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Nezha-Mini: Design and Locomotion of a Miniature
Low-Cost Hybrid Aerial Underwater Vehicle

Yuanbo Bi
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Abstract—The distinct design concepts of the vehicles operating
in air and water is one of the tremendous challenges that constrain
the development of the hybrid aerial underwater vehicle (HAUV).
This incompatibility consequently results in the enlarging volume
and weight of the existing prototypes, as well as the unmatched
maneuvering characteristics in both domains. This letter presented
a novel miniaturized and lightweight HAUYV, “Nezha-mini,” which
weighs 953 g and is only A4-scaled. Besides, the low cost and
high modularity allow the convenient repair and remanufacturing.
Nezha-mini reconciles the complete multi-domain maneuverability
within 50 m aerially and 6 m underwater whilst sufficing for the
rapid and stable cross-domain locomotion, which benefits from the
selection and unique layout of the propulsion system, as well as
our proposed multi-modal control strategy and the cross-domain
triggering mechanism. The results of the field experiments are in
good agreement with the dynamics simulation, demonstrating the
performance of multi-domain locomotion in real environments.
The preliminary exploration in this letter provides a referential
solution for the miniaturization of the highly maneuverable HAUVs
for practical applications and creates a feasible platform for the
future clustering and networking of HAUVs.

Index Terms—Hybrid aerial underwater vehicle, miniaturi-
zation, multi-modal control, cross-domain locomotion.

I. INTRODUCTION

HE miniaturized and lightweight robot is attracting grow-
T ing attention in robotics due to the preponderance of solid
flexibility, concealment, and portability [1]. The miniature un-
manned aerial vehicles (UAV) [2] and unmanned underwater
vehicles (UUV) [3] have indispensable applications in their
respective fields, such as cluster detection and formation coop-
erative operation [4]. In addition, the cases of cross-domain col-
laboration between UAV and UUV are also emerging rapidly [5].
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Fig.1. Schematic of the cooperative operation of the unmanned system cluster.
A. The HAUV formation takes off from the unmanned surface vessel (USV).
B. The formation performs the flight mission on a preset path. C. The forma-
tion enters the water. D. The formation performs the underwater mission and
communicates with the USV through the underwater acoustic. E. The formation
leaves the water. F. Course reversal.

In the past decade, there have been attempts to bridge UAV and
UUV to create hybrid aerial underwater vehicles (HAUV) with
multiphase traversal capabilities [6]. Therefore, the miniaturized
HAUV is a crucial link in the future development of HAUV
and charts a desirable blueprint for the application scenarios
of the multi-domain cooperative operation of heterogeneous
unmanned vehicles as shown in Fig. 1.

Despite these prospective advantages, the miniaturized
HAUYV faces unique challenges and constraints. The fluid prop-
erties differ considerably between the two domains, that is, air
and water. The relatively independent and mature configura-
tions of the vehicles operating in both extreme domains can be
non-intersecting or even contradictory during the integration,
which is the inherent problem in the HAUV design process [7].
In order to ensure the capabilities of multi-modal locomotion,
diversified propulsive strategies that consider the different phys-
ical constraints of both airborne and underwater environments
are required, and the tradeoffs of performance are inevitable [8].
Moreover, in the trans-media process, the response frequency of
the miniaturized HAUV is more severe when subjected to en-
vironmental disturbance than the existing normal-scale HAUYV,
and the disturbance amplitude that the miniaturized HAUV can
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TABLE I
COMPARISON OF THE SIZE, WEIGHT AND PERFORMANCE OF SOME ROTORCRAFT HAUV

Prototype Nezha III [13]  Loon Copter [15]  Naviator [16]  Hydrone [17]  Morphable HAUV [18]  Berkeley [9]  Nezha-mini
Size >1m 0.5-Im 0.5-Im 0.3-0.5m 0.5-Im <0.3m <0.3m
Weight >10kg 2-5kg 2-5-kg 1-2kg <lkg <lkg <lkg
Entire cycle v v v X v X v
Rapid transition X X v X X X v

cope with is also more limited [9]. Hence, transition strategies
for the miniaturized HAUV are necessary to be explored. Be-
sides, the waterproofing and pressure resistance requirements
increase the weight and volume. The carrying capacity of battery
satisfies the endurance. However, the weight proportion of the
power system is relatively large compared to other structures.
These factors are all not conducive to the miniaturization and
lightweight of HAUV.

