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Modeling and Performance Evaluation of a Novel
Bioinspired Ellipsoidal Underwater Robot

Chunying Li

Abstract—The diverse structural designs of bionic autonomous
underwater vehicles (AUVs) offer substantial advantages for ocean
exploration, ecological and environmental monitoring, etc. A rea-
sonable structure is crucial for the stable and precise operation
of an AUV. In this article, the overall performance of the pro-
posed ellipsoidal underwater robot (EUR), characterized by strong
adaptability, flexible movement, and high antipressure ability, is
evaluated by combining computational fluid dynamics (CFD) and
real-world movement experiments. First, the structural design and
motion of the EUR are optimized by CFD simulations, which pro-
vide favorable parameter data. Subsequently, the EUR propulsion
system is analyzed by calculating velocity, thrust, and antipressure
indexes of different models under same conditions. Next, dynamic
performance evaluation yields optimized angles, enhancing the
flexibility and efficiency of the EUR’s movements. Finally, a number
of experiments, including linear, turning, and diving motions, are
performed to verify the overall performance of the proposed EUR.
Simultaneously, comparative experiments also show that the ma-
neuverability of the EUR is improved. The evaluation methodology
employed in this article provides favorable gradient-based param-
eters for robot control and state estimation, serving as a technical
reference for the design of new bionic underwater robots.

Index Terms—Characteristic evaluation, computational fluid
dynamics (CFD) simulation, ellipsoidal underwater robot (EUR),
model design and optimization.

1. INTRODUCTION

HE ocean, encompassing over 70% of earth’s surface
and rich in biological and mineral resources, has become
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increasingly critical for human development as land resources
become scarce. However, the complexity and unpredictability of
marine environments pose significant challenges to underwater
operations, necessitating the development of underwater robots
as indispensable tools for exploration and engineering [1], [2],
[3], [4], [5]. Biomimetic robots, inspired by natural organisms,
enhance motion efficiency, environmental adaptability, and con-
cealment, thereby enabling complex tasks with improved flex-
ibility [6], [7]. Nevertheless, their control and design remain
challenging, with numerous studies concentrating on achieving
stable motion through regular-shaped structural designs.

Here are some related studies at home and abroad. Shin-
take et al. [8] employed a tension—string system to create a
fish-like robot modeled on the shape of a rainbow trout, which
offers potential advantages in covert surveillance and reconnais-
sance missions because of its mimicry characteristics. Berlinger
et al. [9] proposed the use of distributed detection networks in
cluster systems, which can cover extensive areas and are suitable
for tasks such as environmental monitoring and seabed search.
These studies still require further advancements in imitating
fish behavior and optimizing structure. The authors of [10],
[11], [12], and [13] designed the amphibious underwater robot
inspired by turtle, capable of adapting to both water and land
environments and meeting diverse movement needs. However,
the autonomous operation ability of such robots in cross-medium
environments still necessitates further enhancement. Kashem
et al. [14] designed the duck-type underwater robot, which ex-
hibits advantages in terms of underwater propulsion efficiency,
concealability, maneuverability, and versatility, although it is
not easily detected in certain environments. In summary, an in-
creasing number of research teams are investigating biomimetic
robots, but given the complexity and variability of underwa-
ter operations, robots with symmetrical structures demonstrate
greater advantages. Furthermore, there remains a lack of struc-
tural optimization and disturbance resistance analysis in the
design of biomimetic underwater robots.

In addition, it has been observed that fish-inspired robots, such
as those modeled after dolphins [15], [16] and whales [17], [18],
which possess streamlined bodies with reduced resistance and
enhanced flexibility, are more suitable for long-distance naviga-
tion and large-scale ocean exploration. Compared to precision
manipulation or complex marine environments, these types of
robots are limited in their internal space and carry a limited
numbers of sensors, which, in turn, affects their versatility and
control system complexity. In contrast, box-shaped [19], [20]
and spherical robots [21], [22], [23], [24], [25] are more suitable
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for these specialized environments. Due to its modular design, it
is more convenient to quickly replace devices according to spe-
cific tasks, demonstrating good stability and large load capacity.

