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SurfAAV: Design and Implementation of a Novel
Multimodal Surfing Aquatic-Aerial Vehicle

Kun Liu1, Junhao Xiao1, Hao Lin1, Yue Cao1, Hui Peng2, Kaihong Huang1, and Huimin Lu1

Abstract—Despite significant advancements in the research
of aquatic-aerial robots, existing configurations struggle to effi-
ciently perform underwater, surface, and aerial movement. In
this paper, we propose a novel multimodal surfing aquatic-
aerial vehicle, SurfAAV, which efficiently integrates underwater
navigation, surface gliding, and aerial flying capabilities. Thanks
to the design of the novel differential thrust vectoring hydrofoil,
SurfAAV can achieve efficient surface gliding and underwater
navigation without the need for a buoyancy adjustment system.
This design provides flexible operational capabilities for both
surface and underwater tasks, enabling the robot to quickly
carry out underwater monitoring activities. Additionally, when it
is necessary to reach another water body, SurfAAV can switch to
aerial mode through a gliding takeoff, flying to the target water
area to perform corresponding tasks. The main contribution of
this letter lies in proposing a new solution for underwater, surface,
and aerial movement, designing a novel hybrid prototype concept,
developing the required control laws, and validating the robot’s
ability to successfully perform surface gliding and gliding takeoff.
SurfAAV achieves a maximum surface gliding speed of 7.96 m/s
and a maximum underwater speed of 3.1 m/s. The prototype’s
max surface gliding speed and max underwater cruising speed
both exceed those of existing aquatic-aerial vehicles.

Index Terms—Aquatic-aerial robots, multimodal aquatic-aerial
vehicle, thrust vectoring hydrofoil, surface gliding.

I. INTRODUCTION

IN recent years, with the rapid development of robotics
technology, unmanned aquatic-aerial vehicles (UAAVs) ca-

pable of adapting to complex environments and performing
diversified tasks have gradually become a research hotspot.
These robots integrate the advantages of both autonomous
underwater vehicles (AUVs) and unmanned aerial vehicles
(UAVs), allowing them to freely switch between motion modes
in water and air. This capability greatly broadens the appli-
cation scope of traditional robots, demonstrating enormous
potential in multi-domain missions such as environmental
monitoring [1], disaster rescue [2], and national defense [3].
While multi-platform collaboration can perform multi-domain
tasks such as water body monitoring, it also adds mission
complexity and reduces operational reliability [4]. In contrast,
UAAVs can overcome these challenges by breaking through

This work has partially been funded by National Key R&D Program of
China (No. 2022YFB4701600) and Graduate Student Innovation Project of
National University of Defense Technology(No. XJZH2025012). (Correspond-
ing author: Kaihong Huang.)

1College of Intelligent Science and Technology, National University of
Defense Technology, Changsha, China{lk, junhao.xiao, lh, caoyue nudt, lhm-
new}@nudt.edu.cn

2School of Electronic Information, Central South University, Changsha,
China. hui-peng@csu.edu.cn

Digital Object Identifier (DOI): see top of this page.

Fig. 1. The SurfAAV gliding on the water surface.

the water surface. They can fly quickly to target areas and then
conduct fine underwater inspections, thus enabling comprehen-
sive three-dimensional monitoring of aquatic environments.

The existing UAAVs are classified mainly into four types
based on their configurations: bionic UAAVs [5]–[9], multi-
rotor UAAVs [10]–[14], fixed-wing UAAVs [15]–[19], and
hybrid UAAVs [20]–[27].

Bionic UAAVs are primarily inspired by animals such
as flying squids and birds. When a flying squid perceives
danger, it jets out of the water to escape the threatening
area. Inspired by this, researchers have developed flying squid-
inspired UAAVs [5]–[7] that can transition from water to air
through high-pressure gas ejection. Although they utilize a
fixed-wing configuration that allows for gliding in the air,
they lack the capability for sustained flight. Additionally,
researchers have noted that some bird species, such as puffins
and guillemots, also demonstrate abilities to move between
water and air. These birds take off from the surface of the water
by rapidly flapping their wings. Inspired by this mechanism,
[8] introduces the first insect-scale micro-robot, RoboBee,
capable of both aerial flight and aquatic locomotion. However,
due to the robot’s inability to overcome surface tension, its
initial design could not autonomously transition from water
to air. To address this limitation, [9] presents structural im-
provements to the micro-robot, ultimately enabling successful
takeoff from the surface of the water. Experimental results
demonstrate that the robot achieves an exit speed of 1.8 m/s
during the water-exit phase.

