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ABSTRACT Mobile and aerial robots offer many potential applications, including warehouse logistics,
surveillance, cinematography, and search and rescue. However, most such robots are task-specific and
generally lack the versatility to tackle multiple scenarios, terrains, and unstructured, dynamic environments.
This paper presents the Omnirotor platform, a versatile, multi-modal, coaxial, tilt-rotor, all-terrain vehicle
that combines an Unmanned Aerial Vehicle (UAV) and an Unmanned Ground Vehicle (UGV) into a hybrid,
all-terrain vehicle. The Omnirotor has two locomotion modes of operation (aerial and ground vehicle) and
five operational configurations, as it can fly both in the Normal and Inverted configurations and drive on
the ground in the Normal and Inverted configurations. It can also recover from any non-operational state
to its Normal, upside-down configuration. Moreover, in addition to the locomotion modes, the continuous
omnidirectional thrust vectoring enables the Omnirotor platform to perform complex manipulation of
objects. This work introduces the concept and discusses in detail the design, development, and experimental
validation of the Omnirotor platform. In particular, it discusses the modeling and control schemes required
by the different operation modes and configurations. It experimentally validates the platform’s capabilities
with experiments focusing on traversing challenging environments and unstructured, uneven terrains (e.g.,
a public park). Finally, the platform’s ground, pushing-based manipulation capabilities are demonstrated
through the execution of a puzzle-solving experiment where the solved puzzle serves as a landing platform
for the all-terrain vehicle. The versatility of the Omnirotor offers exciting prospects for use in challenging
search-and-rescue scenarios, surveillance, and aerial and ground manipulation applications.

INDEX TERMS Robotics and automation, autonomous aerial vehicles, rescue robots, robot control,
manipulators, mobile robots.

I. INTRODUCTION and the development of multi-modal or hybrid vehicles that

Unmanned Aerial Vehicles (UAVs) and Unmanned Ground
vehicles (UGV) are employed in many industries, includ-
ing cinematographic, inspection, entertainment, surveillance,
search-and-rescue, and security. In the interest of improv-
ing the current capabilities and expanding the use of UAVs
and UGVs for other applications, researchers are exploring
new design paradigms and concepts. Recent research efforts
include developing UAVs capable of efficient physical inter-
action with dynamic environments to enable the execution
of complex tasks such as dexterous manipulation [1], [2],
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exhibit the characteristics of both ground and aerial vehi-
cles [3], [4].

In the related literature on hybrid UAV/UGY, only a few
proposed hybrid concepts are collision resilient and capable
of recovering and returning to regular operation after a crash.
This lack of resilience significantly decreases their suitability
to work in unstructured and dynamic environments. Further-
more, none of these works demonstrated that their design is
capable of interacting with the environment or performing
manipulation tasks. Manipulation capabilities are instrumen-
tal when navigating, for example, cluttered and unstructured
environments such as the inside of a building after an earth-
quake. In such cases, pushing chairs, boxes, and other objects
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FIGURE 1. The New Dexterity Omnirotor platform, a hybrid, multi-modal,
all-terrain robotic vehicle with continuous omnidirectional thrust
vectoring capabilities. The concept has two different modes of operation
(ground and aerial vehicle), four operation configurations, and a process.
The four configurations are flight in both the Inverted and Normal pose,
ground operation in both the Inverted and Normal pose, and the process
is the recovery action that can bring the vehicle from any non-operational
state to its Normal ground pose. The concept achieves continuous
omnidirectional thrust vectoring employing a rotor-on-gimbal

mechanism [5], [6]. In particular, a coaxial rotor is placed inside a gimbal
mechanism that has two perpendicular rotating actuated Degrees of
Freedom (DoF), represented by the blue arrows. The prototype comprises
three main bodies: i) the Core, which houses the mechanism enabling the
rotor-on-gimbal; ii) the Fork, where the flight controller, battery, and
other electronics are mounted; and iii) the Cage, which protects the other
components of the vehicle and enables safe interaction with the
environment. Furthermore, the upper and lower flat sides of the cage
have each four omnidirectional, holonomic caster wheels that allow the
vehicle to drive on the ground in both configurations.

out of the way can enable the vehicle to transverse environ-
ments a regular hybrid vehicle would not be able to. In this
work, we present the Omnirotor platform, which is, to the
best of the authors’ knowledge, the first hybrid UAV/UGV
vehicle that is collision resilient, capable of recovery, and
demonstrates it can interact with the environment, performing
complex manipulation tasks.

The Omnirotor platform [5], [6] is a coaxial [7], ultra-
versatile, multi-modal, hybrid, tilt-rotor UAV/UGV vehicle,
and the first concept to demonstrate the capability of contin-
uous omnidirectional thrust vectoring, meaning it can apply
its full thrust in any direction in a continuous, unconstrained
manner. This paper presents an improved prototype version
of the concept (Fig. 1) that utilizes a novel approach to create
the rotor-on-gimbal mechanism. Here we demonstrate the
capabilities of both the aerial and ground vehicle operation
modes and take advantage of its omnidirectional thrust vec-
toring capability to demonstrate other abilities that improve
on what has been demonstrated so far by other concepts
in the literature. Namely, such abilities are its four differ-
ent operating configurations, which include flying in two
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configurations (Normal and Inverted), driving on the ground
also in two configurations (Normal and Inverted), and lastly,
the recovery process, which restores the vehicle to its Normal
ground operational configuration after crashing and landing
on its side or in any non-operational state. Additionally, the
Omnirotor can also perform ground push-based manipulation
of objects in its Normal and Inverted pose. Equivalently,
we also demonstrate that the vehicle can takeoff even from
inclined surfaces and uneven ground. This combination of
features makes the Omnirotor concept ideal for search-and-
rescue applications, where fast response and the continuous
exploration of unstructured environments demand versatility,
resilience, and high autonomy.