The existing designs of biomimetic underwater robots present
aclear performance tradeoff paradox: while fish-like biomimetic
configurations possess streamlined advantages (drag coeffi-
cient: Cy < 0.2), they are constrained by their elongated body
shape, resulting in insufficient payload space (volume efficiency
<35%). Box-shaped and spherical robots achieve high stability
through symmetrical structures, yet face the dual dilemma of
a significant increase in fluid resistance (Cq > 0.8) and de-
layed maneuvering response (turning angular velocity < 30 /s).
Current designs often fail to systematically consider the cou-
pling effects of structural-fluid—control interactions, resulting
in inadequate compatibility between the propulsion system and
the shell morphology, which, in turn, causes local turbulence
losses. Disturbance-resistant designs typically rely on passive
mechanical structures, thereby limiting dynamic stability control
capabilities; In addition, the lack of integration between mor-
phological optimization and motion control leads to excessively
prolonged parameter iteration cycles. Based on the concept of
biomimetic jellyfish robots we previously proposed [26], [27],
[28], this article combines the advantages of special shaped
robots to design a biomimetic ellipsoidal underwater robot
(EUR). The streamlined shape of the turtle shell is employed to
enhance disturbance resistance, and the entire system benefits
from simple control, high symmetry, and stability, making it well
suited for various underwater tasks such as deep-sea exploration,
seabed mapping, and environmental monitoring. The contribu-
tion of this article lies in proposing the design of a novel bionic
robot EUR, systematically optimizing its dynamic performance
through simulation and experiments. This structure optimization
and evaluation method holds significant reference value for the
design and control strategy of underwater vehicles.

The rest of this article is organized as follows. Section II
introduces the overall design and the dynamic model of the
EUR. In Section III, the simulation experiment is verified and
overall efficiency is discussed simultaneously. The prototype
of the EUR is assembled, and experiments in real environment
are carried out in Section IV. The experimental results of the
EUR in simulation and real environment are also discussed in
Section I'V. Finally, Section V concludes this article.

II. MECHANICAL DESIGN OF THE EUR

In this section, the concept design and mechanical structure of
the EUR are described, and the motion of the EUR with multiple
degrees of freedom (DoFs) is analyzed.

A. Design of the Mechanical Structure

The EUR robot is inspired by natural sea turtles. From a
lateral perspective, the turtle’s body is streamlined, which aids in
reducing drag during underwater movement, allowing the turtle
to maintain a steady speed while minimizing energy expenditure.
To enhance flexibility in the ocean, turtles have forsaken the
defense mechanism of shell retraction. While this reduces their
defenses to some extent, it significantly enhances their mobility
in water. As anovel type of underwater robot, we have effectively
utilized its characteristics to achieve a superior robot structure.
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TABLE I
DESCRIPTION OF THE CORRESPONDING PARAMETERS

Symbol Description Symbol Description
Ca Drag Coefficient R, Reynolds Number
alb aspect ratio Oer Critical Buckling Stress
E Young’s Modulus t Shell Thickness
R Characteristic Radius v Poisson’s Ratio

The EUR’s design is based on the morphology of the tur-
tle, simplifying the model and transforming the overall flat
structure of the turtle into an ellipsoid shape. This design not
only incorporates the hydrodynamic advantages of the turtle’s
streamlined form but also enhances the stability of the entire
robot. Furthermore, it exhibits more pronounced advantages in
navigating challenging underwater environments, such as those
characterized by strong ocean currents [29].

According to the potential flow theory, the drag coefficient of
a spheroid can be expressed as

0.42
1+ 42500Re 116
where Re represents the Reynolds number, which is related to
the aspect ratio. When a/b = 1.4, the drag coefficient decreases

by 18.7% compared to a sphere (calculated value 0.32 versus
0.41). Simultaneously, based on shell stability theory, we have
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Therefore, the proposed robot utilizes an elliptical shell. The
critical buckling stress of the spheroidal structure (a/b = 1.4)
is 23.5% higher than that of a spherical shell, demonstrating
its superior compressive resistance. The relevant parameter de-
scriptions of this section are listed in Table I.

In [30], the overall control framework of the robot is first deter-
mined and a diamond tilt driver is configured. The analysis of the
open-loop zeros generated by the lateral and longitudinal motion
of the robot indicates their utility in stabilizing the horizontal and
vertical dynamics. The spherical geometry (m11 = My, where
m1; and My, represent additional masses in both lateral and
longitudinal directions) results in zero cancellation of poles and
uncontrollability. Mazumdar et al.[30] employ the 3 reference
value as an indicator of the system’s controllability (for details
of 3, refer to [30]), demonstrating that when a : b is 1.4, the

3 value reaches its maximum, indicating peak controllability.
Consequently, the aspect ratio (EUR) a: b = 250 : 180 1.4.

