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The autonomous and semi-autonomous multi-agent systems have as much variation and as wide a range of
applications as those in the modern mechatronics and robotics fields do. The advance of collaborative swarms of
Unmanned Ground Vehicles (UGVs) and drones that are able to operate, navigate, communicate, and even install
and assemble “each other” as a symbiotic team will play a critical role in the industry, science, and society in the

future

subterranean autonomous exploration drones bio-inspired robots

| 1. Classification of Unmanned Systems

Multi-agent hybrid robotic systems (MAHRSSs) can be described as the coupling of two or more robotic systems to
complete missions as a team. This concept can be compared to biological symbiosis, defined as “any type of a
close and long-term biological interaction between two different biological organisms, be it mutualistic,
commensalistic, or parasitic” L. While the roles of each robot within the system vary in complexity and importance,
the overarching objective of using a multi-part hybrid robotic system is to utilize the specializations of many robotic
designs, instead of creating one robot that can accomplish every task as an individual. Therefore, each robot is
designed to accomplish a mission-specific objective that is part of a bigger objective. Hence, the term MAHRS
encompasses not only the design and function of the individual robotic agents, but also the interfacing,
connectivity, and collaboration rules between the robotic agents and the simultaneous (passive/active) operation of
these multiple specialized robotic agents in order to design a holistically efficient system. It is vital to utilize this
design concept to understand the state-of-the-art Unmanned Ground Vehicles (UGVs) and drones as they can be
found in commercial marketplaces, scientific publications, industrial settings, and military applications. To begin
with, one must first become familiar with the fundamental classification of the different robots, the nomenclature
that exists to define these systems, and the individual functionality of each classification. In the following
subsections, single robot systems are reviewed, and specifically UGVs, Unmanned Aerial Vehicles (UAVS) (or
drones), and single hybrid UGV-UAV robots (see Figure 1).
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Figure 1. Classification of unmanned systems for underground applications.

| 2. Unmanned Ground Vehicles (UGV)
2.1. Wheeled Vehicles

Wheeled UGVs are one of the most common types of terrestrial robots deployed for environment exploration,
whether it is a well-structured environment or an unknown, harsh environment 2. Commonly, a UGV is designed to
execute a specialized mission based on the output of its exploration and mapping module (see Figure 2). Wheel-
based designs come in a wide range of configurations, from the widely used four-wheeled designs to highly
complex multi-wheeled rovers designed to traverse highly uneven landscapes . The size, design, and type of the
wheels can vary based on the working space and the specialized missions assigned to the UGV. Four-wheeled
designs, which are mechanically simpler, enable efficient locomotion on relatively even surfaces. This is the reason
that the four-wheeled configuration prevails in most passenger vehicles that are in operation today. By applying
torque to the center of each wheel, the robots can move forwards and backward, while by manipulating the

steering angle of the wheels or their adjoining shafts, the robots can turn, spin, flip, or perform similar operations.

Wheeled robots have been used in many scientific fields of research, industrial purposes, and military applications
[l International manufacturers and distributors make various commercial platforms that are available in the
marketplace. These platforms can be equipped with a wide variety of sensors, mechanical arms and handlers, and

artificial intelligence to aid processes in nearly every industry and application. However, implementing a terrestrial
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robot to solve a given problem requires researchers or inventors to select between constructing a customized robot
or utilizing an existing commercial robot. The choice must be made upon careful consideration of the intended
implementation and the specialized missions that will be assigned to the robot. The literature is abundant on such
specialized robots, with applications ranging from agricultural monitoring and pruning (see Figure 2a) to

extraterrestrial exploration (see Figure 2b).

(a)

Figure 2. Examples of wheeled UGVs with specialized functionalities: (a) four-wheeled UGV drives through

seedlings, picking weeds between rows &: (b) six-wheeled UCV traverses Mars’ surface.

The movement of a wheeled robot, and thus its capabilities in each working space, is determined by the number
and configuration of the wheels and the wheel axles. For example, a two-wheeled robot with differential drive (see
Figure 3a) has three degrees of freedom (DOF), i.e., the position (x, y) and the heading (¢) and two actuators, i.e.,
the motors on the two wheels . These motors enable the robot to move forwards and backward and rotate in
place, but the robot cannot move laterally without first rotating. In comparison, a four-wheeled robot with
Ackermann steering has the same three DOF, but two different actuators, i.e., a motor and a steering wheel (see
Figure 3b). The motor enables the robot to move forwards and backward, while the steering wheel can only orient

the former movement. As a result, the four-wheeled robot can neither rotate in place nor move laterally &,
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Figure 3. Accessible and non-accessible DOF for differential drive and Ackermann steering robots 2!,

When one is constructing a customized wheeled UGV, the design will be focused upon a number of determinative
characteristics that include, but are not limited to: the number of wheels, the power source of torque (electric
batteries, combustion engines, environmental energy harvesting techniques, etc.), the wheel position on the robot’s
frame, the orientation of the wheels during normal operation, removability, retractability, the wheels’ multi-part
design (rim and tire combination), material selection, a factor of safety for failure, size, weight, the center of gravity,

and the wheel shape (sphere, cylinder, abstract shape, etc.).

