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1
HYBRID AERIAL AND TERRESTRIAL
VEHICLE

CROSS REFERENCE TO RELATED
APPLICATION

This application is a continuation of U.S. patent applica-
tion Ser. No. 14/043,490, filed on 1 Oct. 2013, which claims
the benefit of U.S. Provisional Application, Ser. No. 61/726,
335, filedon 14 Nov. 2012. The co-pending parent application
is hereby incorporated by reference herein in its entirety and
is made a part hereof, including but not limited to those
portions which specifically appear hereinafter.

This invention was made with government support under
award N00014-10-1-0769 awarded by Office of Naval
Research. The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention is directed to an unmanned vehicle, and
more particularly to an autonomous or remotely controlled
vehicle capable of both aerial and terrestrial locomotion.

2. Discussion of Related Art

The ability to quickly reach a goal location without need-
ing to navigate obstacles or challenging terrain makes aerial
vehicles an excellent choice in applications like search and
rescue or military surveillance. Consequently, Unmanned
Aerial Vehicles (UAVs), and especially the smaller class of
Micro Air Vehicles (MAVSs), are gathering increased interest
among researchers. However, it is difficult for MAVs to
remain airborne for an extended period of time because of
their high energy consumption.

SUMMARY OF THE INVENTION

This invention includes a vehicle capable of both aerial and
terrestrial locomotion. In one embodiment, the terrestrial and
aerial vehicle includes a flying device and a rolling cage
connected to the flying device by at least one revolute joint.
The flying device desirably includes at least one rotor, i.e., a
rotorcraft, and the rolling cage at least partially encloses or
surrounds the flying device. In particular embodiments of this
invention, the flying device and/or rolling cage includes a
shaft connected to the other of the rolling cage and/or flying
device. A bearing connects the shaft to the flying device
and/or the rolling cage, such as to form a revolute joint.

Flight is desirably achieved using a rotorcraft flying device,
which can have different configurations based on the number
of rotors used. Single rotor, coaxial rotors, tandem rotors,
tricopter, quadcopter, hexacopter, and octocopter are all dif-
ferent types of rotorcrafts that can serve as the flying agent of
the hybrid system. Connecting this rotorcraft with a rolling
cage through one or more revolute joints makes terrestrial
locomotion possible. As used herein, “terrestrial” includes
both solid surfaces and liquid surfaces, such as bodies of
water. This design allows the cage to roll freely with respect
to the flying system. The rolling cage is desirably not powered
directly, and freely rolls due to the rotor thrust of the flying
device alone.

During flight, the rotor actuator(s) provide enough lift to
overcome the weight of the vehicle, and the system functions
as a regular flying system; it can move by rolling or pitching
and change direction by changing its yaw angle. For terres-
trial locomotion, the rotorcraft must first pitch about the revo-
lute joint center (see FIG. 12). In this configuration, the thrust
of the rotor(s) results in cage rolling on the ground, and the
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vehicle moves forward. Changing the direction is also pos-
sible by changing the vehicle’s yaw angle. In terrestrial mode
the system only needs to overcome the ground friction which
is much lower compared to the vehicle’s weight. Therefore,
rolling on the ground is much more efficient than flying, and
the vehicle’s operation time and range is increased compared
to the aerial-only system.

Combining the terrestrial and aerial locomotion modes in a
hybrid design incorporates the advantages of both modes in a
single system. Adding a reliable terrestrial locomotion struc-
ture to an aerial vehicle provides improved efficiency, which
extends operation time and range. On the other hand, adding
flight capabilities to a terrestrial system eliminates the prob-
lem of obstacle negotiation. When an obstacle is encountered,
the system easily flies over it.

Existing hybrid systems are usually composed of separate
aerial and terrestrial locomotion actuator mechanisms
directly attached together to form the hybrid vehicles. In
contrast, a feature of embodiments of this invention is that the
vehicle uses the same primary actuators for both modes of
locomotion, e.g., the flight system also power the terrestrial
locomotion. Consequently, neither the mass nor the system
complexity is increased by inclusion of actuators for aerial
locomotion and separate actuators for terrestrial locomotion,
or by the inclusion of a transmission coupled with a clutch
between two locomotion systems.

Using the same actuators for both forms of locomotion
greatly simplifies the system’s mechanical and control com-
plexity. Combining the terrestrial and aerial locomotion
modes in a hybrid design incorporates the advantages of both
modes in a single vehicle. Adding a reliable terrestrial loco-
motion mode to a MAV provides improved efficiency, which
extends operation time and range. On the other hand, adding
flight capabilities to a terrestrial vehicle eliminates the prob-
lem of obstacle negotiation. When an obstacle is encountered,
the system easily flies over it.