The EUR'’s shell and ring bracket are fabricated using 3D-
printed epoxy resin, while the cabin is constructed from acrylic
material, effectively withstanding water pressure up to about
5 m. The overall structure of the EUR adopts a modular design,
mainly including the control unit and the propulsion system. The
control unit is integrated onto a shelving board within the cabin,
and the propulsion system is fixed on a circular fixed ring. The
EUR has an air weight of approximately 11.3 kg. Due to the
lower center of gravity of the robot’s control unit, the robot’s
center of gravity is positioned below the center of the ellipsoid,
conferring strong stability on the water surface. The detailed
features of the EUR are shown in Table II.
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TABLE I
MAIN FEATURES OF THE EUR

Items Features Items Features
Mass (kg) 11.3 Length (m) 0.5
Volume of cabin (L) 15.58 Width (m) 0.36
Coefficient of drag 0.3 Height (m) 0.36
Top view Tt £ mot P T T = e 1
’ . ].llip.\ﬂidill aterprool motor- 1
X > -4 ¢ shell Waterproof servo !
Buckle : 1
. . 1
&% design - |
\ | 1
1
1

Cabin built-in Circular 1

Control cabin fixed-ring 1

storage board

Fig. 1. Overall mechanical structure of the EUR.

To comply with the ellipsoidal morphology, the thrusters are
rigidly mounted on the robotic body section. The propulsion
system integrates four waterproof servos and four vectorable
propellers in a bilaterally symmetric configuration, as shown in
Fig. 1, a design philosophy aligned with the reliability-driven
propulsion layout principles discussed in [31]. This configura-
tion not only enhances operational stability and maneuverability
but also implements a fault-tolerant strategy through thrust
redistribution matrix adjustment, achieving control redundancy
comparable to traditional eight-thruster configurations [31],
while avoiding the hydrodynamic interference issues mentioned
in [32].

The vector thrust mechanism, inspired by the compact dual-
motor architecture in [32], facilitates seamless integration with
established control frameworks. Specifically, the system pre-
serves compatibility with classical adaptive control methods like
those experimentally validated in [33], while simultaneously
accommodating advanced model-predictive control strategies,
as demonstrated in [34]. This dual compatibility reduces devel-
opment complexity by leveraging existing pseudoinverse solvers
and proportional-integral—derivative (PID) regulators [33], [34],
thereby enhancing methodological universality across different
operational scenarios.

B. Kinematic and Dynamic Models of the EUR

In this section, the EUR model is described, which has a
prominent role in the control and performance analysis. The
coordinate system is defined as shown in Fig. 2; the earth
coordinate system {E} and body coordinate system {B} are fixed
to describe the robot state. In the earth coordinate system {E},
the pose of the EUR is denoted by = [X,y,z, , , ]T. The

velocity of the EUR is represented by v = [u, v, w, p, q, r]T.
Here, the six-DoF nonlinear kinematic equation of the EUR
can be given as

T=J( ). 3)

Body-fixed
Coordinate System

Y,
Earth-fixed X
Coordinate System _.-~~ b
0 _.=" North
z X Heave

Zh

Fig. 2. Body-fixed and earth-fixed coordinate systems of the EUR.

where J( ) is the transformation matrix from the coordinate
systems {E} to {B} and is formalized as (4), shown at the bottom
of next page, where S, C, and t are the abbreviations of sin, cos,
and tan, respectively.

According to the notations described previously, the dynamic
equation of the EUR can be expressed as follows:

MV +C(V)V +D(V)v +g( ) = ®)

where M R® 6 represents the inertia matrix, C R® 6 repre-
sents the Coriolis and centripetal matrix, D R® © represents
the hydrodynamic damping matrix,g R® represents the vectors
of restoring forces and moments, and RS represents the
vector of input forces and moments.

C. Motion of the EUR

Fig. 2 illustrates the DoFs associated with the motion of the
underwater robot, including surge, sway, heave, roll, pitch, and
yaw [35]. This article’s EUR focuses on surge, heave, and yaw,
as depicted in Fig. 3. The robot’s propeller is initially positioned
at an angle, allowing for control of its motion by adjusting the
bidirectional rotation of the propeller, thereby affecting surge,
yaw, and sway movements.

In the surge movement, as shown in Fig. 3(a), the propellers on
the front and rear propulsion brackets rotate at a consistent rate,
generating a reaction force that sustains the robot’s high-speed
movement. In Fig. 3(b) and (c), the EUR yaws by turning the
servo to generate acombined ringing force. The EUR is equipped
with a four-propeller drive (four-vector propulsion), which facil-
itates faster steering and enhances the robot’s stability. For heave
motion, as shown in Fig. 3(d), the propellers can be turned all
up or down.

III. COMPUTATIONAL FLUID DYNAMICS SIMULATION

An analysis of the basic movements of the EUR, as discussed
in Section II, reveals that many movements are influenced by
the tilt angle of the robot’s propeller. To explore this influence
and further improve the motion performance of the EUR, we
made a simple analysis of the horizontal motion of the EUR and
obtained Fig. 4. Angle represents the initial angle between the
propeller and the forward direction. In this section, we will use

Authorized licensed use limited to: BEIJING INSTITUTE OF TECHNOLOGY. Downloaded on September 18,2025 at 07:45:22 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

@ o
oy
N a4
i\ S
(c) (d)
Fig. 3. Motion state of the EUR. (a) Forward motion. (b) Clockwise.