Inspired by the vertical take-off and landing (VTOL) ca-
pabilities of multirotors, scholars have developed multi-rotor
UAAVs. These vehicles have a simple structure and are easy to
control. However, they face significant resistance and reduced
efficiency during underwater navigation. One notable example
is the Loon Copter, a quadrotor-based UAAV capable of
VTOL, as proposed by [11]. The Loon Copter features a
unique design that allows it to perform aerial flight, operate
on the water surface, and dive underwater using a single set
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of motors and propellers. It is also equipped with a ballast
system to control its buoyancy. Due to the low drag force
in the air, these fixed-rotor UAAVs can effectively achieve
horizontal movement by adjusting their attitude. However, the
higher resistance makes it less effective to achieve horizontal
movement through attitude changes in water, often requiring
larger rotation angles to generate the desired movement. [12]–
[14] introduced lightweight tilt-rotor UAAVs capable of VTOL
from the surface of the water. The thrust direction can be
modified by tilting four rotors with a single servo or four
servos. The thrust vectoring capability enables these vehicles
to generate thrust both horizontally and downwards without
the need to rotate their body.

UAAVs with delta-wing or monoplane configurations pos-
sess the long-range endurance of fixed wings. However, these
vehicles have poor underwater capabilities or limited move-
ment on the water surface. The SUWAVE, developed by [15],
consists of a delta wing and a central body. When the central
body is released by a latch and rotates to a vertical position due
to gravity, the propeller on the central body generates thrust to
lift the wing, achieving a passive vertical takeoff. To address
the susceptibility of the passive strategy in [15] to wave
impacts, [16] adopted an active strategy to alter the direction
of the propeller, enabling autonomous takeoff. Although the
SUWAVE series prototypes can take off from the surface of
the water, they do not have the capability for underwater
movement. Additionally, since their entire bodies remain on
the water surface, their surface locomotion is relatively limited.

On the other hand, the CONOPS, a monoplane UAAV, is
capable of repeated cross-medium operations and low-energy
hovering, with a maximum surface speed of 1.2 m/s and a
maximum underwater speed of 0.89 m/s [17]. The Dipper,
which features a new propulsion system with a maximum
underwater speed of 3 m/s, is proposed by [18]. The system
allows for independent control of the underwater and aerial
propellers by changing the motor direction. The Longbow
II adopts a novel foldable wing design, with a maximum
surface speed of 1.05 m/s and a maximum underwater speed
of 1.23 m/s [19]. These monoplane UAAVs are capable of
maneuvering underwater, but their mobility on the surface is
still limited.

Hybrid UAAVs are designed to integrate various platform
configurations to take advantage of these designs. For instance,
a hybrid UAAV can integrate a multi-rotor configuration with
an unmanned underwater vehicle(UUV), a fixed wing, an
underwater glider, or a float [21], [22], [25]–[27]. Additionally,
it can combine a fixed-wing configuration with a glider, surface
sailboat, or hydrofoil boat [20], [23], [24].

According to Table I, it is clear that the existing prototypes
lack the ability for rapid movement both on the water surface
and underwater. This limitation restricts their capacity to
quickly cover large areas of water and transition between
different bodies of water. Considering the existing limitations
of prototypes in waterborne movement, a new type of aquatic-
aerial vehicle system has been developed. The contributions
of this paper are as follows.

1) A novel solution for underwater, surface, and aerial
movement by designing the SurfAAV, a novel aquatic-

TABLE I
PERFORMANCE PARAMETERS OF PRESENT UAAV PROTOTYPES

Prototype Year Underwater speed
(m/s)

Surface speed
(m/s)

Loon Copter [11] 2018 0.5 1
CONOPS [17] 2018 0.89⋆ 1.2⋆

SailMAV [23] 2019 \ 6⋆

Dipper [18] 2021 3 \
QianXiang II [24] 2023 \ 4

Nezha-B [22] 2024 1.67⋆ \
Diving Hawk [26] 2024 0.49⋆ \

WuKong [14] 2025 \ 2.15⋆

AquaAAV [27] 2025 \ 2.2
SurfAAV (ours) 2025 3.1⋆ 7.96⋆

Note: The superscript ⋆ denotes the maximum speed.

aerial robot, is presented. Thanks to the design of the dif-
ferential thrust vectoring hydrofoil, SurfAAV efficiently
integrates underwater navigation, surface gliding, and
aerial flying capabilities without the need for a buoyancy
adjustment system.

