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Abstract— Aerial-aquatic vehicles are capable to move in
the two most dominant fluids, making them more promising
for a wide range of applications. We propose a prototype
with special designs for propulsion and thruster configuration
to cope with the vast differences in the fluid properties of
water and air. For propulsion, the operating range is switched
for the different mediums by the dual-speed propulsion unit,
providing sufficient thrust and also ensuring output efficiency.
For thruster configuration, thrust vectoring is realized by the
rotation of the propulsion unit around the mount arm, thus
enhancing the underwater maneuverability. This paper presents
a quadrotor prototype of this concept and the design details and
realization in practice.

[. INTRODUCTION

Cross-domain collaboration has emerged as a hotspot
in current research and application of unmanned system.
However, coordination between aerial and aquatic domains
is challenging, due to the restricted communication caused
by the discontinuity of mediums. The aerial-aquatic vehicle
is capable to shuttle in both 3-D fluid spaces, can act as an
irreplaceable node linking the two unmanned systems, and
enhancing sharing and fusion of information. Furthermore,
the aerial-aquatic vehicle can be independently applied to
scenarios where a single-medium one is not available, such
as cross-domain surveys, remote sensing, disaster rescue, and
SO on.

Nonetheless, the significant differences in the environmen-
tal properties of the two medium present a design challenge
for the vehicle. To begin with, designing a propulsion system
highly depends on fluid density and viscosity since they
affect output speed and torque. Secondly, the higher density
and viscosity of water cause buoyancy and significant resis-
tance to the vehicle, which leads to an different implemen-
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Fig. 1. Design essentials of the prototype.

tation to achieve static and dynamic equilibrium. The main
goal in the air is to overcome gravity, while the major goal
in the water is to achieve neutral buoyancy and overcome
resistance to movement, resulting in different requirements
for the thruster configuration of the vehicle.

Many functionalized prototypes have been demonstrated in
recent years [1], [2], including the fixed-wing-based [3], the
multirotor-based [4]-[6], and the biologically inspired [7].
For multirotor-based prototypes, while there exist platforms
optimized for diverse fluid environments [5], the majority
of them are just standard aerial hardware constructions with
water resistance, which lack the same level of mobility in
water as they do in the air. Another option is to splice
submerged and airborne platforms together [8], [9], which
increases the airborne load and hence impacts the aerial
capacity.

In prior work, we proposed a morphable quadrotor [10]
that allows for increased flexibility in thruster direction
thanks to coupled symmetric thrust vectoring achieved
through simple mechanical connections, which increases the
mobility of the vehicle on the surface and underwater to
a certain extent. However, due to the strong coupling in
hydrodynamics and under-actuation of the prototype, the at-
titude controller is hard to design. In terms of the propulsion
system, aerial motors and propellers are utilized to operate
in both air and water by compromising air performance for
underwater functionality [11].

The principal goal of this work is to facilitate the con-
troller design and improve the performance of the propulsion
system by the structural modification. To achieve this, an
independent tilting mechanism is used to provide thrust
vectoring instead of coupled symmetric one, allowing for
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more combinations of the thruster configuration to remove
the limitation of the original coupling mechanism on con-
troller design, and also making the prototype a potential
over-actuated vehicle. Besides, for propulsion, the dual-speed
gearbox driven by motor forward and reverse is equipped
to provide two working intervals for different fluid environ-
ments, further enhancing the underwater propulsion.

II. VEHICLE DESIGN
A. Design Methodology

In comparison to vehicles that can operate exclusively in
one medium, hybrid aerial-aquatic vehicles require additional
consideration of the following concerns to improve their
ability of operation in multiple mediums.

1) Cross-medium propulsion: to generate enough lift in
the air to overcome gravity and create sufficient propul-
sion in water. Additionally, optimize its propulsion
efficiency in both mediums and lower overall weight.

2) Thruster configurations: configure the rational ar-
rangement of thrusters to overcome gravity and hydro-
dynamic resistance in the air and water, respectively.