(c) Anticlockwise. (d) Heave motion.

computational fluid dynamics (CFD) simulation experiments to
explore the influence of and determine the optimal value.

A. Simulation Setup

Appropriate simplification of the 3-D model is essential be-
fore performing CFD simulations. The complexity of the model
is reduced by abstracting and generalizing the geometrical fea-
tures of the model and eliminating details with minimal impact
on the fluid dynamics analysis. This step is crucial as it ensures
the validity of the simulation results while significantly reducing
the required computational resources and time.

To accommodate our experimental conditions, a flow field
model with specific dimensions was designed in Ansys. This
flow field model is a rectangular space with dimensions of
4000 mm in length, 2000 mm in width, and 1000 mm in height
and intended to simulate the actual conditions of our pool. The
robot was positioned at the center of the rectangle, ensuring
that it was subjected to uniform hydrodynamic forces in the
flow field, thereby providing an accurate test scenario for our
simulations.

The simulation experiments in this article were conducted
using Ansys simulation software. The shear stress transport
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Fig. 4.

Force analysis diagram of movement on the EUR horizontal plane.

(SST) k-omega turbulence model was employed due to its capa-
bility to accurately simulate adverse pressure gradients and flow
separation phenomena on the autonomous underwater vehicle
(AUV) hull surface. The boundary conditions for the simulation
were configured as follows: the front-facing surface of the robot
was designated as the inlet, the corresponding rear surface as
the outlet, while the boundaries comprised the remaining four
surrounding planes (wall) and the robot’s own surface boundary
(Wally). To account for viscous effects in the underwater envi-
ronment, the boundary layer was dilated to ensure appropriate
near-wall mesh resolution for the selected turbulence model.
Meshing is an important part of physical simulation and a key
step of hydrodynamic analysis [36]. The mesh is generated by
the curvature method. This method refines the element sizes of
edges and surfaces. The fluid domain of the CFD simulation
experiment is shown in Fig. 5; the boundary of wall adopts a
structured mesh division method, and the boundary of Wall;
uses a structured mesh division method (Tetrahedron) and mesh
refinement. Parameters related to the EUR mesh are shown in
Table II1.

B. Model Analysis of the EUR

Given the bidirectional rotation capability of the robot’s pro-
peller, the EUR can maintain two initial states, resulting in two
simplified models of the EUR, as depicted Fig. 6. To improve the

cC cCSS S C C
cC S SS +Cc C C
S S C

J =

() 0 0
0 0
0 0

sc +ss O 0 0
Ss cs O 0 0
cc 0 0 0
0 1 st ct @
0 0 c ct
0 0 s/c c/c
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Fig. 5. Meshing of the flow field.

TABLE III
SPECIFICATION OF THE FLOW FIELD

Type Parameters
Size of pool(mm) 4000 x 2000 x 1000

Long half shaft of EUR(mm) 250

Short half shafts of EUR(mm) 180

Radius of EUR(mm) 180
Skirt length of the shell(mm) 10
Thickness of the shell(mm) 4
Model A Model B

<

S

N\

discrepancy

Fig. 6.  Two different simplified models.

dynamic performance of the EUR, we analyzed the two models
(named Model A and Model B).

In the simulation, the initial velocity of the both robots was set
to 0.5 m/s to replicate the robot’s advancement process, and the
simulation results are shown in Fig. 7. It is evident that a velocity
discrepancy exists between the two models on the EUR’s side.
Based on our previous design of spherical robots, a reasonable
model can help reduce deformation in complex environmental
motions and improve operational efficiency. Therefore, Model
B was selected as a simplified model for simulation experiments
to determine the optimal -angle range in practice.

In Fig. 4, the tilt angle is ultimately represented by the angle
of the propeller relative to the direction of travel. Therefore,
the effect on the robot can be indirectly assessed by altering
the angle . In the simulation, nine models were selected to
divide fromOQ to45 intonine intervals based on the dynamic
characteristics of the EUR. Fig. 8 illustrates several proposed

models. To minimize error at the model’s front, the distance
between H; and H» is maintained consistently (similar to the
steering system of a car tire) with an error of less than 5 mm.

Three simulation experiments were conducted for each of
the ten robot models. For each model, the average of the three
sets of experiments was calculated. Through postprocessing, the
resistance in the forward direction of the robot, the maximum
velocity at the robot’s top and sides, and the pressure at the lateral
joints of the spherical shell can be determined.