The rest of the paper is organized as follows: Section II
presents some related work in the field, section III presents
the platform’s design, Section IV describes the modeling and
control, Section V presents experimental results and discus-
sions, while Section VI concludes the paper.

Il. RELATED WORK

Manipulation is one of the most demanding classes of tasks
for a UAV, and turning aerial vehicles into manipulators is
a challenge in terms of both hardware and software. Aerial
manipulator platforms typically consist of the following two
subsystems: i) the aerial vehicle and ii) the manipulation
system that is used for interaction with the environment [8],
[9]. Regarding the vehicle type, aerial manipulators typically
belong to one of the following classes: i) helicopters [2],
[10], ii) unidirectional multirotors, such as quadrotors [1]
and hexacopters [11], iii) ducted-fan vehicles [12], iv) fixed-
wing designs [13], and v) hybrid designs [14]. Although
unidirectional UAVs are very useful for many applications,
they are not well suited for aerial manipulation tasks since
their underactuated nature limits their dexterity. [15], [16],
[17]. Researchers have tried to overcome the drawbacks of
unidirectional multirotor UAVs by proposing novel designs
that employ fully actuated or even overactuated concepts. The
available literature suggests two approaches in this direction:
i) concepts with fixed tilted rotors [18], and ii) vehicles
powered by active tilting rotors [19], [20], [21], [22]. Despite
being lighter, fixed tilted rotor vehicles display limited ver-
satility, as they usually operate with a single stable orienta-
tion and cannot exert significant forces in relation to their
weight on the surrounding environment. Alternatively, active
rotor-tilting UAV concepts have such interaction capabilities
but have the drawback of being heavier, bulkier, and more
mechanically complex.

One of the most significant limitations of aerial vehicles is
their operation time, which is generally quite limited. On the
other hand, ground vehicles are very energy efficient and
can operate for extended periods. Vehicles with both ground
and aerial locomotion capabilities are appealing precisely
because of the extended autonomy the ground mode can
provide. Such hybrid capabilities are achieved with many
approaches, with most falling into the following: i) passive
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FIGURE 2. Annotated exploded view of the design focusing on the new rotor-on-gimbal mechanism encompassing the Core and Fork module
bodies. All the motions of the gimbal DoF are facilitated with timing belts and pulleys. Both servo motors are mounted on the Fork structure. For
the first DoF, the output pulley is connected to a tube fixed on the Cage. The second DoF has the servo mounted at the same level as the battery,
and it uses a large belt to drive the output pulley connected to a tube fixed to the Core’s holding box. Inside such a tube is a smaller tube that is
instead fixed to the Fork. This and another pulley fixed to the Fork have the motor wires running through them and connecting to the speed
controllers and battery. These Fork-fixed pulleys are connected with a 90° bent transmission belt to the rotor-fixed pulleys. The pulleys sharing the
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same belt do not share the same wires, ensuring that untangling of the wires will be accomplished.

wheels [5], [6], [23], [24], [25], [26], ii) passive rotating
cage [3], [27], [28], [29], iii) active wheels [4], [30], [31],
[32], [33], or active legs [34], [35]. The passive rotating
structures are likely the most lightweight and simple solution
to turn an aerial vehicle into a hybrid one. However, since they
rely on the vehicle’s propulsion system for ground locomo-
tion, operational precision in this mode is inferior compared
to active wheels. The latter sacrifices payload capacity by
adding the weight of extra actuators for actively driving on the
ground using the wheels. Finally, the legged approach forgoes
even more payload and simplicity of design for the ability to
cross rough and uneven terrain in ground mode.

Ill. DESIGN

This section describes the fundamental concepts behind the
design of the Omnirotor platform presented in this work.
It also details how these design concepts were implemented
in the prototype. Subsection A elaborates on the rotor-on-
gimbal mechanism, which enables continuous omnidirec-
tional thrust vectoring. Subsection B, explains how additional
controls are needed in the rotor-on-gimbal mechanism and
how adding control surfaces between the coaxial rotors is a
viable solution. Finally, subsection C details the prototype
building materials and components.

A. THE ROTOR-ON-GIMBAL MECHANISM

Considering the goal of designing a rotor module with contin-
uous omnidirectional thrust vectoring, the most straightfor-
ward approach is to mount the rotors on a structure that rotates
around two perpendicular axes. This type of mechanism is
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called a gimbal, and it is predominantly used in camera
systems. However, wiring is the immediate constraint that
stems from such a method. Every active rotor tilting mech-
anism is restricted in its ability to turn by the amount its
wire connections can coil around the rotating axis. Slip-rings,
which are effectively rotational electric connections, are the
conventional solution for these wiring constraints. This is
also popular in gimbal camera stabilization systems. How-
ever, brushless electric motors used in propulsion systems
demand massive amounts of electric current, resulting in large
and heavy slip-rings. This increased weight is undesirable
because it significantly reduces the vehicle’s flight time and
payload capacity.

