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Executive Summary

English
As the world changes, so does the mission of the US armed forces. With these changing
mission parameters, there develops a need for new and better weaponry and equipment not
only to carry out new and unique missions but also to generally advance the state of the
military art — providing not only fewer losses, but increases lethality as well. It is this
environment of new and unique mission requirements that leads to the proposal of the
Oiseau. The Oiseau is a proposed Aerial/Ground vehicle hybrid designed to fulfill the
requirements set forth by the Concept Description Document (CDD) in a way that has never
been done before. Using flapping wings, the Oiseau hopes to take advantage of good
propulsive efficiency as well as relatively quiet operation for flight. The ground system will
use lightweight tracks to traverse a wide variety of terrain. With advanced sensor and control
systems, the vehicle will be able to meet the broad demands of the specification. With an
anticipated deployment date of 2025, there is ample time for development of technologies
required to make the Oiseau work. However, this time must be used wisely. A schedule has
been created listing the technologies and when they should be operational.

French

Comme le monde change, les missions des Forces Armées Américaines doivent évoluer.
Avec I’émergence de nouveaux paramétres de mission, se développe un besoin en armement
nouveau et plus efficace non seulement pour effectuer ces nouvelles missions mais aussi pour
permettre a I’ Armée Américaine d’avoir toujours une technologie de pointe qui permette de
réduire les pertes humaines et matérielles. La proposition faite pour répondre a cette demande
est I’Oiseau. L’Oiseau est un concept de drone aérien et terrestre congu dans le but de
répondre aux besoins listés dans le cahier des charges (Concept Description Document CDD)
de fagon innovante. Gréce & I’'usage d’ailes mobiles, I’Oiseau espére obtenir un bon
rendement pour la propulsion mais aussi un fonctionnement silencieux durant la phase de
vol. Le systéme au sol se compose de chenilles Iégéres qui permettent au véhicule de
fonctionner sur tous types de terrains. Grace & un systéme de commande et des capteurs
performants, le véhicule pourra remplir toutes tiches qui lui ont été assignées dans le cahier
des charges. Considérant une mise en service en 2025, il reste suffisamment de temps pour
permettre le développement des nouvelles technologies nécessaires au fonctionnement de
oiseau. Cependant, ce temps doit étre géré avec prudence. C’est pourquoi un calendrier a été
crée dans lequel les nouvelles technologies ainsi que les dates auxquelles elles devraient
pouvoir étre opérationnelles.
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UAGY Compliance List

This list is intended to provide a cross-reference for the specification and vehicle

95 degrees, not using more than
95% intermediate rated power

performance.
Specification: CDD location: Proposal location:
Minimum operational range of 15km . . . 1.22 ............. XXX
Minimum payload capacity of 601b . . .. 1.23.1 ... .. o XX
Moving payload to operationalrange . .. .1.23.2............ XX

in 30 min or less (same for return)

Minimum cruise speed of 30 km/hr. . . . . . 1.23201........... XX

VTOL capability . . ............. 12411 ... ... L. XX

! Avoid sonic detection . . . . . . ... ... 12431 .. ... ... XX
Near quiet acoustic signature . . . ... .. 12432 . ....... ... XX
Operational altitude: 0-500 t AGL . . . .. 12433 .......... XX
Minimum VROC: 250 fpm. . . . . . .. .. 12434 . ... ... ... XX

} Capable of operating at 4000 ft altitude, . . .2.1 . .. ... ... ..... XX

1

|

Nap of the earth flight capability . . . . . . 121 ... .o oo XX
Operational performance underadverse . . .22 ... ... ........ XX
conditions

\
|
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IPT 2: Feasibility of Unmanned Air/ Ground Vehicle (UAGYV)
1.0 UAGV — Unmanned Air/ Ground Vehicle

1.1 The Need

An increased operational tempo (Op tempo) is imperative for future forces. As conflicts
arise in many different countries, we must be prepared to rapidly move troops and supplies to
any location in the world. The op tempo predicted for the next war is 50-100 km/h. This
pace is significantly greater than that of World War II and requires vehicles that can move
and negotiate terrain at greater speeds. The UAV/UGYV is intended for use at the battalion
level to assist medium and light forces and increase their effectiveness.