C. Resistance Analysis of the EUR

The propulsion performance of a robot is affected by several
factors, with resistance encountered during its progress being
the most significant. According to the postprocessing results of
the CFD simulation, we monitored and collected the X-axis of
the robot in the simulation experiment, with the results depicted
in Fig. 9.

A bar chart is used to display the maximum resistance value
from the test data, while a line chart represents the average re-
sistance value across the three experiments. To evaluate our test
results more accurately, a line graph with points and error bars
was utilized. The results demonstrate that as angle increases,
the robot’s resistance initially rises, followed by a decrease and
subsequent increase.

When angle ranges from 0 to 20 , the resistance is ob-
served to increase gradually with the increase in angle . During
this phase, the robot’s propeller begins to overturn, leading to an
increasing amount of water impacting the propeller and steering
gear. When is between 20 and 25 , as the propeller and the
ellipsoidal shell nearly become tangent, the collision between
the water flow and the propeller through the spherical shell
diminishes, resulting in a decrease in the robot’s resistance. As

continues to rise, the propeller turns outward, which, in turn,
causes an increase in the robot’s resistance.

D. Maximum Velocity Analysis of the Flow Field

In addition, we recorded the maximum speed of the robot
at the highest and most lateral points. Velocityl represents
the speed at the lateral point, while Velocity2 represents the
speed at the highest point. The data obtained from three sets of
experiments are averaged and presented in Fig. 10. It is evident
from the figure that as the angle increases, both Velocityl and
Velocity2 exhibit a decreasing trend. There is minimal change
in velocity during  ranging from 0 to 25 . However, when

> 25 , there is a more rapid decline in velocity. When the
propeller of the robot becomes tangent to the inclined plane of
its spherical shell, it allows for unobstructed water flow inside.
At angles greater than 25 | there is a more significant impact on
water flow velocity.

E. Pressure Analysis of the EUR

At the junction between the two semiellipsoidal shells of the
EUR, we uniformly chose a number of points to be monitored
and analyzed, and the average of the three experimental data for
each of these points was recorded as pressure;. From Fig. 11,
it is very obvious that pressure; is higher when  is small.
When is greater than 20 , pressure; decreases rapidly, and
after approximately 30 , the outward turning of the propeller
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Model A Model B

Fig. 7. Performance of the two models.

Fig. 8. Simplified models of different angles of the robot.
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Fig. 10. Maximum flow rate on the side of the robot.

reduces the direct impact of the water flow on the junction, and
the pressure generated by the drainage of the propeller does
not significantly affect the junction. This shows that our shell
junction experiences less pressure when angled beyond 20 ,
which is beneficial for long-term operation.

We performed different normalizations for the aforemen-
tioned metrics for different characteristics and integrated them
together to plot the radar (see Fig. 12) to better assess the optimal
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Fig. 11.  Pressure on the robot’s joints.
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Fig. 12.  Evaluation of EUR indicators.

angle .Itcanbe clearly seen that better performance is achieved
at 25 . The results indicate that when the angle is small, better
dynamic performance can be obtained by the robot, but there
is significant damage to the joint of the ellipsoidal shell. This
damage can lead to a faster deformation of the ellipsoidal shell,
affecting the overall structure of the robot and reducing its
service life. Conversely, when the angle is large, the damage
to the ellipsoidal shell joint is minimal, but the dynamic perfor-
mance of the robot is adversely affected. Considering various
indicators, an angle of approximately 25 can be considered
one of the best reference angles for optimal performance and
structural integrity.
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Fig. 13.  Fitting results of the propeller.

TABLE IV
FITTED PARAMETER CONFIGURATION

Configuration Parameter Configuration Parameter
Model Allometric F(x) ap *
ay 0.159 by 1.101
i A
| {
' Hio Hi ,
H, — Yy
Lj- H
L—‘ Xp
Fig. 14.  3-D model of the propulsion system.

IV. EXPERIMENTS AND RESULTS

In this section, according to simulation results, the robot’s
propulsion system is designed and the actual robot is
constructed. We performed physical experiments to experimen-
tally validate the robotic propulsion system and the robot.

A. Propulsion System Thrust Experiments

Before investigating the performance of the overall propulsion
system, we first test the thrust of the individual propellers.
Through the U-frame and load cell, the data of the thrust change
of a single propeller with voltage can be obtained. The power
function is used to fit the experimental results we obtained,
as shown in Fig. 13, and the fitting parameters are shown in
Table IV.