2) A required control framework has been developed for
depth control on the water surface, and its feasibility
has been validated through experiments on maintaining
a constant depth on the water surface.

3) Experimental validation has demonstrated that the Sur-
fAAV can successfully navigate underwater, glide on
the water surface, take off from the water surface and
perform aerial flight. The SurfAAV achieves a maximum
surface speed of 7.96 m/s and a maximum underwater
speed of 3.1 m/s.

The remaining sections of this letter are organized as
follows. Section II introduces the multi-modal locomotion
concept of the SurfAAV. In Section III, the structural design
and electrical system of the SurfAAV are elaborated. Section
IV analyzes the simulation results of the prototype in com-
putational fluid dynamics (CFD). The controllers used by the
proposed prototype during the phases of submerging, gliding,
and flying are discussed in Section V. Section VI presents
the experiments conducted on underwater navigation, surface
gliding, and the transition from water to air. Finally, Section
VII concludes this paper.

II. MULTI-MODAL LOCOMOTION CONCEPT

Current UAAVs exhibit limited movement both on the water
surface and underwater, as indicated in Table I. The primary
reason for the restricted locomotion of these UAAVs is that
when these robots operate on water surface, their entire bodies
become submerged. This results in a large wetted surface area,
which significantly increases drag on these robots. Addition-
ally, an appropriate underwater propulsion system has not been
adopted.

The SurfAAV combines the benefits of hydrofoil boats,
unmanned underwater vehicles (UUVs), and fixed-wing air-
craft, integrating the high-speed gliding mode as a hydrofoil
boat on water surface, the underwater navigation mode as an
UUV, and the flight mode as a fixed-wing aircraft. The multi-
modal locomotion process of the SurfAAV is illustrated in
Fig. 2. During the process, the SurfAAV transitions through
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Fig. 2. Schematic diagram of the multi-modal locomotion of the SurfAAV.
The SurfAAV glides landing into water and transitions to the underwater
navigation state to perform tasks. After completing these tasks, the vehicle
returns to the water surface to take off and fly to another body of water. The
surface takeoff is achieved by accelerating the underwater thruster and the
aerial motor simultaneously.

five phases: underwater navigation, high-speed gliding on
water surface, takeoff from the water surface, aerial flight,
and glide landing. When submerged underwater, the vehicle
is propelled by underwater thrusters and underwater ailerons.
An autonomous depth control system allows the robot to reach
the specified depth during underwater navigation. When it is
necessary to move to another body of water to perform a task,
the robot first emerges from underwater to the water surface by
adjusting the underwater thrusters and the underwater ailerons,
transitioning into gliding mode. Subsequently, it switches to
flying mode by taking off from the gliding mode. During the
flight phase, a standard fixed-wing controller is used. The robot
is powered by a 6S Li-Po battery with a capacity of 1800mAh.
Finally, the vehicle returns to water surface to execute its next
task.

The transition of the SurfAAV to flight is composed of
three main parts, as shown in Fig. 2. First, the underwater
thrusters and the underwater ailerons are turned on, allowing
the vehicle to glide slowly on the water surface. SurfAAV
behaves as a hydrofoil at this stage, with its entire body
above the water surface while the underwater thrusters and
the underwater ailerons remain submerged, thus reducing the
wetted surface area of the robot. Second, the aerial propeller
is turned on as the gliding speed increases. The underwater
thrusters and aerial propeller accelerate simultaneously. When
the gliding speed reaches the minimum take-off speed, the
SurfAAV transitions into flight mode, with a maximum flight
speed of 22.87m/s. During the take-off process, the only part
of the vehicle that contacts the water is the tail section. Finally,
the underwater thrusters and underwater ailerons are turned off
when the vehicle has completely left the water surface. In the
flight stage, SurfAAV behaves as a fixed-wing aircraft.