In previous works, the authors proposed the solution of
placing the battery together with the rotors, leaving only wire
connections with low current passing through the slip-rings
to the control electronics [5], [6]. However, such a solution
suffers from some problems. First, since the battery is cased
tightly between the coaxial rotors and the structure, battery
replacement is cumbersome and not flexible regarding bat-
tery geometry and footprint. Second, given that the battery
represents about a third of the vehicle’s weight, placing it
near the rotors brings the vehicle’s Center of Gravity (CG)
closer to them, reducing the attitude control authority of the
rotors and control surfaces. Such problems motivated the
development of a new mechanism inside the gimbal that
retains the omnidirectionality and the unconstrained rotation
capability while allowing the battery to be placed away from
the rotors, increasing the CG’s distance from the actuators
and therefore improving attitude control authority.
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FIGURE 3. Subfigure a), presents a screenshot of the video showing the mechanism developed for the rotor-on-gimbal concept. The video
provides a better understanding of the mechanism, and readers are highly recommended to watch it. The figure displays a close-up view of the
Core mechanism as having a fixed frame to the Core holding box. As the Core link rotates, from this point of view, the Fork fixed pulleys
(horizontally aligned pulleys) appear to rotate, driving the rotor-fixed pulleys (vertically aligned pulleys) connected to them to rotate in the same
direction. By passing the wires through the pulleys not connected by belts, which rotate opposite to the direction of the belt-connected pulleys,
the mechanism ensures that the wires never get twisted. Subfigure b) shows the exploded view of the mechanism with a detailed annotation.

Such a new mechanism is illustrated in Fig. 2, and it is
part of the vehicle’s structure we call ‘Core.” It consists of
two pairs of pulleys, one pair for each rotor. Each pair has
its rotating axes perpendicular to each other. As in Fig. 3,
the pulleys attached to the rotor mount are free to rotate.
The other pulleys are fixed with respect to the other primary
vehicle’s structure that we call the ‘Fork’ but can rotate with
respect to the Core’s holding box. All pulleys have a hole
where the wires from the motors pass through. The belts and
wires are arranged so that each pair of pulleys sharing the
same wires do not share the same belt. The result is that the
wire-sharing pair of pulleys counter-rotate with each other.
This way, while the Core’s box rotates with respect to the
stationary pulleys, twisting the wires, the rotating pulleys turn
in the opposite direction, untwisting the wires. For a better
comprehension of the working principle of the proposed
mechanism, please refer to Figure 3 and to the video that
can be found in subsection V-F.

B. CONTROL SURFACES IN BETWEEN COAXIAL ROTORS

The disadvantage of the gimbal mechanism is its singularity
points. These are the locations in its workspace where, when
using inverse kinematics to follow a path, small changes in the
direction that the platform is pointed at produce significant
joint motions (mainly for the first DoF). As a result, while
operating close to such singularity points, the rotor-on-gimbal
mechanism cannot swiftly make minor force corrections
without disturbing the system. Unfortunately, in the proposed
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FIGURE 4. Illustration of the two possible hovering stable points for the
all-terrain vehicle concept. The CG of the craft must be in line with the
rotors’ thrust for it to hover stably. This happens when the CG is either
above the rotors (Inverted equilibrium) or below them (Normal
equilibrium). For the current design, such equilibrium points coincide
with the gimbal kinematic singularity, which is aligned with the axis of
the first DoF.

all-terrain vehicle with a single rotor-on-gimbal module [5],
the system’s CG is always aligned with the kinematic singu-
larity for both of its stable configurations (see Fig. 4).

This problem is solved by adding control surfaces down-
stream to the propellers, arranged perpendicularly to the sec-
ond DoF. Even when operating at the gimbal’s singularity
points, this addition provides sufficient control authority in
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FIGURE 5. lllustration highlighting the main bodies composing the
Omnirotor platform. These main bodies are i) the Cage, which protects
the other components of the vehicle and is the component where the
caster wheels are attached; ii) the Fork, which bridges the Core and the
Cage, where the flight controller and most other electronics are attached,
and finally iii) the Core, which houses the wire untwisting mechanism,
the control surfaces, and the rotors.

all directions, eliminating the need for sophisticated control
algorithms for compensation, such as online weight optimiza-
tions. However, given the limited space for such a design
change and the desire to keep the rotor-on-gimbal design as
small as possible, it was decided to place the control surfaces
between the coaxial rotors (Fig. 1). Despite the significant
added complexity to the system, particularly in the aerody-
namic sense, this solution approach is lightweight, simple to
implement, inexpensive, and proved to be effective.

C. PROTOTYPE AND HARDWARE

This subsection details the prototype’s components, building
materials, and manufacturing. Subsection I) focuses on the
Outer Cage protecting the Omnirotor, subsection II) describes
the Fork body, while subsection III) focuses on the Core sub-
assembly. Each of these bodies is illustrated in Fig. 5.

The current prototype presents some noticeable differences
compared to its predecessor, particularly in the areas of wiring
management and electronic component arrangement. The
most notable difference is its size, as the new prototype is
approximately two times larger. The decision to increase the
size of the concept served a dual purpose. Firstly, it allowed
for an evaluation of the scalability of the design, and secondly,
it aimed to improve the vehicle’s overall efficiency, flight
time, and payload capacity. This is because larger rotors
are known to be more efficient than smaller ones, and thus,
increasing the size of the prototype was expected to result
in a higher level of efficiency and greater payload capacity.
Moreover, the larger payload capacity enables using a broader
range of components, such as servo motors, cameras, and
grippers, reducing the restrictions faced during prototyping.
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It is worth noting that control surfaces are used in aircrafts
of all sizes. However, it must be acknowledged that scal-
ing up the prototype also comes with added manufacturing
costs and increased time, as well as more challenging testing
conditions.