Wheel placement and orientation on the platform change how the actuation of the wheels affects the overall
motion. Four-wheeled designs with differential drives, such as the one seen in Figure 4, use a simple design to
move forward and backward. However, dynamic equations can model the movement of a robot's movement and
the effect of various positions and orientations of the wheels. These models can give useful insights into the

various ways to elicit unconventional locomotion, such as the case of the three-wheeled robot depicted in Figure 4.
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Figure 4. A three-wheeled platform that can actuate each motor about a central axis 2.

An important benefit of utilizing or fabricating wheeled platforms stems from the popularity of these systems. The
infinite information and resources from previous implementations and in-depth research and experimentation can
be significantly insightful €. As one of the oldest and most efficient forms of mechanical locomotion, four-wheeled
systems are used today for many applications, and thus, have been readily integrated with odometry sensors and
technigues and kinematic analysis that can help to improve various aspects of navigation algorithms (see Figure

5a—c). Despite the inherent operational simplicity of the four-wheeled systems, they are unable to efficiently

traverse uneven or slippery terrain, which reduces the necessary wheel-to-ground friction.

Figure 5. Views of (a) Husky UGV from Clearpath Robotics equipped with two robotic arms (Clearpath Robotics
1), (b) commercially available wheel-based UGV equipped with LiDAR (SLAM/LIDAR.drone.online), and (c) Husky

UGV from Clearpath Robotics equipped with custom fabricated soil manipulator crane arm [&l,

2.2. Tracked Vehicles

Tracked UGVs provide a robust alternative to wheeled UGVs [, By spreading the weight of the vehicle across a
larger surface area, more friction-based adherence to the ground is created. This allows these types of vehicles to
operate in uneven and soft-soiled terrain. Although they are slower in speed, the benefits of increased grip and

stability are coupled with a stable and simple drive mechanism that allows the tracked vehicles to rotate around
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themselves (skid-steer locomotion). 19 |n most platforms, a track-based UGV consists of two tracked wheel

systems on either side, each with multi-directional control, as seen in Figure 6.

Figure 6. Track-based UGVs are pre-manufactured and sold by commercial distributors both online and in stores.

(Walmart, Online Marketplace, Toys and Electronics, 2022).

Track-based suspension is often installed in tracked vehicles to mitigate the impact of ground-to-track interactions.
The installation of spring-mass systems or dampeners allows the tracked vehicles to navigate steep or sudden
obstacles without damaging the overall drive mechanisms or the sensor modalities on board (see Figure 7 and
Figure 8) (11,

Figure 7. The spring-loaded suspension between tank track drives and supports 111,
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Figure 8. Researchers equip a Husky UGV from Clearpath Robotics with tank tracks that fit over the original UGV
wheels &,

Morphing tracks are tank tracks on a UGV that can change their shape or orientation (see Figure 9). The timing of
the change in orientation is often up to the designer of the robot, but this capability to change and morph shapes

instantaneously gives these drone agents more tools and degrees of freedom to overcome complex obstacles 121,
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Figure 9. View of a morphing-track based robot 12,

2.3. Bio-Inspired Robots

Bio-inspired robots commonly borrow locomotive mechanisms from the natural world to achieve efficient navigation
techniques in environments that are similar to the ones that encouraged the natural evolution of living organisms.
Most of the bio-inspired robots are small in size, and hence, they do not have the overload capabilities to support
complex autonomous functionalities. However, these robots can be used for auxiliary subtasks of an MAHRS'’s
overall mission. For example, the micro-robots could be used for deploying or reconstructing wireless
communication network grids, creating distinctive landmarks or beacons to assist the navigation of the
collaborating robotic agents, creating networks for data stations (such as meteorological or hydrological stations),
or even assisting in the self-evacuation of trapped humans in subterranean environments. The small size of these
robots allows them to carry a single sensor or signaling beacon, while at the same time, it facilitates the storage
and deployment of these robots from the larger collaborating robotic agents. Moreover, as nanotechnology, solid
state technology, and MEMS advance such robots are becoming increasingly more powerful. The great flexibility of
such dynamically deployed networks could be a critical factor for the successful execution of an MAHRS’s mission.
The bio-inspired robots examined here include legged robots, snake-like, earthworm-inspired, climbing, rolling,

jumping, as well as hybrid motion robots.