An increase in robotics is essential for the future Army. Due to a reduction in forces, fewer
troops are available for service. Additionally, worldwide conflicts require these troops to be
able to deploy rapidly to the point of interest. This ability to deploy quickly comes at a price
to the soldier. No longer will heavy armor and the supplies that keep a soldier’s vulnerability
low accompany him. Robotics can augment the power of the troops by performing multiple
missions without the risk to human life. The need for robotics exists to fill the gap for “dirty,
dangerous, and dull” missions. The use of robotics may even eliminate the need for human
forces to perform dangerous missions.

The Army wants to prevent casualties whenever possible. The CNN factor, meaning the
extensive, publicly followed media coverage, demands a “clean” war for Americans. The
UAV/UGYV will function at the forward line of troops (FLOT) and beyond the line of sight
(BLOS). Reconnaissance missions performed by soldiers on the FLOT are extremely
dangerous, and are impossible BLOS. By performing these missions successfully and
enhancing the reconnaissance, surveillance, and target acquisition (RSTA) capability of their
respective battalions, the UAV/UGYV will allow the FLOT to make more informed, and thus,
better decisions.

The Army’s missile and aviation systems must incorporate advanced technologies and
robotics to remain viable in the future battlefield environment. A hybrid UAV/UGYV fits
perfectly into this picture.

1.2 The Requirements

AMCOM has tasked Pegasus Engineering to develop a future vehicle that integrates the
capabilities of both a UAV and a UGV to perform missions normally performed by soldiers
in the field. The requirements for this type of operational capability exist on three different
levels. In the most general terms, the UAV/UGV must meet the Army’s needs. This need
calls for an intelligent, autonomous vehicle that is capable of performing a task. Therefore,
the vehicle must be survivable, must be capable of maintaining the operational tempo, and
must increase the reconnaissance, surveillance and target acquisition (RSTA) abilities on the
battlefield.

On the second level, the vehicle must meet the mission/payload requirements. This involves
the vehicle being able to fly to the objective area in 30 minutes in a nap of the earth flight




configuration while avoiding both obstacles and potential enemies. Upon reaching the
deployment site, it must be able to either hover for 60 minutes or land on the ground and
move itself, via ground propulsion, to the designated area. When the mission is complete,
the UAV/UGV must then be able to return to its launch area.

Finally, the third level is the vehicle requirements. The vehicle requirements are the actual
performance parameters that the UAV/UGV must meet to perform the mission. These
involve the vehicle being able to fly at a minimum of 30 km/sec, with a 250 fi/min VROC at
a maximum altitude of 4000 ft. An example of how these levels fit in with each other can be
seen with this example. The vehicle requirement of being able to have a vertical rate of
climb of 250 ft/min enables the UAV/UGYV to meet the mission requirement of being able to
fly in a nap of the earth configuration. Flying using this profile enables the UAV/UGV to
avoid detection and therefore become more survivable.

The challenges to be overcome in this novel system are both technologically and integration
based. The technology needed to have a truly “intelligent” system that can monitor, think
and actually react to a situation is one of the largest challenges to meet. Artificial
intelligence has come a long way, but is still in its infancy. Many communication methods
still require the vehicle to be in the line of sight of the monitoring vehicle or the use of an
orbiting satellite in order to send telemetry. Tying in the capabilities of a system that can
operate in both the air and the ground has the biggest issue of weight. Current propulsion
methods are bulky and usually involve a high specific fuel consumption. Cutting the weight
down with lighter and stronger materials and coupling it with high efficiency engines is the
challenge of today and the future of this type of vehicle.

