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Hybrid-driven robotic fish combines the maneuverability of propeller propulsion
with the efficiency of biomimetic fin propulsion, offering potential advantages in
underwater exploration and robotic applications. This paper presents the design
and development of a hybrid-driven robotic fish that integrates both biomimetic
fin and propeller propulsion systems. Initially, the kinematic and dynamic
modeling challenges associated with robotic fish are addressed, establishing a
comprehensive coupled mathematical model that accounts for the robotic fish's
six degrees of freedom and the actuator dynamics. Subsequently, computational
fluid dynamics techniques are employed to simulate a virtual tank for the robotic
fish, and hydrodynamic data fitting is performed to determine key parameters
such as damping coefficients and thrust coefficients. Finally, a simulation
platform based on MATLAB/Simulink is constructed to simulate the robot's
motion, validated through comparisons with simulated calculations and
experimental observations. Based on these findings, this paper further analyzes
the robotic fish's maneuverability metrics, including its surge speed, turning
radius, and motion characteristics in three-dimensional space, and examines
how perturbations in hydrodynamic coefficients affect swimming speed. This
study provides valuable insights into the complex motion modeling and
performance prediction of hybrid-driven robotic fish, and establishes a
foundation for future studies on the motion control of robotic fish.

KEYWORDS

robotic fish, hybrid driven, dynamic and kinematics modeling, CFD numerical
simulation, maneuverability analysis

1 Introduction

With the increasing competition in maritime strategies and the advancement of
underwater equipment technology, the design and development of intelligent underwater
robots have garnered widespread attention. Autonomous underwater vehicles (AUVs) and
other types of underwater unmanned systems are widely applied in areas such as ocean
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environmental monitoring (Liljeback and Mills, 2017), seafloor
topography exploration (Zhao et al., 2023), ocean reconnaissance
and surveillance (Terracciano et al., 2020), as well as underwater
equipment maintenance and repair (Fahrni et al., 2018). The unique
undulating motion patterns of marine organisms like fish (Barrett
et al., 1996) provide valuable biological inspiration to overcome the
limitations of traditional underwater vehicles that rely on propeller
thrusters, such as large size and high noise levels. Bionic robotic fish,
inspired by biological motion, have become a research focus due to
their superior maneuverability, enhanced stealth capabilities, and
lower environmental disturbance (Salazar et al., 2018).

To achieve the swimming performance of classical body/caudal
fin (BCF) propulsion mode bionic robotic fish (Sfakiotakis et al.,
2002), researchers often place the motion excitation source near the
tail, designing single-joint or multi-joint mechanical structures driven
by motors or servos (Yu et al., 2019; Chen D, et al., 2022; Qiu et al,
2023). Unfortunately, although bionic designs offer clear advantages
in maneuverability and stealth, and the movement speed of robotic
fish with special mechanical structures is also impressive, their
maneuverability and stability are significantly compromised in the
ocean and complex water environments due to unstable factors like
complex currents. The cruising posture is difficult to balance, making
it challenging to apply in real ocean environments.

Compared to traditional underwater robots with single
propulsion systems, combining bionic principles with
technologically mature propeller thrusters to create hybrid
propulsion systems seems like a promising approach. Hybrid-
driven bionic underwater robots can not only change their
hydrodynamic shape by mimicking the motion patterns of
marine organisms to achieve steering and maneuvering but also
benefit from the higher environmental adaptability and better
performance provided by propeller thrusters. Huang et al. (2025)
presented a hybrid-driven robotic fish architecture that integrates
pectoral-fin-mounted propellers with a caudal-fin-based propulsion
system, effectively enhancing the robot’s swimming performance. Li
et al. (2024) designed a compact micro hybrid-driven robotic fish,
combining vertically arranged propellers with tail fin swinging to
achieve high maneuverability. Ji et al. (2023) developed a new type
of hybrid-driven bionic tuna robot, featuring a three-joint tail with a
propeller at the end of the tail fin, offering high speed and
maneuverability. Scaradozzi et al. (2017) developed a hybrid-
driven underwater robot named “BRAVE,” which resolves the
contradiction between long-distance movement and rapid
maneuvering through hybrid propulsion and is equipped with a
vision module for seafloor topography mapping. Norwegian
researchers developed an underwater robot called “Eelume”
(Liljeback and Mills, 2017), which has multiple body segments
and additional propellers for flexible movement and target
approach, providing innovative solutions for the inspection,
maintenance, and repair (IMR) of underwater facilities in the oil
and gas industry. Liu K, et al. (2022) developed the “Jinlong” multi-
joint AUV (MJ-AUV), a bold attempt that significantly improves
maneuverability compared to traditional AUVs with single rigid
configurations and has been developed for detecting ocean profile
parameters. Additionally, hybrid-driven robotic fish for rescue and
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exploration tasks (Xia et al., 2021) have been developed, enriching
the technological level of underwater vehicles. Therefore, compared
with purely bio-inspired vehicles that still lack sufficient locomotive
capabilities, hybrid-propelled swimmers offer far greater promise
for near-term industrial deployment.