Additionally, the authors anticipate that the larger ver-
sions may face difficulties navigating indoor environments.
Despite these trade-offs, the authors believe that the current
form factor of the prototype strikes a balance between auton-
omy, payload capacity, cost, and applicability to various sce-
narios. Despite these changes, the software system remains
largely the same, relying on PX4 as its central component.
However, the firmware has undergone additional modifica-
tions to enhance its ability to support various operational
configurations. The code can be found at the following URL:

https://github.com/newdexterity/OmniRotor-Firmware

1) OUTER CAGE

The vehicle structure is mainly built out of carbon fiber
profiles and sheets to give the vehicle rigidity while being
lightweight. The outer cage uses 12 mm carbon fiber tubes
joined together with 90° custom-made connectors. These
connectors are fabricated with the process known as forged
carbon fiber, where an amorphous mix of epoxy resin and
short strands of carbon fiber is molded into a complex 3D
shape. At the connection points to the fork body, the cage’s
tubes are attached using water-jet cut 3 mm carbon fiber
sheets and 3D printed PLA adapters. Additionally, two hor-
izontal rings are added to the cage to provide a compliant,
lightweight structure that serves both the purpose of protec-
tion and is also used as a tool to interact with the environment.
The rings are made of straight, 4 mm pull-threaded carbon
fiber rods bent into shape and fixed with SLS Nylon 3D
printed connectors. Finally, the top and bottom ends of the
cage accommodate 1-inch in diameter Pololu plastic ball
caster wheels, allowing the vehicle to drive on the ground
when in ground mode.

2) FORK

The Fork structure contains many of the main components
of the design, including the Pixhawk 4 flight controller, the
two T-Motor AIR 40A 6S speed controllers, the 6000 mAh
LiPo battery, and the two Dynamixel XM430-W350-T servo
motors that actuate the two active DoF of the gimbal. In fact,
since the flight controller is mounted on it, the Fork body can
be considered as the whole vehicle when flying, as explained
in Section I'V. The structures forming the rectangle shape of
the Fork consist of 20 x 20 mm carbon fiber square tubes.
A truss-like pattern was cut into them for weight optimization
using the water-jet cutter. Both connection points to the Cage
are supported with bearings fit with 25 mm diameter tubes,
while the tubes are fixed with respect to the Cage. The motion
of the servo motors is transmitted with timing belts and
pulleys. The servo for the second DoF is placed at the same
level as all other electronics to keep the CG as high and far as
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TABLE 1. Table with the weight distribution of the Omnirotor prototype.

Component  Cage S;l:::: A‘I,}J}?ee:;t:r Fork + Core  Total
Weight [g] 580 19 152 3120 3700
% of Total 16 0.51 4.1 84

possible from the rotors, requiring a long belt to actuate the
Core body.

3) CORE

A 3D printed PLA-based split box joints all Core body com-
ponents. The rotors (T-Motor MN5006 KV450 motor and
16.2 inches propellers) are mounted on a 3D printed PLA
part attached to a steel tube that also features a timing pulley.
The belts need strong tensioning to avoid slipping, and the
resultant force on the pulleys needs to be countered to pre-
vent failure. The pulleys connected to motors have a pair of
bearings, one on each side of the belt. The Fork-fixed pulleys
use “U” shaped steel rods and bearings to compensate for the
belt forces. These last structures are omitted in the exploded
view of Fig. 2 to avoid cluttering the image. In that figure,
the left side of the box also has 9 g micro servos used to
actuate the control surfaces placed in between the coaxial
rotors. This box side also has a hole-through slip-ring to
power and control the micro servos. The slip-ring is slotted
inside a 25 mm tube, and a smaller diameter tube passes
through the slip-ring accommodating the wires that power
one of the rotors. In turn, this smaller tube is fixed to the
Fork body, while the larger tube is fixed to the Core’s box
and transmits the rotation from the servo motor and pulley
system (Fig. 3 b)). The right side of the box is attached to
a bearing fixed to a tube that is fixed to the Fork. The box
rotates freely with respect to the tube.

The control surfaces, or vanes, are 3D-printed PLA NACA
0006 airfoil profiles with 115 mm chord length and 150 mm
span. The vanes hinge about 4 mm carbon fiber rods, which
are press-fitted into 3D-printed PLA holders assembled onto
the Core’s box. The servo horns and the vanes are connected
by 0.8 mm steel rods, and together they form a parallel
four-bar linkage which guarantees that the vane angle is equal
to the servo angle.

Overall, the vehicle weighs 3.7 kg, has a flight time of
about 8 minutes, and has a payload capacity of 0.6 kg with a
6000 mAh battery, when flying in the Inverted configuration.
While on ground mode, the platform demands much less
energy and can operate for about 40 to 50 minutes, depending
on the roughness and inclination of the terrain. A summary of
the vehicle’s weight distribution is presented in Table 1, while
some important characteristics are summarized in Table 2.

IV. MODELING AND BASIC CONTROL

This section presents the system modeling and the control
common to all flight configurations. Subsection A presents
the free-floating model for the vehicle, and subsection B,
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TABLE 2. Table summarizing the characteristics of the Omnirotor.

Characteristic Value
Total Weight 3.7kg
Maximum Thrust 46 N
Maximum Payload 0.6 kg
Flight Time Inverted 8 minutes
Flight Time - Normal 5 minutes

Ground Drive Time 40-50 minutes

FIGURE 6. The reference frames used for modeling and inverse
kinematics of the Omnirotor all-terrain platform are depicted in this
diagram. The red, green, and blue arrows represent the reference frames’
x, y, and z axis, respectively. Frame / is the inertial reference frame,
frame B is the frame attached to the vehicle’s Cage, frame 0, is attached
to the Fork body, and frame O, is attached to the Fork body. The first DoF
joint that connects the Cage to the Fork body is in the direction of Z;, and
z;, while the second DoF joint is in the direction of x; and x,. The pink
arrows represent the joints.

introduces the position and attitude control used for all flight
configurations, which is the standard from PX4, and the
curious reader can find further information such as proof of
stability and performance characteristics in [36] and [37].
Finally, subsection C, explains how the control surfaces are
controlled.

