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Abstract

More often homeland security, disaster mitigation

and military operations are performed in urban en-

vironments. Time consuming, labor intensive and

possibly dangerous tasks like bomb detection, search-

and-rescue and reconnaissance done with robots could

save resources. An aerial robot capable of flying

in closed quarters like warehouses, stadiums, under-

ground parking lots and tunnels is featured. The work-

ing prototype can fly slowly, safely and transmit wire-

less video for situational awareness. The design is

analytic and employs a multi-disciplinary design op-

timization to formulate the integration of aerodynam-

ics, sensor suite and task performance.

1 Introduction

Milestones in aerial robots have been recently
achieved using sensor suites that include GPS, iner-
tial measurement units, laser altimeters, ultrasound
and computer vision to perform missions like terrain-
following, base station keeping and automated land-
ing. Our particular interests in aerial robots how-
ever involve indoor environments that we call closed

quarters – urban environments like stadiums, train
stations, underground parking lots, subway tunnels
and warehouses, which are spacious but enclosed (see
Figure 1). Unfortunately much of the existing aerial
robot literature revolving around sensor suite integra-
tion, path planning and navigation is not well suited
for our flying environment; approaches working out-
doors may not work in closed quarters. For example,
GPS-based methods are of no use in closed quarters
because satellite signals are occluded. Also, vision-
based methods that reference the horizon (Pipitone
et al [11]) are also inappropriate indoors.

Our interests stem from the observation that home-
land security, disaster mitigation and military oper-
ations in closed quarters are time consuming, labor
intensive and possibly dangerous. Tasks like search-
and-rescue, bomb detection, and assessing a building’s

Figure 1: Closed quarters like this multi-floor atrium
are enclosed but spacious for aerial robots.

structural integrity are examples where many people
are employed to canvass large areas in a short win-
dow of time. Our vision is to design a flying robot we
call CQAR: Closed Quarter Aerial Robot (pronounced
“seeker”) that can assist in such tasks. Examples in-
clude airlifting communication devices, cameras and
biochemical sensors to eavesdrop, broadcast messages,
observe hostages or casualties, assess structural dam-
age or find explosives. We envision a CQAR fleet pos-
sibly supporting ground-based mobots (Blitch [3]) in
such mission endeavors; an aerial robot could fly eas-
ily over stairs or ascend to the ceiling to capture larger
fields-of-view, possibly assisting in mobot localization
and motion planning.

In closed quarters, the aerial robot must fly safely and
slowly to avoid damaging the area in case of collisions
and small enough to fly through halls and possibly
doorways. Building such a robot has become possi-
ble recently due to advances with Lithium-polymer
batteries, lightweight materials like carbon fiber rods,
small but powerful embedded micros, low-power sen-
sors and high-torque miniature motors. Recently,
Nicoud and Zufferey at EPFL in Lausanne Switzer-
land debuted an indoor aerial robot prototype [9].
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Rotorcraft [14], [12], [8], blimps [15] and micro air ve-
hicles, [6], may respectively be too dangerous, large
or fast for closed quarters. However a hybrid vehicle
like a blimp equipped with a ducted fan may be ap-
propriate. The net effect is designing a closed quarter
aerial robot cannot be done ad hoc. Rather, formu-
lated design techniques like multidisciplinary design
optimization become critical in understanding trade-
offs in sensor selection, flight structure, aerodynamics
and task performance.

This paper formulates a design prototype for a closed
quarter aerial robot. First, the pros, cons and un-
derlying dynamics contrasting lighter-than-air, rotary
and fixed-wing vehicles are presented in Section 2. A
matrix of design parameters along with our current
prototype are presented in Sections 3 and 4 respec-
tively. Section 5 concludes with autonomous landing
metrics and near-future goals. As such the paper’s ob-
jective is to formulate and provide a set of guidelines
in designing an aerial robot to fly in closed quarters, in
and around buildings and possibly tunnels and caves.

2 Flight Modes

Lighter-than-air vehicles like blimps, rotorcraft like
helicopters or ducted fan units [4], fixed and flapping-
wing aircraft and tethered devices like kites [10]
retrofitted with sensor suites are detailed in the aerial
robotics literature. This section highlights and sum-
marizes the underlying pros, cons and dynamics for
various flight modes. Kites are not suited for closed
quarters and are not discussed in this paper. Or-
nithopters [5], are currently being assessed and will
be the subject of a future paper.

