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Abstract—The use of Micro Aerial Vehicles (MAVs) for
inspection and surveillance missions has proved to be extremely
useful, however, their usability is negatively impacted by the
large power requirements and the limited operating time.
This work describes the design and development of a novel
hybrid aerial-ground vehicle, enabling multi-modal mobility
and long operating time, suitable for long-endurance inspection
and monitoring applications. The design consists of a MAV
with two tiltable axles and four independent passive wheels,
allowing it to fly, approach, land and move on flat and inclined
surfaces, while using the same set of actuators for all modes of
locomotion. In comparison to existing multi-modal designs with
passive wheels, the proposed design enables a higher ground
locomotion efficiency, provides a higher payload capacity, and
presents one of the lowest mass increases due to the ground
actuation mechanism. The vehicle’s performance is evaluated
through a series of real experiments, demonstrating its flying,
ground locomotion and wall-climbing capabilities, and the
energy consumption for all modes of locomotion is evaluated.

I. INTRODUCTION

During the last decade, Micro Aerial Vehicles (MAVs)
have received a great deal of attention, both academically and
commercially, due to their ability to quickly reach areas of
interest, overcome obstacles, and provide an elevated view of
the environment. The applications in which MAVs are used
have been multiplying and include: precision agriculture [1],
inspection [2], package delivery [3], search and rescue [4],
[5] and surveillance [6]. Despite the clear benefits of MAVs
for such applications, their use is heavily impacted by the
short operating time due to the high power requirements
needed for flying and the limited payload capacity.

One way to mitigate these limitations is by considering
multi-modal MAV designs that allow a better utilization
of energy for different tasks and environments [7]. Multi-
modal aerial-ground vehicles combine the ability of aerial
locomotion with the ability of ground locomotion in a single
hybrid vehicle. It allows incorporating some of the benefits
of a ground vehicle (GV) into the MAYV, such as the ability to
perform low powered navigation and the ability to move in
confined spaces. Multi-modal vehicles can allow operation
in complex environments that need different locomotion
capabilities, and to significantly increase the operation range
and time of the vehicle [8]-[10]. Such vehicles have been
gaining attention in applications where flight is desirable to
rapidly identify a problem or a target and ground locomotion
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Fig. 1. BogieCopter: A multi-modal micro aerial-ground vehicle

is desirable to perform the majority of the task, maximizing
the vehicle’s operating time [11]-[13].

This work presents an innovative, four-wheeled single-axis
dual-tiltable bimodal MAV, named BogieCopter, presented
in figure 1, capable of efficient aerial, ground and surface
locomotion and suitable for long-endurance inspection and
monitoring applications. To design this vehicle, an extensive
review of the state of the art in multi-modal MAVs was
initially conducted to identify the strength and limitations
of existing designs. To the best of our knowledge, this is
the most complete review of research available for multi-
modal aerial-ground vehicles. This work aims at addressing
some of the limitations in prior designs, by exploiting the
strengths of both active and passive solutions offered for the
ground actuation mechanism, while taking into consideration
a generous payload required for most industrial applications.
BogieCopter was designed from the ground up to have pas-
sive ground actuation mechanism (GAM), i.e. using passive
wheels and relying on the same set of actuators for both
aerial and ground locomotion. This results in a minimal im-
pact of the GAM on the maximum take-off mass (MTOM).
By using tiltable rotors, BogieCopter decouples the ground
and the flight controller, achieves low dust generation, and
is capable of efficient locomotion. Furthermore, the design
takes into consideration the protection of the propellers,
allowing safe navigation of the vehicle in proximity of
obstacles and robustness to collisions. A validation and an
analysis of power consumption is demonstrated for all modes
of locomotion, demonstrating the advantage of the proposed
design, and multi-modal aerial-ground vehicles in general,
for performing long-endurance operations.

The outline of the paper is as follows: Section II provides a
detailed review of the state-of-the-art on multi-modal MAV's
and describes the limitations of the existing passively actu-
ated multi-modal MAVs. Section III describes the proposed
multi-modal MAV design and the design procedure. Section
IV presents results from real-world experiments that validate
the design for aerial, ground, inclined surface and wall-
climbing locomotion and provides an analysis of the power
consumption of the vehicle for all modes of locomotion.
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Section V concludes the document and presents the future
work.

