
Biomimetic Intelligence and Robotics 5 (2025) 100247

 

 

Contents lists available at ScienceDirect

Biomimetic Intelligence and Robotics

journal homepage: www.elsevier.com/locate/birob  

Research Article

Design and dynamics modeling of a hybrid drive bionic robotic fish
Haoyu Huang, Shuai Xian, Chengye Xiong, Weihua Li, Yong Zhong ∗

Shien-Ming Wu School of Intelligent Engineering, South China University of Technology, Guangzhou 510641, China

a r t i c l e  i n f o

Article history:
Received 17 February 2025
Revised 18 May 2025
Accepted 9 June 2025
Available online 25 June 2025
Keywords:
Robotic fish, Hybrid drive
Dynamics model
Swimming performance

 a b s t r a c t

While recent advancements in hybrid propulsion systems for bionic robotic fish—combining biomimetic
mechanisms with classical vector thrusters—demonstrate enhanced locomotion capabilities and appli-
cation potential, challenges remain in modeling the coupled dynamics of heterogeneous propulsion 
mechanisms. This paper presents a hybrid-drive robotic fish architecture that synergistically integrates 
pectoral-fin-mounted propellers with a caudal-fin-based propulsion system. A three-dimensional 
dynamical model is developed to characterize the coupled interactions between the dual propulsion 
modes, incorporating a hydrodynamic computation framework that accounts for propeller wake effects 
on caudal fin performance. Systematic experimental validation confirms the model’s fidelity through 
quantitative analysis of swimming performance metrics, including cruising speed, turning radius, and 
trajectory tracking. The results show that the proposed hybrid propulsion strategy can effectively 
improve the swimming performance of the robotic fish, and the model can effectively predict the 
motions such as speed, turning diameter, and trajectory of the robotic fish, which provides a new idea 
for the development of bionic robotic fish.
© 2025 The Author(s). Published by Elsevier B.V. on behalf of Shandong University. This is an open access 

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Bionic robotic fish represents a novel autonomous underwater 
vehicle with significant potential applications in the domains of 
marine resource survey, fishery monitoring and military opera-
tions [1–6]. In comparison with conventional autonomous under-
water vehicles (AUVs), the bionic robotic fish is distinguished by 
its superior maneuverability, minimal ambient noise and reduced 
energy consumption [7–9]. These characteristics enable more 
flexible and stealthy missions in ocean exploration, ecological 
monitoring and military reconnaissance. Enhancing the mobility 
and three-dimensional movement capabilities of robotic fish can 
increase their stability in complex underwater environments and 
their adaptability to multidimensional tasks, thus expanding the 
range and success rate of practical applications. In the present 
stage of research, robotic fish that achieve three-dimensional 
movement through bionic methods, such as bionic pectoral fins 
and internal buoyancy adjustment systems, exhibit deficiencies 
including slow response and low anti-interference ability, which 
fall short of the performance standards of real fish [10]. Propellers 
possess a broad spectrum of applications in the domain of under-
water robotics due to their notable strengths, such as high output 
power and robust anti-interference capabilities. Consequently, 
a hybrid propulsion system that integrates multiple propulsion 
modes through meticulously designed strategies holds promise in 
enhancing the maneuverability and adaptability of robotic fish.
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Currently, in the research of bionic robotic fish, the propul-
sion mechanisms can be categorized into two main modes: mid- 
and/or paired fin mode (MPF mode) and body and/or caudal 
fin mode (BCF mode) [11,12]. The current propulsion mecha-
nisms of these devices primarily encompass single joint/multi-
joint mechanisms, wire-driven mechanisms, and smart material 
drives [13]. Zhong et al. designed a robotic fish equipped with 
a wire-driven mechanism that emulates the skeletal structure 
and muscle arrangement of real fish [14–17]. They achieved the 
dynamic swimming of the bionic robotic fish by integrating an 
active steel wire-driven body with a flexible submissive caudal 
fin. Cen et al. proposed a bionic robotic fish based on a flexible 
two-chip macrofibre composite (MFC) piezoelectric laminate [18]. 
Andrew et al. developed a bionic robotic fish driven by a series of 
fluid-elastomer brakes [19]. The fluid-driven system provides the 
robotic fish with rapid acceleration and continuum body motion, 
thereby enabling a fast escape response. Chen et al. designed a 
magnetic-driven miniature robotic fish to enhance the motion 
amplitude by driving the caudal swing through the spiral tube 
translation [20]. However, there is a problem of magnetic field 
interference. Liu’s hydraulic double-jointed soft-bodied robotic 
fish realizes the bionic flexible swing, but the system is compli-
cated and lacks three-dimensional motion [21]. Concurrently, a 
substantial body of research has centered on the development 
of robotic fish capable of spatial locomotion. Chen et al. de-
veloped a miniature three-dimensional bionic robotic fish with 
depth control, capable of rapid ascent and descent via water 
electrolysis tanks [22]. Zhong et al. designed a gliding robotic fish 
based on an underactuated flexible propulsion mechanism, which 
niversity. This is an open access article under the CC BY license
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achieves two modes of motion: swimming and gliding [23]. Zheng 
et al. conceived the design of an active tail-driven robotic fish, 
incorporating a center of gravity adjustment mechanism [24]. 
They also developed a three-dimensional dynamic model. Cur-
rent research on bionic robotic fish has achieved efficient bionic 
propulsion through various types of drive mechanisms, but still 
suffers from insufficient maneuverability and slow response in 
three-dimensional motion space.