2.3.1. Legged Robots

Bio-inspired robots borrow many mechanisms from nature, but one very common means of locomotion that is used
is leg-based propulsion. Leg-based designs can be used for walking, running, or even jumping L3I[24I15]116] | ag-
based designs can contain any number of legs based on the animals that are simulating, e.g., bipedal ones,
guadrupedal ones, hexapods ones, etc. (see Figure 10). Each design achieves a slightly different locomotive goal

depending on how many legs are present and how they are arranged.
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Figure 10. View of leg-based robots.

A spring-loaded scissor jack leg uses multiple joints to accomplish the greater distribution of load across the leg;
when they are placed in line and operated by a tank-driven motor, bio-inspired legs can be used even in tank track

configurations (see Figure 11) (111,

Figure 11. Views of (a) scissor jack leg assembly and (b) scissor jack tank suspension assembly 111,

There are also many approaches to the design of an individual leg. One common realization of a robotic leg
includes double-jointed assemblies (one at the hip and one at the knee) 4. This joint distribution is similar to the
leg designs of humans, dogs, cats, etc., ignoring the joint at the ankle. The double-jointed design can be realized
with different actuators, both linear and rotational ones, as shown in Figure 12. The benefit of using a linear

actuator as the knee joint, known as the pogo stick method, is the simplicity of the system. In this case, there is no
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geometric work due to the presence of a single angle of the action. The double-rotary joint design, however, is
more closely related to the legs of animals. While the design is complicated by the second angle that is introduced,
there are more stances, gaits, and types of motion possible with this added dimension of flexibility than there are in
the pogo stick design. In Figure 12, views of a robotic leg with one linear actuator at the knee and a rotary actuator

at the hip and a leg with two rotary actuators, one at the hip and one at the knee, are shown 7,

Actuator 2
(hip)
Actuator 2
& (leg angle)

Actuator 1
(leg length)

ctuator 1
(knee)

(a) (b)

Figure 12. Views of (a) a robotic leg with one linear actuator at the knee and a rotary actuator at the hip and (b) a

leg with two rotary actuators: one at the hip and one at the knee [,

2.3.2. Snake-Like Robots

Among snakes, four primary locomotion modes, also called gaits, have been documented: lateral (serpentine)
undulation, concertina, sidewinding, and rectilinear motion 28 (see Figure 13). Concertina locomotion involves a
longitudinal wave throughout the snake’s body, which winds up in a sort of ribbon shape, and then extends forward,
and the snake repeats the process. Serpentine locomotion is the gait that is most associated with snake
movement. During this type of locomotion, the body generates a transverse wave from head to tail and uses this
periodic oscillation to propel itself forward. Sidewinding locomotion is the fastest way for a snake to travel, as it
involves the sideways stretching and contraction of the body, where only a couple of points on the snake’s body
contact the ground at a time. This type of locomotion is often likened to a sort of ‘running’ motion in snakes that are
capable of it because of their speed and a small amount of relative ground contact. The last type of snake
locomotion, rectilinear or caterpillar locomotion, is a linear mode of transport. This locomotion is best used in
cramped environments where sideways undulation is not possible due to the restricted space. Longitudinal
stretching and compression make this slow locomotion method possible in the same way that a caterpillar moves,

with subtle undulating movements 18],
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Figure 13. Views of four primary modes of snake locomotion: concertina, serpentine, sidewinding, and rectilinear
[18]

Different gaits are desired for different engineering goals when one is designing robots with snake-like locomotion
properties. Sidewinder locomotion is likely desired for applications where the robot is expected to speedily
transverse a loose, sandy environment or an environment where the ground surface is dangerously hot or
otherwise corrosive due to short contact duration. Rectilinear locomotion is necessary for locomotion in cramped
environments such as inside slender tunnels or pipes 19 The types of applications for this type of locomotion
include search and rescue missions in tight spaces or pipe inspection for non-destructive testing purposes.
Serpentine motion has the advantage of being relatively easy to model using simple actuator units. The locomotion
takes advantage of traveling transverse waves, and thus, it can be achieved by creating mechanical oscillations

across the body of the robot. This type of bio-inspired serpentine motion is used by the robot shown in Figure 14
[29]
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Figure 14. Snake-inspired robot with passive wheels controlled by non-linear oscillators which mimic serpentine
locomotion (2],