2.1 Lighter-than-air Vehicles

The most common gas used today in blimps is Helium,
which has a lifting capacity of 0.064 lbs/ft3 (1.02
kg/m3). The helium makes the blimp positively buoy-
ant in the surrounding air so that the blimp rises. Be-
cause gas provides the sufficient lifting force in blimps
rather than wings and electric motors, blimps can re-
main airborne without expending fuel. This allows
them to hover in the air for hours and days at a time,
which is significantly longer than rotary and fixed-
wing aircraft. The disadvantage for using blimps in
closed quarters, however, is that a blimp’s buoyancy
and inertial forces are proportional to its size. When
flying in closed quarters for surveillance or search and
rescue applications, it is essential to have a vehicle
that can easily fit through a standard 3 foot doorway

or maneuver easily around pillars and hanging lights.
Furthermore, because of its large inertial force, it is
not able to quickly reverse directions.

The steering mechanisms of a blimp are typically
stationed on the gondola which is attached to the
Helium-filled blimp. The gondola sits below the cen-
ter of gravity and hence most of the pitch and roll
motion will be negligible. Zhang and Ostrowski [15]
derived the blimp’s equations of motion to be

mxax = (T1 + T2) cos α − Dx

mzaz = Dz + (T1 + T2) sin α
Jzω̇z = (T1 − T2)ly cos α + T3lx + τzdrag

2.2 Rotary-Wing Aircraft

Rotary-wing aircraft, like helicopters, are versatile,
possessing the capability to hover, fly laterally and
rotate 360 degrees. There are basically two types of
r/c helicopters: those that have collective pitch and
those that do not. Collective pitch is where the angle-
of-attack of the main rotor blades may be simulta-
neously adjusted allowing the helicopter to increase
or decrease its amount of lift. On helicopters with
no collective pitch, the amount of lift is adjusted by
changing the speed of the rotor. Most r/c helicopters
today are collective pitch and are more expensive then
fixed-wing aircraft. On a standard collective pitch he-
licopter, 5 channels of a radio system are required and
are therefore much more complicated to control than
airplanes or blimps.

The dynamics of rotary-wing aircraft are slightly more
complex than lighter than air vehicles because they
have twice the number of controls. Unlike lighter-
than-air vehicles, which use helium, and fixed-wing
aircraft, which rely on wings to generate lift, a heli-
copter’s main rotor supplies both the lift and thrust
for the vehicle. This is achieved by tilting the ro-
tor forward and the resolved forces move the aircraft
horizontally while sustaining the required lift. The
helicopter is assumed to be a rigid body in 3D space
in order to streamline the dynamics. That is, when
the rotor tilts, so does the fuselage. The free-body
diagram of a helicopter in flight is shown in Figure 2
(left). θ, Ψ and φ are the rigid body rotations about
the x-axis, y-axis and z-axis respectively. The thrust
T , drag D and weight W forces are assumed to be act-
ing about the center of gravity. τ1 and τ2 are the rotor
reaction forces and ε is the angle between the free-
stream velocity and the horizontal thrust vector. J is
the moment of inertia about the helicopter’s center-

2
62



Figure 2: Free-body diagram of helicopter

of-gravity. Thus the equations of motion are

mxax = T cos θ sin Ψ cos φ − D cos ε cos θ cos Ψ cos φ
+F3x

myay = −T sin θ cos Ψ cos φ + D cos ε cos θ cos Ψ sin φ
+F3y

mzaz = T cos θ cos Ψ cos φ + D cos ε cos θ sinΨ cos φ
+F3z

− W

Jxω̇x = τ1x
+ τ2x

+ F3z
ly + F3y

lz
Jyω̇y = τ1y

+ τ2y
+ F3z

lx + F3x
lz

Jzω̇z = τ1z
+ τ2y

+ F3x
ly + F3y

lx

2.3 Fixed-wing Aircraft

Literature describing the design of fixed-wing aircraft
is vast with a long history. Such aircraft are both
more cost efficient and stable than rotary-wing air-
craft. During cruise flight, the governing design prin-
ciple is that an aircraft’s weight is proportional to its
velocity

W =
1

2
ρV 2SCL (1)

From (1), a lighter aircraft means slower velocity re-
quirements to maintain steady and level flight. This
also corresponds to higher maneuverability, which is
crucial for closed quarters. Until recently, the largest
restriction for fixed-wing aircraft has been their in-
ability to hover. However, slow speed aerodynamics
permits large angles-of-attack without stall. For ex-
ample, small, light aircraft can perform an aerobatic
maneuver called prop hanging which mimics hover-
ing. Here, the aircraft’s angle-of-attack and thrust
are simultaneously increased so that the fuselage is

Figure 3: Free-body diagram of fixed-wing vehicle

vertical and the propeller is generating thrust in the
downward direction.