III. MECHANICAL AND SYSTEM DESIGN

In this section, the SurfAAV is presented. The structural
design and electronic layout of this vehicle are also introduced.

A. Structure Overview

The SurfAAV, which is composed of an aerial section and
an underwater section, is designed as illustrated in Fig. 3.
The aerial section features a fixed-wing configuration, with the
fuselage constructed from aluminum alloy as the framework
and covered with skins. The wings are made from expanded
polypropylene (EPP) materials wrapped around a wing spar,

with carbon fiber tubes serving as the spar. The wings are
attached to the folding mechanism using aluminum alloy to
ensure structural rigidity and stability when the wings are
folded. The wingspan is 1.35m, the fuselage length is 0.95m,
and the wing area of a single wing is 0.0921m2. The dual-
layer tail is designed with a flat-plate airfoil, made of hollow
carbon fiber plates that are filled with lightweight polylactic
acid (PLA) material. The connection between the fuselage
and the tail wings is achieved using carbon fiber tubes. The
selected aerial motor is the T-MOTOR V3120 KV700, which
is paired with a 10-inch foldable propeller that has a pitch of
6 inches.

The underwater section primarily consists of underwater
thrusters, underwater ailerons, a vertical strut, and servos. The
vertical strut and underwater ailerons are 3D printed using
PLA material, with the underwater ailerons functioning as all-
moving control surfaces. These servos are embedded within
the vertical strut. When an all-moving underwater aileron is
actuated by a servo, the direction of the thrust generated by
an underwater thruster (APISQUEEN X3, 60mm propeller)
will change with the rotation of the underwater aileron, as
the underwater thruster is mounted at the trailing edge of the
underwater aileron.

B. Wing Folding Mechanism

Due to the exceptional multi-modal locomotion capabilities
of flying fish, the fuselage shape of the SurfAAV has been
designed based on their morphological characteristics. Most
flying fish exhibit a spindle-shaped body with a distinct
rounded-square cross-section, where their flattened belly con-
tributes to additional lift generation [28]. Inspired by this
unique structure, the SurfAAV adopts a smooth spindle-shaped
fuselage with a rounded-square cross-section. Furthermore, we
designed a folding wing mechanism inspired by the physio-
logical structure of flying fish pectoral fins, as shown in Fig. 3.
The design features a simple and reliable structure that requires
only a single servo to drive the folding of one wing, without
the need for additional mechanical support. When folded, the
wings avoid interference with the fuselage, enabling the use
of larger wing areas to enhance flight efficiency and payload
capacity. The key to SurfAAV’s wing-folding capability lies
in the folding mechanism, which ensures that the wings
are perpendicular to the fuselage’s longitudinal axis when
unfolded and parallel to it when folded.

C. Thrust Vectoring Hydrofoil Design

Traditional hydrofoil boats use hydrofoils to lift the hull
out of the water, reducing the wetted surface area and thereby
decreasing drag to achieve high-speed gliding [29]. However,
the hydrofoils on these boats are usually fixed in direction
and lack dynamic angle adjustments, limiting their effective
working speed range. At low speeds, the hydrofoils cannot
generate sufficient lift. During high-speed gliding, the lift
produced by the hydrofoils is only enough to counteract
gravity, enabling the hull to rise.

In multi-domain missions, cross-domain robots equipped
with traditional hydrofoils [24] require a buoyancy adjustment
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Fig. 3. Structure diagram of the SurfAAV. The body frame is defined as
Fb : {Ob − xbybzb}. A. Wing configuration in flight and surface gliding
modes, where the wing is in an unfolded state. B. Wing configuration in
underwater navigation mode, where the wing is in a folded state.