II. STATE-OF-THE-ART

Prior work on multi-modal aerial-ground vehicles largely
falls into two main categories of Passive actuated or Active
actuated depending on the actuation mechanism used for the
ground mode. In passive actuated designs, the same actuators
used for flight enable the MAV to move on the ground,
while in active actuated designs additional actuators are used,
usually electric motors, for the ground locomotion. Table I
presents all the prior work on this regard, both commercial
and academic, as well as some characteristics that are of
interest in multi-modal vehicles. It should be noted that,
although not aiming for a hybrid aerial-ground vehicle, both
[14] and [15] are included since they focus on the capability
of the MAV to move in contact with walls and can be
considered as a special case of multi-modality. By analysing
table I, it is possible to conclude:

o Multi-modal vehicles have the potential to be used in a

variety of applications;

o Most of the designs are tailored toward a specific use
case and cannot be used for other applications since low
Thrust-to-Weight ratios (T/W ratio) are used or details
such as the payload are not specified.

o With the T/W ratios used, a low safety factor (SF) is
obtained, which prevents the vehicles to be considered
safe to fly in windy conditions;

o Most vehicles have a low or no payload capacity at all,
being unable to carry commonly used industrial sen-
sors for inspection applications such as high precision
thermal sensors or LIDARS;

o The advantages of a hybrid design for enhancing the
vehicle’s operating time can be observed. The addition
of a GAM allows an increase of between 1.33 to 11.25
times in the operating time when ground locomotion is
used instead of aerial locomotion.

e The minimum mass achieved for the GAM in terms of
the MTOM is 1.03% by Gemini [10], [16]. However,
this design requires continuous actuation to stay static
on the ground, having a high power consumption of
106 W. Considering usual designs that don’t require
energy to be stationary on a flat surfaces, the lowest
mass attained for the GAM, with respect to the MTOM,
is 11.8%, by Rollocopter [9];

o Asexpected, the GAM’s impact on the vehicle’s MTOM
in active actuated designs is higher than the GAM’s
impact on the vehicle’s MTOM for passive actuated
designs.

o The active actuated designs exhibit a higher increase
in the operation time when using ground locomotion
compared to the passive designs.

As evident from the literature, although passive actuated
designs are more efficient during flight, due to their lower
GAM mass, they are less efficient in ground mode when
compared to active designs. This is because, passive actuated
aerial-ground vehicles, with the exception of [17], have

always followed a common design principle that results in
a dependant and coupled dynamics and controllers for the
ground and aerial locomotion modes, preventing the ability
to optimize the ground locomotion. In addition such designs
lead to poor stability and a high level of dust generation [12].
In the following subsection, we will analyse in more detail
the approach used for conventional passive designs.

A. Conventional Passive Actuated Designs

Common passively actuated ground-aerial MAVs consist
of a conventional quadrotor that is freely attached to the
center of a cylindrical cage [8], [26], a spherical cage
[27]-[30], or a independent wheels’ mechanism [9]-[11],
[13], [16], [31], [32], as shown in Figure 2. Such de-
signs achieve the longitudinal and lateral locomotion on
the ground by controlling the attitude and thrust of the
quadrotor. While pitching, the thrust (F') produced by such

Fig. 2. Conventional passive actuated design, with the longitudinal motion
enabled by the pitching of the MAV [11]

MAVs can be decomposed into two forces, one perpen-
dicular (F'1) and the other parallel (F)) to the ground:

Fy = Fsin(0) (1) F, = Fcos(6) 2)

where 6 is the pitch angle. It can be observed that only
F) is responsible for the longitudinal motion of the MAV.
For maximum ground locomotion efficiency F) should be
maximized, implying that the vehicle must move at a pitch
angle of 90° to the ground. This can be generalized to
inclined surfaces with slope angle v, where the pitch angle
should be equal to:

6 =90°—1 3)

The requirement to control the pitch for motions on
the ground constrains the mechanical design and results
in a similar and coupled controller for both ground and
flight modes [12], preventing the optimization of each mode
independently. Furthermore, for an efficient locomotion on
inclined surfaces, a priori knowledge of the slope angle
and adaptation of the pitch angle is required [11]. The
mechanical design constraint also limits the applicability of
the design for inspection tasks as the pose and field of view
of attached sensors will constantly change with the pitch
angle. Moreover, for pitch angles not equal to zero, the rotor
wake directed to the ground leads to high dust generation.