A. MODELING
Consider first the inertial reference frame denoted by I =
{x, ¥, z2}. B = {Xp, ¥b, Zp} is the frame rigidly attached to the
vehicles cage. Additionally, O; = {X, ¥1, 21} is attached to
the Fork, and O» = {X;, y2, z2} is attached to the core, which
contains the rotors, as shown in Fig. 6. However, for simplic-
ity, the Omnirotor is considered here as a single rigid body,
with the rotor’s thrust, T € R3, applied at the origin of O,.
Consequently, the dynamic effects caused by the movement
of the gimbal’s links are considered to be negligible.

This consideration keeps the equations of motion simple
and suits well for control purposes given the underactuated
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FIGURE 7. A control block diagram illustrating the control scheme used
on the Omnirotor. It consists of a position controller that seats at the
highest level, which then passes information to both the attitude
controller and the control mapping blocks. The second highest level is the
attitude controller, which provides information to the rate controller,
which, together with the control mapping block, forms the lower level
part of the controller. In the control scheme, the higher the block level,
or the outer it seats in the scheme, the lower its operating frequency.
Control blocks in the center of the diagram are more fundamental to the
system’s stability and require high operating frequencies. In this
representation, the dashed lines represent measurements from the
system.

nature of the system. Under such assumptions, using the
Newton-Euler formalism, the equations of motion for our
system are

mi = T-mgt, (1)
Jo+toxJo=rS9xT+1, )

where x € R3 is position, m € R is the total mass of the
vehicle, g € R is the gravitational constant, J € R3*3
is the inertia tensor resolved on O; with a displaced origin
coincident to the system’s center of gravity (CG), @ € R? is
the angular velocity resolved at O, T € R3 is the reaction
torque caused by the rotors and the control surfaces, and
rZCG € R3 is the vector from CG to Oy, where T is applied.
Furthermore, here we assume that the control vanes cause the
resultant thrust vector T to tilt perpendicularly to the core’s
DoF.

B. FLIGHT CONTROL

Because the system is underactuated, the position control uses
a cascade structure, as shown in Fig. 7. The control scheme
used here is based on that used for unidirectional multirotor
UAVs [36], [37]. The outer position control loop is a self-
contained cascade, with a proportional controller for position
and a PID controller for velocity. The desired force T'g, € R3
is the main output expressed in the inertial reference frame.
The control law is defined as

Ty =Kyxg —x) + Kgp(xg —x) + Kgg(Gg — %)
+ Ky / (g — )i — mg?, 3)

where K,,, Ky, Kyg, Kyi € R3*3 are positive definite diag-
onal gain matrices, and x; € R3 is the desired position. The
calculated thrust direction is then fed to the attitude controller,
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which is also divided into two cascaded loops. The outer loop
is based on quaternion error, where the desired attitude is
a unit quaternion ¢, € S3. To achieve stability, the desired
attitude is defined as

A T dp
Zd=— , 4)
17 g
and the quaternion error, g, € S3, is determined by the
quaternion product

de=4"4a ®)

representing the rotation from g to ¢ ;. Given the defined error,
the attitude controller control law then becomes

wg =k, sign(qe,o) 9de,1:3> ©

where w; € R3 is the desired angular velocity, kK, € R is
a tuning gain, and sign() is a function that outputs the sign,
positive or negative, of its input. Finally, the control law for
the rate controller is

T4 =Ky (0g — @) + @ xJ o, (7

where K, € R33isa gain matrix, and T4 € R3 is the desired
torque to control attitude.

C. CONTROL OF THE VANES

As previously stated, while the vehicle hovers, its CG is
aligned with the kinematic singularity of the gimbal. We keep
the initial DoF fixed to control the UAV at this operating pose,
and the vanes movement coordination compensates on the
pitch axis. It is vital to notice that the vanes are not controlled
by a model. In contrast to the well-known and researched
rotors typically used on multirotor UAVs, the authors could
not find any study in the literature that describes a system
similar to the one employed here, i.e., a counter-rotating coax-
ial rotor system with control surfaces positioned in between
them. Because the interaction between the vanes and the
rotors is undoubtedly complicated, and a discussion of such
a system would be beyond the scope of this paper, we do not
attempt to model the system here, leaving it for future work.
As a result, implementation-wise, the vanes are controlled
by a correctly adjusted flight controller mixer. Given that
the vanes are controlled independently by separate servos,
we assume that they might contribute to system regulation
in two ways: i) help to control rotations about 7, or yaw, and
i) control the vehicle’s pitch or rotations about y;,. To exert
moment about 7, the mixer commands the vanes to move
deferentially with regard to Z; (Fig. 8 a)). To control pitch
(rotations about y;), the mixer commands the vanes to rotate
symmetrically about ;, (Fig. 8 b)). Mathematically, the mixer
controlling the vanes is expressed as

o] = kyaw Tdz + kpitch Tdy, ()
Q) = kyaw Tdz — Kpitch Tdy, 9

where 74, € R and 74, € R are the y and z components of 74,
kyaw € R and kyjcp € R are gains, and o refers to the vane
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FIGURE 8. The configurations that the vanes can attain to contribute to
the control of the Omnirotor’s attitude. a) Generic pose to control yaw,
rotation about Zp, and b) generic pose for controlling pitch, rotation
about yp,.

mounted on the positive side of y», and «; refers to the vane
mounted on the negative side of y».

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

In this section, we present the main experimental results of
the work together with the specific control methods that are
used in each of the Omnirotor all-terrain platform’s oper-
ation modes and configurations. Fig. 9 shows a tree-like
schematic that summarizes the five operation configurations
of the Omnirotor and their connections to the two different
operation modes. As mentioned, the Omnirotor can operate in
two fundamentally different modes, flight mode, and ground
mode. The combination of the continuous omnidirectional
thrust vectoring ability and the positions of the vehicle’s
CG and rotors shown in Fig. 4 facilitates the implementa-
tion of operational configurations that branch out from the
two modes. The flight mode consists of two operational
configurations, as the platform can fly in both the Inverted
and the Normal equilibrium configuration. The ground mode
consists of two operational configurations, as the platform
can drive on the ground in both the Inverted and the Nor-
mal configurations. Finally, the platform also has a recovery
process that can restore the vehicle from any non-operational
configuration (sideways landing) into the Normal operating
configuration.