Significant progress in bionic design, intelligent control, and 
underwater sensing capabilities of robotic fish through existing 
research has opened new frontiers in enhanced maneuverability 
and practical adaptability. Recent advancements in the field of 
hybrid propulsion architectures, encompassing the coordination 
of multiple propulsion mechanisms, have emerged. The integra-
tion of a hybrid drive system with traditional vector propulsion 
has emerged as a promising approach to enhance the locomotive 
capabilities of bionic robotic fish. Ji et al. proposed a bionic robotic 
fish that combines tail fin and rear propeller propulsion to easily 
execute a multi-modal swimming gait [25]. The research focused 
more on three-dimensional path tracking in hybrid drive modes. 
Tang et al. developed an underwater gliding snake robot that 
integrates a glider with an underwater snake robot [26]. Li et al. 
developed a miniature robotic fish equipped with double fixed 
propellers, with the ability to move in three dimensions in a 
narrow space [27,28]. However, the dynamics model constructed 
does not require consideration of the coupling because the pro-
pellers do not interfere with the propulsion of the caudal fins. In 
comparison with the single propulsion mode, the hybrid propul-
sion mode, which integrates the conventional thruster with the 
bionic propulsion mechanism, has demonstrated significant re-
search potential in the domains of attitude control, path tracking, 
and motion performance enhancement of the robotic fish.

The central objective of this paper is to propose a hybrid 
drive bionic robotic fish based on pectoral-fin propeller propul-
sion and caudal-fin propulsion, and to construct the dynamic 
models of the robotic fish under a hybrid propulsion system 
with coupling. Secondly, a dynamic model of a hybrid drive 
bionic robotic fish was constructed based on the Newton–Euler 
method. The model was developed in conjunction with a hy-
drodynamic calculation method for the caudal fin that takes 
into account the influence of the propeller wake current. Fi-
nally, the hydrodynamic parameters were determined through 
computational fluid dynamics (CFD) simulation and optimization 
equations. The accuracy of the kinetic model in predicting veloc-
ity and trajectory was verified through kinematic experiments 
and simulations, including straight swimming motion, steering 
motion, and three-dimensional (3-D) spiral motion.

2. Materials and methods

2.1. Mechatronics design of the robotic fish

As illustrated in Fig.  1, the propulsion system of the designed 
hybrid drive bionic robotic fish consists of a pair of pectoral fin 
propellers and a caudal fin driven by a servo. The caudal fin drive 
part adopts the BCF mode. The single-jointed caudal fin is driven 
by the servo to carry out oscillatory motion, thereby generating 
the thrust required for the fish to move forward. This configu-
ration ensures a propulsive effect while maintaining a compact 
overall structure. The pectoral fin propellers are symmetrically 
mounted on the robotic fish, and the internal pectoral fin servo 
changes the propelling direction of the propellers, enabling the 
robotic fish to exhibit 3-D spatial movement capability. The head 
of the robotic fish is sealed by waterproof grooves and silicone 
gaskets, and the dynamic sealing effect of the pectoral fin drive 
shaft is achieved by installing Glyd-ring in the pectoral fin drive 
hole.
2

Fig. 1. Overview of the robotic fish. (a) Prototype. (b) Conceptual design.

Table 1
Specifications of the robotic fish.
 Item Characteristics  
 Dimension (L×W×H) 31 cm × 24 cm × 9.5 cm  
 Total mass 1.13 kg  
 Power supply 7.4 VDC, 1300 mAH Ni-H battery 
 Propeller nominal voltage 12 V  
 Microcontroller STM32F103C8T6  
 Inertial measurement unit MPU6050  
 Communication module E62-433T20D  

Furthermore, the robot fish is equipped with multiple sensors. 
A depth sensor is positioned at the anterior of the robotic fish, 
meticulously monitoring the dive depth. An inertial measurement 
unit (IMU) is integrated within the robotic fish, enabling precise 
monitoring of the six-axis acceleration. Concurrently, a power 
monitoring module has been integrated into the drive circuit of 
the fish, thereby enabling the monitoring of power consumption. 
The design specifications of the bionic robotic fish are delineated 
in Table  1.