III. PROPOSED DESIGN: BOGIECOPTER

To address the previously mentioned limitations, an in-
novative passive-actuated ground-aerial vehicle, named Bo-
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TABLE I
CHARACTERISTICS OF INTEREST OF THE DIFFERENT REVIEWED MULTI-MODAL ROTARY-WING MAVS

Main Use Maximum Thrust- Type of GAM'’s Mass Ground
MAV Case Payload Take-off Mass  to-Weight G[;&M compared to Operating
(MTOM) Ratio MTOM (%) Time
,,,,, Pegasus [6]  Surveillance NS> NS NS Acdive NS NS
__ B-Unstoppable [18] Hobby NS NS NS Active NS > 133
,,,,,,,, oy NS NS 946g NS Acdive NS NS
] o Disaster Sites® 10g s0g ~23 Active ~ 198 ~236
___ WAMORN [21] Disaster Sites . NS B0g ~106 Active NS . NS
221 Evaclflzlt)ion NS NS NS Active NS < 1.75x
4  Inspecion NS NS NS Acdive NS NS
o MIMUR[23] NS NS LSk ~34 Active NS NS
Drivocopter [12] Dé‘;;ﬁ fg“;”T 850 ¢ 5.1 ke NS Active ~17.6 ~ 11.25x
~ JURCH3[24] ~ Hobby NS NS NS Acdive NS NS
.. SymaX9([25] Hobby NS NS NS Active NS NS
o HYTAQ8L [26] NS o] NS 50g° ~236 Passive NS Sox
[13] In‘:;‘e‘i’f; . >4 g 136 kg3 NS Passive NS NS
 MUWA[27] ~ DisasterSites NS 2lkg  ~216  Pasive NS NS
. PRSSUAV [28] Disaster Sites > 76g kg . <15 Passive ~332 NS
Rollocopter [29] ExSl%izfion NS NS NS Passive NS NS
e e o Space e e e 6
Shapeshifter [30] Exploration NS ~ 800 g ~ 4.08 Passive NS NS
Gemini [10], [16] Cg’;‘i‘:;d 500 g 1.95 kg3 ~ 128 Passive ~ 1.03 < 2.58x
- NINAUAV[I) NS NS 2022k NS Pasie NS NS
___ Rollocopter [9] NS 850" 4231 kg ~ 147 Passive ~118 ~S
Parrot R‘é‘;‘]‘g Spider Hobby NS NS NS Passive NS NS
Flying STAR [17] Cs"gi‘zd NS 900 ¢3 ~ 136 Passive NS NS
Inkonova Tilt Scout Subtenapean 300 ¢ NS NS Passive NS NS
,,,,,,, (333~ Imspection "% T T
__Quadroller [34] NS o] NS 13kg NS Passive ~223 ~2
Bi2Copter [15] In]:;gi’fﬁ) X ~ 234 ke ~ 484 ke ~ 126 Passive NS NS

2 Not Specified
6 Similar payload to [12]

!Increase over flight operating time
considered as part of the GAM’s mass

gieCopter, was developed (presented in figure 1). A dual-axle
tilt-rotor mechanism was employed to adapt the direction of
the rotors based on the mode of locomotion, to have the
thrust forces always parallel to the surface while in surface
locomotion mode (as shown in Figure 3), and to point them
upwards for aerial locomotion. To switch from the flight to
ground/surface locomotion mode, the two axles are simply
tilted 90° inwards, allowing the MAV to quickly accelerate
and decelerate longitudinally by controlling the speeds of the
rear and front rotors respectively. With rotors in this position,
the lateral motion of the vehicle is controlled by the resultant
force between the thrust of the left and right rotors. For steep
inclinations or wall climbing, both axles are tilted towards
the same direction for additional strength.