3) Lightweight waterproofing: while maintaining tight-
ness and stability in water, lightening the waterproof
construction to lower the workload on the aerial oper-
ation.

To address the first issue, it is necessary to address
the disparate demands placed on the operating point of
the propulsion system by the vast disparity in density and
viscosity of the two mediums. The magnitude of propulsion
force is determined by the size of the mass flow created
by the propulsion unit. For aerial conditions, fast sparse air
flow should be provided by high speed propellers, whereas
slow dense water flow should be generated by high torque
driving propellers. To improve the performance of a cross-
medium propulsion system, the motor and the propeller
must be torque-matched in two different working ranges to
accomplish the aforementioned output characteristics, which
is challenging for a system that spans two mediums.

Hydrodynamics contain additional components: buoyancy,
added mass, and hydrodynamic drag, necessitating consid-
eration of the second issue in the design. For standard
multirotor, thrusters are oriented vertically upwards to resist
gravity, and yaw motion is generated by torque on propellers,
which could be coupled with z-direction motion in the
body frame and sluggish underwater (see Eq. (6)). Surge
or sway motion is accomplished by tilting the fuselage
to direct small thrust portions in the horizon. Due to the
presence of buoyancy and hydrodynamic drag, the fuselage
must be tilted at a large angle to direct the majority of
the thrust to the horizontal direction and accomplish the
desired horizontal motion, which has been demonstrated in
[5]. The large-angle tilting has three drawbacks: firstly, its
dynamic response underwater is obtuse due to added mass
and hydrodynamic drag; secondly, the linear model based
on the assumption of the small attitude angle fails; finally, it
obstructs sensors, necessitating multiple sensor mounts. For
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Fig. 2. A and B: The aquatic mode (A) and the aerial mode (B) are
determined by the direction of the motor. C: The exploded view of the
developed propulsion unit. D: The size of the propulsion unit. E: The
schematic diagram of the tilt angle allocation.

underwater vehicles, thrusters are conventionally laid out in
the direction of motion to translate with direct output and
yaw with differential output, making it tough to achieve
vehicle flight capabilities. Thus, the aerial-aquatic vehicle
must have the aforementioned features to achieve efficient
motion in both mediums.

In terms of waterproofing design, the sealability is deter-
mined by the joint surface smoothness and stiffness, and the
underwater stability can be achieved by neutral buoyancy
design and inherent restoring torque provided by the margin
of the center of gravity and buoyancy. To achieve the
lightweight requirements, solutions based on materials and
structures have been investigated, such as rapid prototyping
[12]. The prototype in this study is designed to be lightweight
at the expense of some sealability and can guarantee a
maximum dive depth of 3m.

Here, the waterproofing issue is not further discussed, and
the multirotor-based design method is addressed below for
the first two concerns.

B. Aerial-Aquatic Propulsion Unit

There are three approaches to solving the torque matching
problem for propulsion systems operating in two mediums.
The first is installing two distinct sets of propulsion systems
for water and air, which can provide excellent propulsion
performance in both mediums but add an enormous workload
[9]. The second option is to employ one set of aerial
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propeller and motor to cope with both mediums [6], the most
straightforward and lightest approach. However, the issue is
that improving the capacity to propel in one medium causes
inevitable sacrificing on the ability to propel in the other. The
final method uses one motor to drive two transmission chains
for different medium environments and switches between
them in time, including driving two propellers directly [3]
and driving one propeller through a gearbox at variable
speed range [13]. This method is acceptable in weight and
offers better propulsion in both water and air but has the
disadvantage of a complex structure that could result in high
operating losses and unreliability.

The developed prototype employs the above third solution
of driving one propeller via a dual-speed gearbox. A less
tooth differential planetary gear transmission is employed
in the gearbox, which enhances reliability, and reduces the
structure’s complexity and the weight (the entire propulsion
unit weighs 122g including the motor and the propeller). The
schematic diagram of the working principle is presented in
Fig. 2A and B. When the motor is in forwarding rotation,
the thrust is transmitted by the blue chain and output directly
for aerial mode; when the motor is in reverse rotation, the
thrust is transmitted via the red one and output with greater
torque for aquatic mode. This design has been validated
in the prototype, and S. IV-A will cover its performance
evaluation.