A number of robotic platforms, such as the fixed wings, bionic
microrobots and rotorcraft vehicles, have been developed to
explore the multiphase locomotion. The fixed wings have higher
requirements on the speed and attitude during the cross-domain
locomotion [10]. In addition, although the weight of the fixed
wings is light, the wingspan increases the size and is against
miniaturization [11]. For bionic robots, their size is generally too
microsized (millimeter-level in [8]), and the movement ability
and range are limited so that there is still a certain distance from
practical engineering application [12]. The rotorcrafts improve
the stability of the miniaturized systems compared to fixed
wings, but the additional motors and mechanical components
generally increase the overall weight of the vehicle. For ex-
ample, both Nezha [13], [14] and Loon Copter [15] adopt an
additional buoyancy regulating mechanism that allows the mode
switch during the transition. Whereas it sacrifices the rapidity
of transition and enlarges the weight and volume. Naviator uses
two sets of aerial propellers for both airborne and underwater
propulsion (four propellers in each set), displaying good stability
in both media, but the aerial propellers are less efficient in
the water [16]. All the HAUVs above displayed the capacity
of the entire cross-domain cycle in field tests. However, they
do not meet the demand of miniaturization and lightweight
relatively. In recent years, more teams have implemented the
work on the miniature HAUV of new conceptions. The two
HAUVsin[7],[17] have only completed simulation tests instead
of experimental verification. The Mini HAUV from Berkeley
weighs only 202 g and is 14 cm wide, which is the smallest
rotorcraft HAUV at present. However, it has only completed the
water-exit experiment [9].The morphable HAUV in [18] adopts
vector propulsion underwater aided by a tilting mechanism.
Detailed parameters about the size and weight are shown in
Table I. Entire cycle indicates the capability of performing the
whole water-air process while rapid transition refers to the
the capability of transiting continuously without reliance on
assistive mechanisms.

This letter reports a novel low-cost hybrid aerial underwater
vehicle named Nezha-mini, which owns the same size as the
A4 paper and weighs only 953 g. The modularity and encap-
sulation of the main components enhance the robustness of the

configuration. The optimized thruster layout and the airframe
structure permit the maneuverability comparable to that of a
quadrotor in the flight mode and an autonomous underwater
vehicle (AUV) in the underwater mode. Furthermore, a com-
plete multi-phase control framework, comprising the transition
strategy, was designed based on the compound dynamics model.
The entire flight-submergence-flight cycle and the deep submer-
gence were fulfilled in the field experiments, exhibiting high
coincidence with the simulation results.

II. PROTOTYPE VEHICLE DESIGN
A. Configuration Overview

Nezha-mini opts for the carbon fiber airframe of the first-
person view (FPV) drone, divided into two layers by the 15 mm
aluminum columns. The lower bottom board extends to the bow
for the vertical marine thruster (M1). The spacing between the
bottom and top boards can accommodate a 4 in 1 waterproof
aerial electronic speed controller (ESC) and allow the bow
thruster M1 to be appropriately positioned. The top board holds
four aerial thrusters (A1 to A4, anticlockwise) and the electron-
ics bay (EE Bay), surrounded by a removable foam buoyancy
material. The two outward-turning marine thrusters (M2 and
M3) are symmetrically and horizontally fastened to the stern
and are non-interacting with the buoyancy material and aerial
thrusters. More details are shown in Fig. 2.

Nezha-mini is sized 280 x 193 x 91 mm (length, width,
and height) without propellers, represented by [L, W, H| re-
spectively as shown in Fig. 3. The EE Bay is sized 237 x
45 x 2 mm (length, diameter, and thickness) and marked as
[Ler, WgE, Hgg|. The buoyancy material is designed to en-
sure the body’s center of buoyancy (C') and the center of gravity
(C¢) are aligned vertically and Cp locates higher than C¢ to
allow the stability on the water surface. The distance from the
designed waterline to the top of the buoyancy material is 3 mm.
The whole HAUV weighs 953 g and the mass distribution is
shown in Fig. 3. The two sets of thrusters improve the maneu-
verability in distinct media, but the trade-off is that the weight
of the propulsion system is considerable, accounting for almost
half of the total weight.