1.3 The Solution

1.3.1 Concept Overview

The Oiseau, a French word meaning bird, is a UAGV capable of meeting the future needs of
US military forces. Utilizing an efficient design and mating together both technology and
simplicity, the Oiseau meets the need of providing direct intelligence support during dirty,
dangerous, and dull missions.

Forward intelligence support is the essence of the Oiseau’s capabilities. Using a Fuel Cell
system, the Oiseau is able to fly without the noise associated with most motors. As it
produces power for the four flapping wings, it also produces the electricity needed to power
the on-board navigational, surveillance and communication equipment. With only water as a
by-product, it is also an environmentally sound energy production system. The “intelligent”
sensor and communication package allows constant beyond line of site (BLOS)
communication to the soldiers viewing, in real-time, what the sensors on the Oiseau see. The
flapping wing configuration allows the Oiseau to fly with agility only matched by real birds
and flying insects. On the ground, most any terrain can be traversed with a tracked system,
configurable by the soldiers for wet, dry or slippery conditions, that is able to move at 5 mph.
Both on the ground and in flight, an active camouflage system makes this near silent vehicle
almost invisible to the naked eye as it blends in with its surroundings. Damage to the internal




components, outer shell or wings of the Oiseau are easily replaced because all of these
components are modular and thus easily removed and replaced/repaired.

The capabilities of this UAV/UGYV are what make this vehicle stand alone as the future of
intelligent robots for military use. Each component on its own is noteworthy, but the
compilation of them in one system makes the Oiseau extraordinary. A couple of the most
noteworthy components are first, the propulsion system. Because fuel cell systems are
becoming more efficient and provide quiet power, it was the logical choice for a system that
needs a near silent acoustic signature. It produces power without combustion, which keeps
the thermal signature low, and runs on a minimal amount of fuel. It is coupled with the next
noteworthy component, the extremely light weight wings made with titanium and Gore-Tex.
These wings can be actively twisted and bent using piezoelectric materials along the wing’s
edge and allowing the flight characteristics of the wing to change instantly. (Note: the artists
rendering and 3-D model does not accurately reflect final design changes)

Figure 1. Artist Drawing

Lightweight Magnesium Dual Flapping Wings with
Alloy frame with Carbon piezoelectric wing warping
Fiber body
“‘E;\i: ,%:;,; _
T —
TR %‘é . //
et . N LR .
L oot o 8 .
ol h 133 ’l_‘_,’—'-""‘
n . High efficiency, fuel
Modular body and Tk SN — cell technology for
wing system that P " ) quiet power
allows easy
detachment and Adive
access to interior Camouflage that

can assume any
visible color at a
moments notice

State of the Art \Trad(ed Ground
Sensor Package Mobility that can
(fore and aft) overcome most

obstacles



1.3.2 Dimensional Properties

Figure 3. Three-View Drawing (Preliminary)

< 161

Figure 4. Dimensions




1.3.3 Operations Scenario

The assumed mission profile is for the vehicle to takeoff vertically close to the FLOT, climb
at 250 fpm to a maximum altitude of 500 ft AGL (at high hot conditions), and cruise at 30
km/hr for 30 minutes (15 km range). The vehicle will then either hover for 60 minutes or
land, traverse the ground, and takeoff again and then fly back to the departure point. The
sensor package and payload capacity will give the Oiseau considerable flexibility in terms of
the operations it can perform.

4000 ft at 95°F

30 kph " hover

15km

Point Objective Area

Figure 5. Operations Scenario
A typical battlefield scenario might occur something like this:

As night approaches in the Balklands, an Army field commander orders the
destruction of a bridge the enemy is using to re-supply its forces. After darkness
falls, the Oiseau embarks from the forward command post and begins to fly over the
FLOT towards the bridge 10 km behind enemy positions. After penetrating the
enemy airspace, the Oiseau begins to glide toward the target - nearly silent. The
vehicle lands in a nearby field (selected after sensors indicated that no enemy troops
were present) and travels along the ground to a bluff overlooking the bridge. Once it
receives signal that the strike fighters are nearly on target, the Oiseau then paints the
bridge with an invisible targeting laser included as the payload. Seconds later, the
approaching F-18 (from the nearby carrier battle group in the Adriatic Sea) detects
the laser and, after making the final approach, drops the precision guided munitions
and immediately returns to friendly airspace. After a successful hit, the Oiseau again
takes off to return to the forward command station. En route, an army operator
assumes control of the vehicle and orders it to observe the enemy’s troop location and
strength before ultimately returning home.