C. Independent Thrust Vectoring

Similar to the propulsion scheme, the thruster config-
uration problem has three solutions: first, equipped with
two propulsion systems for different medium at the same
time [9]; second, directly use the air propulsion system
underwater; and third, use a set of propulsion systems with
variable structure and change the thruster configuration in
due course.

Our idea is to modify the configuration by the thrust
vectoring on one propulsion system, which has the ad-
vantage of higher integration and lighter weight of the
entire system. In prior work, the coupled symmetric thrust
vectoring mechanism provides the vehicle with dive mode
and the angled mode which facilitates underwater movement.
However, under the coupled symmetric method, it could be
difficult to decouple thrusts generated by each propulsion and
allocate them to a single degree of freedom due to the margin
of the center of gravity and the action point of total thrust
[14]. To address this, each propulsion unit is modified to spin
independently around its mount arm to vector thrusts. This
design allows for the implementation of more sophisticated
modes to investigate underwater mobility strategies based on
independently thrust vectoring, as well as modes based on
the original symmetric method.

To analyze the effect of the propulsion unit tilting mecha-
nism, the global North-East-Down (NED) coordinate frame
introduced. The origin Oy of the body-fixed coordinate
frame Fy, is located at the center of gravity of the vehicle.
And F,,, 1 = 1..4, is defined as the coordinate system
associated with the ¢-th propulsion unit group, with the origin

=y 1)

Fig. 3. Coordinate system definition: Body-fixed coordinate frame F3 and
the i-th propulsion coordinate frame Fp; associates with the thrust 77, the
torque M; and the tilting angle 3;. The symbol Hp, and L represent the
vertical and horizontal displacement from Fp, to Fp; respectively. The angle
between Xy, and the tilting arms is expressed as §;.

attached on intersection of the tilting arm and the main shaft
of the propulsion unit (see Fig. 3).

By denoting with Zj, -axis and the origin Oy, expressed
in Fy, the vectored propulsion component of i-th unit can be
divided into the thrust part and the moment part as

T, = —T,Zy,
T ey
= [7Ticﬁic5n 7Tic5is5w Tisﬁi]
M; = bM;Zp; + Op; x (~TiZp;)
bMiC(;i cg, + TinC(;ngi — TinSJi cB;
= bMiS&icﬁi + TiLDS(;iSﬁi + Tincisicﬁi
—bMiS,@i + Tinc&.

I

where b is a torque direction scalar which yields

(1 if i=1,2
b—{ 1 Lif i=3.4 &)

and s., c«, t« represents sin(x), cos(x), tan(x).
Taking into account the introduction of the gearbox, the thrust
T; and torque M, generated by the i-th propulsion unit is

~ Kiw?

T; = Krw] = (TT*)Q ) )
~ Kiw?

M; = Kuwi = (Thf)Q : 5)

where w; is the rotational speed of the ¢-th motor, K3°/K7*
and Kip/K3' are the aerial/aquatic constant coefficients of the
propeller, 72°/r*? are corresponding gear ratio, Kt and Ky are
their calculated equivalent coefficients.

The mapping matrix from the motor speed €2 to the twist
[T,, Myaw]~ is introduced to analyze the previously mentioned
issue of subpar underwater yaw motion performance of the con-
ventional multirotor, as well as the benefits of the thrust vectoring:

T, K,
pii] =[] ®

_For quadrotor layout, K, = [Kr, K1, K1, K1), Kyaw =
[Km, —Kwm, K, —Kwum]. Yaw movement with attitude level is
achieved by differential output of motors: @ = [(@ +
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Aw)?,@%, (@ + Aw)?, @%]. In this condition, the minimum output
thrust is 7, = 2K1Aw? with @ = 0, which means that 7, and
My avw can not be decoupled on a conventional quadrotor. In the air,
the extra 7, can be used to balance gravity, but since the vehicle
is designed to be approximately neutrally buoyant, the yaw motion
could inevitably induce z-direction motion underwater.