B. Avionics

Nezha-mini adopts two sets of microcontrollers for the lo-
comotion in distinct media (Fig. 4). The flight controller is
equipped with a GPS and a receiver (RC) communicating with
the ground station, and leverages the available firmware of
quadrotors. The inertial measurement unit (IMU) of the flight
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A. Model of Nezha-mini with the marks on the coordinate systems and obverse directions. B. Three views of Nezha-mini and the marks of the main

Fig. 3.

module is also embedded in the controller. The underwater con-
troller integrates independent sensors, including the miniature
IMU and depth sensor (MS5837). The former interacts with
the controller through the USART communication protocol and
the latter requires the 12C protocol. The controller runs the
preprogrammed algorithms which are uploaded by the HC-06
Bluetooth module. The secure digital memory card (SD) records
the navigation data and communicates through the SPI protocol
with the controller. The controllers are powered by the 5 V
voltage, converted from the 12.6 V voltage of the 3 s LiPo battery
through a voltage regulator (Reg). Each electronic component is
fed by the onboard 3.3 V voltage of the corresponding controller
except for the high-powered HC-06 and SD modules. They are
fed directly by the 5 V voltage of Reg to prevent the overheating
of the main control board. All the electronic structures are
encapsulated in an acrylic cylinder (EE Bay) to ensure water
tightness, so the scale is also a restriction for selecting avionics
except for the weight and power.

The ESCs are arranged outside the EE Bay and are waterproof,
which facilitates the heat dissipation and saves the space of EE

A. Four views of Nezha-mini and the marks of several principal dimensions. B. Mass distribution of Nezha-mini.

Bay. The power and signal bus (PSB) connects the internal and
external EE Bay, and transmits seven channels of pulse width
modulation (PWM) signals output by the controllers and the
12.6 V power for the ESCs. The PSB comes out of the rear
cover of EE Bay and is connected to the aerial ESC. Besides,
the depth sensor is also fixed to the boreholes in the rear cover.
Thus, the rear cover is waterproof with epoxy resin.

III. DYNAMICS AND CONTROL
A. Multi-Modal Dynamics

The simplified geometric model of Nezha-mini is shown in
Fig. 2. Two frames are defined: a frame attached to the static
water surface { Rg }(Oe, T¢, Yo, 2¢ ), which is the inertial frame,
and a body-fixed frame { R } (Os, xp, yp, 2 ), where Oy, is fixed
on the center of mass of HAUV (C{ in Fig. 3). The position vec-
torin { R} is defined as x = [z y 2|7, and the attitude vector
is defined as © = [¢ 0 9] The velocity vector and angular rate
vectorin {Rp}arev = [uvw]T and Q = [pqr]T respectively.
The rotation matrix { R4} expressing the transformation from
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{Rp} to {RE} and the transformation matrix of angular rate
{R2} are given by:

[ chcp spsbcy — copsty copsbel + spsip

Ry = | sy spsOs) + coch cohshsy — sperp (1)
| —st s¢pch cocl
[1 s¢td coth

Ro= |0 o —so 2)
KU

where ¢(-), s(-) and ¢(-) denote cos(-), sin(-) and tan(-) re-
spectively. Notice that ?; is an orthogonal matrix, so we have
R;' = RY. Therefore, the kinematic equation of our HAUV is:

x = Riv, ©® = R,Q (3)

To simplify the model, the coupling terms and higher-order
terms are ignored. The multi-modal dynamics for the vehicle
under Rp are given based on the Newton-Euler equation:

(Mo — EMa)o — [(Mo — kMg )v]x Q2
—kDM’U|'U| +g1 = (1 - k)Fair + kF water (4)
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TABLE 1T
MODEL PARAMETERS OF NEZHA-MINI FROM THE ESTIMATION AND SYSTEM
IDENTIFICATION

Value & Unit
[2.54,5.71,7.71]1x 10— 3kg-m?
[-0.29,-0.29,-0.49Tkg
[-0.5,-1.1,-2.3] x 10~ >kg-m?
[-11.2,-11.2,-27.5]N-(m/s) 2
[-0.1,-0.2,-0.3]N-m-(m/s) 2
[0,0,18.5]7mm
[140.3,0,-317mm