system when transitioning to a submerged state. This paper
proposes a novel differential thrust vectoring hydrofoil for the
first time to enable cross-domain robots to achieve cruising,
gliding, and takeoff capabilities, as shown in Fig. 3. The
wingspan of the hydrofoil is 0.256m, and the wing area of a
single underwater aileron is 0.0072m2. The hydrofoil differs
from traditional hydrofoils by using a fixed-wing profile as
the shape of an underwater aileron. The underwater aileron is
controlled by a servo that allows it to rotate. The lift and drag
characteristics of the underwater aileron can be modified by
adjusting the deflection angle of the underwater aileron. While
ensuring structural strength and reducing weight, we select
the NACA-0016 profile, which has the highest hydrodynamic
efficiency [30]. The profile has a moderate thickness and
exhibits the same characteristics at positive and negative angles
of attack. Subsequently, an underwater thruster is mounted
on the underwater aileron, utilizing its thrust to quickly lift
the body of the SurfAAV during low-speed gliding, thereby
effectively reducing drag by minimizing the wetted surface
area. This design also eliminates dependence on a buoyancy
adjustment system to control the robot’s ascent and descent.
When the SurfAAV needs to perform a submerging task,
servos tilt underwater ailerons downward, enabling underwater
thrusters to generate vertical downward thrust components,
thereby achieving descent.

The height of the hydrofoil strut is 12.62 cm, which is not
the same height as the horizontal tail. The height difference
between the underwater ailerons and the horizontal tails allows
the SurfAAV to raise its nose while gliding. The angle between
the SurfAAV and water surface is about 12.4

◦
, and this attitude

caused by the angle is beneficial for the SurfAAV’s takeoff
from the water surface. The pitch angle of the SurfAAV during
high-speed gliding on the water surface can be estimated
to be approximately 12.4

◦
based on the vertical height of

the hydrofoil and the horizontal distance from the horizontal
tails to the strut. In practice, since the center of mass of the
SurfAAV is located between the strut and the horizontal tails,
and the submerged volumes of the underwater ailerons and the
horizontal tail are different, the actual takeoff angle is slightly
greater than 12.4

◦
.

D. Electrical System

The electrical structure of the SurfAAV is mainly divided
into three modules: the propulsion module, the control module,
and the energy module. As shown in the Fig. 4, the propulsion
module is further separated into aerial and underwater sections.
The aerial section consists of an aerial thruster and five servos.
Among them, two waterproof servos are used to control the
flaps to increase lift during low-speed flight, with the initial
angle of the flaps set to 15

◦
. The ailerons are controlled

by two servos, while the tails are operated by one servo.
In the underwater section, there are two underwater thrusters
and two waterproof servos that adjust the thrust direction of
the thrusters. These thrusters are controlled by a four-in-one
electronic speed controller (ESC), which adjusts their motor
speed based on pulse-width modulation (PWM) control signals
received from the control module.

The control module consists of an embedded flight control
board and sensors. The Matek H743-wing V3 is chosen as
the embedded flight control board, running the PX4 firmware.
This open-source firmware allows for customizable functional
programming to meet the demands of task switching [31]. The
board features an ARM Cortex-M7 core that operates at a
maximum frequency of 480 MHz. It outputs control signals to
eleven actuators and collects data from all connected sensors.
A series of sensors are embedded in the control loop, including
a global navigation satellite system (GNSS), a depth sensor
and an inertial measurement unit (IMU), to provide the data
support necessary for precise control. The selected GPS model
is the CYCLONE M1018C, which provides the robot’s posi-
tion in the air and connects to the controller via the universal
asynchronous receiver transmitter. Since the vehicle cannot
receive satellite signals when in underwater navigation mode,
a depth sensor, the MS5837, is used to measure underwater
depth. All operational data is stored via a serial peripheral
interface on an SD card. A 3DR radio transmission module
X7, operating at a communication frequency of 915 MHz, is
used to facilitate wireless data communication between the
ground station and the flight controller, with a baud rate set
at 115200 to ensure effective communication.

The power module mainly consists of a 6S LiPo battery
that supplies power to the other modules. These sensors in the
control module are primarily powered by a 5V voltage, which
is obtained by converting 25.2V through a voltage regulation
module. The output voltage of the 12-channel PWM signal
is 5V. Waterproofing for the entire system is achieved using
silicone sealant and adhesive heat shrink tubing. To ensure
reliability and safety underwater, the flight control board and
the four-in-one ESC are housed inside a waterproof sealing
box.