A. INVERTED FLIGHT CONFIGURATION

The attitude control outputs the desired torque applied to the
vehicle’s CG, which must still be converted into the forces
our design can exert, namely the rotor thrust and the forces
generated by the control vanes deflection. For thrust only, the
forward mapping is the cross product between r2CG and T,
as in the right-hand side of eq. (2). Therefore, it is reasonable
to have the inverse map defined simply as

Tar = [r$%x 1T 14, (10)

where [r§9x 1T € R>3 is the Moore-Penrose pseudo-
inverse of the skew-symmetric matrix representation of the
cross-product of r2CG. Finally, the total force the rotor on the
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gimbal has to exert, Ty € R3, is defined as
Tq=Ta:+ (Tap.2) 2, (11)

where [ . ] indicates the dot product.

Given the total desired force, now inverse kinematics is
needed to track such forces. This flight configuration has been
demonstrated in [6] with the previous version of the concept.
However, this version has the flight controller placed on the
Fork body (frame O1), instead of on the Cage body (frame B).
Therefore, the inverse kinematics is simplified. When flying,
the first DoF of the gimbal mechanism is not used and is kept
locked in position. For the control of the second DoF in the
gimbal, the desired angle with respect to z; is defined as

92 = atan2 (f‘d .)2'1 N fd 22) (12)

Please note that 7 .%; and T;.%, are just the x and z
component of the normalized T4 vector when expressed in
01, respectively. The function atan2() produces only one
point of convergence, forcing the solution to converge to a
specific configuration that coincides with the desired thrust’
derived from eq. (11).

B. NORMAL FLIGHT CONFIGURATION

The flight control of the Omnirotor in the Normal flight
configuration is not very different from the Inverted one.
The versatility of the design enables the vehicle to use the
same basic underlying attitude controller, with the difference
that the desired attitude for hovering is rotated 180° about
the second DoF’s axis. Since in this configuration, the Core
body’s frame is no longer aligned with the other frames,
in order to keep the commands to the actuators consistent,
roll and yaw output torques are negated, as well as the z
component of T ;. The changes can be summarized by

4 pew = 4,(,0,0)q4, (13)
Tg.X1=—7Tq.X1, Tq.21=-—74.21,
and Tg4.21=—-T4.2. (14)

In the above equation, all quantities refer to the O frame.
Output torques for pitch (y;) are an exception because the
resulting orientation of such axis after a 180° rotation about
the x; already causes the effect of negating the relationship
between rotation about that axis and the desired response of
the vanes to control pitch.

C. INVERTED AND NORMAL FLIGHT CONFIGURATIONS VS
TAKEOFF

The Omnirotor behaves quite differently in the Inverted con-
figuration than in the Normal one. For the Inverted orien-
tation, because the center of mass is above the rotors and
the Omnirotor is based on tilt-rotor propulsion, if, for exam-
ple, it wants to generate a torque tilting the vehicle to the
right, it needs first to point the rotor to the left. Systems
with such characteristics are denoted as non-minimum phase
systems, which examples include the Inverted pendulum on
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a) Flight mode

b) Ground mode

A

C) Inverted flight d) Normal flight

€) Inverted ground

Normal ground g) Recovery
g

FIGURE 9. Schematic illustrating the Omnirotor’'s modes of operation and their respective operation configurations. The concept has two operating
modes, a) flight mode, when it works as an aerial vehicle, and b) ground mode, when it works as a ground vehicle. The flight mode has two operation
configurations, given it can fly in two different poses we denote as c) Inverted and d) Normal. While on the ground, the vehicle can operate in three
different configurations. It can drive on the ground in the e) Inverted pose, and f) Normal pose, and it can also restore its orientation to the Normal
ground pose with its g) recovery process. This last functionality is highlighted in yellow in the image to distinguish it as a process that transitions the
vehicle from any non-operational configuration to the Normal or Inverted configuration.

a cart problem [38], attitude control problem for fixed wings
aircrafts [39], and rockets or missiles [40], [41]. This charac-
teristic becomes especially important during takeoff, where
the vehicle is in contact with the ground at the start and can
behave differently. When laying on a flat, smooth surface,
a slow takeoff on the Inverted pose can lead the vehicle to
slide on the ground, gaining speed in the opposite direction it
would go if it was hovering in the air. However, if the surface
is inclined, this is bound to happen, as the controller tries to
compensate for the tilting of the vehicle from the beginning.

In a worst-case scenario, the vehicle would be taking off
from an inclined, rough surface that does not allow sliding.
An example of this case would be a grassy hill. A series
of experimental results obtained in such conditions and out-
door environments (a public park) are shown in Figure 10.
In this experiment, the grassy hill has an inclination of
approximately 9°, and a trained pilot using the radio con-
troller performs the takeoff. The images and plots show the
time instances of the vehicle attempting to takeoff from the
Inverted pose and finally the vehicle flipping due to the grass
to a sideways non-operational configuration. As expected, the
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non-minimal phase characteristics of the vehicle led to failure
from taking off. From the beginning, the rotors are pointed
towards the inclination direction of the vehicle. As thrust
increases, the vehicle starts to tilt even more towards the lower
side of the hill, and the controller tries to compensate for
this by further tilting the rotors in the same direction. This
self-feeding behavior eventually leads the robot to fall on its
side and attain a non-operational configuration.