_For thrust vectoring, K, = Krsg,[1,1,1,1] and Kyayw =
(Kwmsp; +KtLpeg,)[1, —1,1, —1]. Yaw movement can be realized
with 8; = 0 or w, which leads to Myqw = 4KTLp(D2 and
T, = 0 with Q = [0*, @, ©*,@”]. It means T, and My.,, can be
decoupled, and since K7 is dozens of times larger than K, the
total yaw torque can be greatly increased. Thus, thrust vectoring
allows for fast yaw motion during the underwater suspension, as
demonstrated experimentally in S. IV-B.

A tilt angle allocation approach is designed to generate surge,
sway, and yaw motions to demonstrate the ability of four separately
driven thrust vectoring devices to function together. Fig. 2E illus-
trates such allocation, which can alternatively be expressed in the
following mixer formula:

B1 -1 1 -1 J 1
B2| _am 1 -1 -1 suree 1
o I G Jewas )= | ) @
Ba 1 -1 —1] Lvaw 1

where S(x) is the sigmoid function that, combined with @ = 1 or
a = —1, limits the angle to the range (0, 7) and (—m, 0), portion of
total the thrust vectoring operational range into two working zones,
lower and upper, and J, indicates the joystick volume for the surge,
sway, and yaw channels.

The functionality of the approach is simply demonstrated by
deploying the cascade PID controller of PX4 firmware without
secondary development. Due to the robustness of the controller, the
vehicle can remain stable under a certain tilt range of the propulsion
unit, allowing horizontal and yaw motion without rotating the
fuselage. S. IV-B shows the final implementation result and the
comparison of maneuverability with the conventional quadrotor.
The maneuverability is limited by the incompatibility of the con-
troller, and the development at the control algorithm level needs to
be further investigated.

III. PROTOTYPE

A quadrotor prototype, TJ-FlyingFish, with independently
tiltable propulsion units was built to verify the feasibility of the
proposed concept in S. II. It is with 380 mm wheelbase and 1.63
kg weight (aerial thrust to weight ratio: 3.75), can hover 6 minutes
in the air and around 40 minutes underwater. It is composed of
four major components: four independently operating arm tilting
mechanisms located in the fuselage’s center; four propulsion units
installed at the ends of the arms; two watertight compartments
located at the top and bottom of the tilting mechanisms to house the
avionics system; and a watertight battery compartment located at
the fuselage’s bottom. Each component is depicted in exploded view
in Fig. 4A. Additionally, it is designed to be under-buoyant in order
to be suspended in water by the undeveloped control algorithm in
PX4.

A. Tilt Mechanism

The similar mechanism exists in the aerial fully actuated multi-
rotor [15], which is typically mounted at the end of the fixed arm
and directly drives the rotor for tilting. Such design can not be
fitted in the prototype due to the propulsion unit located at the end
of the arm, as it could concentrate more mass at the end of the
arm increases the rotational inertia and impairs the flight effect.
Thus, the tilting mechanism is optimally mounted inside the body
as illustrated in Fig. 4A.

A B
Upper Cabin o
Propulsion
Unit Mount
. ushing
o Propulsion Unit
Ceramic
Undercarriage bearing
Tilt Servo
Coupling

Shell

Lower Cabin Battery Cabin Servo

Fig. 4. A: The exploded view of the prototype. B: The tilt mechanism.

However, the above design delivers the tilting force to the
propulsion unit via the arm rather than directly, resulting in a
somewhat long drive chain that, if structural clearance exists, could
introduce the vibration to the entire system during operation and
thus cause the wasteful energy loss and the controller collapse. To
deal with this, three bearings are utilized to hold the tilt structure, as
depicted in Fig. 4B, to ensure rigidity and eliminate the clearance
with redundant support. The tilting arm is constructed of a carbon
fiber tube with an internal coupling that connects to the servo
motor, and bushings that attach to ceramic bearings. Finally, the
parts mentioned above are inserted into shells and secured, and
then forced together by the upper and lower carbon fiber covers
that also contribute to attaching the waterproof cabins and other
components.