2.2. Motion control

Bio-inspired control is employed to achieve autonomous rob-
otic locomotion by emulating the rhythm generation mechanism 
of the animal central nervous system using a central pattern 
generator (CPG). The CPG generates stable periodic signals based 
on mutual inhibition among neurons without external inputs or 
high-level neural interventions, and this mechanism aligns with 
the spinal cord locomotion coordination mechanism of fishes. In 
this study, we have made improvements to Ijspeert’s salamander-
like CPG model and simplified the multi-driver phase coupling for 
the single-joint caudal fin [29]. These modifications have enabled 
the successful driving of a bionic robotic fish, thereby realizing a 
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swimming gait reminiscent of a real fish. The CPG model used in 
this paper can be represented by the following equation:

b̈ = kb

(
kb
4
(B − b)− ḃ

)
(1)

m̈ = km

(
km
4
(M − m)− ṁ

)
(2)

θ̇ = ω

[
(1 + R)2

4R
−

R2
− 1
4R

sign (sin (θ))
]

(3)

α = b + mcos (θ) (4)

sign (λ) =

⎧⎨⎩
1, λ > 0
0, λ = 0
−1, λ < 0

(5)

where M, ω, B, and R are the high-level control parameters of 
the CPG control model, correspond to the amplitude, angular 
velocity, offset, and the time ratio, respectively. These parame-
ters enable the modulation of the motion of the robotic fish. M
and ω represent the primary control parameters influencing the 
swimming velocity of the robotic fish, and their numerical values 
are positively associated with the observed swimming velocity. 
B primarily affects the steering capability of the robotic fish and 
signifies the zero-degree oscillation of the driver. θ represents the 
phase of the oscillator. m represent the amplitude of the model 
oscillator and gradually converges to M. b represent the offset 
value of the model oscillator and gradually converges to B. km and 
kb are used for controlling the convergence speed, respectively. r
denotes the ratio of time between the caudal fin oscillating from 
caudal median to both sides and recovering from both sides to 
the median. α donates the rotation angle of the caudal servo, 
which is the sole output quantity of the CPG model. More details 
and content can be found in the previous work of our subject 
group [30].

3. Dynamic model

3.1. Definition of the coordinate systems

In this study, in order to illustrate the motion state of the 
robotic fish more clearly, the global inertial coordinate system 
and the fish body coordinate system are defined, and the origin of 
the fish body coordinate system is assumed to coincide with the 
geometric center of the robotic fish. As shown in Fig.  2, OI −XIYIZI
denotes the global inertial coordinate system, and Of − Xf Yf Zf
denotes the fish body coordinate system, and the definitions 
of the coordinate systems all follow the right-hand rule. The 
position of the robotic fish is denoted as P I = [XI , YI , ZI ]. The 
velocity of robotic fish is denoted as V I = Ṗ I = [VIx, VIy, VIz]

T  in 
OI −XIYIZI and V I = [Vfx, Vfy, Vfz]

T  in Of −Xf Yf Zf . The relationship 
between V I  and V f  can be expressed as 

V I = TV · V f (6)

where TV  represents the transformation matrix from Of − Xf Yf Zf
to OI − XIYIZI . 

TV =

⎡⎢⎣cosθ cosψ sinφ sin θ cosψ − cosφ sinψ cosφ sin θ cosψ + sinφ sinψ
cos θ sinψ sinφ sin θ sinψ + cosφ cosψ cosφ sin θ sinψ − sinφ cosψ

−sinθ sinφ cos θ cosφ cos θ

⎤⎥⎦
(7)

Similarly, ωI = [φ̇, θ̇ , ψ̇]
T , ωf = [ωfx, ωfy, ωfz]

T  are the angular 
velocities of the robotic fish under O − X Y Z  and O − X Y Z , 
I I I I f f f f

3

respectively, and the relationship between them can be expressed 
as 
ωI = Tω · ωf (8)

where 

Tω =

[ 1 sinφ tan θ cosφ tan θ
0 cosφ − sinφ
0 sinφ sec θ cosφ sec θ

]
(9)

φ, θ , ψ indicate the roll, pitch and yaw angles of the robotic 
fish respectively.

Based on approximate hydrodynamic calculations and the 
Newton–Euler equations, the equations of motion for the hybrid 
drive robotic fish moving in 3-D space can be expressed as 
M (V ) V̇ + C (V )V = τ (10)

where V = [V f ωf ]
T  is denoted as the velocity vector of robotic 

fish. τ indicates the forces and moments exerted on the robotic 
fish. M (V ) denotes the mass matrix of the robotic fish rigid body 
with the inclusion of additional mass. C (V ) is the Coriolis and 
centripetal matrix of the robotic fish rigid body with the inclusion 
of additional mass.