On the other hand, the Normal flight attitude does not pos-
sess the non-minimal phase characteristics, making it a much
better option when the vehicle needs to takeoff from difficult
terrain. This is further supported by the results presented in
Figure 11. In such experiments, the vehicle was placed on
the same hill but now in the Normal configuration. From
the start, in e), the rotors are now pointed in the upwards
direction of the hill in a way that appropriately compensates
the inclination of the vehicle even when in contact with
the ground. In the following images, the vehicle corrects
its attitude, takeoff, and starts flying. From the plots, it is
noticeable that the robot has a low-frequency oscillation due
to starting from an inclined surface. Despite the advantage
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FIGURE 10. Worst case scenario example showing the behavior of the Inverted flight configuration when taking off from inclined surfaces that also
restrict sliding. Given its non-minimum phase behavior, the constraint imposed by the grass that restricts sliding, together with the need to compensate
for the attitude error caused by the inclination, the vehicle fails to takeoff flipping on the side. From a) to d), it can be noted that the larger the
inclination of the vehicle, the larger the angle of the rotors. This self-feeding behavior is also very clear from the accompanying plots showing the
control action and the vehicle’s attitude over time.
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FIGURE 11. Differently from the Inverted flight configuration, the Normal flight configuration lacks the non-minimum phase behavior and, therefore, can
takeoff from the inclined surface with no problem. In a) and b), it is possible to observe that the vehicle correctly orients itself by directing the rotors’
thrust to a direction that favors stability and that taking off from the inclined surface only has the effect of inducing an initial oscillation to the vehicle’s
attitude, as shown by c), d), and the accompanying plots.

of having minimal phase, the Normal flight mode suffers shadowing the propeller’s slipstream, reducing thrust capac-
from having lower flight efficiency. When flying in this ity and, consequently, efficiency. The Omnirotor’s efficiency
mode, the battery and electronics sit right below the rotors, when flying in the Inverted configuration is 5.14 g/W versus
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FIGURE 12. Recovery process demonstration in a public park experiment simulating a field mission. In a) and b), the vehicle is operating in ground mode,
driving along a paved pathway; in c), it experiences an unexpected event that causes it to get off the path and hit the grass; and in d), tilt and fall on its
side. The pilot changes the vehicle to operate using the recovery process. The rotors are now pointing upwards, tracking the direction of gravity; in e) with
enough throttle, the robot starts to correct itself, and in f) it lands on the Normal orientation, after which it can then change to flight mode in the Normal
configuration, and g) takeoff and fly very shortly back spending a minimum amount of energy, finally in h) it lands on the pathway. In 1), the pilot changes
the Omnirotor back to the ground mode in the Normal configuration and resumes the mission controlling the vehicle as a ground robot.

4.46 g/W when flying in the Normal configuration, making
flying Inverted 15.2% more efficient than flying in the Nor-
mal configuration. This difference indicates that the Normal
flight configuration is more useful for taking-off off inclined
surfaces and flights of short duration. For long flights, flying
Inverted is more advantageous.

D. GROUND RECOVERY PROCESS

Another advantage of having the vehicle based on the con-
tinuous omnidirectional thrust vectoring concept is that it
can use such omnidirectionality to self-recover after a crash.
Suppose the Omnirotor falls in any orientation other than
the operational configurations. In that case, the rotor-on-
gimbal mechanism can use the sensor data from the flight
controller to redirect thrust and track the direction of gravity.
This can be considered as a vehicle operation process of the
ground mode, called ‘Recovery.” In this process, the attitude
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controller outputs are ignored, and the vehicle responds only
to the orientation of gravity and the pilot’s throttle input. The
kinematics is described by

6, = atan (%"f‘) , (15)
g0
0 =atan2 (g.y, , &.21), (16)

where g is the normalized gravity vector expressed on Oj.
The process is used to bring the vehicle from a random
non-operational orientation to its most stable configuration
when no attitude controller is involved, which is the Normal
orientation. When the robot is allowed to rotate, as in the
case of no attitude controller, the Normal pose is the natural
orientation for it simply because the CG has lower potential
energy in that pose, meaning that it is closer to the ground
(see Fig. 4). This is an important differentiation between the
two drive modes of the vehicle. When Inverted, it can switch
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FIGURE 13. Demonstration of how the full-thrust availability of the vehicle in ground mode can be used for interaction and ground push-based

manipulation of objects. In this experiment, a puzzle composed of four boxes with matched tiles is assembled by the Omnirotor. In a), the four boxes are
spread randomly throughout the room. Teleoperating the device, the pilot controls the vehicle to push the boxes on the ground and assemble the puzzle.
Note that through b), c), d), e), and f), not only the position of the boxes must be changed, but also their orientation on the ground. The assembly of the
full puzzle took about 10 minutes and, although time-consuming, was not a hard task for the pilot, being completed with no problems on the first try. This
is partially thanks to the holonomic characteristics of the Omnirotor in ground mode, which allows for considerable precise maneuvering of the box,
enough to finish the puzzle with no significant gaps in the image formed by the boxes as seen in g). Furthermore, the boxes also provide an elevated

platform, on which the vehicle can takeoff as seen in h) and land on it as seen in i).

to Normal. However, once in Normal, it can not switch back
to Inverted, which provides more efficient flying.