The establishment of a dynamic model by integrating analytical
methods with Computational Fluid Dynamics (CFD) simulation
techniques provides a comprehensive description of the
relationship between the motion and forces experienced by robotic
fish. This model serves as a crucial mathematical tool and theoretical
foundation for performance evaluation and optimization, motion
simulation, and controller design of robotic fish. Compared with
traditional propeller-driven underwater vehicles, the key challenge in
modeling robotic fish lies in the precise construction of a
mathematical model that describes the thrust generated by tail
swinging. For propeller-driven underwater vehicles, once the
geometric parameters of the propeller are determined, the thrust
primarily depends on the vehicle’s velocity and the propeller’s
rotational speed. Through open-water tests of the propeller or CFD
simulations, the thrust characteristics of the propeller can be
accurately obtained, and a mathematical model of the propeller
thrust can be established accordingly (Li et al., 2022). However, for
robotic fish with multi-joint tail propulsion, the thrust is influenced
by a complex array of parameters due to the amplitude, phase
difference, and offset angle of joints, so it is challenging to directly
obtain an accurate mathematical relationship between the thrust of
the propulsion system and the joint motion parameters through
experimental means. Moreover, the oscillating caudal fin generates
regular or fragmented turbulent vortex structures in the wake. Their
strength, shedding frequency, and spatial evolution are closely linked
to thrust fluctuations. Neglecting wake-vortex modeling makes it
difficult to reproduce the true propulsive efficiency and flow-field
details in numerical simulations. Therefore, to approximate the
swimming patterns of real fish and design a propulsion system that
can predict the swimming performance of robotic fish, it is crucial to
accurately quantify the hydrodynamic thrust generated by the
biomimetic tail. CFD simulation technology has become a key tool
for obtaining data on hydrodynamic forces resulting from the
interaction between fluid and moving structures (Borazjani and
Sotiropoulos, 2008; Liu J, et al,, 2022). When using CFD methods
to analyze the hydrodynamic forces generated by multi-joint tail
swinging, the position of each segment of the robotic fish must be
obtained through fitting fish body wave methods (Hu et al.,, 2021),
and the method of calculating the hydrodynamic forces on rigid parts
such as the robotic fish’s pectoral fins based on the relative
relationship between velocity in different directions is applicable
(Yuan et al,, 2017). The integration of the aforementioned research
methods with traditional modeling and control techniques of marine
vessels and underwater vehicles (Fossen, 1994), and their subsequent
application to the study of biomimetic robotic fish, has been
demonstrated to be an efficient and straightforward approach
(Watts et al., 2007). Researchers have conducted extensive
explorations and attempts in this domain and have achieved
remarkable outcomes (Suebsaiprom and Lin, 2015; Ozmen Koca
et al, 2018; Chen Y, et al.,, 2022; Gong et al., 2024).
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With the emergence of a diverse array of biomimetic robotic
fish, numerous scholars have employed various theories and
methods to establish corresponding dynamic models in an
attempt to accurately describe their motion characteristics.
However, due to the differing propulsion structures of these
robotic fish and the varied simplification approaches for the
mechanics of propulsion, a universal framework for dynamic
modeling has yet to be developed. Therefore, inspired by previous
research, we have designed and fabricated a hybrid-driven robotic
fish that incorporates both biomimetic fins and a propeller, and
aimed to establish an accurate and detailed mathematical model for
it. To the best of our knowledge, this study is one of the few that
systematically models and comprehensively analyzes complex
issues, including the nonlinear hydrodynamics of underwater
controlled objects, the nonlinear dynamics of multiple actuators,
actuator input saturation and so on. Our principal contributions are
as follows: (1) Considering the dynamics of multiple actuators, we
have established a complete model architecture for the six degrees of
freedom (DOF) dynamic and kinematic equations of motion for the
hybrid-driven robotic fish; (2) Utilizing CFD technology, we have
realized the simulation of hybrid-driven biomimetic fish and
successfully identified the hydrodynamic coefficients; (3) Based on
the comprehensive mathematical model, we have developed a
computer simulation platform, validated the model’s accuracy
through comparison with experimental prototype results, and
further analyzed the robotic fish’s maneuverability and
uncertainty using this simulation platform.

The remainder of this paper is organized as follows. Section 2
introduces the design and manufacturing of the hybrid-driven
robotic fish. Section 3 discusses the coupled modeling process of
the robotic fish’s kinematics and dynamics. Section 4 presents the
numerical simulation method based on CFD and the identification
of hydrodynamic coefficients. Section 5 describes the construction
of the proposed simulation platform, the validation of the proposed
model, and the discussion on simulation results. The final section
summarizes the work and conclusions of this paper. The overall
research approach is illustrated in Figure 1.

2 Mechatronics design of robotic fish
2.1 Mechanical structure

The designed and developed robotic fish is based on the
biomimicry of a shark, as shown in Figure 2. It has a total length
L of approximately 1.483 m, a body width W of about 0.45 m, the
outermost distance of the pectoral fins is about 0.75 m, a body
height H of about 0.45 m, and a total weight of approximately 48 kg.
For detailed parameter information, please refer to Appendix A.
The head contains the underwater camera, motion controller,
power supply, and related onboard sensors of the robotic fish.
The pectoral fins driven by four servomotors (RM-SV-40
underwater servomotors), the tail driven by three servomotors,
and three propeller thrusters (T200-type thruster) provide the
driving thrust for the robotic fish. Therefore, the robotic fish
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possesses both fish-inspired actuators-driving fins-and propeller
thrusters commonly used in traditional underwater vehicles,
offering three swimming modes: biomimetic driving, propeller
driving, and hybrid driving. Thanks to the advantages of
biomimetic swinging and propeller driving, the propulsion system
of the robotic fish can provide stable thrust during long-distance
and fast movement, and also achieve more precise and flexible
maneuvering control when approaching the working area.

It is also worth mentioning that in actual situations, when the
horizontal propeller thrusters of the robotic fish rotate at the same
speed, the thrust generated always extends along the body axis
rather than the actual direction of movement. Due to the yaw
motion of the body caused by the swinging of the tail, the robotic
fish may not maintain good straight-line performance when both
the tail swinging and the two horizontal propeller thrusters provide
straight-line thrust. However, the combination of different actuators
can effectively avoid this issue.

2.2 Working principle

The robotic fish also integrates an underwater camera, lateral
line pressure sensors, and attitude sensors, capable of collecting
pressure and attitude data from the sensors in real-time. It also has
abundant sensor interfaces, allowing for flexible integration of
various peripheral instruments. The working principle of the
robotic fish is illustrated in Figure 3. Initially, the operator
configures parameters via the upper-level computer software,
including adjustments for underwater illumination and settings
for control commands of the actuators (servomotors and
propellers). Subsequently, the actuators commence operation,
facilitating the movement of the robotic fish, including maneuvers
such as forward motion, turning, ascending, and descending.
Concurrently, the image and pressure sensors capture image and
pressure information, respectively, generating data related to the
robotic fish’s joint angles, environmental pressure, and temperature.
These data are then transmitted back to the upper-level computer
software for display and processing. The developed robotic fish
prototype platform enables comprehensive control and monitoring
of the robotic fish, providing a foundational basis for validating
modeling and simulation theories as well as for subsequent control
algorithm research.

3 Modeling of robotic fish
3.1 Kinematics

Define the earth-fixed reference frame o,x,y,z, as the {e} frame,
the body-fixed reference frame 0,x,y,z;, as the {b} frame, and the
origin of the {b} frame is chosen to coincide with the center of
gravity (CG) of the robotic fish. Therefore, the linear and angular
velocity vector of the robot fish is described as 7 in th {e}e frame
and vv in the {b} frame. The transformation between them is
established as (Fossen, 1994) (Equation 1)
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The framework of the overall research approach.
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The design model and prototype of hybrid-driven robot fish.

3.2 Six DOF rigid-body equations of
motion

Based on Lagrangian Formulation, the robot fish’s six DOF
rigid-body equations of motion can be expressed as Equation 4

MgV + Crp(V)V = Tgg (4)

Where, Trp is a generalized vector of external forces and
moments, Mpp and Crp(V) are respectively the inertia matrix and
Coriolis and centripetal matrix as Equations 5, 6

_ |:mE3><3 —mS(rG)} )

mS(rg) I,

03><3

. -mS(vy) — mS(v,)S(rg)
KT Zns(vy) + mS(rg)S(v,)

=8(Iyv,)
(6)

Where, m is the mass of robotic fish, I, is the inertia tensor
referred to the origin oy, E3, 3 is the 3x3 identity matrix and S(4) is a
skew-symmetrical matrix defined such that A x a2S(A)a, rg =
[x» ¥6» 26]" is the vector from the origin o, to the robot fish's CG.
Meanwhile, define ry = [x3, yB,zB]T as the vector from origin o, to
the robot fish's center of buoyancy (CB).