This passive design is no longer constrained by the assem-
bly of the entire MAV on a central axle, enabling the use of a
four-wheeled design which is inherently an stable solution. It
allows the decoupling of the ground and the flight controllers
and minimizes the dust generation from the propellers when
moving on the ground, due to the rotor wake being parallel to
the ground. By tilting the rotors 90°, a power efficient surface

3 Unknown if it is higher
7 Theoretical operating ranges given

4Main use case 5 Weight of the shared components not

Fig. 3. BogieCopter climbing an inclined surface, showing the rotor posi-
tion and the forces acting on it (normal force and friction not represented)

locomotion is achieved that is independent of the inclination
angle. Finally, this design allows a stable placement of the
payload, such as cameras and other inspection sensors, on a
fixed, stable and unobstructed central position.

A. Design Procedure

The design of an aerial vehicle is an iterative process due
to the interdependency between the many components that
compose the vehicle [35]. BogieCopter’s design flow differs
from the design of standard multirotors given that additional
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steps are required for the design and integration of the GAM.

BogieCopter was designed as a cost-effective platform
where all the custom parts can be constructed with a 3D
printer and basic workshop tools. It was designed to have
a maximum span constrain of 700 mm to be similar to
that of commonly available quadrotors used for outdoor
industrial applications. A T/W ratio of two was considered,
based on the rule of thumb used for multirotors [23], [26],
providing a factor of safety for the produced thrust and
enabling the platform to be used in windy conditions. The
MTOM was estimated totalling 4 kg, accounting 2 kg for the
vehicle’s mass and 2 kg for the payload (including a SF), the
latter one being estimated from the mass of commonly used
sensors for inspection applications: RGb, thermal camera and
LIDARs. It was decided that the propulsive system would
use single rotors, due to the inefficiency of co-axial rotors
[36], [37]. For the highest possible efficiency, propellers with
the largest possible diameter that respected the vehicle’s size
constraints were used: APC 10x5E. The propellers analysed
for the propulsive system were limited to APC, due to the
availability of simulated data for their propellers [38]. The
motor T-Motor AT2814 was selected based on the simulated
characteristics of the propeller and on data from motors’
performance charts. Two 4-in-1 ESCs, the Racerstar Air50,
are used, given their lower mass and easier assembly when
compared with two single ESCs.

BogieCopter was designed to achieve a flight time of
10 minutes (based on the estimated power required for the
hovering state), with two 4S 4Ah Li-po batteries powering
the propulsive system and a small 2s 3.2Ah battery powering
the controller and electronics. The use of three independent
batteries was necessary due to the modular structure of the
design and enable a decoupling between the propulsive’s
and electronic’s power supplies. Feetech RC STS3215 servos
were selected to control the tilting rotors’ arms, providing a
torque higher than the gyroscopic moment of the rotating
propellers (including a SF) [23] and full 360° resolution.
A Pixhawk 1 autopilot was used as the control unit. To
accommodate the use of three batteries with the autopilot,
two custom made PCBs were designed (the SmartBat and the
SmartBat and Router) which communicate the instantaneous
current and individual cell voltages of the batteries through
I2C/TWI, and monitor the state of charge (SoC) of the cells,
protecting them from over-discharge. A simple harnessing
router PCB was also designed, named Lateral Router. An
overview of the electronic’s design and the harnessing is
presented in figure 4

The mechanical design of BogieCopter was also concep-
tualised through an iterative process, in which the parts
underwent topology optimization and were analysed through
static stress analysis. To keep BogieCopter as lightweight
as possible, without sacrificing strength, most parts were
made out of carbon fibre reinforced plastic (CFRP) tubes and
plates. The wheels and non-critical parts were manufactured
by using a 3D printer and printed out of ABS. Few critical
parts were manufactured from Aluminium 6082. The design
also took into consideration the protection of the propellers,

[ Rotor | [4-in—1 1 [ Rotor }

Slip 3 _J ESC_J 1 Servo
Rin,
48

:
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12 12
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B
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Fig. 4. Hardware and harnessing overview of BogieCopter

where its structure acts as a cage around them. The wheels
were designed to have a 50 mm ground clearance, suitable
for locomotion on a rocky soil ground. However, other wheel
dimensions and designs could be used for different envi-
ronments and applications, for example, to move on water
similar to [23], [31]. Table II summarizes the characteristics
of BogieCopter and the components used.
TABLE II
BOGIECOPTER’S CHARACTERISTICS AND COMPONENTS OVERVIEW

Body size LxWxH

695x693.5x302 mm!