Symbol
[Lxz, Iyy, I=2]
[Xa,Ys, Zu)
[Kp, Mg, Ny]
[Xu|u|7Yv|v|7Zw|w\]
(Kplpl» Mq|q|» Nrir|]
rB = [zf yy 2y]

TM1
M2 [-97.3;54.5:-10] T mm
T3 [-97.3;-54.5;-10] T mm

(Jo — kJ o)+ (EMgv)xv — [(Jo — kJ 4)Q] X Q
_kDJQ|Q| +g2 = (1 - k)Mair + k'Mwater (5)

where,

1) (Added) Mass and Inertia: m is the mass of HAUV
and Mo = diag[m,m,m|. Jo = diag[l,z, Iy, 1..] is the
moment of inertia around the z,y,z axis of Rg. M, =
diag[ X, Yo, Zy), Jo = diag[K;, My, N;] are the added mass
and inertia of the 6 degrees of freedom (6DOF) in hydrodynam-
ics. The estimated values are shown in Table II.

2) Damping: The drag coefficients and drag moment coef-
ficients are expressed as Dns = diag[Xyju|; Yojv|, Zuw|w|] and
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D = diag[Kpp|, My|q); Nyjr] in 6DOF respectively. They can
be estimated through system identification.

3) Restoring Force and Moment: Let the gravity vector of
HAUV be fg =1[0 0 —mg]?, and the buoyancy vector is
fB =100 puatergV]’, where g=9.8 m/s 2 is the acceler-
ation of the gravity, puwater=1000 kg/m® is the density of
water and V'=9.72x10"* m? is the volume of Nezha-mini.
In addition, let the coordinates of the center of buoyancy in
{Rp} (Cp in Fig. 3) be rg = [z} y z]T when the HAUV
is fully submerged, so we have: g1 = —RI (fp + fc) and
g2 = —’I"BXR{fB.

4) Control Force and Moment: The thrust model of pro-
pellers can be written as follows.

Tji = p;Crj(J)w}; Dy,
Qji = piCq;i(J)w} D3,

Qi

Ji

M.

Jr

,1=1,2,3,(4), j = A(air), M (water) (6)

where, pqi-=1.29 kg/m3 is the density of air. T};, @;; and
M;; are the thrust, power and torque generated by Al to
A4 or M1 to M3. Cr; and Cg; are the thrust coefficients
and power coefficients in air or water, which is related to
the coefficient of advanced velocity J. wj; is the propeller
speed and D; is the diameter of the aerial and marine pro-
pellers. Define d; as the ratio of Cgp; to Cr;, so we have
M;; = Tj;d;. The fitted static characteristic curves of the
thrusters are given in Fig. 5 based on (6). Since the vehicle
operates at low speed, we ignore the influence of J on the
curves.

The origins of coordinates of M1 to M3 are marked as C'ps1
to Cpr3 in Fig. 3. Their position vectors to C'i are denoted as

1 to 7 ars. The underwater model can be expressed as:
F'wate‘r‘ = [TM2 + TM3, O; TMl]Ta
M yater = "1 X [O,O,TMﬂT + rap2 X [TM27070]T

+ 73 X [Tars, 0,0 + (0,0, Man]™ (7)

Furthermore, the normal direction of the vertical thruster M 1
is orthogonal to the advanced orientation of the vehicle, resulting
in the curved streamlines and thus thrust loss, which can be
modeled by the empirical formula (8) summarized in [19].

Thvi = 1,078671'654upwaterCTwater (J)w%/llD?uater

®)

where u is the speed in x;, axis.

The centers of Al to A4 deviate little from C¢, so that we
assume that they coincide. The aerial model follows the general
thrust distribution principle for quadrotors:

_ 4 T
Fair = OvanTAi y Mair
L =1
- T
2 2 2 2 Al
,éLA %LA \%LA 7\/?[414 Tio
= | —%FLa —FLaFLa FLa | |7, @
L *dair dair *dair dair T
A4

where L 4 =124 mm is the length of the arm of airframe.
Lastly, & is the phase factor that £ = 1 means the underwater
state and £ = 0 means the airborne state.

