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Abstract
Closeup exploration of the sea�oor requires new forms of underwater vehicles that are capable of taking
off and landing on the sea�oor and hovering at any attitude and that are equipped with cameras and
sensors. Existing underwater vehicles do not provide an adequate platform for closeup in situ
observations. This work presents the design, fabrication, control and testing of an autonomous
underwater helicopter (AUH) that can perform spin turns, vertical rotation, free landing and take-off,
making it the most agile underwater vehicle to date. Acoustic-optical navigation and gyroscopic
stabilization systems were implemented to complete missions on a �xed route. With an underwater base
station(helipad), the AUH can perform wireless power charging and data transmission. This work builds
on previous generations of AUHs that were restricted to horizontal postures and lacked vectoring
propulsion. Experimental results gathered from tests show that the AUH can successfully navigate along
a preset route at depths ranging from 0 to 100 metres. Furthermore, with multidimensional attitude
adjustment and vectoring propulsion, AUH is capable of diving into a rugged sea�oor environment. This
study advances what is currently achievable using traditional AUVs and ROVs, demonstrating methods
that can be used in the future for studying marine science and sea�oor exploration.

Introduction
Until now, underwater exploration in marine biology and submarine resources has relied on underwater
vehicles. Autonomous underwater vehicles (AUVs) and remote operated vehicles (ROVs) extend the range
of human exploration, stepping into unknown regions that are otherwise unreachable.

Most underwater vehicles move in the water by thruster-based propulsion. AUVs are widely used because
of their high speed and wide detection range[1]. They are able to analyse the environment autonomously
by utilizing different sensors. However, AUVs mainly cruise in the upper ocean and can be easily trapped
when approaching the seabed. Furthermore, it is di�cult for an AUV to hover at a �xed point, which
restricts its ability to make observations and perform operations at these locations. ROVs have strong
and long-lasting operation capabilities and are currently the most effective and reliable underwater
platforms for underwater operations. The ROV performs tasks under the guidance of a mother ship to
which it must remain close, restricting its operation to within a certain range of the ship.

Submarine wheeled vehicles, i.e., crawlers, move directly on the seabed and have been widely applied in
long-term monitoring[2, 3] and deep-sea sampling[4]. Unfortunately, crawlers do not perform well with
sharp terrains; they may also modify the substrate on which they move[5]. Wheeled vehicles always have
low gravity, which restricts their mobility[6]. The newly born category of underwater legged robots is a
promising approach to ensure safe contact on uneven seabed, while maintaining agility and static
stability.

Several underwater vehicles use bio-inspired structures and locomotion systems. Most biomimetic robots
are built to mimic the morphology of an animal. Several prototypes that mimic �sh[7–12], mantas[13–
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15], octopi[16, 17] and crabs[18] have been created. The bio-inspired approach to the design of robots
could potentially boost their adaptability and reduce noise, especially when interacting with the
surrounding environment[19]. Most biomimetic underwater robots are slow speed systems as a result of
their propulsion systems. Moreover, the space for payloads is fairly limited, and the operation capability is
correspondingly weak.

Longevity and endurance are important challenges in the design of self-contained underwater robots. The
expanding mission scope for underwater vehicles highlights the need for high-endurance operational
capability, which is mainly dependent on the propulsion system e�ciency and battery capacity of the
vehicle. Increasing the energy storage capacity is an effective way to improve the mileage of underwater
vehicles; however, this will result in an increase in the volume and power consumption of the device. The
use of submerged docking stations permits battery recharge and data upload/download, which provides
a method to elongate the endurance of underwater vehicles without compromising propulsion and
payload power budgets[20–24]. Autonomous underwater docking is, however, complicated by the
presence of currents and obstacles in the water and by the relative dynamic differences in orientation
between the dock and the vehicle. A robust docking guidance system is therefore a core and crucial
component for ensuring successful AUV docking.