Similar to other mobile vehicle platforms, the system can
be applied in hazardous environments for a human operator
such as search and rescue and military missions. Other poten-
tial application of this system lies in entertainment industry,
as a toy.

The invention has a simple design. This makes it easy and
low cost to manufacture. The flying system does not have a
new or specific design requirement. Any regular flying rotor-
craft system, for which there are many well developed
samples available, can be employed as the flying agent. The
rolling cage is desirably impact resistance and durable against
the shocks that aggressive landings or crashes of the flying
device can cause. In one embodiment, polycarbonate and
carbon fiber materials were used to fabricate the prototype
system. As detailed below, the fabricated cage was/is able to
successfully resist shocks and forces.

To reduce dissipation of energy during terrestrial locomo-
tion, the joint connecting the rolling cage and the flying
system should have the minimum possible friction. Mounting
bearings at the position of the joints helps reduce the friction.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects and features of this invention will
be better understood from the following detailed description
taken in conjunction with the drawings.

FIGS. 1-3 show a vehicle according to one embodiment of
this invention.

FIGS. 4-11 illustrate flying devices according to other
embodiments of this invention.
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FIG. 12 representatively illustrates a vehicle operation
according to one embodiment of this invention.

FIG. 13 illustrates a prototype of the invention with a
quadcopter as the flying system and a cylindrical cage,
according to one embodiment of this invention.

FIG. 14 illustrates the reference frames used for the deri-
vation of the equations of motion when the vehicle is in flight.
lis theinertial frame, with i3 pointing in the direction opposite
of'the gravity vector. B is a body-fixed coordinate frame with
b, pointing normal to the quadrotor’s plane of propellers.

FIG. 15 illustrates the coordinate frames for the terrestrial
mode. 1 is the inertial frame with i, pointing in the direction
opposite of the gravity vector. E is fixed at the center of the
cage with &, always parallel to 13 and pointing upward. Cis the
frame fixed to the cage with ¢, always pointing along &,. B is
the body coordinate frame fixed to the quadrotor with b,
normal to quadrotor and pointing upward.

FIG. 16 The power-thrust relationship for the prototype’s
propeller (GWS 3 bladed propellers, 127 mm in diameter and
76 mm pitch).

FIG. 17 illustrates forces acting on a quadrotor when flying
at a constant speed

FIG. 18 illustrates notation used to describe the prototype
geometry.

FIG. 19 illustrates analytically obtained ratio of robot’s
terrestrial range to aerial range as a function of speed.

FIG. 20 shows the optimal pitch angle and velocity that
maximizes the robot’s range as a function of terrain type.

FIG. 21 illustrates experimental data of the power con-
sumed while rolling on carpet (C,,=0.03) at different speeds
for three constant pitch angles. The robot consumes the least
power while rolling at a pitch angle of 90°.

FIG. 22 illustrates the distance the robot can roll on carpet
(C,,=0.03) with a fully charged battery (1350 mAh) at differ-
ent speeds and three constant pitch angles. The maximum
range of 8.5 km is achieved at a speed of 3 m/s and pitch angle
of 90°

FIG. 23 illustrates power consumption of the robot during
flight and on the ground. Curves fitted based on the experi-
mental data.

FIG. 24 illustrates experimentally obtained ratio of robot’s
terrestrial range to aerial range as a function of speeds. The
ratio decreases as velocity increases.

DESCRIPTION OF EMBODIMENTS OF THE
INVENTION

This invention provides a mobile autonomous or remote-
controlled vehicle, such as a MAV, capable of both aerial and
terrestrial locomotion. Flight is desirably achieved through a
suitable rotor configuration, such as a quadrotor with four
actuators that provide the required thrust. Adding a non-
powered rolling cage to the vehicle makes terrestrial locomo-
tion possible using the same actuator set and control system.
Thus, neither the mass nor the system complexity is increased
by inclusion of separate actuators for terrestrial and aerial
locomotion. An analysis of the system’s energy consumption
demonstrated that during terrestrial locomotion, the vehicle
only needs to overcome rolling resistance and consumes
much less energy compared to the aerial mode. This solves
one of the most vexing problems of quadrotors and rotorcraft
in general, namely their short operation time. Experimental
results showed that the hybrid vehicle can travel a distance
four times greater and operate almost six times longer than an
aerial-only system. It also solves one of the most challenging
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problems in terrestrial vehicle design, namely obstacle avoid-
ance. When an obstacle is encountered, the system simply
flies over it.