3.3 External forces and moments

The external forces and moments 7y acting on the robotic
fish’s CG during its motion in underwater space mainly consist
of radiation-induced forces Ty, environmental disturbance
forces and moments 7y caused by underwater currents, as well
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as the control forces and moments 7, generated by the actuators,
that is Equation 7

TRB = TH + TE + TT (7)

3.3.1 Radiation-induced forces

Radiation-induced forces can be categorized into three
components: added mass forces and moments, hydrodynamic
damping, and restoring forces and moments (Equation 8).

Ty= -Muv-C4V)V - D(v)v
—_— S~——
Added Mass Hydrodynamic
forces and moments damping
- gm (®)
—~—
Restoring forces

and moments

The added mass forces and moments are T, = —M,V — C,(V)V,
and the shape of the robot fish is approximately a regular geometry,
then M, and C,(v) are approximately expressed as Equations 9, 10

M My, )
MA = = _dlag{xib Y{/)ZW) Kp:Mq5Nr} (9)
M21 M22

05,3 =S(My, v, + My,V,)
Ca(v) = (10)
=S(My vy + Mypvy) =S(My vy + MpV))
Where, the coefficients such as X;, Y;, and so on are added
mass coefficients.
The hydrodynamic damping coefficient matrix that needs to be
identified can be expressed as Equation 11

frontiersin.org
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Working principle diagram.

D(v) = —diag{X,, Y,,Z,, K,, M, N, }
- dlag{Xu|u| |u|’ YVM ‘v|’ZW\w\ |W|)Kp\p\ |p|’Mq\q| |q|’Nr\r| |r|}
(11)

Where, the coefficients such as X,,, Y,, and so on are linear
damping coefficients. And the coefficients such as X,,,, Y,},, and so
on are quadratic damping coefficients.

The gravity and the buoyancy act on the CG and CB of the
robot fish respectively, and the restoring force is expressed as
Equation 12

fo(m) +fp(n)
gm =- (12)
S(re)fc(n) + S(rp)fg(n)

Here, fo(n) = J1* (M) Wes, f5(1n) = —J1'(1,)Bes, and they are
the gravity and buoyancy in the {b} frame, respectively.
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3.3.2 Underwater current disturbances

The impact of underwater current disturbances 7y is
incorporated into the robotic fish’s dynamics model by
introducing the concept of relative velocity vector. Let the linear
velocity vector of the current in the {e} frame and the {b} frame be
denoted as v, and v, respectively. The conversion relationship
between these vectors is given by v. = J7'(1],) V.. Consequently, the
linear velocity vector at which the robotic fish moves relative to the
current in the {b} frame can be expressed as V| = v; - v.. By
substituting v} for v, a new generalized velocity vector v, (V, = V)
is obtained.

3.3.3 Control forces and moments
Hybrid-driven robotic fish utilize propeller thrusters, pectoral
fins, and the three-joint tail as actuators to facilitate propulsion, as
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FIGURE 4
Horizontal and vertical actuators of hybrid-driven robotic fish

shown in Figure 4. Depending on the motion contributions of these
actuators during horizontal and vertical maneuvers of the robotic
fish, they are classified into two categories: horizontal actuators and
vertical actuators, each assigned a unique identifier. The control
forces and moments produced by these distinct actuators can be
expressed as Equation 13

(13)

Where, Tgaigar and Tyapvas are respectively the resultant

Tr = TaaiHA2 T Tvar T Tvaavas + THas

forces and moments generated by the left and right propellers
and pectoral fins, Ty, and Tpus are respectively the forces and
moments generated by the vertical propeller and three-joint tail.

3.3.3.1 Propeller thruster

The propeller thrust T'and moment Q can be obtained by CFD
simulation, then, the coefficients K- and K, can be obtained as
Equation 14

KT:

pD*n|n| (14)
K,=—-Q
Q = pDn[n|

Where, p is the fluid density, n is the rotational speed of the
propeller, and D is the diameter of the propeller. Moreover, the
relationship between the advance number J and these coefficients
was established.

The force and moment generated by the HA2 actuator of the robot
fish is shown as Figure 5a. The force generated by the HA2 actuator
is Tyazep, and the moment is Qppse; + S(ryaz) Thazer- Where, ras
is the vector from oy, to the force center of HA2, and S(ryx,) Traze; is
the moment generated by Tyy,e; relative to the {b} frame. We can
ignore Qpa,e; because of ||Qupze || <K [|S(ryaz) Thaz e || so that the
resultant force and moment generated by the HA1 and HA2 actuators
can be expressed as Equation 15

Frontiers in Marine Science

Left Propeller
(Horizontal Actuator 1, HA1)

Right Propeller
(Horizontal Actuator 2, HA2)

Heave Propeller
(Vertical Actuator 1, VA1)

Three-joint Tail
(Horizontal Actuator 3, HA3)

(Thar + Tua2)e }
S(ruai) Tuarer + S(ruaz) Tuaze

THAIHA2 = |:

. ey e NyAL |”HA1 |
=pD'Ky
S(ruan)e; S(rua)er | | muaz|tnasl

Where, ny,; and nyy, are respectively the rotational speed of

(15)

the HA1 and HA?2 actuators, and e, is a unit vector pointing in the
positive direction of the 0,x; axis.

Similarly, the force and moment provided by the VA1 actuator
can be expressed as Equation 16

. Tyar€; 3
VAL =
S(rvan)Tvares S(ryvai)es

Where, ry,, is the vector from o, to the force action center of

(16)

= pD4KT”VA1 [y ail {

VAL, nyy, is the rotational speed of the VA1 actuator and e; is a
unit vector pointing in the positive direction of the 0,z axis.

3.3.3.2 Pectoral fin

The hybrid-driven robotic fish we developed features two
pectoral fins (the VA2 and VA3 actuators) that influence its
heave motion, pitch angle, and roll angle, with each fin possessing
two DOF. As shown in Figure 5b, the motion and force analysis of
them is conducted using the VA3 actuator as an example. The
flapping angle is defined as ¢, and the rotating angle as 8. If the
flapping angles o of the VA2 and VA3 actuators are equal, then for
a fixed o, the position vectors from o, to the force centers of the
VA2 and VA3 actuators are given by g, = [Xan» Vs Zin] > hinl =
[X6ins —Vem»> Zn] *» Tespectively. The rotating angles of the VA2 and
VA3 actuators relative to the body are denoted as dy,, and Oyys.
Using the empirical formula for lift experienced by the airfoil, the
lift generated by VA2 and VA3 actuators can be expressed as
Equation 17
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FIGURE 5

Control force analysis of robot fish's motion actuators. (a) The HA2 actuator; (b) The VA2 and VA3 actuators; (c) The HA3 actuator.

1
Lyasvas = EPCLSfm(uZ Oyarvas + UW — Xgntiq) (17)

As shown in Figure 5b, through the flapping angle @, Ly, and
Ly a3 can be decomposed into the following forces and moments in
the {b} frame (Equation 18).