1.4 The Performance

This section presents a summary of the performance of your UAGV in comparison with

specific details of the concept description document. Present the compliance matrix

[required Table]. On quantitative requirements list the design value of your solution. Give

adequate support of the Table through discussion in the text.

Table 1: Final Concept Evaluation

CDD Requirement Requirement Assessment Remark
Range from launch point 15 km 30 km

Cruise Speed 30 km/hr 40km/hr

VROC 250 ft/min 360 ft/min

VTOL Capability Yes Yes

Payload: 60 1b 68 1b

Operational Altitude 0to 500 ft AGL |0to 500 ft AGL

Hover to full flight profile Yes Yes

Operation Autonomous or | Autonomous or
Semi-autonomous Semi-

autonomous

Acoustic Signature Near Quiet Moderate to
Near Quiet

Communications BLOS BLOS

Deployment 2025 2025

1.5 The Implementation

There are several technologies whose further development is critical to the development of
the Oiseau. One such technology is lightweight fuel cells and electrical motors. Fuel cells
have been used for quite some time in spacecraft for the generation of electrical power;
however, some adaptations are needed for the Oiseau. Although operating characteristics of
electric motors are widely understood, a specific motor will have to be developed that is
optimized for flight (i.e. high power to weight ratio, etc.). Another technology currently
under development is Integrated Vehicle Health Management (IVHM). This is a computer
software system that records: fault messages with Line Replaceable Units (LRUs) isolation,
parametric and performance data, and warnings, cautions, and advisories



(http://technology.ksc.nasa.gov/wwwaccess/techreports/97/07-El/ei07 html accessed 10
April 2001). This system can be used not only to schedule preventative maintenance, but to
optimize sub-system performance as well. Another technology required is pizeo-electric
materials to be used by the control system. These materials, also currently under
development, distort their shape when voltage is applied to them. Such devices will be built
into the flexible wings. This will yield control over camber for aerodynamic effects and
wing warping for controls.

Further technological development required includes wing material and lighter structural
materials. The requirements for the wing material are unique. Directional gas permeability is
required for aerodynamic reasons. There exist fabrics capable of such characteristics;
however, better performance is, of course, needed. Lighter materials in general could greatly
effect the performance characteristics of the Oiseau. Current research in this topic is broad
and the shows much potential.

The next area of study needed is the development of software that can handle the
autonomous operation of a UAGV. There is considerable development of software in the
commercial arena. Advance avionics packages should be developed to control the vehicle as
it flies as well as coordinate the ground robotics.

There are considerable advantages to using flapping wing flight. However, there is
considerable research work needed to fully implement the design. With an anticipated
deployment date of 2025, there is ample time to complete supporting research. With this
intended deployment date, detailed design will need to occur by 2016. The technology must
then be available by this date to fulfill the specification. More specifically, the electrical
propulsion system’s research should be completed in the next 10 years (by 2011). The
research for the wing material must be done in the next 12 years as well to allow for testing
before detailed design begins. The software should be developed by 2011 as well and tested
in an existing vehicle before 2014. The avionics should be developed in parallel with the
software. The combination of the sofiware and avionics should be tested before 2016.

2.0  Enabling Technologies

There are several aspects of the Oiseau’s design that require in depth technical explanation to
show the relative validity of performance claims. This section is aimed at doing just that.