In one embodiment of this invention, referring to FIGS.
1-3, the vehicle 40 has a flying system or device 42 in com-
bination with a rolling cage 44. The flying device 42 is pref-
erably connected to the cage by a revolute joint 46. The flying
device shown in FIG. 1 includes four rotors 48 each propelled
by a rotor actuator 50 held on a rotor arm 49. The flying device
of'this invention can be any suitable flying device having any
number and configuration of rotors 48 and actuators. The
rotors can be any suitable size, shape and configuration. Simi-
larly the actuators can be any suitable size or configuration.
Each rotor desirably is powered by a corresponding electric
actuator, but a single actuator can be used to power one or
more rotors. One or more battery systems 52 can be used to
power the one or more actuators.

The vehicle of this invention can be used for any suitable
purpose, such as for entertainment, military, or security uses.
In particular embodiments, any suitable security recording
equipment or weaponry can be added to the vehicle. As shown
in FIG. 1, an optional surveillance camera 55 is representa-
tively shown mounted on the flying device 42.

In embodiments of this invention, the rolling cage extends
around at least a portion of the flying device, and desirably
surrounds or encloses at least a portion of the flying device. In
the embodiment of FIG. 1, the flying device 42 is surrounded
by and enclosed in the rolling cage 44. The rolling cage 44 is
connected to the flying device on either side by a shaft 56. The
revolute joint 46 can include any suitable bearing 58, such as,
without limitation, a planar bearing. These bearings help
reduce the joint friction and therefore energy consumption.
Any suitable size, shape, type, number, and configuration is
available for each of the shaft and bearing. For example, the
shaft can be fixed to the rolling cage at one end and connected
to the flying device 42 via a bearing or vice versa. Also, the
shaft can be a one-piece shaft extending through the flying
device 42 and connected at either end to the rolling cage 44.

The rolling cage 44 of FIGS. 1-3 is formed of a plurality of
rails 60 connected to or integrally formed between two oppos-
ing ends hubs 62. The cage 44 include horizontal rails 64 that
extend parallel to the shafi(s) 56 and perpendicular to a rotor
rotation axis 68. Cross rails 66 provide further strength and
support for the rails 64. Any suitable size, shape and configu-
ration is available for the rolling cage and rails of the rolling
cage, depending on need. The cage and rails can be formed of
any suitable material, such as metal and plastic, and desirably
of rigid and lightweight materials such as polycarbonate and
carbon fiber materials. The rolling cage can also be formed of
hollow or foam filled rails or tubes or other suitable structures
to promote floatation when moving on water surfaces.

The rolling cage can have any suitable shape and configu-
ration to allow the cage to roll under thrust power of the flying
device, such as, for example, the rolling cage comprises a
hemisphere, a ring, a sphere, a partial sphere, an oblate
sphere, a partial oblate sphere, a cylinder, a toroid, a parallel-
epiped, a polyhedron, or a prism. FIGS. 4-11 illustrate alter-
native embodiments, without limitation, of the rolling cage
according to this invention. FIG. 4 illustrates a cylindrical
rolling cage 44 having planar spoked ends 62. FIGS. 5 and 6
illustrate alternative spherical rolling cages 44. FIG. 7 illus-
trates a rolling cage 44 formed of two spaced apart hemi-
spherical portions 44a and 44b. The flying device 42 is dis-
posed between, and at least partially enclosed by, the two cage
portions 44a and 445b. As illustrated in FIG. 8, the vehicle can
also operate with only one hemispherical rolling cage 44,
particularly as the vehicle is propelled using the rotors, which
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can keep the vehicle upright. FIG. 9 illustrates a rolling cage
44 without horizontal rails, and with the flying device 42
between, and at least partially enclosed or surrounded by, two
rolling cage portions 44a and 445. F1G. 10 illustrates a ring-
shaped rolling cage 44 surrounding a central portion of the
flying device 42. A larger bearing 58 has been adapted to
encircle the center of the flying device 42. The ring rolling
cage 44 of FIG. 10 can also be widened as shown if FIG. 11,
for example, such as by use of more than one ring and hori-
zontal rails 64, to provide further terrestrial support.

In preferred embodiments of this invention, the rolling
cage 44 is not directly powered, and instead rolls against a
surface based upon movement by the flying device 42 across
the surface. As representatively shown in FIG. 12, the flying
device 42 rotors and actuators provide both the lift for aerial
locomotion and thrust for terrestrial locomotion. Using a
single set of rotor actuators to power both aerial and terrestrial
modes of locomotion increases efficiency and battery life.
Consequently, neither the mass nor the system complexity is
increased by inclusion of actuators for aerial locomotion and
separate actuators for terrestrial locomotion.