B. Component Selection

Components of the prototype and their wiring are described in
Fig. 5. The prototype is fitted with a 433MHz telemetry radio to
monitor the prototype’s status and alter parameters in real-time,
which can be used routinely up to a depth of 2m underwater. A
900MHz radio system is utilized to assure the stability and the
penetration of remote control signal underwater, which typically
operates up to 1.5m deep. A 4-in-1 BLHeli32 ESC operates the four
motors forward or backward by Dshot1200 signal and transmits
the propulsion unit’s real-time status to the Pixhawk4 mini. The
real-time depth status is captured by an external integrated depth
gauge. Additionally, a 9V BEC is used to power four high-voltage
servos capable of producing 0.6N-m torque. Finally, a switching
circuit operated by a MOSFET and a 5V BEC is equipped to avoid
repetitive disassembly and assembly of the waterproof structure
while powering on or off the vehicle.

Due to the introduction of independent thrust vectoring, this pro-
totype requires three more channels (SURGE, SWAY, and YAW?2),
in addition to the standard quadrotor’s attitude control channels
(ROLL, PITCH, and YAWI1). The distinction between YAW1
and YAW2 is that YAW1 completes the yaw motion by torque,
whereas YAW?2 generates the yaw motion by thrust vectoring. As
a typical transmitter would struggle to operate such many channels
simultaneously, we picked the Frsky X-Lite Pro with an integrated
gyroscope. The ROLL and PITCH channels are assigned to GyroX
and GyroY, respectively, and YAW1 is mapped to the top buttons,
allowing for the idle use of three joysticks to control the SURGE,
SWAY, and YAW2 channels. Fig. 6 illustrates the exact remote
control channel mappings.

Due to the introduction of the gearbox, the propeller and motor
matching problem in the aquatic condition has been transformed
into the transmission ratio design problem, and it concerns on the
performance requirement of the aerial condition in the selection
of motor and propeller. The T-MOTOR AT2312-KV1150 motor
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SELECTED COMPONENTS

Motor T-MOTOR AT2312-KV1150
Propeller DIJI 9455x3
Electrical Speed Controller (ESC) FOXEER 45A
Battery TATTU LiPo 4S 2200mAh
Flight Controller Pixhawk4 mini

Telemetry Radio

Transmitter
Receiver
Power Module
Battery Elimination Circuit (BEC)
Servo
MOS Field-Effect Transistor (MOSFET)

Depth gauge

433MHz Holybro SiK V3
Taranis X-Lite Pro
900MHz Frsky R9 Mini-OTA
Holybro PM02
MAMBA 5V/9V 2A
KINGMAX KM0950MDHV
LR7843
MS5837 pressure sensor

Fig. 5. The schematic diagram and the list of avionics system and actuators.

CH Mapping

1 THROTTLE

2 YAW?2 (by thrust vectoring)

3 SURGE

4 SWAY

5 ROLL

6 PITCH

7 ARM

8 PROPULSION MODE SWITCH

9 & 10 YAWI1 (by torque)

Fig. 6. The channel mapping on Frsky Taranis X-Lite Pro transmitter.

powered by the 4S LiPo battery and the three-blade carbon fiber
propeller DJI 9455x3 are optimally chosen for flight. According
to the process mentioned in [13], the ideal gear ratio for the above
motor and propeller underwater is determined as 12.33 through
QPROP simulation analysis.

IV. EXPERIMENTAL RESULT

The cross-medium propulsion unit and the independent thrust
vectoring strategy are two contributing points of this work. To assess
their improvement in aerial and aquatic locomotion, the propulsion
ability is evaluated by the static output characteristics, and the
aquatic maneuverability is by the comparison with the conventional
multirotor.