In Figure 12, we demonstrate a scenario where the recovery
process is used to restore the vehicle to its Normal operational
state after flipping on a non-operational configuration during
a simulated field mission. At the beginning of the mission,
the Omnirotor is operating in ground mode, surveying a park
by driving along the paved paths. During an unexpected
eventuality, such as a strong wind gust or the need to give
away space for passers-by to cross the pathway, the robot is
forced out of the path and trips on the grass, causing it to tilt
and fall on its side. The operator then changes the vehicle to
the recovery process option, and it starts pointing the rotors
up in the direction of gravity e), regardless of the vehicle’s
current orientation. The pilot only has to provide a throttle,
causing the vehicle to tilt and eventually land on the Normal
pose. Once in this stable pose, the vehicle switches to the
Normal flight configuration and can takeoff and fly for a short
period only to exit the unsuitable terrain and return to the
pathway, saving as much energy as possible. In the pathway,
it can switch back to the ground mode, which works both
in the Inverted and Normal configuration, and resume the
mission, driving along the pathway as a mobile robot.

VOLUME 11, 2023

E. GROUND MODE AND PUSH-BASED MANIPULATION
To operate as a ground robot, the Omnirotor has to simply
redirect the rotors to apply thrust horizontally and point it
in the direction it wants to move. Albeit simple and with-
out the need for a controller to stabilize the vehicle, the
ground mode of operation of the Omnirotor provides many
possibilities. The first is that it makes the vehicle hybrid,
capable of operating as both a UGV and a UAV. In this
sense, the main advantage of operating in ground mode is
saving energy and increasing vehicle autonomy. Even when
driving on rough terrain and uphill, such as in Figure 12, the
vehicle requires only about 25% of throttle to move, which
consumes about 115 W of power. This decreases dramatically
the amount of energy consumed during operation when com-
pared to hovering, which requires about 75% of throttle in the
Inverted configuration and consumes 720 W of power. In turn,
such difference is reflected in operational time, as shown in
Table 2. Note also that, on smooth flat surfaces, the required
throttle to move falls below 15%, which should increase even
further the platform’s autonomy.

A particular advantage of the ground operation mode of
the Omnirotor is that it is holonomic, meaning it can move
in any direction regardless of its current pose. This is a
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direct consequence of the concept’s continuous omnidirec-
tional thrust vectoring ability and of the choice of caster
wheels in the design, which is based on a ball rolling on a
socket and, therefore, also holonomic. However, during the
ground mode, the vehicle has no control over the orientation
of the cage, which is left to rotate freely. Together with the
fact that the entire thrust of the rotors can be directed hor-
izontally, the holonomic characteristics of the ground mode
enable the Omnirotor to perform complex and demanding
tasks such as push-based manipulation of objects on the
ground.

The experiment shown in Figure 13 was designed to illus-
trate the manipulation capabilities of the Omnirotor while
in ground mode. It consists of a puzzle made of four boxes
with matching tiles. In the beginning, the boxes are spread
randomly on the floor, as in Figure 13 a). The goal is to bring
the boxes together in a matching way to form the image, and
this is performed by a pilot remote-controlling the Omnirotor.
It is interesting to note that, while time-consuming, as the
whole assembly took about 10 minutes, it was not hard from
the pilot’s perspective and was done in a single try and with
good enough precision to leave no gaps in the final image
assembly.

Many factors contribute to the resulting low level of dif-
ficulty in executing the task. One of them is the holonomic
nature of the ground mode, which allows for changing the
moving direction at any time. As the Omnirotor’s cage shape
resembles a cylinder when pushing on something, the interac-
tion is similar to a line contact, where only a force is applied.
The moment from the line does not influence the orientation
of the box on the plane. Therefore, if the contact point is
aligned with the CG of the box, then only translation happens.
If the contact point is not aligned, then there will be a coupled
rotation and translation of the box. By changing the contact
point, the pilot can control how to move the box, both its
position and orientation.

Finally, the end result of the assembled puzzle also forms
a platform above the ground, suitable for the vehicle to land
on, as demonstrated in Figure 13 h) and 1). This is just an
example, but it can illustrate how such a hybrid UAV/UGV
vehicle with effective ground manipulation capabilities can
be used to modify its environment and to help with the
assembly and construction of structures. We believe that there
are many scenarios where the Omnirotor can be useful. For
example, in search-and-rescue scenarios with collaboration
between different robots, where the Omnirotor could remove
debris and clear a path for another robot with no manipulation
capabilities to pass, such as pushing open a door or a chair
or rearranging structures to build a path like platforms and
ramps.

F. VIDEO DEMONSTRATION

An HD-quality video demonstration of the proposed device
and the open-source code used in the platform can be found
at the following url: www.newdexterity.org/Omnirotor
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VI. CONCLUSION

This paper presented the New Dexterity Omnirotor plat-
form, which is a hybrid, multi-modal UAV/UGYV hybrid, all-
terrain vehicle capable of continuous omnidirectional thrust
vectoring. The vehicle concept has two distinct operational
modes, flight, and ground, where it can work as both an
aerial and a ground vehicle, respectively. Additionally, it has
a total of five operational configurations that are derived
from the two operation modes. In flight mode, it can fly in
two configurations, Normal and Inverted, with Inverted being
15% more efficient. In ground mode, it can work in three
configurations, driving on the ground in both the Inverted and
Normal configurations, and recovering from non-operational
configurations. In particular, the recovery process can bring
the vehicle from any non-operational state to the Normal
ground configuration, where it can either fly or drive on
the ground. However, recovery to the Inverted state is cur-
rently not possible. This paper presented in detail the concept
and design of the Omnirotor vehicle that enables continuous
omnidirectional thrust vectoring. Furthermore, it also pre-
sented the modeling and control used for the presented modes
and configurations, all of which were demonstrated in experi-
ments that involved multiple modes and configurations work-
ing together to transverse challenging environments, such as
a park. Additionally, beyond the locomotion configurations,
the Omnirotor is capable of performing ground push-based
manipulation of objects. Such skills are demonstrated in a
puzzle experiment where matching boxes are assembled to
build a landing platform for the vehicle. Future directions
for the concept will include its use in a swarm of robots that
exhibits both ground and aerial manipulation capabilities.
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