There are abundant resources in the ocean, and the sea�oor is an essential platform for geological
prospecting and biological observation. However, the sea�oor is not a boundless plain. The underwater
terrain is rough with underwater mountains and valleys (Fig. 1). In situations with complicated terrain or
navigation in narrow spaces, traditional underwater vehicles encounter large practical limitations. ROVs
are, in essence, under-actuated systems, so its dirigibility is lacking, especially in complicated terrain.
Umbilical cables connected to the deck control station further reduce the mobility of an ROV in a
restricted space. AUV mobility is not restricted by umbilical cables; however, its torpedo shape and under-
actuation characteristics make it easily trapped near the sea bottom. Existing underwater vehicle
prototypes do not provide an adequate platform for closeup observations of the sea�oor.

We sought to build and successfully deploy an underwater vehicle that can autonomously cruise close to
the seabed. The challenges mainly lie in three aspects: (i) the AUH has to adjust its attitude and direction
in an ultra�exible way to explore the rugged and varied seabed environment; (ii) to avoid emerging from
under the sea too frequently, the AUH has to perform power charging and data transmission in the lower
ocean; and (iii) the AUH has to be able to navigate in a weak communication environment and complete
accurate docking.

A new form of sea�oor-resident underwater vehicle is proposed in this paper, the autonomous underwater
helicopter (AUH), which is capable of taking off and landing on the sea�oor and hovering at any attitude.
It can be equipped with cameras and sensors for scienti�c surveys. In addition, the AUH works
collaboratively with underwater helipads. When docking with the helipad, the AUH performs wireless
power charging and data transmission before starting a new cruising task. As a result of the support from
the helipad, the AUH can endure the conditions in the lower ocean for a long time.
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Building on the experience of S-AUH, G-AUH, ICE-AUH and CORAL-AUH[25–35], we developed an
ultramobile AUH with advanced propulsion, navigation and wireless charging systems. We demonstrate
advantages of the ultramobile AUH in real-world scenarios (reported data were taken from 6 missions at
different time in swimming pool/pond/real sea conditions). We believe that AUHs have the potential for
greater manoeuvrability than other underwater devices, which could ensure their longevity in deep oceans
for large-scale continuous observations.

Results
Inspired by the bottom-dwelling stingray, we developed a disk-shaped AUH as a sea�oor-resident
underwater vehicle(See Fig. 2). The AUH measures 0.94 m × 0.94 m × 0.28 m, weighs 15 kg, is neutrally
buoyant, and can swim for 30 min at a time. The AUH has an attitude adjustment system and vectoring
propulsion system, which enables it to adjust to the desired attitude before propelling forward or
backward. An acoustic transducer and camera are mounted on the bottom of the AUH to receive acoustic
and optical signals, respectively.

Ultramobility

The ultramobility of the AUH is achieved via an attitude adjustment system and vectoring propulsion
system. The attitude adjustment system assembly is composed of two turn plates, with buoyancy
material cubes and interlaced leads distributed throughout. Each propeller is mounted on a steering
motor to change the direction of the propulsion.

The AUH adjusts the relative angle of two turn plates to achieve a range of attitudes and performs. left
and right turns through the differential speed control of opposite propellers. The AUH can perform
de�ections in any direction, with a maximum baseline de�ection of ± 90°. Similarly, the AUH can pitch its
dive planes in any direction, with a maximum pitch of ± 90°. A sample AUH trajectory is shown in Fig. 3,
illustrating the ultra-agile swimming motion following preset commands. The AUH can change attitude,
direction and depth while exploring the sea�oor, with an average swimming speed of 1.28 m/s (± 0.26
m/s) at depths of 0 to 100 m.

We performed quantitative tests in a pool to measure the propulsion and attitude adjustment capabilities
of the AUH. The average swimming speed in a straight path was 1.54 m/s (± 0.06 m/s), equivalent to 1.5
body lengths per second. The average angular spin rate was 3.14 rad/s (± 0.6 rad/s) with a zero turning
radius. Vertical diving can be achieved either in the vertical or horizontal attitude. The average dive speed
in the vertical attitude is 1.22 m/s (± 0.08 m/s), equivalent to 1.2 body lengths per second. The average
dive speed in the horizontal attitude is 0.72 m/s (± 0.07 m/s), equivalent to 0.7 body lengths per second.
Diving in the vertical attitude is ideal for gross depth changes, while diving in the horizontal attitude is
suitable for �ne depth adjustments.