First is the performance of the flight/propulsion method of flapping wings. This method of
flight was chosen because of its possible power to weight benefits. Our evaluation is,
admittedly, a back of the envelope type of calculation meant to give a rough idea of the wing
size, power requirement, frequency of motion, and forward flight velocity capability. There
is a significant amount of detailed work being done regarding flapping wing flight, most of
which involves micro air vehicles. Although there are a number of complex aerodynamic
models, our analysis is as simple as possible for two reasons: 1. Practical ability of the team
to perform the analysis in the limited time frame and 2. Our purpose is to show that the
Oiseau is technically feasible and cost effective.



The ability of the wings to generate lift and thrust is hinged on the availability of an
advanced material, perhaps polymer or fabric, which retains directional gas permeability.
The later term describers the ability of a thin sheet of material to allow for the passage of gas,
in this case air, more easily in one direction over the other

Another technology that will enable our design to meet the specification is an advanced
control system that utilizes pizeo-electric materials to warp critical areas of the wings. This
technology, works by applying a voltage to pizeo-electric material that causes it to distort
shape. The material is located along the sides and trailing edge of the wing, which act as
control surfaces. Although control of a flapping wing may be difficult, it should be possible.
A four-wing system is required for stability, and for VTOL and hovering capabilities.
During sustained forward flight however, the rear wings will be held stationary while the
forward wings provide thrust. This stationary wing, besides generating lift, will be used as a
control surface.

Another design consideration is the measures taken to provide stealth characteristics to the
Oiseau. One such measure is the application of radar absorbing paint to the outer body. This
will be used to reduce the radar cross-section. Although the Oiseau is several times larger
than a bird, the reduced cross section might fool enemy equipment into thinking the returned
signal is actually biological in nature. Another stealth feature is the ability of the Oiseau to
operate with a much lower acoustic signature than rotorcraft type vehicles — especially while
soaring. Another feature that will be implemented is a lightweight, flexible LCD “screen”
that can be used as a fabric. Currently under development by private industry, this will be
installed over the outer skin of the vehicle to provide active camouflage while on the ground.

Another enabling technology is lighter and stronger materials. The need for this technology
is nearly universal and the Oiseau is no exception. The vehicle will utilize a magnesium
frame and carbon fiber outer skin. Magnesium was chosen for its good strength to weight
ratio. Although not as economical as some alternatives today, it has the potential to rival the
production cost of Aluminum in the future. The metal’s light weight is of paramount
importance to the vehicle’s ability to perform.

The following sections discuss these and other enabling technologies in more detail, and
discuss the method of our anaylsis.

2.1 Systems Integration

There are a number of factors that contribute to the overall results that the team has
produced. A design philosophy of having literally no inhibitions to innovative solutions was
encouraged. Given a 25-year time frame to work with, this trait is not only desired, but it is
necessary as well. It is in this environment that the Oiseau was not only proposed, but also
chosen.

We selected the Oiseau because it has the potential to have very attractive performance
characteristics and has the most room for technological advancement in the next 25 years.




The design process used was to assign team members to areas of responsibility. Any
particular team member would have a primary area of responsibility and at least one
secondary area of responsibility. For example, the mechanical configuration team operated
differently from the aerospace team. However, one person from each team was always in
contact with a person from the other team. There were two primary reasons for this: it
increased the number of people in each group so there was more than one head attempting to
form a solution to a given problem and it would increase the communication across the
disciplines.

The design philosophy the team adopted was that of a conceptual iterative design. While the
analysis presented here is only one iteration, the ultimate vehicle configuration will go
through many much iterations. Because this is a conceptual design and a first iteration, the
calculations are not intended to be the definitive results, but a “back of the envelope”
approach to showcase fundamental feasibility.

The design of the vehicle began by assuming a target weight of 400 pounds. Then,
calculations were made regarding the lift required. Power requirements were then calculated
to provide the VROC given by the specification. Using this data, a power source was
selected and the amount of fuel calculated. The weight of the power source, fuel, propulsion
components were then added together as well as all other components developed
independently (sensors, ground robotics, etc.). This process yielded a weight of 332 Ib
without payload.