A. Static Output Characteristics of the Propulsion Unit

As shown in Fig. 7C, the propulsion test stand is developed
to examine the propulsion unit’s actual performance. Due to non-
waterproof of the 6-axis force balance (Maxwell F6D3934) used in
the test, a cantilever beam structure constructed from three carbon
fiber tubes is used to connect the propulsion unit to the balance,
allowing force and moment output to be measured above the water
surface. In addition, to compare the performance of the propulsion
unit to that of a conventional underwater thruster, the TT100 thruster
produced by TT robotix is tested as a comparator, which has a
operating power nearly equivalent to that of the propulsion unit.

Fig. 7A, B, and D illustrates the static output characteristics of
them. Efficiency of the motor together with the gearbox is defined
by the ratio of shaft power (shaft torque, () multiplied by angular
speed, w) to electrical power (input voltage, V' multipied by input
current, I):

= Qw/V1I, ®)

Duty Cycle

~
6-axis Force Balance\v.\r\*

|

Carbon Fiber Tubes

TT100 : G

Thruster

\F

Aerial-aquatic Propulsion Unit Duty Cycle

Fig. 7. The static performance testing of the propulsion system: A: The
efficiency of the motor and the gearbox. B and D: The specific thrust and
thrust of the whole propulsion system. C: The propulsion test stand.

TABLE I
COMPARISON OF AERIAL-AQUATIC PROPULSION SYSTEMS

Aerial Aquatic Max Aquatic Max Aquatic Thrust-
Efficiency Efficiency Specific Thrust to-Weight Ratio
Proposed 63.3% 52.5% 0.265 32N /122g = 0.262
AquaMAV [13] 50.0% 46.0% 0.172 9.5N/28g = 0.339
12.3 0.4 4.8N/19.3g = 0.249
MAAQuad [10] ) % unknown X / K I
(simulated) (simulated) (simulated)
Loon-copter [5] unknown unknown 0.18 12N /130.4g = 0.092
Nezha-mini [9] unknown unknown ~ 0.27 15N /83.4g = 0.180
TT100 72.8% 0.302 21.6N/290g = 0.075

and specific thrust is defined by the ratio of output thrust, T" to
electrical power:

T=T/VI. )

The aquatic efficiency nn of the TT100 is higher than that of the
propulsion unit (AT2312 with gearbox), while the specific thrust
of this two is close. Because specific thrust measures the combined
efficiency of the motor and the propeller, the above result indirectly
indicates that the aerial propeller can also achieve high efficiency
when employed underwater, which has been verified by simulation
in [13], and by experiment in [5]. The presence of the gearbox
unavoidably leads to the interal efficiency loss, and the testing data
indicates a 5.1% loss in the aerial operation, and a 21.3% loss
in the aquatic condition due to the open structure of the gearbox
and the long transmission chain of aquatic mode, which introduces
more hydrodynamic resistance and friction inside. Despite this,
the gearbox structure still boosts the motor’s operational efficiency
as well as the total and specific thrust, and widens the operating
range from 30% to 100% duty circle. Besides, its light weight of
only 45g does not place an undue load on the air, ensuring aerial
performance.

Table I shows a comparison of propulsion systems equipped
in other aerial-aquatic vehicles. A similar concept is used on the
AquaMAV [13], which has a better thrust-to-weight ratio but poor
static output characteristics. The MAAQuad [10] and the Loon-
copter [5] share the same work principle, propelled by aerial
propulsion underwater, and only outperform the proposed in aerial
characteristics. The Nezha-mini is propelled by two distinct systems
that provide excellent performance in both mediums while lowering
the thrust-to-weight ratio. Considering the efficiency, weight and
output thrust comprehensively, the proposed scheme has better
performance.
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Fig. 8. Testing of the prototype: A: Horizontal move underwater by tilting
the fuselage. B: Horizontal move underwater by thrust vectoring. C: Yaw
underwater by thrust vectoring. D: Underwater dive mode (8; = g)
testing with the additional buoyant block. E: Horizontal move in the air by
thrust vectoring. F: Underwater positioning via UWB.