B. Control Strategies and Cross-Domain Triggers

Similar to the typical quadrotors, Nezha-mini operates in UAV
mode with an inner and outer closed-loop control logic as shown
in Fig. 6, with the outer loop tracking the position and the inner
loop tracking the rate, and the output of the outer loop serving
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Fig. 8. Complete cross-domain mission cycle (Flight-submergence-flight): (A) Landing on the water surface after the first flight. (B) Simulation and experimental

results of the depth and attitude of the underwater maneuvering locomotion. (C) Trigger of the window period (¢p) and the whole process of the water-egress.

as the input of the inner loop [20]. When operating in AUV
mode, Nezha-mini is a severely underactuated system which
is not capable of diving vertically and moving sideways. The
prerequisite for all underwater locomotion is the slow advance
of the vehicle, which requires the idling of the rear thrusters M2
and M3 with the speed wg. On this basis, M1 operates forward
or backward to fulfill the descending and ascending with the

desired pitch angle 6;;,,, through a double closed-loop strategy,
and the course is altered through the differential rotation of M2
and M3. U, Uy, U, are respectively the output of the controller
of'the depth, pitch and yaw channels after the amplitude clipping,
and are mixed to get the thruster speeds subsequently. The speed
limitations of each channel are U.paz, Usmaz, Upmaz. More-
over, for decoupling the depth and pitch channel, § is introduced,



BI et al.: NEZHA-MINI: DESIGN AND LOCOMOTION OF A MINIATURE LOW-COST HYBRID AERIAL UNDERWATER VEHICLE 6675
0 40 15
10
- 120 — —
E-2 88 5
- T
= 10 2=
5 53 0 |
o-4 - ‘:‘ -~ o« d-test
i . ™ -5 — - gh-si |
6 -t L - J 40 -10
0 +fo " ~_ 20 30_ - 40 50 .= " 604 0 20 . 40 60
i ~a ‘_-Time[s] F ‘__.- N ime [s]
- -120
&-130
[}
=z
3 -140
}
150 - = l-simu
0 20 40 60
Time [s]
Fig. 9. Automatic underwater locomotion of the depth-keeping and head-keeping.
which is the fluctuating interval of the desired depth z;. When z  only in the location of M1 (rp71v = —7Tar1a), and ignore the

approaches z; (within the interval §), both the advanced speed
and pitch angle are decreased to make the system converge as
steadily as possible. To reduce the computational complexity and
ensure stability, the cascade proportional-integral-differential
(PID) controller is used in each channel.

A complete real-time triggering mechanism is proposed to
guarantee continuous and rapid cross-domain locomotion with-
out neglecting the system’s stability. During the transition pe-
riod, the HAUV will inevitably encounter wave disturbance
resulting in attitude fluctuations. Therefore, it is necessary to find
a relatively small and stable moment of attitude as the take-off
window. The window satisfies the following four conditions
simultaneously and the mathematical expression is shown in
Fig. 6.

1) Depth limitation: The HAUV has surfaced.

2) Attitude limitation: Attitude is small at this moment.

3) Tendency limitation: Attitude approaches a minimum.

4) Stability assurance: Attitude change is not apparent.

In contrast, the water-entry trigger is more straightforward,
requiring just launching M1 to M3 and shutting down A1 to A4
after the depth sensor detects the vehicle falling into the water,
without considering the attitude stability.

IV. ACTUATION LAYOUT CONSIDERATION

The overall actuation layout of Nezha-mini is defined as
the “X+A” type. Al to A4 adopts the traditional X-shaped
layout of quadrotors relative to Op. However, the layout of
M1 to M3 is worth considering. The vertical thrusters of some
three-propeller-driven vehicles are embedded in the middle of
the fuselage near Cy to achieve the vertical heave [21]. But
this will lead to a discontinuous fuselage and is not beneficial
for miniaturization. Therefore, two options were considered in
the design: bow-mounted vertical thrusters (A type and) and
stern-mounted vertical thrusters (V type), as shown in Fig. 7.
We assume that the difference between the two schemes is

interaction of the thrusters’ flow field. Based on the dynamic
model proposed in Section III, the underwater simulation is
carried out in Fig. 7(c) and (d).