Navigation and motion actuators
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The navigation system of the AUH consists of an inertial measurement unit (IMU), an inverse ultra-short
baseline (I-USBL) system and depth sensor (Fig. 4). I-USBL is a new system for underwater acoustic
positioning(56). Normally, the transmitter of the USBL is placed on the underwater vehicle, and multiple
receiving unit arrays are placed on the ship/shore base station. After receiving signals sent from the
underwater vehicle, the ship/shore base station determines the location and attitude information.
Acoustic communication is necessary for the underwater vehicle to acquire its own position. This paper
presents an inverse ultra-short baseline system in which a six-element receiving array on the AUH and one
transmitter on the base station are used. In this case, the acoustic communication equipment can be
omitted.

The motion actuators in AUH include the gear-side motor, steering motor and propeller. The motion
control panel perceives data from sensors, and output motion commands after position calculation. The
inertial measurement unit (IMU) measures the three-axis attitude angle and acceleration rate of the AUH.
The inverse ultra-short baseline (I-USBL) system is used to determine the exact position of the AUH
according to the delay difference in the acoustic signals sent to and received from the vehicle. The depth
sensor measures the depth of the AUH. Having received data from the positioning system, the motion
control panel then calculates the actual position of the AUH and compares it with the target position and
sends commands to the attitude adjustment system and propulsion system accordingly.

Underwater helipad
The underwater helipad is the home base of the AUH; it provides docking and protection for the AUH and
connects to the shore base station via a photoelectric composite cable. The helipad is made of steel pipe
frames and is equipped with an acoustic transducer, guiding light, camera and wireless charging system.
In the whole docking process, a main control module is responsible for the coordination and operation of
each functional unit. The docking process is described as follows. First, the acoustic communication unit
on the helipad obtains position information for the AUH and perceives its working state. When the AUH
approaches the helipad, the AUH switches to visual navigation mode, and the guiding light is turned on to
help the AUH dock with the helipad. After the AUH successfully docks, the wireless charging unit is
activated, and the AUH obtains energy from the helipad in a contact-less way.

Wireless power transfer involves inherent electrical isolation between the primary and secondary sides,
which ensures safe charging in an underwater environment. This breakthrough technology greatly
facilitates deep-sea power transmission. The wireless power and data transmission capability of the
system were tested in a pool. The resonant system operates at 35.4 kHz at a depth of 2 m, and the
wireless power transmission distance is 20 mm. An individual transmission path for simultaneous data
transfer was built with a Wi� module. The data upload and download rate is approximately 1000 bits/s at
a 20 cm distance. The results indicate that more than 98% of the data were successfully received. The
docking experiment was carried out in a swimming pool and a pond separately. In the pond, the AUH
docked successfully to the helipad 9 out of 10 times, while in the swimming pool, the docking success
rate was 100%.



Page 6/19

Discussion
We have presented a novel sea�oor-resident underwater vehicle, an autonomous underwater helicopter
(AUH), that demonstrated prolonged and consistent sea�oor-resident capability. Whereas most
autonomous underwater vehicles cruise and operate in the upper ocean, our underwater helicopter
features ultramobility and sea�oor-resident capability for sea�oor tasks. The acoustic-optic navigation
system provides a compact, software-de�ned modulation scheme for docking with the helipad that is
robust to noise and interference from a complex environment.

We demonstrated that the AUH can work in indoor environments and open seas. The next steps are test
AUH in severe environments(with greater �ows and depth), to use the AUH as an instrument to (i) study
the behaviour of marine life on the sea�oor and (ii) explore seabed resources, and to create AUH swarms
across different scales.