2.2  Aerodynamics

2.2.1 Approach/Configuration

Humans have been studying and trying to model the flight mechanisms of birds and
insects now for many years with some success. The materials and processes needed to
produce a vehicle that models bird flight are just now attaining a level of sophistication to
warrant a serious design consideration. Birds have adapted their bodies over time to produce
as much lift and thrust as possible while producing very little drag and downwash.

The majority of the lift that a bird produces comes from the downstroke of its wing.
The quick motion downward with the wing cupped produces a drag force in the direction of
the velocity of the wind flowing into the wing (see figure below). This drag force is in the
positive direction and actually produces lift (Dryden 2001).

To avoid having an equal and opposite force on the upstroke, the wing is shaped so
that the drag coefficient of the air flowing into the wing on top is less than that of the wind
flowing into the underside of the wing. This forces the wing to have a small drag force in the
down direction but the overall force for the entire cycle is positive.

Birds also spread their feathers slightly so that air can pass between them on the
upstroke, thus reducing drag. This works the opposite way on the downstroke. Birds push
their feathers together so that the air is trapped on the underside of the wing and all of the air
velocity is used as positive drag (lift)(3). Another method they use to decrease drag on the
upstroke is by bending the wing slightly. This decreases the planform area of the wing and
thus produces less drag. Once again this is counteracted on the downstroke when the bird
stretches its wing as far as it can so that the area seen by the airflow is maximum (1).



The configuration of the wings on the Oiseau is meant to take these factors into
account and mimic them as much as possible using new materials. The wing of the Oiseau is
shaped like a shallow cup turned upside down. This increases the drag coefficient during the
downstroke and decreases it on the upstroke. To try and recreate the minimal drag, the wings
are built using a directional, gas permeable material which allows air to pass through in one
direction but not in another due to the molecular structure.

In order to mimic how a bird changes the curve of its wing during flight, piezoelectric
material is used (see Wing Structure section for a more detailed description. This allows the
Oiseau to change the camber of its wings slightly during flight. This combined with the wing
pitched upward during the upstroke will help to reduce the drag effect of the upstroke. To
prevent the drag that does occur during the upstroke from pushing the vehicle back down,
primarily during VTOL and hovering, the Oiseau will have four wings beating in opposite
cycles. The wings are offset from one another in both the vertical and horizontal direction.
(see figure below). This allows for greater lift capabilities as well as stability and control (4).
This design was chosen based on the fact that a single pair of wings flapping would have to
be very large to produce the lift required and would cause the vehicle to move in an up and
down motion. This way, the lift is shared by the wing and is constantly positive so the
vehicle will still move due to the cyclical changes in the lift but the motion will be much less
than with only one wing.

Front Wing Front Wing
\ //’ Front Wing
\ -~
// A
/ \
Rear Wing Rear Wing
Rear Wing
Figure 6 Front View of the Oiseau Right Side View

2.2.2 Flapping Wing Flight

The flight profile can be separated into three parts: VTOL, forward flight, and
hovering. For VTOL, all four of the wings will flap in opposite directions with a shift in the
phase of the cycle. This means that when the front wing is flapped to its maximum angle, the
rear wing is in its minimum angle. The two wings then return to the horizontal position and
continue to the opposite extreme. This produces a component of lift that is constantly
positive, which provides added stability. The vehicle will lift off of the ground and continue
up instead of lifting up and then falling down some of the distance it just rose as would
happen if one wing were flapping. '

The amount of lift is determined using the equation:
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Equation 1 D:—;-*p*VZ*S*CD

From this equation, a component of drag is calculated based on the drag coefficient of the
wing shape based on if the air is flowing onto the top of the wing or onto the bottom of the
wing. Since the drag coefficient is greater for the downward motion, a greater force of drag
is produce than on the upstroke. The force asserted on the wing is in the direction of the air
flowing into the wing. Since the air is flowing into the underside of the wing on the
downstroke, the drag force during the downstroke is actually in the positive vertical
direction. Also, since the drag coefficient is greater during the downstroke, a net force in the
positive vertical direction results from one complete cycle. For the vehicle to lift off of the
ground, this net force must be greater than that of the vehicle weight during both the vertical
takeoff as well as horizontal flight.