In 2013, Raytheon Sarcos developed a new generation tandem track snake-like robot (see Figure 15), which is

suitable for operations in underground mines 29,

Figure 15. Snake-inspired robot developed by Raytheon Sarco for operations in underground mines 22,

2.3.3. Earthworm-Inspired Robots

Earthworms utilize longitudinal undulation in order to propel themselves forward across surfaces and underground.
Their narrow bodies are well adapted to this type of motion, and building robots whose movements are inspired by

earthworms has promising applications such as search and rescues, industrial inspections, and medical endoscopy
(21]

In order to replicate this method of locomotion, small, linear actuators must be used to replicate longitudinal
undulation. As evident in Figure 16, shape memory alloy (SMA) wires are coiled into spring shapes and linked
together, then wrapped in a nylon mold. When an electric current is applied to the brass linkages in this SMA
skeleton, the spring is heated to induce the Joule effect. This causes the SMA spring to contract, and when the
current is shut off, the spring is able to expand gradually, and this process is repeated to create periodical,

longitudinal undulating motion 24,
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Figure 16. View of (a) shape-memory alloy skeleton of robotic earthworm design and (b) wrapped in a Nylon mold
2]

This SMA skeleton, which is wrapped in the nylon casing, creates the robotic earthworm capable of undulatory
travel with four independently controllable modules. Undulatory patterns with a typical frequency of 0.5 Hz is used
to create a longitudinal wave that travels across the length of the robot and allows it to propagate through a
medium or across a surface. The use of tiny micro-legs on the base of the design allows it to generate enough

traction to climb up inclined surfaces with small undulations (see Figure 17) [21],

1l.I-
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Figure 17. View of robotic earthworm design using shape memory alloy locomotion technology (a) with and (b)

without micro-legs 211,

2.3.4. Climbing Robots

Many natural climbing locomotion instances can be found and studied when one is intending to design a robotic
climber. Many animals, such as insects, lizards, and amphibians, can easily climb sheer surfaces. Much of their
climbing success can be attributed to the natural adhesive effects of their appendages, their lightweight, and the
efficiency of their motion. Geckos, for instance, utilize directionally preferential microfibers on their foot pads to
generate a frictional force on vertical surfaces, which counteracts its own gravitational force 22, This is made
possible by preloading each foot placement and dragging downwards to generate adhesion. In order to detach
each foot pad, gradual peeling is performed to nullify the adhesion in a similar fashion to that of hook and loop

fashioners such as VELCRO®. This process is depicted in Figure 18 [22],

https://encyclopedia.pub/entry/41924 13/39



Classification of Unmanned Systems | Encyclopedia.pub

|Attaching phase |
‘Gf““h Erﬂmd 'i\ﬂmg
|Detaching phase|

Pad
L klmg |< Compliant foot
(a)

Figure 18. Views of (a) ideal attaching and detaching phase diagram of gecko foot used while climbing and (b)

(b)

gecko-inspired climbing robot with flexible foot and hip joints and Silly Putty® adhesive foot pads 22,

When smaller, faster robots are required, bio-inspiration may be drawn from the insect or arachnid classes of the
animal kingdom. In order to maximize the effectiveness of the climbing robot, considerations need to be made as to
what makes their natural counterparts such effective climbers. A high contact-to-weight ratio is desired for
adhesion, which is achieved by a low mass and a high leg count. This allows insects such as cockroaches to be
very efficient and very fast climbers. Micro-actuators and shape memory alloys can be used to replicate insect-

based climbing in robotic applications, such as the one shown in Figure 19 [23],

Sem

(a) (d)

Figure 19. Views of (a) climbing insect, (b) insect-inspired robot, (¢) numerical insect model, and (d) numerical
robot model. The numerical models were used to compare normal reaction forces and investigate leg configuration,

trajectory, and compliances 23,

A four-legged climbing robot “Limbed Excursion Mechanical Utility Robot” called LEMUR was designed and
prototyped by NASA's Jet Propulsion Laboratory and several other institutions. LEMUR uses grippers that are
armed with hundreds of tiny, sharp hooks that enable it to climb rock walls and navigate underground spaces 24, In

Figure 20, a view of this climbing robot is shown.
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Figure 20. View of a four-legged climbing robot 23],