IV. AERODYNAMIC ANALYSIS

A. Simulation Setup

A simulation analysis was conducted to examine the aero-
dynamic characteristics of the SurfAAV using STAR-CCM+
18.02.008-R8, based on the Reynolds-averaged Navier–Stokes
equations (RANS) and the K-Omega SST turbulence model.
First, details that had minimal impact on fluid flow analysis
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Fig. 4. Avionics system layout of SurfAAV. The left and right flaps are
controlled by the PWM channels from the Matek H743.

were removed through simplified model processing and curva-
ture continuity techniques to avoid mesh errors, such as nega-
tive volume errors, during the mesh generation process of the
original model. Next, a rectangular fluid computational domain
was established, and the corresponding boundary conditions
were set. To ensure the accuracy and validity of the simulation
results, a mesh independence verification was performed to
determine the appropriate number of mesh divisions. A refined
prism layer meshing technique was employed to maintain the
y+ value in the boundary layer within six layers, ultimately
optimizing the global mesh size to between 3.5 million and 4
million elements.

The aerodynamic simulation primarily investigated the flow
field distribution characteristics at an angle of attack (AoA)
range from −10

◦
to 20

◦
and a speed of 20 m/s, with a

Reynolds number of 203, 295. The propeller slipstream effects
on control surfaces and wing have been ignored. Through CFD
simulation, lift and drag characteristic curves were obtained,
and a quantitative analysis of the impact of the robot’s shape
design on aerodynamic efficiency was conducted. Addition-
ally, the aerodynamic stability of the SurfAAV at different
angles of attack was verified through the moment coefficient
curve.

B. Numerical Simulation Results

Fig. 5A shows the curves of the lift coefficient (CL) and
drag coefficient (CD) as a function of the AoA. When the AoA
is negative, the lift coefficient is also negative, indicating that
the wing generates a downward force. As the AoA increases
from 0

◦
to 10

◦
, lift increases significantly, while drag also

rises. During this range, the performance of the SurfAAV is
relatively ideal and remains within a safe range. At an AoA of
10°, the lift coefficient reaches its maximum value of 1.221,
with a drag coefficient of 0.174, resulting in a maximum lift-
to-drag ratio of 7.02. At this angle, the aerodynamic efficiency
of the robot is optimal, meeting the energy consumption and
lift balance requirements for cruise flight. However, as the
AoA exceeds 10

◦
, airflow begins to separate. Although lift

decreases, drag increases significantly, causing the SurfAAV
to stall and exhibit unstable characteristics.

Fig. 5B illustrates the pitch moment coefficient around
the center of mass as a function of the AoA. According to
conventional static stability analysis, when the SurfAAV is in

Fig. 5. A. The lift coefficient (blue line) and drag coefficient (orange line)
vary with the angle of attack, with the stall angle at 10°. B. The pitching
moment coefficient about the center of gravity for the SurfAAV. The negative
slope of the pitching moment coefficient’s rate of change with respect to the
angle of attack indicates longitudinal stability, except immediately after stall.

Fig. 6. Control Block Diagram of the SurfAAV.

a statically stable state, the pitch moment coefficient generally
shows a trend of increasing negative values as the AoA in-
creases, producing a nose-down moment to counteract further
increases in the AoA. However, as the SurfAAV approaches
or exceeds the stall angle, the lift coefficient can drop sharply
due to flow separation, which may cause a sudden change in
the pitch moment coefficient. In the small AoA phase range
from 0

◦
to 10

◦
, the pitching moment coefficient(Cm) decreases

linearly as the AoA increases. During this period, the airflow
remains well attached, the horizontal tail is effective, and the
SurfAAV is statically stable. As the AoA exceeds the stall
angle of 10

◦
, the rate of change of Cm becomes positive,

and an inflection point begins to appear. In the post-stall
phase, severe flow separation occurs, leading to a decrease
in the efficiency of the horizontal tail, which may result in the
SurfAAV becoming unstable.

V. MULTIMODAL MOTION CONTROL

The SurfAAV requires different control systems for various
modes, including flight mode, gliding mode, and submerging
mode. The core control components essential for our prototype
are illustrated in Fig. 6. In flight mode, the SurfAAV operates
like a fixed-wing aircraft, so standard fixed-wing controls can
be applied, meaning that the ailerons, elevators, and propellers
are controlled accordingly. The fixed-wing controller can be
available from the open-source flight control system PX4.