YVAZ = LVAZ sin o YVA3 = —LVA3SinOC

ZVAZ = LVA2 cos o ZVA3 = LVA3COSa

Kyaz = —¥inZvaz — Zan Yvaz § Kvas = YinZvas — Zain Yvas

My s = —XgnZyaz Myas = —XgnZvas

Nyaz = Xgn Yvaz Nyas = Xgn Yvas

(18)
Therefore, the resultant force and moment generated by the
VA2 and VA3 actuators can be expressed as Equation 19

0
Yyaz + Yvas

Zynz + Zyas
Tya2vA3 = (19)
Kyaz + Kyas

Myaz + Myas

| Nvaz + Nyas |

3.3.3.3 Three-joint tail
Define the rotation angle of the i-th (where i = 1, 2, 3) motion
joint of the robotic fish as 6; rad. In this study, we fix the robotic
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fish’s tail swing amplitude A to be approximately 0.12 times the
body length (BL). Based on the joint length conditions, the three-
joint tail moving at a tail swing frequency f has its swinging pattern
fitted using an exponential fish-like body wave (Xue et al., 2020),
specifically as Equation 20

6, = 0.0973 in (2nift + 1.635) (1~ )

6, = 0.0760 sin (27tft +2.031) (1 - e‘ﬁ) (20)

6, = 0.134 sin (27ft + 2.356) (1 - e‘ﬁ)

The Strouhal number St is a dimensionless parameter used to
characterize oscillatory flow phenomena and can be employed to
describe the propulsion movement of fish (Triantafyllou, 1993). It
directly governs the formation pattern and shedding frequency of
the wake vortex street, thereby serving as the key dimensionless
criterion in wake-vortex modeling for matching vortex strength
with thrust pulsations. And it is defined as St = fU%, where U, =
|[Vill,, represents the steady-state cruising speed. Using CFD
software for numerical analysis and simulation of the robotic
fish’s movement, previous numerical studies (Costa et al., 2020;
Yu and Huang, 2021) have indicated that: under the condition of a
fixed tail swing amplitude A, the hydrodynamic coefficient of the
actuator HA3 (with the force center at the intersection of the first
tail joint’s rotation axis and the o0,x,y; plane) is a function of the
Strouhal number St and the tail swing frequency f. Therefore, the

force and moment can be expressed as Equation 21
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Fsurge = %pUzSTailCT(Stzf)
stay = %pUZSTailCL(Styf)
Myaw = %pUzSTailCM(Stzf)

21

Where, St represents the effective area during tail swinging,
and Cr(St,f), C (St,f), and C,(St,f) are the surge thrust coefficient,
sway force coefficient, and yaw moment coefficient of the robotic
fish’s tail, respectively, obtained through CFD calculations.

The periodic asymmetric swinging of the robotic fish’s tail
causes it to move in a curved path (turning motion). To account
for this while simplifying the complexity of modeling the tail
actuator HA3, a bias angle O, is introduced only at the first
joint of the tail. As shown in Figure 5¢, after considering the bias
angle O, of the swing tail, the control force and moment
generated by the tail actuator HA3 can be expressed as Equation 22

Tsurge,HA?) =F, surge COS eoffset -F sway sin eoffset
Tsway,HA3 = Fsurge sin Oofeer + stay €08 Opfriet (22)
TyawHA3 = Myaw = la Toway,Ha3
Here, Iy denotes the distance from the center of the tail force to

op. That is, the force and moment generated by the tail actuator
HA3 are Equation 23

T
Tras = [ TourgeHA3 Towayias 0 0 0 Tyaypas ] (23)

3.4 Equation of motion

After thorough analysis, we have derived the final nonlinear
equation of motion, which in the body-fixed frame can be written as
Equation 24.

{ (Mg + M o)V + (Crp(v) + Co(v,))v, + Dv,)v, + g(N) = Tr

n=Jmv
(24)

4 Hydrodynamic coefficient
identification

4.1 Added mass coefficients

Since the added mass coefficient is not affected by the oscillation
frequency of the robotic fish, it can be assumed to be constant
(Fossen, 1994). In the mathematical model, it is reasonable to
assume that the shape of the robotic fish is an elongated ellipsoid.
The formula for the diagonal added mass coefficient of the
equivalent elongated ellipsoid (Ahmad Mazlan, 2015) is listed in
Equation 25.
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Xu == 2(_12% m
= ___B
Yoo=si=dy
Kp =0
N =M = 1l @@ @p) (25)
P T T TS a0 at) (By-0)
_2
o =5 (dniE—e)
2
By = eiz - 12;; ln%

Where, a, b, and ¢ are the lengths of the three semi-axes of the
robotic fish’s equivalent ellipsoid, e = 1 — (b/a)?* is the eccentricity,
o, and f3, are variables related to e. Based on the calculations of the
equivalent ellipsoid dimensions of the robotic fish, the added mass
coefficients of the robotic fish can be determined, as shown in
Appendix A.

4.2 CFD numerical model

4.2.1 Computational domain construction

CFD simulations are employed to determine the hydrodynamic
damping coefficients, thrust coefficients of swing tail, and thrust
coefficients of propeller required for developing the mathematical
model of the robotic fish. Initially, the propeller propulsion system
and the three-joint tail propulsion system of the robotic fish are kept
stationary relative to the head. The robotic fish is then subjected to
various translational (sway, surge, heave) and rotational (roll, pitch,
yaw) motions at different velocities, and the hydrodynamic
damping coefficients are calculated for each direction individually.
Subsequently, by simulating the self-propulsion of the robotic fish
with different propeller rotational speeds and tail swing frequencies,
and after determining the hydrodynamic conditions acting on the
robotic fish, the thrust coefficients of the swing tail and the propeller
are calculated. the robotic fish’s self-propulsion movement only
considers planar translational motion and does not account for the
head’s yaw oscillation. This is not an oversimplification or oversight
but rather a necessary compromise for simulating the tail
movement under different Strouhal numbers and acquiring thrust
data from the three-joint tail and propeller propulsion system
during the movement. To facilitate CFD simulations, the 3D
model was simplified to a certain extent while retaining key
geometric features, with virtual hinges between each joint.

A unified numerical simulation domain for a 3D virtual water
tank flow field, with the dimensions of the virtual water tank set to:
8.5L x 6.5W x 7.5H are constructed. Overlapping grid technology
is employed to enable the robotic fish to perform translational and
rotational movements in various directions. A combination of
dynamic and overlapping grids is used to simulate the swinging
motion of the robotic fish’s three-joint tail relative to the {b} frame,
as well as the forward swimming of the robotic fish relative to the
{e} frame (Xue et al., 2023) [(substituting the movement of a small
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surrounding flow field around the robotic fish for itself]. Sliding
grids are utilized to facilitate the rotational motion of the propeller
thrusters relative to the {b} frame.