2.3.5. Rolling Robots

Some robots are designed to be able to move via rolling, which can be especially effective and energy saving when
they are traversing certain terrains where gravity aids the direction of travel. Some of them are designed to be
completely globular, relying on rolling as the sole method of maneuvering. Rolling robots that use rolling as their
sole locomotion method can be classified into three control categories: control by the center of mass, control by
variable gyrostatic momentum, and control by deformation 28], Other hybrid designs are designed to be able to
walk and roll, which makes them more similar to the animals they draw inspiration from, such as isopods,
armadillos, and rolling spiders (see Figure 21). These robots often involve a process that contracts them into a

spherical shape, which is a process called conglobation.

h

Figure 21. View of (a) rolling isopod-based robot demonstrating the conglobation process 28! and (b) golden-
wheel-inspired rolling robot 26!,

2.3.6. Jumping Robots
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Some bio-inspired robots attempt to emulate the jumping motion of many animal species, such as frogs and
kangaroos. This method of locomotion may be beneficial to the robot when it is navigating terrain with obstacles
that are impossible to traverse with a traditional rolling wheel locomotion method. One of the difficulties of the
jumping method of locomotion is designing a robot that remains perfectly balanced throughout each consecutive
jump, and extensive testing is needed to find the robot’s center of gravity. Many jumping robots, such as the
kangaroo bot shown in Figure 22, utilize movable counterbalances to simulate the tail. This keeps the robot from

over-rotating or under-rotating during each jump and sets it up to proceed with the subsequent jump 2,

+——Deadweight

Motor [ . 2

(a) (b) (c)

Figure 22. View of a jumping-based bio-inspired kangaroo robot; (a) transmission system of kangaroo robot, (b)

CAD drawing of kangaroo robot, and (c) photo of kangaroo robot 22,

2.3.7. Hybrid Motion Bio-Inspired Robots

While many animals have achieved the mastery of certain types of motion, there are also many animals that are
capable of multiple modes of transportation. Whether it is climbing and walking, walking and swimming, climbing
and flying, or many other combinations, there are natural counterparts to observe for any desired type of
locomotion one might have for robotic design. One of the most desirable qualities of a locomotive robot is the ability
to traverse both land and water. These amphibious robots can be modeled with inspiration from many amphibious
animals, such as otters, crocodilians, salamanders, marine iguanas, and many more. Figure 23 shows a prototype
for one such amphibious robot design. Instead of utilizing swimming and walking locomotion modes such as
salamanders or crocodilians do, this prototype design uses actuated fins and a wheel that doubles as a propeller

when it is underwater (28],
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Figure 23. Mechanism design of AmphiRobot-l; prototype of the amphibious robot in the field test [28],

| 3. Drones

Recently, the mining industry has shown an increased interest in using drones for routine operations in surface and
underground mines 29BABL Shahmoradi et al. provided a comprehensive review of the current state of drone
technology and its applications in the mining industry. Their study presented the configurations, specifications, and
applications of commercially available drones for mining applications 22, In the following subsections, different
drone configurations are discussed including single- and multi-rotors, thrust-vectoring aerial vehicles, moving-mass

controlled vehicles, coanda effect drones, flapping, winged drones, airships/blimps, and cyclocopters.

3.1. Single Rotors/Helicopters

Single-rotor drones are useful in the applications of surveying and construction. Due to the greater battery
efficiency of powering a single propeller, mono-rotors can lift heavier payloads than multi-rotor drones of the same
weight can (see Figure 24). This also creates faster drones, although at the expense of flight stability and
directional control fidelity. The biggest challenge to designing a drone with a single rotor is controlling the horizontal
flight direction. Using a single rotor enables very easy and efficient vertical flight, but translating itself sideways in a

specific direction is difficult to achieve when only a single rotor is used [B2I[33],
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Figure 24. Single-rotor helicopter-style drone used for surveillance 21,

3.2. Ducted Fan/Thrust Vectoring

The challenge of achieving directional horizontal maneuverability can be addressed by utilizing thrust vectoring.
Thrust vectoring is a process by which an aerial vehicle can manipulate the direction of thrust from its motor. A
mono-rotor drone can accomplish this by including actuated fins below the propeller, which alter and divert the
airflow in the desired direction. The mono-rotor drone shown in Figure 25 utilizes this technique and a ducted fan
to enable high-speed, controllable, multi-directional flight using a single propeller. The ducted fan enables a more
efficient, higher velocity thrust from the propeller by housing it in a cylindrical shroud [22134135],
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Figure 25. Design of single rotor drone, complete with ducted propeller, four actuated fins, and a structural/landing