Methods
System architecture

The AUH system and main sub-components are shown in Fig. 1. The electronics module includes a
waterproof housing for the camera, microcomputer, main control chip, motor driver, battery, inertial
navigation and gyroscopic stabilization system. The housing is composed of two acrylic domes
surrounding an aluminium ring and waterproofed with an O ring(passed 100m pressure test). Inlet wire
channels are inserted on the side face of the acrylic ring. Outside the electronics module is the attitude
adjustment system assembly, consisting of two turn plates with buoyancy material (white) and leads
(black) �xed to them. Four equally-spaced vectoring propellers are mounted to the outer turn plate. The
vectoring propeller assembly is composed of a steering motor and a propeller. The system is covered by a
3D-printed shell, the shape of which is hydrodynamically optimized. Two �uid channels (horizontal and
vertical) are preset on the shell for each vectoring propeller.

Attitude adjustment

The attitude adjustment system assembly includes two turn plates that can rotate freely on ball bearings.
Two buoyancy material cubes and leads are �xed to each turn plate. By rotating the turn plates, the centre
of gravity and centre of buoyancy can be changed, and the attitude of the AUH can be adjusted (Fig. 5):
(i) At the initial position, the buoyancy cubes and leads are aligned in a staggered manner, and the AUH is
in a horizontal attitude. (ii) The inner turn plate rotates 180 degrees relative to the initial position;, the
centre of gravity is on one side of the AUH, while the centre of buoyancy is on the other side, and the
posture of the AUH becomes vertical. (iii) The inner turn plate rotates 90 degrees relative to the initial
position, and the posture of AUH becomes vertical. The propulsion direction of the vectoring propeller is
45 degrees.

Vectoring propulsion
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Four vectoring propellers are equidistantly arranged on the outer ring of the AUH. Integrating posture
adjustment with vectoring propulsion, the AUH is capable of accomplishing three-dimensional movement
with a zero turning radius, making it the most agile underwater vehicle. 1) Horizontal movement. The AUH
adjusts to a horizontal posture, and two opposite propellers propel forward and backward at the same
speed. 2) Vertical movement. For large-scale vertical movement, the AUH adjusts to a vertical posture,
and two opposite propellers propel forward and backward at the same speed. For �ne-tuned movement,
the AUH adjusts to a horizontal posture, and the four propellers propel forward and backward at the same
speed. 3) Oblique movement. The AUH adjusts to an oblique posture, and two opposite propellers propel
forward and backward at the same speed. 4) Steering. Two opposite propellers propel the AUH forward
and backward at different speeds. 5) Spin turn. Two opposite propellers propel in reverse directions.

Acoustic positioning

The positioning system of the AUH consists of an inertial measurement unit (IMU), an inverse ultra-short
baseline (I-USBL) system and depth a sensor (Fig. 6). I-USBL is a new system for underwater acoustic
positioning. Normally, the transmitter of the USBL is placed on the underwater vehicle, and multiple
receiving unit arrays are placed on the ship/shore base station. After receiving signals sent from the
underwater vehicle, the ship/shore base station determines the location and attitude information.
Additional acoustic communication is compulsory for the underwater vehicle to acquire its own position.
This paper presents an inverse ultra-short baseline system in which a six-element receiving array on the
AUH and one transmitter on the base station (the helipad) are used. The AUH vehicle can obtain
positioning information directly from the receiver module rather than waiting for conventional USBL
results transmitted from the acoustic modem on the surface vessel. Provided accurate clock
synchronization on both the transmitter and receiver, the AUH could range itself once the transmitted
signal arrives while being acoustically passive. In this case, the acoustic communication equipment can
be omitted, and the passive receiver array on the AUH would consume much less energy.