We modeled the propulsion system of the robot, as shown in
Fig. 14. To verify the performance of the propulsion system,
experimental tests were conducted. The experiment took place
in a small pool of water. During the experiment, the propulsion
force of the propeller was measured by the force sensor. The
coordinate system of the entire system and load cell is depicted
in Fig. 15. One side of the load cell is attached to the board,
while the other is attached to the propulsion system. The thrust
is generated within the XY plane. The propulsion system is
placed in the water. Since the support and the force sensor are

Xp

Loadcell
EE=E) Batery
PC POOL
Fig. 15. Thruster test setup.
13
2 3:5 | Thrust(N)
7.780
11
10 6.500
—
1% 9
5.220
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5 — 2,660
4 254 251 2.5 239 231
3 1.95 193 1.89 1.84 178 1380
[=] Vsl (=] v f=3 e (=3 e (=) wv [=3
- — N (o} o o < < sl
Angle-a(°)
Fig. 16.  Thrust at different voltages and angles.

Fig. 17.

Experimental setup.

rigid bodies, no relative displacement in the XY plane will be
caused by the deformation of the experimental device due to the
action of the propeller thruster. Propulsion can be measured by
reading the force on the Y -axis.

After the experimental device is fixed, the propeller is pow-
ered by a voltage regulator so that we can adjust the voltage to
any value. The experimental environment under different angles
can be simulated by adjusting the rotation of the steering gear.
The thrust experiment was carried out five times using the control
variable method. First, the angle was kept constant while varying
the voltage to observe changes in thrust. Then, the angle was
adjusted and the operation was repeated to obtain thrust results
at all angles and voltages. The final thrust is taken as the average
value of the five experiments; through the creation of a thermal
map, a clear visualization of the thrust values of the propulsion
system at various angles and voltages can be observed, as shown
in Fig. 16.

Authorized licensed use limited to: BEIJING INSTITUTE OF TECHNOLOGY. Downloaded on September 18,2025 at 07:45:22 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE JOURNAL OF OCEANIC ENGINEERING

Bwog

| —

motor drive
module

PcMotors

supply

power

RS48S counterweight J
Control Module  S€0S0TS

| DC motor control i
board

I
. | Servo control board

=1

| | Servo motors ‘ l DC motors I

Fig. 18.  Prototype and control diagram of EUR in the experiment.
TABLE V
PARAMETERS OF THE PROPELLER AND THE SERVO
Metric Propeller
Parameter | Diameter |Motor diameter| Housing Length | Total Length | Voltage Speed Current
Value 39mm 31mm 50mm 76mm 3-10V | 16800 r/min | 0.8-1A
Metric Waterproof Servo
Parameter Dimensions Weight Model Control Angle | Accuracy | Control Method | Voltage
Value 40%x20x40.5mm 95¢g RDS3230 180° 3 us PWM 5-8.4V
Start target ‘ Start depth=0m control algorithm, the multi-DoF precise motion control of the
Tt = Gl = T underwater robot is realized. The system collects three-axis
‘ ‘ ﬂ ; ‘ acceleration, angular velocity, and attitude angle data in real time
, through the IMU, combined with the Kalman filter to eliminate
‘ """target depth= -0.6m water flow disturbance noise, and constructs a dynamic attitude
(@) (b) feedback closed loop. For the three DoFs of surge, heave, and

Fig. 19. Linear and diving motions of the proposed EUR (detailed in the
supplementary material). (a) Linear motion. (b) Vertical motion.

B. Experiments in the Real Environment

To verify the performance of the EUR prototype, a number of
underwater experiments were performed in a constructed pool
with the size4 2 1 m (see Fig. 17).

Fig. 18 shows the hardware equipment and control system
used for the EUR prototype. The EUR drive unit consists of mo-
tor drive modules, PcMotors, waterproof servos, and propellers.
Each driving leg contains a waterproof servo and a propeller
whose parameters are listed in Table V. The power supply is a
12-V rechargeable Li-ion battery from NICJOY with a capacity
of 19 600 mAh. The control unit uses the Arduino control
board, which realizes multiple motions underwater by acquiring
information from the inertial measurement unit (IMU), depth
sensors, etc., and realizes the communication and data storage
through the Internet of Things communication system.

Subsequently, underwater motion experiments, such as surge,
yaw, and heave, were executed to validate the EUR performance,
as shown in Figs. 19 and 20, and the robot motion process is
detailed in the supplementary material. It is worth noting that
the target depth was set to 0.6 m during the dive due to the pool
size limitation. In this study, based on the IMU and PID+PWM

yaw, independent PID controllers were designed, and the con-
trol quantities were mapped to four symmetrically distributed
vector thrusters through the thrust vector decomposition model.
Experiments show that under the inclination angle of

=25 , the PID parameters are tuned by Ziegler—Nichols
method (Kp = 2.1, Ki = 0.4, Kd = 0.15), the step response
time of the system is shortened to 1.2 s, the steady-state error is
less than 5%, and the accuracy is increased by 32% compared
with the traditional proportional—derivative control.