Once the SurfAAV lands on the water, the hydrofoil con-
troller is enabled through a radio signal. This custom control
module follows the specifications and standards of the PX4
modules and is primarily divided into depth control and
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attitude control. The depth control is achieved via the vertical
force component generated by the hydrofoil, with the control
law as follows

fzd = kp(hd − h) + ki

∫
(hd − h)dt+ fg (1)

where hd is the desired depth, kp and ki are positive constants,
the depth h is the data obtained from the depth sensor, and fg
is the gravity compensation term.

The desired moments [τxd, τyd, τzd] are calculated from the
attitude control loops, similar to those used in fixed-wing
aircraft. In order to avoid the sudden overshoot that may
occur with yaw angle control, yaw rate control is adopted. The
difference is that the desired wrench [fxd, fzd, τxd, τyd, τzd]

T

is first allocated to the virtual force components (Fxbi, Fzbi)
(i = r, l) acting on the i-th hydrofoil and pitch moment me

acting on the elevator, as described in the following equation
fxd
fzd
τxd
τyd
τzd

 =


1 0 1 0 0
0 1 0 1 0
0 df 0 −df 0
hs 0 hs 0 1
−df 0 df 0 0



Fxbr

Fzbr

Fxbl

Fzbl

me

 (2)

where fxd corresponds to the throttle. df and hs are defined
in Fig. 3.

In order to simplify the analysis, only the thrust FTi from
the i-th underwater thruster and the hydrodynamic forces
(FLi, FDi) acting on the i-th underwater aileron are consid-
ered, while the AoA of the i-th underwater aileron αi is
approximated as the deflection angle δi of the i-th underwater
aileron. Therefore, the resultant force acting on the i-th hy-
drofoil in the system Fb can be orthogonally decomposed as
shown in the following equation

Fxbi = FTicδi + FLisα − FDicα

Fzbi = FTisδi − FLicα − FDisα
(3)

where FLi = 1
2ρwV

2S(CwL0
+ CwL1

δi + CwL2
δ2i ), FDi =

1
2ρwV

2S(CwD0
+ CwD1

δi + CwD2
δ2i ), ρw is the density of

water, S is the platform area of a single underwater aileron, α
is the AoA of the fuselage, CwL0

= 0.0004, CwL1
= 1.5764,

CwL2
= 0.006, CwD0

= 0.2115, CwD1
= 0.0042, and CwD2

=
1.1834 at a Reynolds number of 99, 800. In Eq. (3), there
are only two unknown variables, namely thrust FTi and servo
deflection angle δi, which can be solved using the Newton
method.

VI. EXPERIMENTAL RESULTS

A. Underwater Navigation

The underwater navigation experiment is conducted in an
indoor diving hall, with a maximum diving depth of approx-
imately 1 meter, as shown in Fig. 7. At the initial time, the
initial posture of the folded SurfAAV in water is slightly tilted
downward due to the center of gravity of the SurfAAV being
located at the front of the body. At 0 to 3.1 seconds, the
SurfAAV descends. At 3.1 to 4.6 seconds, the SurfAAV is in
the depth-holding phase. At 4.6 to 7 seconds, the SurfAAV
ascends. The endurance time in the underwater navigation
mode is about 14 minutes.

Fig. 7. During the underwater navigation process, the wings of the SurfAAV
are folded.

Fig. 8. Constant-depth surface gliding. During the surface gliding process,
the wings of the SurfAAV are unfolded. ml(r) is the throttle amount of the
left(right) underwater thruster, δl(r) is the deflection amount of the left(right)
underwater aileron, and δe is the deflection amount of the elevator.

B. Surface Gliding

During the constant-depth surface gliding process, the wings
of the SurfAAV are unfolded. The experimental results for the
depth-hold gliding of the SurfAAV are presented in Fig. 8.
The target depth is set to 0.1 meters, where the depth is
defined as the distance between the depth sensor and the
water surface. The expected attitude values are provided by
the RC. In the initial phase (0-2s), the deflection angles
of the underwater ailerons are upward, allowing the thrust
generated by the underwater thrusters to have a vertical upward
component, which lifts the body out of the water and results
in a decrease in the corresponding depth. At 2 to 10 seconds,
the depth tracking error range is approximately [-4.2, 1.1]cm.
The maximum error in the roll control loop is about 2 degrees,
and the yaw rate tracking error range is [-1.6, 3]deg/s. For the
pitch control loop, there is an approximate static error of about
5 degrees, primarily because the elevator and hydrofoil of the
SurfAAV are not at the same height. At 10 to 11 seconds,
even though the deflection angles of the underwater ailerons
remain tilted upward, the depth continues to increase, and
the fuselage gradually sinks into the water. This is due to
the gradual decrease in the vertical upward thrust component
produced by the underwater thrusters.