The acoustic transmitter is housed in the underwater helipad, which incorporates an embedded processor,
a power ampli�er and a synchronized clock into an aluminium cylindrical waterproof cabin (ϕ202
mm*352 mm). The pre-designed signal is generated by a digital signal processor (DSP, TMS320C6748
from Texas Instruments) and transmitted through a �eld programmable gate array (FPGA, Spartan 6 from
Xilinx) triggered by the rising edge of a synchronous PPS clock. We chose a 200-Watt class-D power
ampli�er placed ahead of the spherical omnidirectional underwater speaker to ensure a reasonable
effective propagation zone. The pulse-per-second (PPS) signal of the synchronous clock is pre-calibrated
using a GPS antenna above the water and kept synchronized underwater utilizing a chip-scale atomic
clock (CSAC)(35).

The acoustic receiver consists of a six-element circular hydrophone array(57,58), a front-end ampli�er
and an embedded processor that incorporates a DSP and FPGA. In contrast to the transmitter scenario,
the hydrophones of the receiver convert the arrived acoustic signal to a measurable electrical analogue
signal; subsequently, the front-end ampli�er delivers a voltage-level signal to a high-speed analogue-to-
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digital converter (AD7606) for sampling. The FPGA continuously keeps sampling triggered by the receiver
PPS clock synchronized to that on the transmitter.

The transmitted signal is a pre-recorded 10 ms, 8–14 kHz linear up-chirp in consideration of the
propagation distance and auto-correlation coe�cient. The transmitter and receiver transmit and receiver
signals at the same moment, which is the rising edge of the PPS. There is a meaningful time delay in the
received signal standing for time of �ight (TOF) that can be determined by a correlation process using
known signal characteristics in both the time and frequency domains. Provided accurate conductivity,
temperature and depth, the sound velocity can be determined and used to range the distance between the
transmitter and receiver.

Azimuth is an essential parameter in underwater localization in addition to the distance mentioned
above. To precisely estimate the azimuth, we set a horizontal circular 6-element array with hydrophones
uniformly spaced in a diameter of 130 millimetre, whose geometry suits our disc-shaped AUH well.
Beamforming is widely used for azimuth estimation. We use the deconvolved conventional beamforming
(dCv) algorithm, which can achieve a narrow beam width with low sidelobes, providing a high directivity
factor (DF).

Optical guided docking

In the far end, the AUH determines its position with an acoustic transducer and navigates towards the
helipad. On approaching the helipad, the AUH gradually adjusts its posture to align with the target
orientation. In the near end, the AUH tracks the navigation lights with a machine vision algorithm to
adjust its position and posture precisely and dock with the helipad successfully.

When the distance between the AUH and helipad is within a given value, the AUH switches to visual
navigation mode. The camera will �rst detect whether the light source is within the camera view. If the
light source is not found, the AUH will keep moving to obtain a large �eld of view for a second detection.
If the second detection fails, the AUH determines that the helipad is still at a distance away will switch
back to acoustic navigation mode until the light source is �nally detected.

Once the light source is detected, a program written in Python will call the camera to capture an image
frame. Image pre-processing is conducted afterwards, including de-interference, noise reduction,
sharpening, de-distortion and binarization.

According to the image processing algorithm, the features of the image are extracted and analysed to
obtain the relative deviation angle and pixel distance between the AUH and the helipad. These processing
results are sent to the STM32 through the serial port. The propellers are modulated according to the
calculated deviation angle and distance through closed-loop PID control. Once the docking conditions are
met, the propellers adjust the AUH to vertical attitude and push the vehicle downwards into the
helipad(See Fig. 7).

Underwater Helipad



Page 9/19

The helipad is the home port of the AUH. The supporting frame of the helipad is made of 980 steel pipes,
2.5 m in length and width, and 1.2 m in height. The main external frame of the support is the main
bearing structure; it is welded with steel pipe with an outer diameter of 50 mm and a wall thickness of 5
mm. The internal supporting steel pipe is a square pipe with a wall thickness of 5 mm and a diameter of
50 mm. The helipad is a truss-like structure that fully utilizes its material strength with a minimal main
frame weight. The helipad is small on the top and large at the bottom, which increases its standing
stability. Its upper end is equipped with a guiding light and an acoustic transducer, and the lower end is
equipped with mounting brackets, an electronic control cabin, a standby power supply cabin, and an
underwater camera. The cabins are made of 6061 aluminium alloy. When the AUH docks with the helipad,
the lander lands on a porous mounting plate.