support 23],

3.3. Moving-Mass Controlled (MMC) Drones

Moving-mass controlled (MMC) drones utilize a unique method of directional control that involves changing the
drone’s center of gravity (see Figure 26). Unlike other single-rotor drones, which often use swiveling tilt rotors to
control the horizontal movement of the drone, MMC drones often have a fixed rotational axis for the propeller and
instead use linear shifts in weight for directional control. Linear actuators, often moving in two spatial dimensions,
provide the required shift in the center of mass to achieve the desired directional flight change (221361,
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Figure 26. Single-rotor drone controlled by two-dimensional moving masses which direct the drone’s motion by

controlling the center of gravity (28],

3.4. Coanda Effect Drones

The Coanda effect, named after the Romanian inventor Henri Coanda, is the tendency of a fluid jet, such as air, to
stay attached to a convex surface 22, This effect can be seen when one is observing the fluid flow around a curved
airfoil, causing the flow direction to be altered by the convex surface geometry 8738l An jllustration of this effect

can be seen in Figure 27.
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Figure 27. lllustration of the Coanda effect to produce resultant lift as air passes through the center of an airfoil ring
and increases velocity as it travels around 28],

This effect is used for certain designs that alter the airflow direction and speed for cooling, such as the Dyson Air
MultiplierTM fan, or lift, such as the Aesir Coanda drone shown in Figure 28 38,

Figure 28. Aesir drone utilizing a single rotor and the Coanda effect for flight 38,

3.5. Multi-Rotor Drones

Besides single-rotor drones or drones that move without rotors, several designs of drones adopt two or more rotors
that enable better directional control. In the following subsections, a brief overview of bi-rotors, tricopters,
quadcopters, and pentacopters is presented.

3.5.1. Bi-Rotors

As opposed to the more conventional quadcopter design, it is possible to design a bi-rotor drone with tilting rotors
to enable directional control. The primary reason that quadcopters are used more often than bi-rotor drones is the
appeal of utilizing fixed rotors while still being able to maneuver the drone forwards and backwards, left and right,
as well as making it rotate. The bi-rotor does not have this flexibility with fixed rotors, and balance and symmetry
must be sacrificed when one is opting the two-rotor configuration. It is worth noting that this configuration still

provides more stability with fewer workarounds than the mono-rotor configuration does 2],
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One of the main advantages of using a bi-rotor drone design over a quadcopter one is battery efficiency. The tilting
mechanisms on each rotor enable the drone to be controlled without much loss of control or stability, but powering
only two rotors facilitates significantly longer flight times, nearly doubling the maximum flight duration from about a
half hour (as typical in quadcopter flights) to fifty minutes in the case of the V-Coptr Falcon by Zero Zero Robotics,
as shown in Figure 29 321,

Figure 29. V-Coptr Falcon by Zero Zero Robotics with two tilting rotors 21,

3.5.2. Tricopters

Tricopters, such as the one shown in Figure 30, are drones with three rotors as opposed to four or more. These
drones are vastly less popular than quadcopters are for a few key reasons. While reducing the number of rotors
from four to three may reduce the weight of the drone, the loss of thrust imposes limitations. The tricopter has a
longer battery life than quadcopters do due to the need to power one less rotor, but not by a large enough margin
to make up for the many downsides to three-rotor control. The main reason that tricopters have a hard time
competing with quadcopters is the difficulty of control arising from the frame’s asymmetry. While quadcopters have
four-way symmetry and intuitive solutions to controlling pitch, yaw, and roll, the tricopter does not. Due to the
asymmetry of the tricopter, flight control is much more complex than it is with the quadcopter. As a result, numerous
studies have been conducted to devise mechanical solutions to controlling altitude, pitch, yaw, and roll. Altitude
control and pitch control are relatively straightforward with the tricopter, but unusual combinations of rotor power
and servo motors are required to control the drone’s roll and yaw. As an example of these complexities, some
controlling techniques are illustrated in Figure 31 [32149],
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Figure 30. Tri-rotor drone in flight 49,
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Figure 31. Tri-rotor drone control strategies for (a) altitude; (b) roll; (c) pitch; (d) yaw 1],

3.5.3. Quadcopter

Quadcopters with four individually controlled rotors are the most widely used design for drones. The popularity of
this design comes from the ease of control granted by the two axes of symmetry, allowing for pitch, yaw, and roll to
be controlled with ease. While the battery efficiency is less appealing compared to the drones with less than four
rotors, most commercial quadcopters are often able to sustain flights in the range of thirty minutes. Figure 32
shows a custom-made quadcopter based on a commercial racing frame kit. Common applications for commercial
guadcopters include security and surveillance, topographical mapping, emergency responses, infrastructure

inspections, and even drone racing 22,
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Figure 32. Semi-autonomous precision-docking quadcopter constructed from a racing drone frame with custom
sensors and flight controllers 421,