3.2. 3-D force analysis

This section analyzes the forces and moments acting on the 
robotic fish. The designed hybrid drive robotic fish can move in 
three dimensions by changing the propulsion direction of the 
pectoral fin propeller. Since the forces acting on the robotic fish 
during motion are mainly from the horizontal and vertical planes, 
and the lateral forces acting on the robotic fish are small, we 
mainly analyze the force decomposition of the robotic fish in the 
Xf − Yf  plane and the Xf − Zf  plane.

As shown in Fig.  2(a), the lift FLi(i = 1, 2) and drag FDi(i = 1, 2)
acting on the robotic fish’s head are expressed as: 

FLi =
1
2
ρ

⏐⏐V fi
⏐⏐2 AiCLiβi (11)

FDi =
1
2
ρ

⏐⏐V fi
⏐⏐2 AiCDi (12)

where ρ is the density of the fluid, CLi and CDi are the lift and drag 
coefficients, respectively, and Ai is the wetted area of the head. V fi
is the velocity vector sum of the robot fish in the plane, βi is the 
attack angle of the robotic fish, defined as:
β1 = arctan

(
V fy,V fx

)
(13)

β2 = arctan
(
V fz ,V fx

)
(14)

The robotic fish will rotate and oscillate periodically around 
the coordinate axis of the fish body during movement. The roll, 
pitch, and yaw moments of resistance that the robotic fish is 
subjected to during the process can be expressed as follows, 
respectively: 
MDj = −CMj

⏐⏐ωfj
⏐⏐ωfj (j = x, y, z) (15)

where CMj are the drag moment coefficient. Since the designed 
hybrid drive bionic robotic fish carries two pectoral fin propellers 
that can be individually adjusted in the direction of propulsion, 
it is necessary to consider the lift F k

PL and the drag F k
PD(k = 1, 2)

exerted on the pectoral fins, which are shown in Fig.  2(b) and can 
be expressed as follows:

F k
PL =

1
2
ρ

⏐⏐V f 2
⏐⏐2 Ak

PC
k
PLγ

k
P (16)

F k
PD =

1
2
ρ

⏐⏐V f 2
⏐⏐2 Ak

PC
k
PD (17)
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Fig. 2. Schematic diagram of the dynamic model of the robotic fish. (a) Force and velocity analysis for Xf −Yf  plane. (b) Force and velocity analysis for Xf −Zf  plane.
where F 1
PL represents the lift applied to the left pectoral fin. F 2

PD
represents the drag applied to the right pectoral fin. Ak

P  is the 
wetted area of the pectoral fin. γ k

P  denotes the attack angle of 
the pectoral fin, which is defined as γ k

P = β2 − Φk. Φk is 
the propulsion angle of the pectoral fin propeller. Ck

PL, Ck
PD are 

the lift and drag hydrodynamic coefficients of the pectoral fins, 
respectively, and the magnitude of their values is related to the 
external dimensions of the pectoral fins and the attack angle.

According to the leaf element theory, the generalized force of 
the propeller can be expressed as [31]:
F k
P = CFρD4

|ni| ni (18)

T k
P = CTρD5

|ni| ni (19)

where F k
P  and T k

P  indicates force and torque, respectively. D rep-
resents the blade diameter of the propeller. ni indicates the rota-
tional speed of the propeller. CF , CT  are the thrust coefficient and 
torque coefficient of the propeller, respectively, and are related 
to the propeller’s own structure and the propulsion ratio Jk. The 
propulsion ratio Jk is calculated as follows: 

Jk =
U
nk
pD

(20)

where U is the swimming speed of the robotic fish.
The Morison equation provides a simplified expression for the 

hydrodynamic force generated by caudal fin oscillation, which 
encompasses drag and additional mass forces. As shown in Fig. 
2(a), in the hybrid propulsion mode, the wake generated by the 
pectoral fin propellers will interfere with the swing of the caudal 
fin, thereby affecting its propulsion effect. To simplify the model, 
the interference is considered only when the propeller jet angle, 
denoted by Φk, is set to zero. In the analysis of the velocity 
characteristics of the propeller wake, the jet of the propeller is 
regarded as a constant fluid, and the axial velocity of the propeller 
is identified as the primary index for consideration. The initial 
outflow velocity VP0 of the fluid at the paddle surface, subsequent 
to acceleration by the propeller, can be expressed as follows [32]:
V P0 = 1.22nk1.01

p D0.84CF (21)

The jet region of the propeller can be divided into the flow 
establishment zone (ZFE) where the jet is formed and established, 
4

and the established flow zone (ZEF) where the jet is attenuated, 
and the lengths of the zones are 0 < d/D ≤ 3.15,

3.15 < d/D [33]. In this design, the caudal oscillation re-
gion is located in the flow establishment zone (ZFE), where the 
maximum axial velocity of the fluid can be expressed as [34] 

V d =

(
1.51 − 0.175

(
d
D

)
− 0.46P

)
V P0 (22)

where d is the jet distance. P is the propeller pitch, which is the 
ratio of propeller pitch to diameter.