Based on a density (p) of 1.08 kg/m’ (the density at 4000 ft), a CD of 1.4 on the
downstroke and 0.4 on the upstroke, a planform area is approximately 35 fi?, the total lift of
the four wing configuration during vertical takeoff is just over 2000 N. This is around 175 N
more than is required to counteract the weight of the Oiseau. This assumes that velocity of
the air is equal to the velocity of the wing during its movement. Since the wing velocity
changes throughout one cycle, the value of lift was integrated over one cycle with the value
of velocity changing. This assumption was made because the velocity of the wing in still air
is equal to the velocity of air on a still wing. Although these calculations were first order
estimates, results indicate the validity of the Oiseau’s design.

Once the Oiseau reaches its operating altitude, the rear wings slowly decrease their
rate of flapping until they stop completely. The forward wings will use the piezoelectric
material to change camber and the wing will tilt slightly to produce not only lift but also
thrust. During the downstroke, the wing will be given a negative angle of attack so that the
force on the wing is directed up and forward. On the upstroke, the wing is given a positive
angle of attack so that despite having a component of downwash, there will be a component
of thrust pushing the vehicle forwards (see figure below).

Upstroke Dovwnstroke

o
NG K

Dovnwash Reltive Wind

Figure 7
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The thrust and downwash/lift are calculated using the equation above taking into account the
angular change of the relative wind from the straight up and down motion. This angle is the
same as the angle of attack and for the thrust is the sine of the angle of attack and for the
downwashy/lift it is the cosine of the angle of attack.

T=%*p*V2*S*CD*sina

L =l*p*V2 *S*Cp*cosa

N

W=—;—*p*V2*S*CD*(—cosa)

For the upstroke only the downwash (W) is used in calculations and the lift (L) is used in
calculations concerning the downstroke. The thrust (T) equation is used for the entire cycle
because thrust is constantly positive throughout the cycle due to the change in angle of attack
from the upstroke to the downstroke.

Using an angle of attack of 5.6 degrees, two wings flapping, 2 Hz, as well as the same
parameters from the vertical takeoff calculations, the lift was still just under 2000 N and the
thrust is 19 N. This thrust produces a forward velocity of 50 km/hr, 20 km/hr more than the
minimum requirement. This calculation was once again obtained by integrating over the
change in velocity throughout the cycle and taking into account the effect of the angle of
attack of the wing (White 1999).

The mechanism for hover is much the same as that of the VTOL. All four wings will
flap in opposite periods to control the motion of the vehicle body. They will return to a zero
degree angle of attack and produce no forward thrust, only lift. The wings will be able to
flap at a slower frequency than during the vertical takeoff since they will only have to
overcome the weight and not increase altitude also.

2.2.3 Wing Structure

The wing is shaped somewhat like the fin of a sea turtle. This helps increase the lift
slightly. Since the maximum velocity is at the tip of the wing, increasing the wing area there
increases two parameters in the equation of lift. This takes advantage of the increased
velocity for flapping wings, where a regular fixed wing that tapers at the end would not. In
addition, the elliptic-like shape of the wing decrease the induced drag of the wing (5)

The figure below shows a cross section of the directionally permeable wing material.
This was chosen because of its ability to allow air through on the upstroke and trap it under
the wing on the downstroke (see the figure below).
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This helps reduce the amount of downwash that occurs during the upstroke, which in turn
reduces the amount of lift lost due to this downwash. This helps to mimic, somewhat, the
way a bird allows air to flow through its spread feathers on the upstroke and trap the air
under the contracted wing on the downstroke.