The experimental results depicted in Figs. 21 and 22 demon-
strate both the efficacy and limitations of the robot’s motion con-
trol under real-world conditions. In Fig. 21, the robot’s trajectory
aligns closely with the simulated prediction during the initial
phase (0-7 s), exhibiting a positional error margin below 1.92%.
However, a notable deviation (5%—6% error) occurs between
10 and 12 s, attributable to hydrodynamic interference caused
by the confined experimental pool. As the robot approached
the pool boundary, reflected waves from the walls generated
counteracting fluid forces, which decelerated the robot’s propul-
sion. In addition, human-induced water disturbances within the
limited pool volume further perturbed the motion trajectory and
equilibrium.

In contrast, Fig. 22 reveals that the yaw motion demonstrated
consistent stability, with the steering angle varying uniformly
and minimal external interference. The slight trajectory discrep-
ancy observed during rotation may stem from the unmodeled
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Fig. 20.
Fig. 21.  Route of surge of the EUR during the experiment.
Fig. 22. Experimental results of yaw and heave.

hydrodynamic effects of the ellipsoidal shell, which were not
fully accounted for in the dynamic equations. Nevertheless, these
physical constraints do not invalidate the core conclusions, as
the primary metrics—including error thresholds, control respon-
siveness, and directional stability—remain statistically robust.
The results collectively validate the feasibility of the proposed
control architecture.

C. Discussion

1) Experimental Limitations and Boundary Effects: The ex-
perimental results presented in Figs. 21 and 22 reveal a critical

Turn motion of the EUR (detailed in the supplementary material). (a) t = 0 (s). (b) t =1 (s). (¢) t = 2 (s). (d) t = 3 (s).

Fig. 23.  Measurement error of the propeller at different voltages.

Fig. 24.  Comparison of maximum speed and propeller thrust.

challenge inherent to confined pool testing. While the initial tra-
jectory (0-7 s) aligns closely with simulations (error <1.92%),
the subsequent deviation (10-12 s, 5%—6% error) highlights two
fundamental limitations of the 4 2 1 m test environment.

1) Boundary-induced hydrodynamic interference: As the
robot approached the pool walls (t > 8 s), reflected waves
generated counteracting fluid forces that disrupted propul-
sion dynamics. Computational analysis (see Fig. 24)
shows wall proximity within 1.5 body length increased
lateral drag by 18.7% compared to open-water conditions.
This phenomenon mirrors the near-wall effects observed
in submarine pipeline inspection scenarios [19], where
constrained spaces amplify viscous damping.

2) Scale constraints on maneuverability: The pool di-
mensions restricted full deployment of the EUR’s
0.5-m-length body in multiaxis motion. During yaw tests
(see Fig. 22), the maximum achievable angular velocity
(27 /s) was 32% below simulation predictions—a dis-
crepancy attributable to insufficient clearance for vortex
shedding stabilization. This aligns with the Reynolds num-
ber(Re 1.2 10°)transitional flow regime, where scale
effects significantly impact torque generation [35].

2) Thrust Characterization and System Validation: During

our experiment, we found that the error of a single propeller is
not large, basically within 7%. Especially when the voltage is
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Fig. 25. Comparison of different SUR and EUR models.
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TABLE VI
COMPARISON OF PARAMETERS OF DIFFERENT TYPES OF ROBOTS

Index EUR Fish-shaped robot [8] Box robot [19]
Drag coefficient 0.3 0.1-0.2 0.8-12
Load capacity(L) 15.58 <5 High load

Steering flexibility Four-vector propulsion

Tail swing (slow response)

Multi-propeller coordination

Compressive depth(m) 5

<5 >20

low, the error is smaller (see Fig. 23). This indicates that the
performance of our propeller is relatively stable and reduces
the error influence of the test of our entire propulsion system
experiment (to ensure that our component in the nonmotion
direction is zero).

The propulsion analysis (see Figs. 13-16) demonstrates
remarkable consistency between simulated and measured
thrust profiles. However, the 15%-23% discrepancy in
positive/negative rotation efficiency reveals an asymmetric
flow-structure interaction.

1) Positive rotation: Water jet impingement on the ellipsoid
shell creates localized low-pressure zones, increasing ef-
fective thrust by 12.4% compared to free-stream condi-
tions.

2) Negative rotation: Propeller wake interaction with the
support ring induces turbulent dissipation, reducing net
thrust by 9.8%.

This bidirectional performance variation offers opportunities
for adaptive control optimization—a direction we plan to explore
through real-time pressure sensing integration [22].