Therefore, the Morison equation considering the propeller 
wake velocity V d located in the caudal swing region can be 
expressed as follows:

f (n) = −
1
2
ρCdV T |V T | b (n)− ρCmV̇ T s (n) (23)

F T =

[
F Tx
F Ty

]
=

∫ LT

0
f (n) dn (24)

MT =

∫ LT

0
rn × f (n) dn (25)

where Cd and Cm are the drag coefficient and inertia coefficient, 
respectively. b (n), s (n) denote the chord length and the caudal 
interface area at any point n of the caudal fin, respectively. rn
represents the position vector from point n to the center of the 
fish’s mass.V T = V ′

T + V d denotes the combined velocity vector 
of the fluid plasmas on the surface of any point n of the caudal fin. 
V ′

T  represents the velocity vector generated by the caudal alone 
in still water driven by the servo. L denotes the distance from the 
caudal fin of the robotic fish to the center of mass.

4. Simulations and experiments

In order to verify the accuracy of the proposed hybrid drive 
bionic robotic fish dynamics model, extensive simulations and 
experiments are conducted in this section. Initially, the hydro-
dynamic coefficients of the robotic fish are calculated by com-
putational fluid dynamics (CFD). In the subsequent stage of the 
research, the experimental measurements are compared with the 
simulation data in order to verify the accuracy of the proposed 
model under three distinct motion scenarios (namely, straight 
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Fig. 3. Schematic of CFD fluid simulation. (a) Fluid field settings. (b) Simulation results of drag moment coefficient. (c) Simulation results of pectoral fin lift coefficient. 
(d) Simulation results of pectoral fin drag coefficient.
swimming, steering, and 3-D spiral dive, respectively). The mea-
sures of the swimming velocity, turning diameter, and motion 
trajectory of the robotic fish are the focus of this comparison.

4.1. Determination of hydrodynamic coefficients

For enhancing the precision of the hybrid drive bionic robotic 
fish dynamics model, the hydrodynamic coefficients of the robotic 
fish and pectoral fins were fitted at varying tack angles. In order 
to accomplish this objective, the CFD method was employed in 
order to calculate the hydrodynamic coefficients of the robotic 
fish and pectoral fins. Furthermore, the equations of the hydro-
dynamic coefficients versus the attack angle were also calculated. 
The drag moment coefficients of the robotic fish along the z-axis 
of the fish coordinate system and the lift and drag coefficients of 
the pectoral fins were the primary focus of the present analysis. 
Fig.  3(a) shows the meshing and fluid domain in the CFD simu-
lation environment. The size of the fluid domain is 1000 mm ×

1500 mm × 1000 mm and the model is placed in the center of 
the fluid domain. Given that the size of the simulation model 
is considerably smaller than that of the fluid domain, the fluid 
domain can be regarded as an infinite domain. The minimum 
mesh size of the solved model is 1 mm, the maximum mesh size 
of the fluid domain is 20 mm, and the number of boundary layers 
is 10. The hydrodynamic coefficients of the robotic fish pectoral 
fins are solved for different attack angles, and the results are 
shown in Fig.  3(b)(c)(d).

Given the modest range of yaw angle variation exhibited by 
the robotic fish in its natural movement, the yaw angle range of 
the model, designated as the lift coefficient, was set to [0◦, 30◦]
in the CFD analyses. Similarly, the range of the pectoral fin’s jet 
angle was set to [0◦, 90◦]. The observed increase and subsequent 
decrease in the lift coefficient of the pectoral fin in Fig.  3(c) is 
attributed to the occurrence of the stall phenomenon when the 
attack angle exceeds a critical value. This results in the separation 
5

Table 2
Physical parameters of robotic fish.
 Parameter meaning Parameter Values  
 Robotic Fish Weight mf 1.13 kg  
 x-axis additional mass mx 0.5424 kg  
 y-axis additional mass my 1.017 kg  
 z-axis additional mass mz 1.017 kg  
 Caudal fin length LT 0.1 m  
 Caudal fin width Lw 0.095 m  
 Fluid density ρ 1000 kg/m3  
 x- moment of inertia Ix 1.278×10−3 kg/m2 
 y- moment of inertia Iy 2.928×10−3 kg/m2 
 z- moment of inertia Iz 2.981×10−3 kg/m2 
 Wetted area of robotic fish Ai 5.791×10−2 m2  
 Wetted area of pectoral fin Ak