Using a single set of rotor actuators for both forms of
locomotion greatly also simplifies the system’s mechanical
and control complexity. Combining the terrestrial and aerial
locomotion modes in a hybrid design incorporates the advan-
tages of both modes in a single vehicle. Adding a reliable
terrestrial locomotion structure to a flying device provides
improved efficiency where terrestrial locomotion is possible,
which extends operation time and range. When a terrestrial
obstacle is encountered, the vehicle easily flies over it.

The present invention is described in further detail in con-
nection with the following examples which illustrate or simu-
late various aspects involved in the practice of the invention.
It is to be understood that all changes that come within the
spirit of the invention are desired to be protected and thus the
invention is not to be construed as limited by these examples.

A prototype of the invention was created and tested. The
prototype is shown in FIG. 13, and included a quadcopter 142
with four actuated rotors 148 enclosed by a non-powered or
non-actuated rolling cage 144. The rolling cage was con-
nected to the quadcopter 142 by a shaft 156 and revolute joint
created by the shaft 156 and planar bearing 158. The terres-
trial locomotion of the prototype functioned successfully in
both indoor and outdoor environments and on different ter-
rain types, including pavement, grass, and sand. The vehicle
was tested to verify its operation time and range compared to
an aerial-only system. The results show that on linoleum the
prototype of the hybrid vehicle had an operation time of 50
minutes and could travel 9 km within this timeframe when
rolling on a linoleum surface. This means the hybrid system
has at least 10 times greater operation time and 2.5 times
greater operation range compared to an aerial-only system.

1. Dynamics Model

The prototype system’s equations of motion were devel-
oped for both the aerial and terrestrial modes of operation.
The equations were used to choose system parameters for
optimal efficiency.

A. Aerial Mode

The prototype behaved as a regular quadrotor during flight.
The addition of cage only changed the mass and moments of
inertia. The dynamics of such system have been derived many
times in detail elsewhere in the literature (D. Mellinger, M.
Shomin, and V. Kumar, “Control of quadrotors for robust
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perching and landing,” Proceedings of International Powered
Lift Conference 2010, 2010). Thus, they are only summarized
here.

TABLE I

FLIGHT SYSTEM SPECIFICATIONS

Element Properties

Actuator 11.1 V BLDC, kV (RPM/V): 1700
Power: 75 W

Propellers 5" x 3", 3 blades

Battery Lithium-Polymer 38, 1350 mAh

FIG. 14 shows the reference frames used in derivation of
the equations of motion, which are given below.

" . I’-_B* 65
mBI'fB :—m3g+ufb3+ud—

171

Uy @)

Ig*’a')B =| up —’wBXIg*’wB

Hy

where my, is the mass of the vehicle; ;.7 is the moment of
inertia of the quadrotor about its center of mass, B*, along the
b,, b,, and b, axis; 1.7* is the position vector from a fixed
point in the inertial frame to B*; g is the gravity vector; and
1w? is the rotational velocity of frame B in inertial frame. The
magnitude of the drag force, u,, applied to the robot in the
direction of flight is defined as:

®
where p is the air density; C, is the coefficient of drag; v is the
velocity of the robot; and A, is the frontal area of the robot.
Estimations for C,and A ,of a quadrotor were not found in the
literature. The drag coefficient was assumed to be equal to

that of a cube (C_~1) and the frontal area is obtained through
the following equation.

u~YopCadp?®

Q)

where a.and a, are respectively the area of the front and top
cross sections of the quadrotor.

B. Terrestrial Mode

The reference frames used in derivation of the equations of
motion for terrestrial locomotion are depicted in FIG. 15.
During terrestrial locomotion, the propellers’ forces roll the
cage on the ground by overcoming the opposing forces due to
rolling resistance, turning resistance, and air drag.

1) Rolling Resistance:

The rolling resistance torque opposes the rolling motion of
the cylindrical cage on the ground. This torque, T,, is similar
to the rolling friction of tires and can be estimated as:

Tr:Cr;RH]VHE2 ®

where C,, is the rolling resistance coefficient, R is the radius
of'the cage, and N is the normal force:

AF0,cos(6)+0,sin(6)

N:Mg—ufcos(e)f3 (6)

where M is the mass of the quadrotor, mg, plus the mass ofthe
cage, m ., and 0 is the pitch angle of the quadrotor with respect
to &,

2) Turning Resistance:

The turning resistance opposes the rotation of the robot
along the yaw axis:

T, =wu Vi3 0
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where w is the width of the cage and p is the wheel/terrain
coefficient of friction. For planar motion, it was assumed that
the robot can be modeled as a rolling disk. The velocity of the
center point, O (see FIG. 15), expressed in I is given as:

BO=i1 +jo+7ls (8)
The velocity of the center of mass of the quadrotor, B¥, can
also be calculated as:

LyB*=] O-dob, ©

where d is the distance between B* and O. The velocity of the
contact point, P, can be obtained using the velocity of the
center point, 'v©.
BP=HO_RGe, (10)
where is the rotational velocity of the cage. The inertial
observed velocity of point P, v*, can be stated in I as:
HP=(-RQ cos(@) 1 +(¥-RQ sin(@)ia+77; an

Assuming pure rolling and no side slip, the velocity of the
contact point should always be equal to zero. This gives the
two following nonholonomic constraints:

#-RQ cos(¢)=0 (12a)

$-RQ sin($)=0
The kinetic energy of the system during rolling can be esti-
mated as:

(12b)

a3

Kr = %(mc +mg) (&% + ¥2) — my, RAQBcos (0) +

1,2 1 .
SISO7 ¢ LS + [sin? (0) + HBos? (0019

1 .2
2B 2
2(12 +mpd)f +2 3

where m,. is the mass of the rolling cage; I, and 1, are the
moments of inertia of the cage about point O and along the ¢,
and ¢, axes, respectively.

The potential energy of the robot is given as:

Vr=mpgllglld{1-cos(0)]

The external forces and torques acting on the robot can be
summarized as:

fe:”/gs‘”dél

14

15

16)

The air drag in the hybrid system is different from an
aerial-only quadrotor because of the addition of the cage.
Although the cage is designed such that the air can flow
through it without much obstruction, the frontal area of the
hybrid system was estimated to be equal to a solid cylinder of
the same size as the cage. Experimental results, shown later,
show that this is a good approximation.

Writing the Lagrange equation for the robot gives:

T =g [)éx(y cos(0)-Ir, )é;

JaL

d(dL an
g )3 )= 0 s o w220

where L=K-V, A, and A, are the Lagrange multipliers, and
Q,« is the external torque or force corresponding to each
element. Solving this equation for the x and y coordinates
yields:

MJ'c'—mbd[é cos((~))sin((]))—(:)2 sin(e)sin(¢)+é(f) cos(0)cos

(§)]=usin(O)cos(§)+Al (18a)
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Mj-m,d[® cos((~))sin((]))—(:)2 sin(e)sin(¢)+é(f) cos(0)cos
(§)]=ursin(0)cos(p)+12

Solving (17) for the rolling coordinate, €2, yields:

(18a)

LEQ=—fv,|-0,R cos@)-hoR sin(@) 19)

Replacing for A, and A, from (18) into (19), and deriving the
Lagrange equation for p and 6 coordinates, yields:

15 82+ MR[:cos(yy) + ysin(y)] + ugR = us Rsin(d) + (20)
mgRd[fcos(6) - Bsin(@)] - [|7,|

IS + IBsin? () + [£cos?()]d + 2(18 — IB)aysin(B)cos () =
ugeos(0) — ||zl

(2 +mpd®d+ (1B — Pysin@)cos@) =

Uy — de[llgllsin(O) - RQCOS(G)]

Equations (12) and (20) fully describe the dynamics of the
robot in terrestrial mode and help with analyzing its perfor-
mance in the following section.

II. Energy Analysis

The energy consumption of the hybrid robot in terrestrial
mode was less than the aerial-only system during flight. This
is analyzed in detail in this section. To begin this analysis, the
performance of the propellers is examined by conducting
static experiments.

A. Performance of the Propellers

The prototype included three bladed GWS propellers with
a diameter of 127 mm and a 76 mm pitch. Three sets of
experiments were performed to evaluate the propeller, and
results are shown in FIG. 16 as curves that relate the power to
the specific amounts of generated thrust. A single propeller
tested separately is more efficient than four propellers
mounted on the quadrotor working together. The overall air
flow through the quadrotor affects the performance of each
propeller and lowers the efficiency. The test was repeated
after adding the cage to the quadrotor. Based on the results,
addition of the cage causes a slight increase (less than 10%) in
actuator’s power consumption.

The performance of the propellers was modeled with a
quadratic equation:

P=0,+0,fr0;

where o, o, and o can be obtained through a basic curve
fitting method. Obviously, these coefficients are different for
an aerial-only system and the prototype.