In Section III, we can observe that the thrust of the robot and
the velocity of the side show a similar trend, as shown in Fig. 24.
As increases gradually, it implies that the more the propeller
turns outward, the more water it will collide with the propellers
on both sides. The velocity on the side of the robot (V1) is mostly
formed by the velocity after collision with the propeller (V). The
velocity formula for V¢ can be roughly deduced based on Fig. 4:
Ve = V4C0S (where Vg is the initial speed of the water). The
trend of change for these two indicators is roughly the same,
which, to some extent, reflects the accuracy of our simulation
experiment.

3) Comparison Between the EUR and Other AUVs: We com-
pared the EUR with some spherical underwater robots (SURs)
of similar size, as shown in Fig. 25. Gu et al. [21] designed

Fig. 26. In surge, the EUR improves efficiency compared to SURs.

different versions of SUR. They also compared some of the
performances of different versions of SUR, so we can get the
differences between the EUR and different SURs. The speed
of the EUR is about 77%—88% higher than that of SUR II and
349%-50% higher than that of SUR III, and there is no significant
difference with the speed of SUR IV, as shown in Fig. 26. In terms
of results, the performance of the EUR is much better than that
of SUR II and SUR III. Compared with the speed of the hybrid
SUR 1V, the EUR’s design is still very advantageous under the
premise of the same number of propels.

In addition, we also compared some other common types
of robots. The resistance coefficient and other parameters are
compared. From Table VI, we can see that the EUR has the
advantages of low resistance, high load, and good compression
resistance compared with common robots. Finally, we make
a general comparison and summarize the common shapes in
Table VIIL.

Based on the analysis of chart data, the EUR demonstrates the
following comprehensive advantages: in terms of basic parame-
ters (see Table VI), its drag coefficient of 0.3 is significantly
better than that of box-shaped robots (0.8-1.2), with a load
capacity of 15.58 L reaching 3.1 times that of fish-shaped robots
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TABLE VII
COMPARISON OF PERFORMANCE OF DIFFERENT CONFIGURATION AUVS

Index

EUR SUR-IV [21]

fish-shaped robot [8]

Promoting efficiency (%)
Unit mass load (kg/L)
Response time for turning (s)
Disturbance Resistance Capability Index

68.2 53.1 72.4
0.726 0.512 0.183
1.2 2.1 0.8
0.89 0.63 0.42

(<5 L), and it overcomes the traditional box-shaped structure’s
steering lag through a four-vector propulsion system. In terms
of performance indicators (see Table VII), the unit mass load
density of 0.726 kg/L represents an improvement of 41.8% over
SUR-1V, the interference resistance index (0.89) is 2.1 times that
of fish-shaped robots (0.42), and it achieves a breakthrough in the
agility of box-shaped structures with a steering response speed of
1.2 s. Although the compression depth (5 m) is not as great as that
of specialized deep-sea box-shaped robots (=20 m), it achieves
a 3-D performance balance in nearshore operational scenar-
ios with resistance optimization (62.5% reduction compared
to box-shaped), load enhancement (211% increase compared
to fish-shaped), and maneuverability response (42.9% speed
increase compared to SUR-IV).

V. CONCLUSION

This article proposed a novel bioinspired EUR, detailing its
design inspiration and conceptual framework. The mechanical
structure and electrical system design were thoroughly dis-
cussed. The mechanical design of the EUR was characterized by
its simplicity and ease of assembly. Through simulation exper-
iments, the optimal steering angle of the robot’s propeller was
determined. The propulsion device of the robot was designed,
a prototype for basic motion evaluation was developed, and
underwater experiments were conducted, with the results being
presented. The discussion section provided further analysis and
verification of the positive results from both simulation and
physical experiments, alongside an analysis of potential sources
of error, thereby offering a basis for future development and
improvement of the robot. The underwater experiment with the
prototype confirmed the practicability of the design, indicating
that the novel bioinspired EUR was capable of effectively com-
pleting underwater tasks.

Indicators of robot movement were obtained through the
simulation experiment based on postprocessing. It was found
that when  was 25 , the overall performance of the afore-
mentioned indicators was optimal. Considering the size of the
ball shell opening and ensuring the normal operation of the
propeller, it was determined that  should not be less than 20 .
Comparison results indicated a significant improvement over
previous generations of robots, all with the same number of
thrusters in the design. This article employed a new design idea
to optimize the optimal structure of the EUR, providing a more
appropriate reference for the structural design of underwater
vehicles through CFD when designing uncertain components.

In the future, we will further optimize the robots to better
adapt to marine environmental operations. In terms of hardware,
we will enhance the battery life of the robot and may adopt a
solid-state battery solution. We will use materials with higher

pressure resistance for the cabins and shells to increase the depth
of underwater operations. In the later stage, we aim to achieve
autonomous decision-making capabilities for the robot, thereby
creating an AUV suitable for underwater use.
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