The vehicle dynamics for fixed-wing aircraft are very
similar to their rotary-wing counterparts when as-
sumed to be rigid bodies [1]. The only differences
are the propeller location and the absence of the tail
rotor. However, the airplane’s rudder and elevator
compensate for this. The four forces of flight on a
fixed-wing aircraft are lift L, drag D, thrust T and
weight W and are sketched in Figure 3 (middle). θ,
Ψ and φ are the rigid body rotations about the x, y
and z axes respectively. τ1 is the propeller’s reaction
force and the angle between the free-stream velocity
and the thrust vector is ε. The four forces of flight
and the moment of inertia J are about the airplane’s
center of gravity. Thus, the equations of motion for a
fixed-wing aircraft in three-dimensional space are:

mxax = T cos θ cos Ψ cos φ − D cos ε cos θ cos Ψ cos φ
−L cos θ sinΨ cos φ + F3x

myay = −T cos θ cos Ψ sin φ + D cos ε cos θ cos Ψ sin φ
−L sin θ cos Ψ cos φ + F3y

mzaz = T cos θ sinΨ cos φ − D cos ε cos θ sin Ψ cos φ
−W + L cos θ cos Ψ cos φ + F3z

Jxω̇x = τ1x
+ F3z

ly + F3y
lz

Jyω̇y = τ1y
+ F3z

lx + F3x
lz

Jzω̇z = τ1z
+ F3x

ly + F3y
lx

It can be seen from the equations above that L = W
and T = D during cruise flight (ax = ay = az =
θ = Ψ = φ = 0). Analyzing the dynamics of each
platform helps formulate the metrics for an optimal
design matrix.
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3 Optimal Design Matrix

A closed quarter aerial robot demands understand-
ing how aerodynamics, sensor suite integration and
task descriptoin influence design. The metrics pre-
sented in the previous section can be parameterized
into design variables. These variables can then be in-
tegrated to form a multi-disciplinary design optimiza-
tion (MDO) matrix (Grasmeyer, Keennon [6]). The
MDO method originated in the automobile industry
[7] and has evolved into an invaluable discipline that
supplies engineers with techniques to move engineer-
ing system design closer to optimal. Inputting some
initial components into an MDO will yield the most
applicable platform and its corresponding equations
of motion.

Each design variable used has a large impact on plat-
form selection (see Figure 5). The parameters that
make up the design matrix include initial variables
XI , velocity variables XV , size variables XS , pay-
load variables XP , and hover variables XH . The
initial variables determine the mission type and in-
clude parameters such as environment (closed quar-
ter, outdoors or both), desired tasks (search and res-
cue or reconnaissance), expendability, vertical takeoff
and landing (VTOL) requirements, and stealthy op-
eration. The velocity parameters are used to establish
speed range capabilities. The size variables represent
the platforms maximum characteristic length as well
as propeller diameter. This will conclude whether or
not the vehicle can fit through small openings like
doorways. Payload variables determine the weight
and dimensions of the designed sensor suite. The
hover parameters assess whether or not there is a re-
quirement and also the endurance of the hover. Com-
mon input parameters such as flight endurance, range
or propeller geometry were not selected in this de-
sign matrix because such parameters can be manip-
ulated once the optimal platform is selected. Based
on the input parameters specified above, the program
executes a series of commands to generate the most
suitable aerial platform and its corresponding equa-
tions of motion. A graphical representation for the
command sequence is shown in a flow chart (see Fig-
ure 4). The shaded boxes represent the input param-
eters of the user. Initially, a closed quarter environ-
ment and a search and rescue mission were specified
which did not rule out any of the platforms. Next, the
user wanted something that was expendable (roughly
less than 300 USD) which eliminated more expen-
sive rotorcraft as a possible solution for this mission.
VTOL and stealthy operations were not required and