As depicted in Figure 6A, both background and component
grids are established, including the rotational domain of the
propeller thrusters. Independent component grids are created for
the outer flow field regions of the robotic fish tail’s three joints,
which are nested within the component grids of the overall outer
flow field region that encloses the entire robotic fish. The
component grids of the overall region are also nested within the

| Component mesh region

| 7Ed;grourid mesh region

-
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&
|
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>
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.| Hydrodynamic coefficient of pitch |
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background grid. A velocity-inlet boundary condition is applied
with 0 m/s, and a pressure-outlet boundary condition is set with 0
Pa. The exterior surfaces of the robotic fish are defined as no-slip
walls. The overlapping regions are designated as overset surfaces,
and the grid sliding regions are set as interfaces.

As shown in Figure 6B, for the robotic fish’s sway, surge, and heave
motions, the relative motion between the robotic fish and the
surrounding fluid domain is equivalently replaced by fixing the
position of the robotic fish and varying the inlet velocity of
the velocity-inlet boundary condition. The inlet velocity for the

The surface mesh of robotic fish

The surface
mesh of
propellers

Hydrodynamic coefficient of sway
opa, [} Ly i

0Om/s 0 pa

— >

— 7

— N 4 -

— - "

. Hydrodynamic coefficient of roll >
0m/s 0 pa

——

4: P -

— 7 L

= >

— i

— >

—»| Hydrodynamic coefficient of yaw  [—>

(B)

FIGURE 6

Computational domain and boundary condition settings. (A) Self-propulsion simulation setup for the robotic fish; (B) Six DOF hydrodynamic

damping coefficients solution setup.
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velocity-inlet boundary condition in different directions is set to u;, m/
s, with the pressure-outlet boundary condition set to 0 Pa, and all other
boundary conditions remain consistent with the aforementioned setup.
For the robotic fish’s roll, pitch, and yaw motions, the overlapping grid
technique is employed to define the relative rotational motion of the
robotic fish’s overlapping region. The inlet velocity for the velocity-inlet
boundary condition is set to 0 m/s, with the pressure-outlet boundary
condition set to 0 Pa, and all other boundary conditions remain
consistent with the aforementioned setup.

The control equations for the numerical simulation domain of
the hybrid-driven robotic fish are the averaged continuity equation
and the Reynolds-averaged Navier-Stokes (RANS) equations in a
3D Cartesian coordinate system for incompressible flow (Versteeg
and Malalasekera, 2007). To effectively solve these control
equations, the following computational settings are chosen: a
pressure-based solver, absolute velocity formulation, and transient
time model; the k- SST turbulence model; the Coupled algorithm
for pressure-velocity coupling; in the solution methods, the gradient
calculation uses a least-squares cell-based approach, the pressure
term uses a second-order discretization scheme, the momentum
term uses a second-order upwind scheme, and both the turbulent
kinetic energy and dissipation rate use a second-order upwind
scheme. The transient calculation scheme is first-order implicit,
and other solution control parameters are in their general form.
Additionally, the motion state of the robotic fish and the net force
TaodyNet acting on the robotic fish’s body, as well as the force 7,

prop
experienced by the propeller thrusters, are monitored.

4.2.2 Grid and time-step size independence
verification

To enhance solution accuracy and conserve computational
resources, a verification of grid size and time-step independence
relative to simulation results is conducted to determine the most
appropriate grid and time-step size. The background and
component grid regions of the computational domain are divided
into five size levels, with the requirement that the minimum
orthogonal quality of all grids, except for the boundary layer,
should not be less than 0.3. Five sets of body cell grid models are

08F

Cruising speed / Fish body length (BL/s)
o
N
(2]

0.741
0.721
Coarse  Coarser Normal Finer Fine
The mesh level
(A)

FIGURE 7

The results of independence verification. (A) Grid size. (B) Time-step size.
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generated, corresponding to coarse, coarser, normal, finer, and fine
levels (grid counts for different size levels: 390,974, 573,855,
947,726, 2,104,248, and 4,320,628). During the independence
verification simulations using grids of different levels, the tail
swing frequency and the propeller rotational speed are
respectively set to 2 Hz and 1500 rpm, simulating the self-
propulsion movement of the robotic fish under the hybrid-driven
system. The surge cruising speed of the robotic fish after reaching a
stable swimming state is designated as the observation parameter to
verify independence.

As shown in Figure 7A, the cruising speed results for the normal
grid level gradually converge with those of subsequent grids.
Therefore, the normal-sized grid is selected for the time-step
independence verification and subsequent formal simulation.
Similarly, the time step is divided into five levels to verify its
independence relative to the simulation results: 0.0025 s, 0.005 s,
0.0075 s, 0.001 s, and 0.00125 s. As depicted in Figure 7B, to ensure
computational accuracy while minimizing the computational
period and facilitating data storage, a time step of 0.01 s is chosen
for the subsequent simulation process.

4.3 Damping coefficients identification

When the robotic fish moves in 3D space, the hydrodynamic
damping forces it experiences in each direction are opposite to the
corresponding velocity directions. When calculating the hydrodynamic
coefficients for sway, surge, and heave, the velocity inlet u;, is defined
for each direction as u=0~2m/s,v=0~1m/s,and w=0~1
m/s, respectively. For calculating the hydrodynamic coefficients of roll,
pitch, and yaw, the rotational velocities of the robotic fish along the
three directions are defined as p =g =r= 0.1745~0.8757 rad/s
(equivalent to 10~50°/s). Through CFD simulations, the converged
values of the hydrodynamic damping forces and moments in the sway,
surge, heave, roll, pitch, and yaw directions were obtained at different
motion velocities. The CFD data and fitted curves that include standard
deviation (std) bounds are shown in Figure 8. The coefficients of
determination (R*) for all curves are close to 1, indicating excellent fits

0.73035

0.73025

0.73015

Cruising speed / Fish body length (BL/s)

0.73005
0.0125s 0.0100s 0.0075s 0.0050s 0.0025s
The time-step level
(B)
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Hydrodynamic damping fitting.

and allowing for the determination of the damping coefficients for
sway, surge, heave, roll, pitch, and yaw of the robotic fish, as detailed in
Appendix A.

4.4 Thrust coefficients of tail and
propellers

4.4.1 Self-propulsion simulation parameter
configuration

User-defined functions (UDF) are employed to define the tail
swinging and propeller rotation of the robotic fish, simulating its

TABLE 1 Parameter configurations.

transition from a stationary state to a converged state with stable
forward swimming speed. By simulating the swimming motion of the
robotic fish under various propeller rotational speeds and tail swing
frequencies, the hydrodynamic coefficient variations of the tail and
propellers in single or hybrid-driven modes are investigated. Eight
propeller rotational speeds ranging from 500 rpm to 3000 rpm and
six servomotor rotation frequencies ranging from 0.5 Hz to 3.0 Hz are
set, resulting in 14 parameter configurations for single-driven mode.
Combining these parameters, 24 parameter configurations for
hybrid-driven mode are selected, with the detailed configuration
methods shown in Table 1 (where “0” and “x” in the table indicate
whether the condition is selected).

