be investigated. A system that allows for
both long and short range capture of wireless video should be developed. This would
improve reliability during the surveillance mission profile. The receiver itself can be
improved as well as design of a better antenna system. A set of video-goggles or hooded
view-screen could be purchased or designed so that the pilot can fly the aircraft with the
video directly in front of him. This has been implemented by other MAV teams, and
seemed to greatly aid the pilot.
A very significant Electrical Engineering based project could be to develop
mission specific antenna for the video transmitter and control receiver on board the
aircraft. A shorter control receiver antenna would reduce drag and improve performance,
while also possibly reducing power requirements and improving range. A mission
specific video transmitter antenna could be developed that operates in only one direction:
downward from the aircraft. This would significantly save on power and hopefully
improve reception. A similar effort at University of Florida was successful in 2002.
An investigation should be conducted involving the integration of the video
overlay board for the GPS with the prototyped interface board created this year. There are
a variety of ways this can be accomplished. One method would be to determine the
electrical schematic of the overlay board for use in a condensed layout. The operation
and arrangement of the circuitry of the interface board is already well known. One could
create a new printed circuit that inherits the same functional traits in a fraction of the
area. Another method involves the fabrication of an Application Specific Integrated
Circuit (ASIC) in RIT’s own Microelectronics department. If the circuits in question can
be broken down further into transistors, capacitors, and resistors, a single chip could
perform the operation of the entire interface and overlay boards.
Also, a stability augmentation system for use with an MAV could be developed to
provide for fly-by-wire control of the vehicle through a computer interface.
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11.4.

Launcher

Add a servo-actuated trigger mechanism connected to a receiver on the same
frequency as the MAV and connected to an unused channel. By triggering the launcher
from the transmitter, one-person operation could be made practical. The length of the
launcher should be reduced to allow for easier transport. Also elastic bands could be used
for launching to significantly reduce costs.
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