3.5.4. Pentacopters and Others

While quadcopters are considered to be the standard drone design for most applications, drones with a higher rotor
count exhibit advantages for specific applications despite the disadvantages of an increased weight, size, and cost
of the drone, as well as the decrease in battery life and flight time. Drones with a large number of rotors come with
the benefit of a higher weight-lifting potential. Although the weight of multi-rotor drones is larger, the added rotors
enable it to have a higher overload capacity. As a result, hexacopter and octocopter drones are often used in
applications that require them to lift larger payloads, including delivery drone applications such as the hexacopter
shown in Figure 33 [321143],
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Figure 33. Hexacopter drone used for package delivery 3!,

While four-, six-, and eight-rotor drones have many commercial applications, five-rotor pentacopters are very rarely
used. This is due to the greatly increased difficulty of piloting a drone with an odd number of symmetries, and the
development of piloting algorithms for such symmetries lag compared to those of other drones. Some pentacopters
utilize quadrilateral symmetry, with the fifth rotor placed in the design center (see Figure 34a) or used as a frontal

propeller (Figure 34b), which allows them to be piloted in a very similar way to traditional quadcopters 22,

Figure 34. Various pentacopter designs: (a) central upwards rotor on experimental drone design 44, (b) front-
facing propeller on Foxtech Screamer Racing Pentacopter 2, (c) experimental ‘dragonfly’ design with four front

rotors and a tail for pitch control 48, and (d) a purely hypothetical equidistant rotor design 47,

Although pentacopters are often deemed to be impractical for flight due to the difficulty of controlling them, six-rotor
and eight-rotor drones are commercially available for purposes such as surveying and payload delivery (see
Figure 35). One of the benefits of six- and eight-rotor drones, besides their higher lift potential, is rotor redundancy.
This means that in the event of a rotor failure during flight, the drone can remain airborne, as opposed to a

quadcopter, which becomes inoperable in the event of a single rotor failure 32,
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(a) (b)

Figure 35. Multi-rotor drones include commercial versions of (a) a hexacopter by Sky Rider 8 and (b) an
octocopter by DJI 421,

3.6. Flapping Wings

Flapping wing drones are inspired by birds or insects and imitate them with the help of mechanical wings to gain
altitude and fly in the desired manner (see Figure 36). Flapping wing drones have the potential to offer better
maneuverability advantages over those of other drones of the same size [BUBLB2BG3IBEAIBSIB6]57I58]591[60] Smagl|
insect- and hummingbird-inspired drones could potentially be capable of Vertical Takeoff and Landing (VTOL). A

disadvantage of flapping wing drones is the complexity of their actuation mechanism.

Figure 36. A flapping wing drone that took bio-inspiration from dragonflies 28,

3.7. Airships and Blimps

Unmanned airships rely on lighter-than-air buoyancy for lift, as opposed to rotors or flapping wings. These drones
are required to be much larger than traditional quadcopters or flapping wing drones are due to the requirement of
large volumes of lifting gas (see Figure 37). A major advantage of airships is that they require a very small amount
of battery power to stay gas aloft, and hence, they endure for longer. On the other hand, airships have the major
drawback of a low payload capacity despite their size. The large size of airships also creates a lot of drag, which

hinders their performance in air currents and prevents them from achieving high speeds [22161],
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Figure 37. An autonomous airship that uses thrusters and tail fins for control 62,

3.8. Cyclocopters

Cyclocopters generate lift through an arrangement of airfoils that rotate continuously to control lift and thrust (see
Figure 38). Configuring the pitch and rotation of the airfoils enable the control of the cyclocopter's movement [63],
Cyclocopters can come in several configurations, including twin and quad configurations, and they are also
capable of VTOL 8234 However, two major drawbacks of cyclocopters are their mechanical complexity and the
complexity of their control.

Figure 38. A twin cyclocopter that uses the rotating blade pitch mechanism to produce lift 631,

https://encyclopedia.pub/entry/41924 27/39



Classification of Unmanned Systems | Encyclopedia.pub

| 4. Hybrid Drone-UGV Systems

Hybrid single-agent systems where a UGV can convert to or simultaneously function as a drone, and vice versa,
are a popular alternative to expand the capabilities of a single robot. Common examples include tank quadcopters,

walking/jumping drones, rolling—flying drones, climbing—flying drones, flying UGVs, and transformable drones.