Propeller rotational speed (rpm)

Parameters
750 1000 1250 1500 2000 2500 3000
0.5 o X X X X X x x X
1.0 o X o o ¢} ¢} o o X
Tail swing
1.5 o X o (¢} o o o o X
frequency (Hz)
2.0 o X [¢} o o o o o X
2.5 o X o o o o o o X
3.0 o X X X X X X X X
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4.4.2 Thrust coefficients
4.4.2.1 Three-joint tail

In the process of the hybrid-driven robotic fish accelerating
from rest to the cruising swimming speed, thrust is provided by the
tail and propeller thrusters. Once the cruising swimming speed is
reached (force equilibrium), the net force experienced by the fish’s
body is counterbalanced by the force exerted by the propeller
thrusters, i.e., Tpodynet + Tprop = Osx1- The thrust provided by the
tail, Tya3, can be calculated as the sum of the net force on the fish’s
body at cruising speed, Tgoayner> and the damping, 7p (where 7, is
computed using the aforementioned hydrodynamic damping
coefficients). Through CFD simulations, the forces and moments
Fourge> Fovay> and My, acting on the fish’s tail can be obtained.
Furthermore, the instantaneous variations of Cr, C;, and C,, can be
determined using Equation 21. By employing curvilinear regression
methods to fit the variation curves of these coefficients, the
instantaneous variation patterns of the thrust coefficients of swing
tail, represented by trigonometric functions, are obtained for
different tail swing frequencies and propeller rotational speed
configurations as Equation 26:

10.3389/fmars.2025.1648335

Cr = ky + ky, sin (47ft + k)
Cp = kyy sin 27ft + ky,)
CM = kzl sin (27'L'ft + kzZ)

(26)

Where, kg1, kyo, Kess kyts kyas ky1» kyp are the parameters related
to the tail thrust coefficients, as detailed in Appendix B.

It is worth noting that the parameters k,,, k,, and k. can
represent the mean value of the surge thrust coefficient Cr over a
certain period, the amplitude of periodic oscillation, and the phase,
respectively, with similar interpretations for other parameters. By
employing curvilinear regression analysis to examine the
relationship between the hydrodynamic coefficient parameters
and the Strouhal number St. It is found that ky, ko, ky1, and k,
can be approximated as quadratic functions of St, while k3, kyz, and
k,, can be considered as constants, as shown in Figure 9. The results
are as follows: k,; = 0.01797 — 0.7047St + 1.9055¢2, k, = 0.09809 —
0.39375t +2.0818t%, ky3 = 0.1025, k,; = 20.975%, ky, = 3.205, k,; =
17.165¢%, and k,, = 13.31. Consequently, the time-varying patterns
of the thrust coefficients of swing tail Cr, C;, and C,; with respect to
the Strouhal number St and tail swing frequency f are obtained. It is
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The variation patterns of the thrust coefficient of propeller with
respect to St.

observed that when St < 0.33, k,; < 0, indicating that the robotic
fish’s tail cannot provide effective positive thrust at this point. For a
complementary perspective on how the Strouhal number influences
the wake field of the robotic fish, we have provided relevant
discussion in the Supplementary Material.

In addition, if we define the overall system Reynolds number as
Re = % (where v is the kinematic viscosity of the fluid), the

uCMD uCMD

& &
Control parameter  Robotic-Fish Model
input

& PropulsionSystem

10.3389/fmars.2025.1648335

computed values listed in Appendix B span the range 10°~10°,
placing the flow firmly in the fully turbulent regime. It is
noteworthy that cases yielding nearly identical Strouhal numbers St
can exhibit markedly different Reynolds numbers Re, whereas cases
with similar Re may possess distinct St. This implies that neither St
nor Re alone is sufficient to characterize the scale effects on tail-vortex
dynamics and turbulent kinetic energy distribution. Consequently,
when scaling prototypes up or down, simultaneous similarity in both
St and Re must be maintained to reliably reproduce the thrust
characteristics observed under laboratory conditions.

4.4.2.2 Propellers

By analyzing the relationship between the force T, experienced
by the propeller thruster, as obtained from CFD calculations, and the
advance number J, and employing linear regression for data fitting, it
is found that the thrust coefficient of propeller K; decreases with
increasing advance number ], exhibiting an approximate linear
relationship, as shown in Figure 10. The curve relationship for the
thrust coefficient is given by Equation 27

Ky = -0.4674] + 0.4421 (27)

Thus, by combining theoretical calculations and CFD
simulations, we have identified the nonlinear hydrodynamic
coefficients required for the dynamics model of the robotic fish,
thereby fully constructing the mathematical model of the hybrid-
driven robotic fish system.
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Maneuverability simulation model. (A) MATLAB/Simulink simulation model; (B) System simulation framework.
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5 Model validation and maneuverability
analysis of simulation results

5.1 Simulation model construction

As shown in Figure 11, based on the motion equations of the
hybrid-driven robotic fish derived earlier, a maneuverability simulation
model was constructed in the MATLAB/Simulink environment, with

10.3389/fmars.2025.1648335

its framework structure. The control input signals for the hybrid-
driven robotic fish system include the swinging frequency f and the
swinging offset 6, of the three-joint tail actuator HA3; the rotational
speeds a1, fiaz,> and nyy; of the left and right horizontal propeller
thrusters HA1 and HA2, and the heave propeller thruster VA1; and
the angles 8y, and dy,; of the left and right pectoral fins VA2 and
VA3 relative to the body. The output signals are the position
and attitude vector 17 and velocity vector v of the robotic fish.
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FIGURE 12

Comparison of simulation and experiment results under two single-propulsion modes. (A) The cruising surge speeds; (B) The instantaneous surge
speed of the propeller propulsion mode; (C) The instantaneous surge speed of the tail swing propulsion mode.
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Comparison of simulation and experiment results under hybrid-drive mode.

5.2 Maneuverability performance analysis
and experimental verification

5.2.1 Surge motion speed

The surge motion swimming speed of the robotic fish directly
reflects its locomotive capability. To analyze the surge speed and
validate the accuracy of the simulation model, we compared the results
obtained from CFD simulations, the numerical simulation model
established in Simulink, and the measurements from the prototype
experiments. We compared the cruising speeds of the robotic fish
under both single-propulsion modes and the hybrid-drive mode.

The swimming speed measurement experiments for the robotic
fish prototype were conducted in a water tank of fixed dimensions,
where the swimming speed was calculated by measuring the time it
took for the robotic fish to travel a fixed distance (excluding the
distance covered during the initial acceleration phase). The rotation
speed range of the propeller thrusters was set between 500 and 3000
rpm. To ensure that the servomotors of the swinging joints were not
damaged (due to the large size of the robotic fish, a high swinging
frequency would increase the hydrodynamic forces on the joints,
causing the servomotors to overload), the tail swinging frequency of
the prototype was limited to within 1.5 Hz. Each set of experiments
was conducted six times, and the average of the measurement
results was taken along with an error analysis.