P 1.239×10−2 m2  

of the boundary layer of the fluid flowing over the upper surface 
of the pectoral fin due to the backpressure gradient and viscous 
effects. Consequently, as the attack angle increases, the lift on 
the pectoral fin decreases. The equations for the hydrodynamic 
coefficients were fitted according to the CFD simulation results 
as follows:

Ck
PD = 4.3595 × 10−9γ k4

P − 1.0261 × 10−7γ k3
P

+6.9452 × 10−5γ k2
P + 7.7335 × 10−5γ k

P + 0.01631 (26)

Ck
PL = −1.2984 × 10−9γ k4

P + 6.5471 × 10−7γ k3
P

−1.01993 × 10−4γ k2
P + 0.0048γ k

P + 0.00447 (27)
CMz = −2.12 × 10−7β3

1 + 4.58 × 10−6β2
1

+5.25 × 10−4β1 + 1.51 × 10−4 (28)

In addition to this, the remaining hydrodynamic coefficients in 
the kinetic model are determined by the following optimization 
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Fig. 4. Swimming experiment setting.

equations:

min
λ

1
N

N∑
n=1

1
(Ne − NS) T

∫ NeT

NST

⏐⏐Vef ,n (t)− Vsf ,n (t)
⏐⏐ dt

s.t.λl ≤ λ ≤ λu (29)

where Vef ,i (t) and Vsf ,i (t) are the experimental and simulation 
velocity of the robotic fish for parameter set n. N denotes the 
number of parameter groups. T  is the caudal oscillation period, 
λ is the set of hydrodynamic coefficients including CLi, CDi, Cd, Cm. 
λl and λu are the lower and upper limits of λ.

The physical parameters of the robotic fish used for parameter 
recognition and CFD simulation are given in Table  2. The finalized 
hydrodynamic coefficients in the kinetic model are CL1 = 10, 
CL2 = 0.05, CD1 = 0.2, CD1 = 0.05, Cd = 1, Cm = 1.

4.2. Experimental setup

As shown in Fig.  4, the straight swimming and steering ex-
periments of the robotic fish are conducted in a pool measuring 
4 m in length, 3 m in width, and 0.5 m in depth. A global camera 
(Camera 1) with a resolution of 1920 × 1080 pixels and a frame 
rate of 60 frames per second is mounted at the top of the pool to 
record the movement of the robotic fish in the XI − YI plane. The 
3-D experiment was conducted in a 3 m long, 2 m wide, 1.5 m 
deep pool, in which a waterproof and anti-shaking motion camera 
(Camera 2) capable of shooting 4K resolution, 60 Hz video was 
placed beneath the surface of the pool and used to record the 
motion of the robotic fish underwater. The position and velocity 
of the robotic fish during its movement were calculated by cap-
turing the marker points on the robotic fish through software. 
The adjustment of the buoyancy of the robotic fish was such 
that 90% of its body was submerged in water. The movement of 
the robotic fish was controlled remotely via the transmission of 
advanced motion parameters from the CPG and the jet angle Φk

and rotational speed nk
p of the pectoral fin propeller through the 

computer.

4.3. Straight swimming motion

In this section, multiple control experiments were set up based 
on the characteristics of hybrid propulsion with a pectoral fin 
propeller with a jet angle of Φk

= 0◦(k = 1, 2). The rotational 
velocity nk

p was set to 0 rpm, 300 rpm and 600 rpm, respectively. 
The advanced kinematic parameters of the CPG were transmitted 
through the host computer, where the pendulum amplitude M =

10◦
∼ 30◦, the frequency f = 0.5 Hz ∼2 Hz, the bias B = 0◦, and 

the time ratio R = 1.
6

These parameters were analyzed to determine the velocity 
of the hybrid propulsion bionic robotic fish’s straight-swimming 
motion in a two-dimensional plane. The average swimming ve-
locity between multiple sets of experiments and simulations were 
compared as shown in Fig.  5.

The results show that the simulation results of the proposed 
kinetic model fit well with the experiments, with a maximum 
error of 15.95% and an average error of 4.83% in the mean veloc-
ity. Additionally, the experimental findings demonstrate that the 
robotic fish’s propulsion velocity in the hybrid propulsion mode 
is notably higher than in the caudal-only mode. With constant 
frequency and amplitude of caudal swing, the maximum velocity 
gain achieved at nk

p = 300 rpm was 8.27, the average velocity gain 
was 1.87, and the maximum swimming velocity was 0.24 m/s 
(0.77 BL/s, Body length per second). Similarly, at nk

p = 600 rpm, 
the maximum velocity gain was 14.54, the average velocity gain 
was 3.59, and the maximum swimming velocity was 0.34 m/s 
(1.10 BL/s). In addition, the ultimate swimming velocity of the 
robotic fish is up to 0.79 m/s (2.54 BL/s).