MTOM 4kg
"""" Propeler ~  APC10x5E
S Motor T-Motor AT2814 1050 KV
""""" ESC  Racerstar Air50

Ground Actuation Mechanism 4x Custom Made Wheels

! Maximum height given with propellers perpendicular to the
ground

IV. EXPERIMENTS AND RESULTS

The mass of BogieCopter without payload was determined
to be 2.7 kg £ 0.1 kg, as presented in figure 5. This
value was higher than the initial design target, caused by
the over-dimensioning of some of the manufactured CFRP
components. Still considering a MTOM of 4 kg, this implies
that BogieCopter can carry a payload of 1.3 kg £+ 0.1 kg.
The GAM has a total mass of 328.8 g 4+ 0.4 g, corresponding
to 8.2% of the MTOM. To the best of our knowledge, this is
the lowest GAM’s mass percentage for a multi-modal MAV
that has the ability to remain stationary without actuation.

Static thrust tests were initially conducted in a thrust
stand, in order to validate the selected rotor. These tests
demonstrated that the rotor was able to produce a maximum
thrust of 1.843 kg, resulting in a MAV’s T/W ratio (for
the MTOM) of 1.843. To the best of our knowledge this
is the best T/W ratio among other designs that have a
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Fig. 5. Overview of BogieCopter’s mass distribution for its main subsys-
tems
Fig. 6. Comparison between the efficiency vs thrust of different rotors,

obtained from the static thrust tests realised in a thrust stand

payload capacity. The selected rotor was also compared
against fifteen rotors (created from four different propellers
and four different motors). Figure 6 presents the efficiency in
relation to thrust for all the tested rotors. It can be seen that,
by replacing the selected motor to the Dualsky ECO2814C-
V2, the operating time of the vehicle can be increased further
due to the higher efficiency for the same propeller.

A set of real-world experiments' were executed to test and
validate BogieCopter for all modes of locomotion:

Aerial Locomotion: The first experiments performed
were flight tests, using the vastly tested ArduCopter
firmware, creating a performance baseline for the vehicle and
enabling the assessment of the vehicle’s construction. Since
the initial tests, BogieCopter demonstrated a very stable and
normal flight behaviour. Figure 7 shows instances from a
flight test.

(a) (b) (©)

Fig. 7. BogieCopter flight test: (a) Climbing (b) Hovering (c) Landed

Flat Surface Locomotion: Having concluded successfully
the flight tests, the performance of BogieCopter to move
on flat surfaces was extensively evaluated. These tests in-

Video highlights available at https://youtu.be/ZeZAYKi3F2s

cluded simple longitudinal and lateral motion tests up to
more complex and challenging routes. Figure 8 illustrates
BogieCopter moving in a narrow space, with the vehicle
having a clearance of only 0.15 m to the walls on either
side of it. While it would be almost impossible to fly a
MAV in this narrow space, without the possibility of collision
with the walls, the ground mobility capability allowed it to
successfully perform the task. Other tests were conducted
that also demonstrated the ground locomotion capability in
rocky and uneven ground, as presented in figure 9.

(a) (b) (©)

(@) (e)

Fig. 8. Test on a long narrow wheel-chair ramp (simulated confined space:
(a) Start of the test (b) Moving longitudinally (c) Arriving at a corner (d) -
(e) Turning (f) Exiting the ramp

(a) (b) (©

Fig. 9. Test on a rocky uneven soil ground: (a) Start of the test in a sidewalk
(b) Moving on the rocky soil ground, moving over grass (c) Turning on the
rocky soil ground

Multi-modal Capability: Having established the flight
and ground locomotion performance of BogieCopter, tests
exploring the multi-modality of the vehicle were performed.
In these, the vehicle, when moving on the ground, has to
overcome an obstacle (fly over it), to proceed with its path.
A set of images representing one of these tests are depicted
in figure 10.