As shown in Figure 12A, in the pure propeller propulsion mode,
the three sets of results show good agreement. However, in the pure
tail swinging mode, the CFD results overestimate the cruising speed.
From the perspectives of fluid mechanics and energy conservation,
the overestimation originates from an energy-budget imbalance
caused by “degree-of-freedom truncation” (Liu et al., 2021). During
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straight-line propulsion, the periodic lateral force generated by the
tail fin produces not only longitudinal thrust but also coupled yaw
and sway motions. These additional degrees of freedom
continuously alter the instantaneous angle of attack of the
oncoming flow relative to the tail, inducing extra lateral vortex
shedding and energy dissipation. In the CFD computations,
however, the fish body is constrained to planar surge motion,
shutting down the two aforementioned dissipation pathways.
Consequently, the mechanical energy that should have been
consumed by yaw and sway damping is still counted as “effective
propulsive work”, thereby artificially inflating the propulsive
efficiency of the tail fin. However, this does not significantly affect
our study, as our focus is on the variation patterns of the
hydrodynamic coefficients, rather than the motion state of the
robotic fish. Within a limited range, the Simulink simulation and
experimental results exhibit good consistency, which to some extent
validates the reliability of the established simulation model.
Using the simulation platform, the horizontal plane
instantaneous surge speed of the robotic fish was analyzed under
two conditions: when propelled by the horizontal propeller thrusters
and when propelled by the swinging tail. By varying the propeller
rotational speed and the tail swing frequency, different swimming
speeds can be achieved. Figures 12B, C display the instantaneous
swimming speed curves at different propeller rotational speeds and
tail swing frequencies, respectively, without underwater current
disturbances. It can be observed that, under the influence of the
propellers, as the rotation speed increases, the maximum surge speed
that the robotic fish can achieve gradually increases, and the time
required to reach this speed decreases. Within the rotation speed
range of 500 to 3000 rpm, the surge speed of the robotic fish can reach
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Circular-turn trajectories of the robotic fish. (A) Overview of the swimming sequence; (B) Turning radius with the maximum tail-swing offset at
various beating frequencies; (C) Turning radius under different differential thrust settings of the horizontal propellers.

0.23 to 1.6 BL/s. Under the influence of tail swinging, as the tail swing
frequency increases, the thrust provided also increases, leading to a
higher achievable surge speed and a shorter time to reach this speed.
Due to the periodic oscillation of the thrust from the three-joint tail
propulsion system, the instantaneous swimming speed of the robotic
fish exhibits periodic oscillation. Within the tail swing frequency
range of 0.5 to 2 Hz, the surge motion speed of the robotic fish can
reach 0.04 to 0.23 BL/s.

During hybrid-driven trials, both Simulink simulations and
prototype tests revealed that the robotic fish suffered from poor
straight-line stability caused by persistent yaw motion. This issue
became most pronounced when high propeller speeds were paired
with low tail-beat frequencies. According to the preceding CFD
analysis, this occurs because the Strouhal number falls below 0.33,
so the tail generates virtually no useful thrust while its lateral sweeps
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still produce yawing moments. These moments interact with the
surge force delivered by the propellers, causing the yaw angle to
accumulate and the vehicle to drift off the intended straight path.
Figure 13 compares the cruising speeds achieved in hybrid mode for
tail swing frequencies of 1 Hz and 1.5 Hz within a limited propeller-
speed envelope. Simulink predictions and experimental data agree
closely, whereas CFD again slightly overestimates the speed. Under
conditions that still allow straight-line swimming, a tail swing
frequency of 1.5 Hz combined with a propeller speed of 1500
rpm yields approximately 0.63 BL/s.

5.2.2 Minimum turning radiuses

The minimum turning radius of the robotic fish reflects its
maneuverability and flexibility. There are four ways to achieve
planar turning motion for the robotic fish: 1) Pure tail swinging:
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FIGURE 15
The submerged movement of the robotic fish.

The tail swings asymmetrically along the fish’s tail, with the
horizontal thrusters turned off; 2) Pure propeller propulsion: The
two propeller thrusters rotate at different speeds, with no tail
swinging; 3) Hybrid drive method A: The tail swings
symmetrically, and the horizontal propeller thrusters rotate at
different speeds; 4) Hybrid drive method B: The tail swings
asymmetrically, and the horizontal propeller thrusters rotate at
the same speed. The results of methods 1 and 2 represent the
minimum turning radii of the robotic fish in two single modes,
while the results of methods 3 and 4 will not be smaller than those of
method 2. The maximum tail swing offset of the robotic fish is set to
45° and the maximum differential speed of the two horizontal
thrusters is 3000 rpm (the upper limit of the thruster speed). As
shown in Figure 14A, in an outer lake, the circular motion of the
robotic fish moving with the maximum tail swing offset at different
swinging frequencies or with different differential speeds of the
horizontal propeller thrusters (with one propeller thruster
rotational speed at 0) is tested and analyzed, without underwater
current disturbances. The experimental and simulation results are
presented in Figures 14B, C. In the pure tail swinging mode, the
turning radius of the robotic fish moving with the maximum tail
swing offset at different swinging frequencies is very close, with the
minimum value being around 2.9 BL at a swinging frequency of 1
Hz. In the pure propeller propulsion mode, the turning radius
decreases as the speed difference between the two horizontal
thrusters increases, with the minimum value being around 0.6 BL
at a speed difference of 3000 rpm. It is evident that the differential
rotation of the two horizontal propellers enables the robotic fish to
have a smaller turning radius, indicating stronger maneuverability
and flexibility.
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5.2.3 Motion characteristics in the 3D space

In addition to testing the aforementioned planar motion
metrics, the robotic fish we developed also possesses the
capability for 3D spatial motion. By utilizing its heave propeller
and pectoral fin rotation, it can generate heave forces and moments,
thereby enabling its movement in the vertical plane. Due to
experimental constraints (lack of underwater filming equipment),
we only verified the robotic fish’s diving and surfacing capabilities,
as shown in Figure 15.

To demonstrate the capability for 3D spatial motion, we have
also utilized the Virtual Reality Simulation module in Matlab/
Simulink to visualize the motion of the robotic fish, as shown in
Figure 16. We have presented several typical motion scenarios of
the robotic fish, including 3D helical motion, right-angle motion in
the vertical plane, and “V”-shaped diving and surfacing motion.
Specifically, Figure 16A shows the robotic fish moving in the
biomimetic propulsion mode, with a simulation duration T, =
180 s, and simulation inputs of swinging frequency f = 2 Hz,
swinging offset O, = 45°, and pectoral fin angles Sy, = Syas =
30°. Figure 16B illustrates the robotic fish moving in the propeller
propulsion mode, with a simulation duration T, =100 s, and
simulation inputs for the propeller speeds nya; = nya, = 500u(t)
rpm, nya; = 500[1 — u(t)] rpm, where u(t) is a unit step function
with a step time of 0.5T,. Figure 16C depicts the robotic fish moving
in the hybrid-driven mode, with a simulation duration T3 = 100 s,
where the horizontal thrusters provide thrust for straight-line
motion, and the pectoral fin rotation provides heave force for
vertical diving and surfacing. The simulation inputs are the
speeds of the two horizontal propeller thrusters rmys; = figas =

500 rpm, and the pectoral fin angles y,; = Sya, = 60°[26(¢) — 1],
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The typical motion scenarios. (A) Movement in the biomimetic propulsion mode; (B) Movement in the propeller propulsion mode; (C) Movement in

the hybrid-driven mode.

where 0(f) is a unit pulse function with a period of T5 and a pulse
width of 0.5T;. By activating different motion actuators of the
hybrid-driven robotic fish, various motion states can be achieved,
demonstrating the robotic fish’s excellent 3D motion performance.