Furthermore, the hybrid propulsion caudal hydrodynamic mo-
deling was validated by comparing the velocity characteristics 
of the robotic fish in hybrid propulsion mode under different 
swing amplitudes. As illustrated in Fig.  6, the straight swimming 
speeds of the robotic fish under different swing amplitudes were 
compared at nk

p = 600 rpm and f = .1.5 Hz The simulation 
results indicate that, in the absence of consideration for the 
coupling between the pectoral fin propeller and the caudal fin 
in the kinetic model, the simulated swimming velocity of the 
robotic fish exhibits significant fluctuations with increasing swing 
amplitude. Conversely, the experimental results demonstrate that 
the swimming velocity of the robotic fish exhibits less variability 
with increasing caudal fin swing amplitude and does not ex-
hibit substantial fluctuations. This experimental phenomenon is 
also evident in the results of the other groups, and the kinetic 
model that takes the coupled situation into consideration likewise 
reflects this phenomenon. This is due to the presence of the 
propeller wake, which interferes with the swing of the caudal fin, 
resulting in the main factor affecting the swimming speed of the 
robotic fish being the rotational speed of the propeller rather than 
the swing of the caudal fin.

4.4. Steering motion

The accuracy of the robotic fish model is primarily validated 
through a comparison of the turning diameters of the robotic fish 
in the experiment and the simulation. In this experiment, the 
rotational velocity of one side propeller n1

p = 0, 300 and 600 rpm, 
while the other side n2

p was kept at zero. The CPG parameters 
were set to the pendulum amplitude M = 10◦

∼20◦, bias B was 
set to 15◦, and 20◦, frequency f  was set to 0.5 Hz, and 2 Hz, and 
time ratio R = 1, respectively. Additionally, the jet angle of the 
pectoral fin propeller was maintained at the same level as that of 
the straight swimming experiment.

As demonstrated in Fig.  7, the simulation outcomes derived 
from the dynamics-based model exhibit a strong correlation with 
the experimental results. Specifically, the mean absolute error 
(MAE) in the turning diameter is 0.0549 m, and the mean per-
centage of error is 11.21% when comparing the turning diameter 
at the propeller velocity nk

p = 0 rpm. At velocity nk
p = 300 rpm, 

the MAE is 0.0235 m with an average percentage error of 5.694%; 
at speed nk

p = 600 rpm, the MAE is 0.0114 m with an average 
percentage error of 2.39%. From the results, it can be seen that 
the hybrid propulsion mode can give the robotic fish a smaller 
turning diameter during the steering process, and its turning 
diameter becomes smaller as the propeller velocity increases. 
Meanwhile, the propeller mainly provides the forward speed of 
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Fig. 5. Experimental and simulation results of straight swimming motion of robotic fish. (a) The swimming process of the robotic fish: M = 20◦ , B = 0◦ , f = 2 Hz
R = 1, n1 = n2 = 600 rpm. Average velocity at frequency (b) f = 0.5 Hz, (c) f = 1 Hz, (d) f = 1.5 Hz, and (e) f = 2 Hz.
Fig. 6. Comparison of straight swimming velocity.
the robotic fish, while the caudal acts as a rudder to influence the 
angular velocity of the robotic fish, which increases significantly 
with the increase of bias B as shown in Fig.  8. In addition, the 
ultimate angular velocity of the robotic fish was experimentally 
measured to be 2.77 rad/s.

4.5. 3-D spiral dive motion

By adjusting the pitch angle of the pectoral fin propeller, the 
designed robotic fish can perform three-dimensional space move-
ments, such as rapid up-and-down diving and spiral diving. In 
this section, the validity of the dynamics model is mainly verified 
by comparing the trajectories of the robotic fish in the spiral dive 
motion. In this section, the pectoral fin propeller has a pitch angle 
of Φk

= 50◦ and a rotational velocity of nk
= 540 rpm, which 
p
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generates forward thrust, at which time the propeller wake does 
not interfere with the oscillation of the caudal fin. The advanced 
control parameters of the CPG are M = 20◦, B = 20◦, f = 1 Hz, and 
R = 1. The 3D experimental motion trajectory of the robotic fish 
was obtained by overlaying the data captured by two cameras, 
Camera 1 record the XI − YI plane motion of the robotic fish, and 
Camera 2 record the diving motion of the robotic fish.