Figure 4: Flow chart detailing execution of commands

consequently, lighter than air vehicles and fixed-wing
aircraft still remain. A velocity range (min to max)
of 5 to 10 MPH was specified and likewise did not
eradicate any of the remaining. However, because the
maximum characteristic length was selected as less
than 18-inches, lighter than air vehicles were elimi-
nated (size is proportional to lift force) and fixed-wing
aircraft was outputted as the optimal platform. All
MAVs and most small fixed-wing vehicles can fly with
a wing span less than 18-inches. Furthermore, the de-
sign matrix also yielded the platform dynamics which
will allow the user to get an estimate of the aircraft’s
weight based on the inputs to the velocity matrix from
(1). By selecting the most suitable aircraft and out-
putting its aerodynamic data, the MDO matrix will
allow a more theoretical approach to the design and
development of small autonomous aircraft prototypes.

4 CQAR Prototype

The fixed-wing flight mode and equations of motion
(L = W during cruise) generated by the design matrix
allowed us to calculate the wing loading (W/S) for
our aircraft (with a lift coefficient CL = 1) using (1).
Furthermore, using the desired cruise velocity of our
aircraft (2 m/s), the room length can be calculated
based on control system reaction time. That is, a
plane traveling at 2 m/s would need a room length of
10 m in order for the control system to have 5 seconds
to react. A graph was then created for several wing
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Figure 5: Design matrix input parameters

loading scenarios (see Figure 6). From the graph, it
can be seen that a weight of less than 30 g was required
to fly in a room that is 10 m long. A prototype based
on the output from the design optimization matrix
and the graph was constructed out of carbon fiber
rods, lightweight balsa wood and 3 µm mylar covering.
The resulting vehicle can carry a 14 g sensor payload
and navigate in a 10 × 10 m2 area (about 1/3 the
size of a basketball court) when flying at a maximum
speed of 2 m/s (about the speed of a slow jogging
person).

With this payload capacity, the aircraft can carry a
lightweight mini wireless camera and power supply as
shown in Figure 7 (left). The middle photo is a frame
captured by the on-board camera while flying in the
atrium (Figure 1). A table can be identified, but the
image is noisy. We are currently testing more robust
wireles cameras to eliminate the imperfections due to
the wireless camera’s poor performance.

5 Conclusions and Future Work

Closed quarters which are enclosed but spacious ar-
eas like warehouses, stadiums, underground parking
lots and tunnels, are time consuming and labor in-
tensive to patrol and safe keep. A robot designed to
fly in closed quarters and deliver situational aware-
ness would benefit homeland security, disaster mit-

Figure 6: Room size versus weight graph for different
fixed-wing areas

igation and military operations. Applications could
include biochemical detection, search-and-rescue and
reconnaissance. This paper presented a working pro-
totype based on output from a optimization matrix
that parameterized design variables. Parameteriza-
tion considered the pros and cons of different flight
modes, namely lighter-than-air and both rotary and
fixed-wing aircraft. The resulting closed quarter aerial
robot (CQAR) can fly safely and slowly in an area as
small as 10 × 10 square meters and deliver wireless
video with its on-board camera.

An optic flow sensor suite that can achieve au-
tonomous landing for perch-and-stare surveillance is
currently being designed (see Figure 7 (right)). The
use of optic flow for navigation was inspired by in-
sects which make heavy use of vision, especially op-
tic flow, for perceiving the environment. When ap-
proaching an autonomous takeoff or landing (ATOL),
the optic flow in the downward direction is equivalent
to the vehicle’s forward velocity, v, over the current
altitude, d. Our ATOL control system follows Srini-
vasan’s observation that insects keep the optic flow
on the landing surface constant when approaching a
landing, [13]. Thus, an embedded microprocessor is
used to gradually decrease the motor speed over a pe-
riod of 20 seconds while simultaneously controlling the
vehicle’s pitch (elevator) to maintain a constant optic
flow reading from the Ladybug optic flow sensor, [2],
(i.e. a large jump in the optic flow calls for a large
deflection of the elevator). We are currently collecting
data from initial test results and comparing them to
the formulated ATOL metrics which include: force of
ground impact, or lack of bounce, overshoot or un-
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Figure 7: An on-board wireless camera mounted on the flying prototype (left) can acquire video and transmit
images. The raw image in the middle is of a banquet table. An optic flow sensor suite (right) is used to achieve
autonomous takeoffs and landings.

dershoot from a landing target, distance from runway
centerline, and maintaining stability throughout the
landing sequence (keeping pose constant).
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