5.3 Uncertainty analysis of hydrodynamic
coefficients

Ocean-current disturbances and other stochastic environmental
factors introduce parametric uncertainties that perturb the system’s
hydrodynamic coefficients. To further investigate the influence of
these coefficients on the system’s dynamic performance under
uncertain disturbances, we introduced a time-varying random
£10% of the original
obtained from CFD

simulations. This perturbation of the hydrodynamic parameters

noise with an amplitude not exceeding
coefficient, based on these coefficients

aims to quantify the influence of uncertainties on the hydrodynamic
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coefficients and to further analyze their influence on the system
dynamic output. The specific procedures are as follows: (1) Added-
mass coefficients: perturbation limits are set as a fixed base value
scaled by a prescribed percentage and superimposed on the original
coefficients. (2) Damping coefficients: linear and quadratic nominal
values are scaled by the same percentage to generate perturbation
limits, which are then added to the original coefficients. (3)
Propeller thrust coefficient K7: constant coefficients (-0.4674 and
0.4421) scaled by the prescribed percentage define the perturbation
limits, which are then added on the original coefficient. (4) Tail
thrust coefficients Cr, C;, and Cy;: perturbation limits are set as the
current nominal values scaled by the prescribed percentage and
added to the original coefficients.

Taking the planar straight-line swimming motion of the robotic
fish as an example, the influence of hydrodynamic coefficients
perturbation on the surge speed of the robotic fish is analyzed
under two single propulsion modes. For the propeller propulsion
mode and the tail swinging propulsion mode, the control
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Influence of perturbations in Radiation-induced force coefficients on surge speed. (A) Propeller propulsion mode; (B) Tail swinging propulsion mode.
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Influence of perturbations in thrust coefficients on surge speed. (A) Propeller propulsion mode; (B) Tail swinging propulsion mode.

commands for the actuators are respectively set to mys; = na, =  consistent with that without parameter perturbation, exhibiting
2000 rpm and f = 2Hz, with all other parameters set to 0. As shown  only minor fluctuations. In contrast, under the tail swinging
in Figures 17, 18, within the range of parameter perturbation, the  propulsion mode, as the parameter perturbation intensifies, the
surge speed u in the propeller propulsion mode remains essentially ~ fluctuation range of the surge speed significantly increases.
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Meanwhile, this observation indicates that within the same level of
parametric perturbation, the variation in surge speed is more
pronounced in the tail swinging propulsion mode. Therefore,
when environmental disturbances are significant and thrust
coefficient perturbation is severe, it is advisable to employ the
propeller propulsion mode rather than the tail swinging
propulsion mode to ensure the stability of the robotic fish’s motion.

6 Conclusion

This study conducted mathematical modeling, prototype testing
and maneuverability simulation based on the proposed hybrid-
driven robotic. The conclusions of the work are as follows.

1. A hybrid-driven robotic fish equipped with both
biomimetic fin and propeller propulsion was designed
and manufactured. Considering the effects of added mass
forces and fluid damping forces, a coupled mathematical
model of hydrodynamics and mechanical dynamics for the
hybrid-driven robotic fish was established based on
classical rigid body dynamics theory.

. A numerical simulation model of the robotic fish was
established using 3D modeling and CFD simulation
software. Hydrodynamic data fitting method was used to
obtain the hydrodynamic damping coefficient of the
robotic fish’s body, the thrust coefficient of the swing tail,
and the thrust coefficient of propeller, thereby
supplementing and perfecting the dynamics model of the
hybrid-driven robotic fish. It was found that the surge
thrust coefficient Cr, sway force coefficient C;, and yaw
moment coefficient Cy; of the robotic fish’s three-joint tail
can all be fitted as explicit functions related to the tail swing
frequency fand the Strouhal number St in the time domain.
When St< 0.33, the tail cannot provide effective positive
thrust. The thrust coefficient of propeller Ky was
approximately linearly negatively correlated with the
advance number J, consistent with the characteristic
curve of the propeller.

. By comparing the CFD calculation results, Simulink
simulation results, and prototype test results for the
multiple motion state of the robotic fish, a MATLAB/
Simulink simulation platform for the motion of the
hybrid-driven robotic fish was constructed and validated.
Based on the simulation platform, the locomotive
capabilities and maneuverability of the robotic fish were
analyzed. In the propeller propulsion mode, within the
horizontal propeller rotation speed range from 500 rpm to
3000 rpm, the straight-line speed of the robotic fish can
reach from 0.23 BL/s to 1.6 BL/s, and the minimum turning
radius can be 0.6 BL when the speed difference between the
two propellers was 3000 rpm. In the tail swing drive mode,
within the tail swing frequency range from 0.5 Hz to 2 Hz,
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the straight-line speed of the robotic fish can reach from
0.04 to 0.23 BL/s, and the minimum turning radius can be
2.9 BL at the tail swing frequency of 1 Hz. Additionally,
several typical 3D spatial motion scenarios were designed
using the three drive modes of the robotic fish, and virtual
reality techniques were employed for visualization,
demonstrating the 3D spatial motion capabilities of the
hybrid-driven robotic fish.

Moreover, the influence of perturbations in hydrodynamic
coefficients on surge speed was analyzed based on the simulation
platform. The results indicated that the propeller mode exhibits
markedly superior robustness to parameter perturbations compared
with the tail swing mode, making it the preferred configuration for
deployment in highly disturbed underwater environments.

This research provides valuable insights into the exploration
and design of new types of high-performance and efficient
biomimetic underwater robots, primarily addressing the dynamics
analysis, hydrodynamic coefficient identification, and open-loop
manipulation system simulation modeling issues of the hybrid-
driven robotic fish. Furthermore, the rationality and effectiveness of
the dynamics model are validated through the simulation analysis
and prototype testing of the robotic fish’s motion state, laying the
groundwork and theoretical foundation for further research on the
complex closed-loop system motion control of the hybrid-driven
robotic fish.

Building on this foundation, our future work will concentrate
on guidance and motion control of the robotic fish: constructing a
state observer for real-time motion estimation and feedback
generation; dynamically allocating control inputs for the under-
actuated system based on guidance laws; and devising mode-
switching strategies together with dedicated controllers. The
ultimate goal is to achieve high-precision, high-efficiency closed-
loop path/trajectory tracking for the hybrid-driven robotic fish in
complex environments.
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