The experimental results are shown in Fig.  9. Both experi-
mental and simulated data are subjected to data processing by 
the Savitzky–Golay filter. The trajectory of the simulation based 
on the dynamical model can better track the experimentally 
measured trajectory. The mean square error (MSE) of its position 
coordinates is 0.006 m, the root mean square error (RMSE) is 
0.078 m, and the maximum position error is 0.033 m. In the 
spiral dive, the force in the depth direction is mainly provided by 
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Fig. 7. Experimental and simulation results of steering motion of robotic fish. (a) The swimming process of the robotic fish: M = 20◦ , B = 20◦ , R = 1, n1 = 300
rpm, n2 = 0 rpm. Turning diameter at (b) n1 = n2 = 0 rpm, (c) n1 = 300 rpm, n2 = 0 rpm, and (d) n1 = 600 rpm, n2 = 0 rpm.
Fig. 8. Comparison of steering angular velocity of robotic fish.

the propeller, and the diving velocity depends on the rotational 
velocity of the propeller. The tail provides the moment for the 
robotic fish to steer, and the size of the steering radius depends 
on the input CPG parameters.
8

5. Conclusion

Researchers have been committed to developing a robotic fish 
whose locomotor performance can be comparable to that of real 
fish. However, at this stage, the locomotor ability of the bionic 
robotic fish has not yet met the demand, resulting in the inability 
to further promote its application to real production practice. 
In this work, we designed a hybrid propulsion system based 
on pectoral fin propeller and caudal fin propulsion, and utilized 
the pectoral fin servo to adjust the propeller’s propulsion direc-
tion to construct a hybrid drive bionic robotic fish with three-
dimensional locomotor capability. Simulation and experimental 
results show that the robotic fish combines the features of bionic 
propulsion and propeller propulsion. In terms of locomotion per-
formance, the pectoral fin propeller significantly improves the 
straight-line swimming velocity of the robotic fish, while the 
bionic caudal oscillation mechanism effectively enhances the ma-
neuvering performance, which can generate a high instantaneous 
angular acceleration. The experimental results show that the 
robotic fish in the hybrid drive mode has better steering char-
acteristics, which are manifested in a smaller turning radius and 
higher steering angular velocity. Compared with the traditional 
bionic pectoral fin drive and internal buoyancy control system, 
the hybrid drive system proposed in this study achieves a wider 
range of deep thrust output by precisely controlling the propeller 
drive direction and speed. This innovative design significantly 
improves the three-dimensional spatial motion control capability 
of robotic fish, providing reliable technical support for them to 
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Fig. 9. Experimental and simulation results of robotic fish motion trajectories. (a) The swimming process of the robotic fish. (b) Comparison of simulated and 
experimental trajectories.
perform complex underwater operation tasks. Since the contour 
interface of the designed robotic fish is approximately circular, 
the effect of structural asymmetry is ignored in the dynamics 
calculations. Simplifications of the coincident geometric center 
of mass and axisymmetric body profile may introduce errors in 
kinetic model predictions in the presence of asymmetric mass 
distributions or imperfect structures. Further analysis is essential 
to strengthen the model to cope with real-world perturbations.

This paper sets forth a hybrid drive bionic robotic fish ar-
chitecture that synergistically integrates pectoral-fin-mounted 
propellers with a caudal-fin-based propulsion system. A three-
dimensional dynamic model is established using the Newton–
Euler method to characterize the coupled interactions between 
the dual propulsion modes. This incorporates a hydrodynamic 
framework that accounts for the influence of propeller wake 
effects on caudal fin performance. The hydrodynamic parameters, 
including drag and lift coefficients, are determined through CFD 
simulations and optimization equations. The experimental valida-
tion process has demonstrated the model’s accuracy in predicting 
key locomotion metrics. These include cruising velocity, turning 
radius and three-dimensional trajectory. The results reveal that 
the hybrid propulsion mode significantly enhances swimming 
performance compared to single-mode propulsion. Specifically, 
the robotic fish achieves a maximum velocity of 0.79 m/s (2.54 
BL/s). in hybrid mode, with turning radii reduced by up to 11.21% 
under propeller-assisted steering. The adjustable pectoral-fin pro-
pellers enable versatile 3-D maneuvers, including spiral diving 
and rapid depth transitions, by modulating thrust direction. Fur-
thermore, the model’s fidelity is confirmed through quantitative 
comparisons, with an average velocity prediction error of 4.83% 
and a trajectory root mean square error (RMSE) of 0.078 m.

Future work will focus on advanced motion control strate-
gies for 3-D spatial navigation and optimization of propulsion 
efficiency in redundant drive configurations. Additionally, inte-
grating adaptive algorithms to mitigate wake interference and 
exploring energy-efficient gaits under hybrid propulsion will fur-
ther enhance the robotic fish’s operational capabilities in complex 
underwater environments.
9
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