4.1. Tank Quadcopters

One type of unmanned hybrid aerial-terrestrial vehicle is a tank quadcopter, i.e., a quadcopter fitted with powered
tank treads, allowing for both all-terrain ground travel and aerial travel. This option allows the unmanned vehicle to
navigate and execute missions in a large range of environments. The treads would allow the drone to easily
traverse difficult terrain and could be designed to be relatively lightweight compared to a drone with multiple
wheels. Treads that wrap all the way around the drone, such as in Figure 39, would also allow the drone to

continue ground travel upside down if the vehicle happens to be turned over.

Figure 39. Views of tank quadcopter complete with powered treads for terrestrial travel and four rotors for aerial
travel, (a) &4, (b) 62 (c) 681 and (d) 2.

4.2. Walking/Jumping Drones

Walking and jumping drones are both potential concepts for hybrid aerial-ground-based robots (see Figure 40).
They would both allow the drone an alternative means of locomoting on the ground; this allows the drones to
traverse terrain without flying, which can save the battery power. A drawback to walking/jumping drones is that the

drone has to use additional battery power to lift the added weight of the walking/jumping mechanism [€&l,
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Figure 40. LEONARDO, the walking, hopping, flying drone, is modeled after birds that can both fly and hop in
order to navigate telephone lines [68l,

4.3. Rolling-Flying Drones

Another interesting concept for a hybrid aerial-ground-based robot is a rolling—flying drone such as the one in
Figure 41. It is similar in concept to a flying UGV; however, this concept focuses more on the drone aspect than it
does on the UGV aspect. A rolling drone is advantageous because it has the ability to roll on terrain, whenever
possible, which allows it to use less battery power while it is travelling. A drawback of rolling—flying drones is that

flying requires more power because it has to lift the additional weight of the rolling mechanism.
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Figure 41. (a) Parrot MiniDrone Rolling Spider is an example of a quadcopter drone that utilizes both flying and
rolling mechanics of motion, fitted with wheels that allow it to roll across the ground and up walls 89 and (b) Tilt
Ranger drone with V-SCAN3D scanner (Clickmox Solutions) 7],

4.4. Climbing-Flying Drones

Climbing—flying drones are designed with the ability to climb obstacles or walls if they landed on or near them. The
climbing functionality allows the drones to climb over difficult terrain or obstacles instead of flying over the
obstacles, and hence, it reduces energy consumption. VertiGo, shown in Figure 42, uses a bi-rotor configuration to

assist the drone with climbing walls (2],
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Figure 42. VertiGo, a drone developed by Disney’s research team, is an example of a drone that is capable of

scaling walls by using four gripping wheels and a bi-rotor drone, which allows flight and maintains traction on walls
[z2)

4.5. Flying UGVs

Flying UGVs are another possible hybrid aerial-ground system. Unlike rolling—flying drones or tank quadcopters,
the UGV is the primary focus of this type of transformable autonomous agent (see Figure 43). The flight capability
of the UGV allows the agent to fly over terrain that is impassable to the UGV’s locomotion mechanism. However, a
major drawback of a flying UGV is the higher power consumption due to the rotors having to lift the entire weight of

the UGV. This can be mitigated by keeping the UGV'’s flights short in duration.
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Figure 43. Advanced Tactics Panther Drone is one of the first unmanned ground vehicles (UGVs) capable of flight
in addition to terrestrial travel. The UGV uses four powered wheels, as well as four rotors that act as a quadcopter

with pitch and roll control [Z3],

4.6. Transformable Drones

Transformable robots are designed to be able to alter their configuration or shape. Many of them consist of smaller
modular components that can be assembled in various manners, as shown in Figure 44. Others have hinges or
sections that can move dynamically, allowing the drone to change shape. The ability to transform can be beneficial
since it allows the drone to adapt its configuration according to the unique needs of the environment in which the

drone operates, allowing it to adapt to dynamic environments.

8 P
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Figure 44. View of (a) Airblock transformable drone is an example of a modular transformable drone that consists
of a central core and six modular rotor blocks, which can be rearranged into different flight and ground travel

modes, as seen above 4] (b) DRAGON, which is somehow an acronym for the tongue-twisting description “Dual-
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Rotor Embedded Multilink Robot with the Ability of Multi-Degree-of-Freedom Aerial Transformation,” 22, (c) this

drone can transform into a tiny car to slide under small gaps [Z8, and (d) morphing design for quadrotors £,
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