() (b)

©

Fig. 10. Demonstration of the multi-modal capabilities of BogieCopter:
(a) Start of the ground locomotion (b) MAV facing an obstacle (c) Change
to flight mode (d) - (e) Flying to overcome obstacle (f) Once obstacle is
surpassed, change back to more efficient ground mode

Inclined Surface Locomotion: One of the limitations in
the previous multi-modal MAVs works was the assessment
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of the vehile’s ability to move on inclined surfaces, having
been only demonstrated in [31], through a stars’ climb test.
Due to BogieCopter’s design, the behaviour of the MAV
on inclined surfaces (up to 60.93° slopes, from which the
vehicle can start to tip) is similar to the one that the vehicle
exhibits when moving on flat surfaces. Furthermore, a priori
knowledge of the slope angle isn’t required for having
the efficient locomotion. BogieCopter’s ability to move on
inclined surfaces was validated through multiple tests, from
low slope angles of 2° up to medium slope angles of 33°.
Figure 11 shows BogieCopter climbing a 33° inclined ramp
in a skate park.

(a) (b)

Fig. 11. Test on 33° inclined surface: (a) Start of the climb (b) Reaching
the top of the inclined surface

Wall-Climbing: BogieCopter’s design should enable it to
wall-climb, similarly to [14]. This ability can have benefits
for several applications [14], such us for contact-based
inspection, opening up a new range of possibilities for
the developed MAV. A test was conducted to validate this
assumption, as depicted in figure 12. This test was conducted
with the rotors tilted at an angle of 135°, to remain attached
and climb the wall.

(a) (b) ()

Fig. 12. Test the capabilities of BogieCopter to wall-climb: (a) Developed
MAV being suspended close to a wall by a rope (rope in tension) (b) MAV
sticking to the wall, due to the downforce created by the rotors (¢) MAV
climbing the wall (notice that the rope is no longer in tension

During all tests, the instantaneous current and battery volt-
age were logged, enabling comprehensive data for analyzing
the power demand of each operating state. Figure 13 presents
the power consumption across all modes of operation. As
expected, the ground locomotion on flat surfaces is the state
consuming the least energy. In fact, comparing the flight
without payload to the ground locomotion without payload,
with the same speed of 1 m/s, the ground locomotion
requires 28.8x less energy than the flight, only consuming
29.8 W. This is the lowest value among the works that
shared their power’s details, being even better than the power

Fig. 13. Comparison between the power required to maintain each
operating state. The value above the box plots corresponds to the average
power consumption

consumption of the active actuated designs. The locomo-
tion modes with a 2 kg payload require, approximately, 2
times more energy than the correspondent modes without
payload. Moving on the ground with a 2 kg payload at
1 m/s, only requires 58.6 W, 25.5x less than flying with
the payload. Considering the batteries currently being used
in BogieCopter, the vehicle is able to achieve an operating
distance of ~ 11.5 km while moving on flat surfaces at 1
m/s and ~ 8.2 km while moving at 4.1 m/s.

As expected, the power required to remain on an inclined
surface increases with the inclination angle, being more
efficient than a hovering state. An unforeseen power re-
quirement arises during wall-climbing, which is significantly
higher than flying. This can be attributed to the rotor tilt
angle, which is larger than the optimal angle required to
keep the vehicle attached to the wall without tipping over.
Additionally, the interference of the wake from the front
rotors on the rear rotors, owing to the high rotor speeds
required for climbing, could be another contributing factor.

V. CONCLUSION AND FUTURE WORK

This paper presents the design, development and testing
of a novel passive actuated multi-modal MAV. The de-
sign allows a generous payload capacity, suitable for many
industrial applications, while offering extended operating
times due to its multi-modality and efficient passive ground
actuation mechanism (GAM). The design was validated
through a set of real-world experiments, and for different
environments, demonstrating flying, ground and inclined
surface locomotion, and wall-climbing. To the best of our
knowledge, BogieCopter has the lowest percentage of mass
for the GAM, relative to MTOM, considering all designs
that don’t require actuation to be stationary. It has the
highest payload capacity, considering the same T/W ratio
for all the prior designs, and it achieves the lowest power
consumption for ground locomotion among known works.
Improving the operating time through optimization of the
CFRP components, identifying the optimal material and size
for the wheels, developing position controllers for the wall
climbing and surface locomotion modes, and improvement
of the flight mode through exploiting the tilting rotor mech-
anism are some of the work we are currently pursuing.
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