Intuitively, the stress analysis in Fig. 7(a) and (b) shows
that the perpendicular component of the control force of pitch
Ths1 and the propulsive force Trq is reinforcing of the A
type while restraint of the V type, which indicates that higher
RPM is required to achieve the same diving speed than the
former (about 8 times of wy,ws when diving and 1.7 times
when navigating in Fig. 7(d)). Meantime, the relation between
speed and power is cubic according to (6). Therefore, V type is
significantly detrimental to the power consumption. The same
analysis applies to the surfacing period.

On the other hand, the stern-mounted M1 will be lifted in
the initial diving and is possible to be exposed to the air. The
vehicle may fail to dive due to the failure to reach the suitable
pitch angle because of the thrust loss and restoring moment,
while the A type is not confused by this problem. We assume
that the thrust decays linearly from C¢ to the water surface.
The subfigure in Fig. 7(d) describes the response of zp;1, the
distance between M1 and the surface, which causes a dive lag
and significant overshoot in pitch and RPM (the black circle in
Fig. 7). Above all, we adopted the A type for the layout of the
underwater actuation.

V. VALIDATION: SIMULATIONS AND EXPERIMENTS
A. Multi-Domain Locomotion Cycle

Outdoor experiments were performed to assess the robot’s
entire capacity of the multi-domain locomotion: stable flight,
underwater maneuverability and rapid transition, as shown in
Fig. 8. Nezha-mini landed on the water surface within 6 s after
the first flight mission and subsequently triggered the preas-
signed grid locomotion within 0 m to -2 m. 6, for the descending
and ascending was 20 degrees and -30 degrees respectively. The
fluctuation of the pitch response during the depth-keeping period
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was within 5 degrees and the depth error was within 5 mm.
The turning radius at the current speed can be approximately
estimated by the diving speed (about 0.3 m/s) and attitude,
which was about 0.38 m. The simulated and experimental results
coincided well and showed accurate tracking performance. The
roll channel responded to large fluctuations when turning the
course, which is not apparent in the simulation. After surfacing,
the vehicle did not start until the prediction conditions in Fig. 6
of'the window period (¢¢) reacted. The transition lasted about 9 s
and the robot experienced multiple attitude vibrations, accompa-
nied by the aerial propellers slamming against the mixed media
intermittently (¢1). The secondary flight mission proceeded (¢5 to
t4) after the full water-egress (t2). It is worth noticing that spare
buoyancy material was used for the whole process, reflecting
strong adaptability and robustness of Nezha-mini.

B. Deep Submergence

The deep submergence was also carried out. The maximum
depth of diving reached 6 m due to the depth limitation of
the experimental site. It can be calculated from Fig. 9 that the
descending and ascending speed are evenly about 0.25 m/s and
0.32 m/s under the 30% throttle propulsion and the preset 6.
The maximum jitter of roll and yaw is about 10 degrees. The
experimental results of depth and pitch channels are in good
agreement with the simulation results. We used safety cables
in case of emergency at the deep submergence case. Video
attachment: https://www.bilibili.com/video/BV1ju411k7Jy/

VI. CONCLUSION

In this letter, the design concept for Nezha-mini, a miniatur-
ized, lightweight and low-cost HAUYV, is presented. The four
X-layout aerial thrusters and the unique underwater propulsion
module qualify the potential of performing complete multi-
phase maneuverability and rapid cross-domain reaction. Addi-
tionally, the multi-modal dynamics and control framework are
proposed to validate and further implement the prototype test.
Meanwhile, the cross-domain trigger is given for the prediction
of the window period of the more stable water-egress. Moreover,
the layout of the underwater thrusters is optimized in terms of
power consumption and controllability through the simulation.
The entire multi-domain locomotion cycle and deep submer-
gence were achieved in the field experiments and the tracking
performance of both flight and underwater controllers in depth
and attitude channel approached the simulation results. The de-
veloped robot will be effective and low-cost for applications such
as the sampling of the water-air interface and the detection of
intensive obstacle areas, as compared to the current multi-vehicle
solutions.

In the future, the control framework will be extended to
achieve the fully autonomous takeoff in consideration of the
water-air mixed domain and compound disturbance. Further
weight reduction will be explored. Additionally, a miniature
navigational sensor is in development to accurately track the
horizontal degree of freedom. Finally, pushing this platform of
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the current scale level towards the orientation of clustering and
synergy is our long-term envisagement.
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