B. Aquatic Maneuverability

Fig. 8B-E displays snapshots of the independent thrust vectoring
approach stated in S. II-C. Although this approach is designed for
underwater usage, experiments demonstrate that it can also be used
in the air (Fig. 8E). Compared to the typical quadrotor maneuver-
ing strategy (Fig. 8A), the thrust vectoring strategy significantly
improves maneuverability, as evidenced in the yaw and horizontal
movement operations. To evaluate underwater horizontal motion
performance, UWB (Nooploop Linktrack S) is used for underwater
velocimetry (Fig. 8F): long carbon fiber tubes connect the airframe
to the UWB, which extends beyond water, and the underwater
airframe position is solved by the attitude and the position of the
UWB upon the surface.

1) Underwater yaw movement: Fig. 9A and B shows the
results of the implementation of yaw motion by torque (conven-
tional quadrotor approach) and by thrust vectoring, respectively.
Although the airframe is designed to be under-buoyant, when
yawing by torque, the rate is still generated with the inevitable
upward movement, and the rate magnitude is difficult to reach the
setpoint value, confirming the problem of decoupling the yaw and
the z-direction motion mentioned in S. II. In the thrust vectoring
process, the rotation angle of the arm is obtained by mapping the
yaw joystick through Eq. (7), whose range is set to [, 3T] to
generate the yaw moment and tiny thrust in the z-direction. The
yaw motion with z-position holding (Fig. 9B, ¢t = 20s ~ 30s) can
thus be obtained by a coordinated manipulation of the throttle and
yaw joystick, whose maximum rate is approximately 4-5 times than
that by torque.

2) Underwater horizontal movement: For the horizontal
motion by pitch (Fig. 9C), the maximum body tilting angle is set to
35° (PX4 default), allowing the vehicle to travel horizontally while
maintaining the z position at 0.3 m/s. For that by thrust vectoring
(Fig. 9D), the input of attitude is set to 0, and the arm rotation
angle mapping in the range of [, %"} is obtained by Eq. (7) in
the same way as yaw movement, to provide horizontal thrust. The
phase lag of vy relative to the pitch setpoint in the former is around
113°, but the phase lag of vy relative to the joystick in the latter
is approximately 43°, indicating that the response speed of thrust
vectoring underwater is greatly improved. However, although thrust
vectoring achieved higher speeds in the experiment, this does not
imply that the extreme speed is competitive. Due to the tilt arm
mounting angle §; (Fig. 3), thrusts of each propulsion unit cannot

==Phase lag: 113.3620°

==Phase lag: 43.2419°

Fig. 9. Vehicle maneuverability testing: A: Yaw motion by torque. B: Yaw
motion by tilt. C: Horizontal motion by tilting the fuselage. D: horizontal
motion by thrust vectoring.

be completely directed in the direction of motion, and partially
cancel each other out, which is not the case while moving by tilting
the fuselage, implying that increasing the tilt angle can result in a
higher speed. Therefore, the benefit of thrust vectoring is not in fast
underwater movement, but in the rapid and flexible adjustment of
the direction of thrust to accomplish exact control of position and
orientation.

The perturbation of attitude can be found in Fig. 9D during
thrust vectoring, which is due to two causes: first, there is no
corresponding development of the controller for thrust vectoring,
which also limits the experimental arm rotation angle in [%, %“]
to prevent attitude controller from failure. Second, the dynamical
coupling relation in the underwater environment is more complex
than in the air, which is more severe for the non-streamlined
fuselage, resulting in coupled attitude motion during horizontal
motion. In response to the above two issues, further work will
be done at the control algorithm level to improve the underwater
operation performance.

V. CONCLUSIONS

This paper presents a quadrotor-based aerial-aquatic vehicle, TJ-
FlyingFish, with tiltable dual-speed propulsion units. The practical-
ity, functionality and maneuverability of the prototype have been
thoroughly tested in the experiment. On one hand, the addition of
the dual-speed gearbox enhances the aquatic propulsion character-
istic while sacrificing little in terms of aerial performance. On the
other hand, the implementation of independent propulsion vectoring
mechanism enhances the aquatic agility of yaw and horizontal
movement. Future work will be carried out at the level of control
algorithm, including the stability of the system under independent
thrust vectoring and the corresponding control algorithm.
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