The use of piezoelectric material also helps with the lift as well as control. The
material works using sensors and electric voltage. The material will deform slightly with an
inputted voltage. Using this material at the outer and trailing edges of the wing will allow it
to change shape during flight. The wing will be able to make small changes to its camber as
well as work as flaps and ailerons do on a fixed wing aircraft. They will move the edges of
the wing up and down to make the minor changes that a bird makes using tiny movements of
its wings and feathers. The location of the piezoelectric material is shown in the figure
below as well as the supports at the leading edge and within the wing itself to help with the
structural integrity of the wing. So that the material can be used to its full potential, only one
thin layer will be used and the supports will be underneath, similar to a kite.

Figure 8 Top view of one wing

Overall, this configuration of wings, shape, and material are the critical components of flight
for the Oiseau. They are what provide the vehicle with the thrust and lift required for
completing the mission objectives. The Oiseau not only completes the mission objectives but
also goes beyond the minimum requirements desired in some aspects of flight using state of
the art techniques and materials as well as providing for a new concept to that of unmanned
vehicles.
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2.3 Propulsion

2.3.1 Description

The propulsion system of Oiseau is divided into three main parts: the energy’s
production, the motor and the transmission of the power to the wings. The energy is provided
by a fuel cell, using hydrogen as fuel. The electricity produced can be used either for the
electrical motor generating the flapping motion, or for the ground robotic system. Then the
transmission system converts the spinning movement into an “up-and-down” motion.

2.3.2 Approach

In order to design a relevant propulsion system, we focused, during our researches, on
several requirements that it should fulfil. First the Oiseau has to be as noiseless as possible,
second is, the energy used has to be easily available in 25 years. These are the reasons why
we decided to use an electric motor. Once this choice made, the challenge was to find a
source of electricity neither too heavy nor too big. Traditional batteries are not convenient
because the power needed would require many batteries. Such a solution would have been
too big, in term of volume, and also too heavy. Considering all the research and progress
done during the past few years, fuel cells appear very promising and it will overcome these
problems. Furthermore, and that was part of our requirements, this technology is now under
development, a lot of private companies invest money in this research. Many automotive
manufacturers are racing to be the first to bring a fuel cell vehicle to the marketplace.
Automakers and component suppliers are spending billions of dollars to drive fuel cell
technology toward commercialization. We can reasonably expect that in 20 years, all these
researches will be completed and progress done.

2.3.3 Fuel cell

In principle, a fuel cell operates like a battery. Unlike a battery, a fuel cell does not run down
or require recharging. It will produce energy in the form of electricity and heat as long as fuel
is supplied.

A fuel cell consists of two electrodes sandwiched around an electrolyte. Oxygen passes over
one electrode and hydrogen over the other, generating electricity, water and heat (http://
www.fuelcells.org . Accessed April 10, 2001.).
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Hydrogen fuel is fed into the "anode" of the fuel cell. Oxygen (or air) enters the fuel cell
through the cathode. Encouraged by a catalyst, the hydrogen atom splits into a proton and an
electron, which take different paths to the cathode. The proton passes through the electrolyte.
The electrons create a separate current that can be utilized before they return to the cathode,
to be reunited with the hydrogen and oxygen in a molecule of water.

A fuel cell system, which includes a «fuel reformer, can utilize the hydrogen from any
hydrocarbon fuel - from natural gas to methanol, and even gasoline. Since the fuel cell relies
on chemistry and not combustion, emissions from this type of a system would still be much
smaller than emissions from the cleanest fuel combustion processes.
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Not only do they produce reasonable efficiencies in 30 kW sizes; they will likely be able to
run quietly, need infrequent maintenance, emit little pollution and have high efficiency even
at part load conditions.

Electricity is used by many of our modern high technology devices. Presently batteries are
used in these devices. Batteries do not have a long enough life for these applications. Fuel
cells could provide continuous power for these devices. Every week or month a new supply
of liquid fuel would be injected into the fuel cell.