B. Power Consumption at a Constant Speed

1) Aerial mode:

To keep the robot airborne at a constant height and speed,
the thrust should overcome the robot’s weight and air resis-

@n

tance (see FIG. 17).
uN sl @2
uscos(0)=mpllg| 23)
uysin(®)=u~YopCadpy” (24

2) Terrestrial Mode:

To maintain a constant rolling speed on the ground, the
rolling friction and air resistance must be overcome. It was
assumed that the friction in the ball bearings can be neglected
for this analysis. Assuming the case where the robot is rolling
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on the ground along the ¢, axis (FIG. 18) with constant speed
(i.e., k=y=C2), from (20):

uR sin(0)-|t,||-u,R=0 (25)

where u,is the amount of the force required to keep the system
rolling at a constant speed. Replacing u, and <, from (3) and
(5) and rearranging yields:

0.50C4As0" + MigllC,, (26)

“r= sin(#) + Cy,.cos(6)

This equation shows that the value of the required input
force is a function of the velocity, v, pitch angle, 6, mass of the
quadrotor and cage, M, and the surface type. Note that the
frontal area term, A in calculation of air resistance is different
from that in aerial-only system due to the added area of the
cage. The upper bound for the value of this area is where the
cage is assumed to be solid and no air passes through it. This
assumption was used in the analysis.

Uy is the moment required to maintain a constant pitch
angle, 6, and counteract the moment induced by the center of
mass offset, which can be obtained from (20):

ug=mpd||g| sin(6) @7

It was known that u ; and u-are related based on the following
equations.

u=fi+> (282)

ug=(i-f2)L (28b)
where f; and f, are the front and rear propeller thrusts as
depicted in FIG. 18, required to have the system roll on the
ground at a constant speed. Solving (28) for f; and f, and
replacing from (26) and (27) gives:

B 1[ ug + MIgllCyr d . 0] (29a)
fi= 2 sin(6) + C,,cos(6) +mgz||g||sm( )
ug + MIIgllCrr (29b)

1 o
fi=s5 )

sin(6) + C,,cos(6)

Assuming the mass of the rolling cage to be 25% of that of
the quadrotor, the distance the robot can roll on the ground is
compared to an aerial-only quadrotor’s flight time (see FIG.
19). This analysis shows that at low speeds, rolling is much
more efficient compared to flying. For instance, on linoleum
(C,,=0.015) at 3 m/s the distance the robot can roll on the
ground is theoretically six times longer than the flight range.
This ratio decreases as surface friction increases, but even on
turf with a respectively high rolling resistance (C,,=0.09)
rolling distance is more than four times greater than aerial
range. These numbers has been validated through experi-
ments and results are presented in next section.

C. Optimal Inputs to Maximize the Range

The maximum range of the prototype for each mode of
travel is highly dependent to the robot’s states. For the aerial
mode, the pitch angle of the robot is the only input, while in
terrestrial mode both the pitch angle and velocity of the robot
affect the system performance and thus how far it can travel
before the battery is depleted. Given a fixed amount of energy,
E:

E=Pt (30)

where P is power and t is time. Therefore the robot’s range, D,
can be obtained using the following equation.
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Do Ev (31
P
1) Aerial Mode:

The velocity of the robot while flying at a constant height
was a function of the pitch angle, which can be obtained
dividing (24) by (23).

L [Pmallelian@)
pCdAf

Replacing for v and u, from (32) and (23) into (31) and
estimating power from (21) gives an equation for robot’s
range as a function of pitch angle. Using this equation, 6=30°
is the optimal pitch angle that gives the maximum flight range
at a constant speed and height.

2) Terrestrial Mode:

During ground locomotion changes in both velocity and
pitch angle affected the prototype’s energy consumption.

(B2

B Ev
Ta(fit+ A+ afi + o) +2a3

33

where D, represents terrestrial mode range and f; and f, can
be replaced from (29). Nonlinear programming was used to
obtain the optimal terrestrial range for different terrain types.
FIG. 20 shows the optimal pitch angle and velocity of the
robot as a function of the coefficient of rolling resistance. The
results suggest that as the rolling resistance increases the
pitch angle should decrease such that the vertical component
of'the thrust becomes nonzero. This component helps reduce
the normal force on the ground and consequently compen-
sates for a portion of the friction force. Also, the analysis
indicates that optimal speed should increase as the terrain gets
rougher.

III. Experiments

The energy efficiency and operation time and range of the
two working modes were investigated by operating the robot
at constant speeds in both aerial and terrestrial modes.