After the AUH docks with the helipad, a locking device is activated, and wireless charging starts.
Meanwhile, cruising data is uploaded, and a new task is downloaded to the AUH. A compact wireless
power transfer system was built to enable contact-less power transmission from the helipad to the AUH.
The WPT system, consisting of a DC voltage source, H-bridge inverter, magnetic coupler, compensation
network, recti�er, capacitive �lter, and controllers, is separated into two isolated parts, i.e., the primary side
and the secondary side, as shown in Fig. 8. On the primary side, the H-bridge inverter outputs high
frequency AC current to the primary side coil, establishing a high-frequency magnetic �eld. The high-
frequency magnetic �eld is transferred to the secondary side coil through magnetic coupling, and then
the secondary side recti�er converts the AC voltage to DC voltage, which is �nally used to charge the
battery with constant current output. As the equivalent resistance of the battery varies throughout the
charging process, the WPT system should be able to maintain a constant output current and constant
input current phase to retain stable and e�cient operation. An LCCL compensation topology enables the
system to output a constant current throughout the charging process.

A mechanical guidance frame ensures alignment of the transmitter and receiver coils. The
electromagnetic coupling structure is shown in Fig. 8. As the acoustic receiver array is placed at the
bottom of the AUH, the receiver coil is placed a distance away to reduce electromagnetic interference and
increase e�ciency.

Open-sea experiments

We tested the ultra-mobility of AUH in the open ocean, in which AUH takes typical actions like spin,
vertical rotary, vectoring propulsion and hovering at any attitude in a complex underwater environment.
Three dives were conducted over the course of 2 days, exploring in the Luhuitou Bay in Sanya, China.
This environment offers complicated seabed topography with varying tidal conditions, allowing AUH to
be evaluated in real-world conditions.

The AUH conducted about 30 min of continuous motion during each dive, at an average depth of 8 m and
a maximum depth of 12 m. All of these tests evaluated the effectiveness of the AUH in ultra mobile
motion control. The AUH’s trajectories were recorded by two divers using GoPro from distance of several
metres.
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Figure 1

Ocean topography and underwater vehicles. AUVs cruise in the upper ocean. ROVs operate in a single
location with a ship as the base. AUHs feature ultramobility and sea�oor-resident capability in sea�oor
tasks.
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Figure 2

AUH system overview. (A) The shape of AUH was inspired by a stingray. (B) Components of the AUH.
(C)AUH docked into the helipad for wireless power charging and data transmission. (D) Exploded view of
the electronic cabin.
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Figure 3

Sample AUH trajectory. (Top) The AUH cruises with ultra mobility. (Bottom left) The AUH makes a spin
turn. (Bottom middle) The AUH docking into the helipad. (Right) AUH in multiple states.



Page 16/19

Figure 4

Flow chart of the navigation and actuation system. (Top) Acoustic-optic navigation scheme. (Middle)
Components of acoustic navigation and actuation system. (Bottom) Control scheme in acoustic
navigation mode.
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Figure 5

Multidimensional attitude adjustment. (Top) Different alignments of buoyancy cubes and leads result in
various postures and movement directions, and diagrammatic sketch of movement in the sea and
corresponding coordinates. (Bottom) Attitude adjustment of the AUH.

Figure 6

Acoustic positioning system. (Left) Exploded view of the acoustic transmitter and receiver array. (Right)
Flow chart of the acoustic positioning system.
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Figure 7

Optical guided docking system. (Top) Image processing procedures in Raspberry Pi. (Bottom) PID control
of motion during docking.

Figure 8
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Underwater helipad. (Left) Components in the underwater helipad. (Right) In the wireless power transfer
system, the transmitter coil is attached to the helipad, the receiver coil is located inside the electronic
cabin of AUH.