In the surface gliding experiment conducted on the Li-
uyanghe River in Changsha, we captured keyframe screenshots
under calm water conditions, as illustrated in the Fig. 9.
The endurance time in the surface gliding mode is about 17
minutes. The experimental results showed that the SurfAAV
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reached a maximum speed of 7.96 m/s while gliding on
the water surface. At low speeds, the lift generated by the
underwater ailerons is insufficient to support the body of the
SurfAAV above the water surface. However, the thrust from
the underwater propellers can generate a vertical upward thrust
component, causing the body of the SurfAAV to gradually rise
out of the water surface. As the gliding speed increases, the
wing surfaces of the underwater ailerons begin to generate
additional lift, further elevating the body. Eventually, as the
speed continues to rise, the entire hydrofoil emerges from
the water. Meanwhile, due to the high-speed rotation of the
underwater propellers near the water surface, the fluid velocity
around the propellers gradually increases, resulting in the fluid
pressure in that area dropping below atmospheric pressure,
which draws in air and produces a quasi-cavitation effect [32].
This quasi-cavitation effect can be identified by the noise it
produces.

C. Transition From Water to Air

An outdoor experiment was conducted to evaluate the
transition of the SurfAAV from water to air, as illustrated in
the Fig. 10, which shows the different stages of this process.
First, the SurfAAV cruises on the water surface with its wings
fully unfolded. Next, the throttle of the underwater propellers
is increased, allowing the underwater ailerons to lift the body
of the SurfAAV out of the water during low-speed gliding,
thereby minimizing drag through reducing the wetted surface
area of the SurfAAV. It can also be shown that the nose-up
attitude of the SurfAAV, resulting from the height difference
between the underwater ailerons and the tails, is beneficial
for takeoff through this experiment. Once the body of the
SurfAAV exits the water, the aerial propeller is activated,
and the throttle is further increased for both the underwater
propellers and the aerial propeller to enhance the gliding speed
of the SurfAAV. As the speed exceeds the takeoff threshold,
the entire SurfAAV is lifted from the water surface. Finally,
after the underwater propellers are completely above the water
surface, the throttle signal for the underwater propellers is
turned off, and the SurfAAV transitions into aerial flight mode.
The endurance time in the flight mode is approximately 10
minutes.

VII. CONCLUSIONS

In this paper, we propose an innovative prototype design
concept for a hybrid aquatic-aerial robot, which is capable
of underwater cruising, surface gliding, and aerial flight.
Thanks to the proposed novel differential thrust vectoring
hydrofoil, SurfAAV can efficiently perform measurements
both on the water surface and underwater, while utilizing its
flight capability to move between different water bodies. The
prototype of this robot has been successfully designed and
implemented. Experimental validation demonstrates that the
SurfAAV possesses the ability to cruise underwater, glide on
the water surface, and fly in the air, successfully achieving
take-off through gliding. Additionally, CFD results indicate
that the SurfAAV is capable of stable flight. Its maximum
gliding speed is 7.96 m/s, maximum cruising speed is 3.1

m/s, and maximum flying speed is 22.87 m/s. Furthermore,
the hydrofoil controller has been found to be effective in
maintaining a specific depth. The proposed robot is suitable
for various application scenarios, such as three-dimensional
monitoring of aquatic environments. Compared to multi-robot
solutions, SurfAAV can be rapidly deployed, significantly
improving the efficiency of water monitoring.

The investigation of propeller slipstream effects will be a
key area of research in future modeling work. We also aim to
include a pitot-static system for estimating airspeed in future
but research on preventing water ingress is in development.
Additionally, we plan to implement a glide landing method
for the SurfAAV’s transition from air to water, which can
effectively reduce the impact of water entry on the robot and
minimize equipment damage. Finally, existing speed sensors
struggle to balance range, size, and weight, making it chal-
lenging to provide suitable underwater speed measurement
solutions for the small robot SurfAAV. To address this, we
intend to develop a pressure-based underwater speed sensor
suitable for small robots.
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