A. Aerial Mode

The quadrotor was tested inside a wind tunnel to measure
the power consumption during flight as a function of pitch
angle. The Andrew Fejer Unsteady Flow Wind Tunnel, used
in this experiment, is a closed circuit, low-speed facility,
driven by an axial-vane fan powered by a 40 HP synchronous
motor. The motor is made by Baldor Electric Co. and is an
EM2540T model. The wind-tunnel test section is 0.61
mx0.61 m in cross section and 3.1 m in length. Flow veloci-
ties up to 40 m/s can be reached by adjusting an H2vector
drive controller, which controls the fan rotational speed.
Screens, honeycombs, and a contraction region upstream of
the test section yield a turbulence level of 0.3% at the maxi-
mum velocity.
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The quadrotor was mounted on top of a 6-DOF force-
torque sensor. Force measurements are taken at 1000 Hz
using a National Instruments DAQ card and Labview. The
values of thrust and wind speed were adjusted such that when
the vertical force component equaled the weight of the
quadrotor, the air drag force equaled the horizontal compo-
nent of the propeller’s force. At this state, the power was
directly measured from the power source and the wind speed
was representative of the quadrotor’s flight speed. The mea-
surements corresponding to six different pitch angles of 5, 10,
15, 20, 25, and 30 degrees are depicted in FIG. 23.

Hovering required about 110 W of power. The quadrotor
could not produce enough thrust to overcome its weight at
angles greater than 30°. At a pitch angle of 30°, which corre-
sponded to a horizontal speed of 11.30 nv/s, the quadrotor
consumed about 160 W. The results show that the maximum
range can be obtained at a pitch angle of 24° which is less than
the theoretically estimated optimal angle of 30°. This also
means the quadrotor used in prototype can fly a maximum
horizontal distance of 3.6 km with a fully charged battery.

B. Terrestrial Mode

For terrestrial mode, three sets of experiments were per-
formed on three different terrain types: linoleum, carpet, and
turf. The rolling resistances of the chosen surfaces were mea-
sured by dragging the prototype on the surface with a rope
coupled to aload cell. Three different pitch angles of 80°, 85°,
and 90° were tested. The velocity range between the robot’s
minimum possible speed on a particular surface (2.5 m/s for
linoleum and carpet and 2 m/s on turf) was up to 6 m/s. The
speed of prototype was measured using a rotary encoder.
Power consumption was measured directly from the battery
output using voltage and current sensors.

FIG. 21 shows the results for rolling on carpet. Note that at
a pitch angle of 90°, the robot consumed the least amount of
power among the three tests at all tested speeds. The robot’s
range as a function of speed and pitch angle is also depicted in
FIG. 22. The robot’s maximum range was 8.5 km (C,,=0.03),
which was achieved when the robot traveled at 3 m/s and the
pitch angle was maintained at 90°. This was about 2.4 times
greater than the maximum aerial range of the quadrotor.

The performance of each propeller of the system was
evaluated above. The results depicted in FIG. 16 show that the
efficiency of the propellers decrease when mounted on the
robot. This indicates an improvement in the design can be
made by isolating the air flow through each propeller from
other ones using a separating structure or by increasing the
space between the propellers. The addition of the cage to the
quadrotor again decreases the efficiency. Therefore design of
cage structure can also be adjusted to minimize the power
losses.

Although the cage structure was relatively open, the drag
coefficient of the robot was assumed to be equal to that of a
solid cylinder. The results show that this assumption is not far
from reality, and as the cage spins it behaves more like a solid
cylinder. This indicates that the design of the cage can help
lower its drag coefficient and improve the efficiency of the
ground mode, especially at high speeds.

The experimental results summarized in Table II indicate
that it is much more efficient to roll on the ground instead of
flying, especially at low speeds. For instance at 2 m/s the
rolling distance on linoleum is about 11 times greater than the
flight range (See FIG. 24). This ratio decreased as the speed
increases. The robot was not driven at speeds higher than 6
m/s, but extrapolation of available experimental data (See
FIG. 23) shows that beyond 8 m/s rolling on linoleum should
be less efficient than flying.
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TABLE II

SUMMARY OF RESULTS FROM EXPERIMENTS

Optimal  Optimal Max. Max.

Speed Pitch Range Time

Terrain C,, (m/s) Angle (km) (min)

Flight — 10.7 24° 3.6 5.5
Linoleum 0.015 3 90° 9.0 50
Carpet 0.030 3 90° 8.5 47
Turf 0.090 4 85° 5.2 22

Comparing the optimal values of pitch angle and velocity
from Table II with what was theoretically estimated in FIG.
20 shows that the values are very close, especially for the turf
experiments. The operation times is about 10 times greater
when rolling on the ground compared to the flight mode and
the robot’s range on linoleum is 2.5 times greater than the
flight range.

It will be appreciated that details of the foregoing embodi-
ments, given for purposes of illustration, are not to be con-
strued as limiting the scope of'this invention. Although only a
few exemplary embodiments of this invention have been
described in detail above, those skilled in the art will readily
appreciate that many modifications are possible in the exem-
plary embodiments without materially departing from the
novel teachings and advantages of this invention. Accord-
ingly, all such modifications are intended to be included
within the scope of this invention. Further, it is recognized
that many embodiments may be conceived that do notachieve
all of the advantages of some embodiments, particularly of
the preferred embodiments, yet the absence of a particular
advantage shall not be construed to necessarily mean that
such an embodiment is outside the scope of the present inven-
tion.

What is claimed is:

1. A terrestrial and aerial vehicle, comprising:

arotorcraftincluding a rotor powered by an actuator motor;

and

a non-actuated rolling cage connected to the rotorcraft by

at least one revolute joint.

2. The vehicle of claim 1, wherein the rolling cage extends
around at least a portion of the rotorcraft.

3. The vehicle of claim 1, wherein the revolute joint com-
prises a shaft and a bearing.

4. The vehicle of claim 3, wherein the rotorcraft comprises
four actuated rotors and four rotor arms each including one of
the four actuated rotors, wherein the shaft extends outward
from the rotorcraft between two of the four rotor arms.

5. The vehicle of claim 1, wherein the rolling cage sur-
rounds or encloses at least a portion of the rotorcratft.

6. The vehicle of claim 1, wherein the rotor is disposed
within the rolling cage.

7. The vehicle of claim 6, wherein the rotor propels both
aerial and terrestrial surface locomotion.

8. The vehicle of claim 1, wherein the rolling cage is a
non-powered rolling cage.

9. The vehicle of claim 1, further comprising a controller
adapted to receive a wireless control signal.

10. The vehicle of claim 1, wherein the rolling cage com-
prises two opposing hubs and a plurality of rails.

11. The vehicle of claim 1, further comprising a plurality of
rotors.

12. The vehicle of claim 1, further comprising a surveil-
lance camera mounted on the rotorcraft.
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13. The vehicle of claim 1, wherein the rotorcraft com-
prises a tricopter, a quadcopter, a hexacopter, or an octocop-
ter.

14. The vehicle of claim 1, wherein the rotor provides
vertical lift during rotorcraft flight and thrust for free rolling
of'the rolling cage during terrestrial surface locomotion, and
the rotorcraft pitches about the at least one revolute joint for
the terrestrial surface locomotion.

15. The vehicle of claim 1, wherein the rolling cage rolls
freely against a terrestrial surface.

16. The vehicle of claim 1, wherein the rolling cage com-
prises two opposing hubs, a first circular cross rail at a first
hub of the two opposing hubs, and a second circular cross rail
at the second hub of the two opposing hubs.

17. The vehicle of claim 16, further comprising a plurality
of rails each extending between and connecting the first cir-
cular cross rail and the second circular cross rail.

18. A terrestrial and aerial vehicle, comprising:

a copter including at least one actuated rotor; and

a non-actuated rolling cage connected to the copter by at

least one revolute joint and at least partially enclosing or
surrounding the copter.

19. The vehicle of claim 18, wherein the revolute joint
comprises a shaft and a bearing.

20. The vehicle of claim 18, wherein the rotor propels both
aerial and terrestrial locomotion.
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21. The vehicle of claim 18, wherein the at least one rotor
comprises a plurality of rotors disposed at least partially
enclosed or surrounded by the rolling cage.

22. The vehicle of claim 18, wherein the rolling cage
rotates about a shaft connected to the copter, the shaft extends
perpendicular to an axis of the at least one rotor, and the shaft
is connected to the copter or the rolling cage by a bearing.

23. The vehicle of claim 18, wherein the at least one revo-
lute joint comprises two revolute joints, and the rolling cage
comprises two rolling cage portions each connected to the
copter by one of the two revolute joints, and the copter is
disposed between the two rolling cage portions.

24. The vehicle of claim 18, wherein the copter comprises
a quadcopter.

25. A terrestrial and aerial vehicle, comprising:

a rotorcraft including at least one rotor;

a non-actuated rolling cage connected to the rotorcraft;

a shaft connecting the rotorcraft to the rolling cage; and

a bearing connecting the shaft to at least one of the rotor-

craft or the cage.

26. The vehicle of claim 25, wherein the shaft extends
perpendicular to an axis of the at least one rotor.

27. The vehicle of claim 26, further comprising two bear-
ings and two shaft ends, wherein the cage comprises two
opposing hubs each including one of the two bearing at one of
the two shaft ends, and the two hubs are connected by a
plurality of rails.



