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1. Introduction 

With the continuous advancement of human de-

mands for tasks such as ocean resource exploitation, under-

water resource exploration, and marine ecological monitor-

ing, various types of Unmanned Underwater Vehicles 

(UUVs) have emerged. Conventional underwater vehicles 

employ propeller propulsion however, this propulsion 

method generates a significant amount of cavitation bubbles 

during operation, leading to propeller cavitation erosion and 

reduced propulsion system longevity [1, 2]. Additionally, 

propeller noise can impact aquatic life and cause harm to 

marine organisms during navigation [3-6]. In contrast, un-

derwater vehicles utilizing biomimetic propulsion as their 

power system can avoid the aforementioned shortcomings. 

Flexible propulsion methods offer advantages such as high 

efficiency, low noise, and excellent maneuverability. This is 

of paramount significance for the design and development 

of ocean exploration and monitoring devices [7-10]. 

Regarding the swimming motion of marine organ-

isms, their thrust generation methods can be categorized into 

two types. One is the added mass effect method, where fish 

generate backward water movement around their bodies 

through undulating motions, thereby obtaining forward pro-

pulsion [11, 12]. The other method is based on Leading-

Edge Vortex (LEV) thrust generation. When the caudal fin 

of fish moves laterally, it generates a leading-edge vortex 

that strengthens with increased interaction with the central 

fin [13]. Mantas, a collective term for several genera of car-

tilaginous fishes in the order Rajiformes, exhibit distinctive 

swimming motions compared to typical fish tail fin propul-

sion methods [14-16]. With a flattened body profile, mantas 

rely on the oscillation of their large pectoral fins to generate 

propulsion force [17]. Rosenberger introduced the continu-

ous theory and categorized the oscillatory motion of mantas 

[18]. Different species of mantas adjust various motion var-

iables to modulate their swimming velocities. Zhang et al. 

[19] studied the vortex shedding and hydrodynamic perfor-

mance of mantas. At lower Strouhal numbers, slight flexible 

hydrofoil deformation results in increased effective angle of 

attack, intensifying vortex strength. This, in turn, enhances 

the thrust generated through LEV Russo et al. [20] investi-

gated the swimming of fish such as mantas and rays using 

their pectoral fins and employed biomechanical models to 

simulate the swimming motion of manta skeletons, estimat-

ing uniaxial strain effects. These studies primarily explore 

the hydrodynamic principles of manta swimming. 

In the realm of bionic manta-inspired underwater 

vehicles, Pan et al. [7, 21-24] designed an integrated glid-

ing-flapping manta robot. This robotic system possesses en-

hanced efficiency for remote gliding, leading to improved 

energy conservation and endurance in underwater opera-

tional tasks when compared to conventional underwater ro-

bots. Thekkethil et al. [25] conducted a study on the flow 

field during manta hydrofoil flapping, offering valuable in-

sights for the design of biomimetic Autonomous Underwa-

ter Vehicles (AUVs). Fish. et al. [26, 27] proposed the in-

spiration of manta fish for the design of the next generation 

of underwater vehicles. They compiled practical data on 

manta movements to provide reference points for AUV de-

sign and also conducted direct observations of manta swim-

ming. Research has indicated that mobuliform swimming 

could offer valuable insights for the creation of highly effi-

cient and operationally superior underwater vehicles. The 

maximum efficiency achieved by mobuliform swimming is 

around 89%, surpassing the efficiency of rajiform swim-

ming [28, 29]. Hydrodynamic literature related to manta 

swimming indicates that the undulatory swimming style of 

mantas is less forceful compared to the body and tail oscil-

lations of other fish. Manta pectoral fin oscillations exhibit 

considerable differences in wavelength and frequency when 

compared to the tail oscillations of other fish. Mantas tend 

to favor low-frequency and long-wavelength oscillations, 

while tail-fin propulsion fish lean towards high-frequency 

and short-wavelength oscillations. Moreover, the efficiency 

of manta swimming exceeds that of rajiform swimming. 

Summing up the aforementioned analysis, re-

searchers have conducted numerous studies on the hydrody-

namic performance and prototype fabrication of manta 

swimming. However, there remains a lack of detailed and 

in-depth investigation into the relationship between the kin-

ematic parameters of manta swimming and its autonomous 

swimming efficiency. Different motion parameters can lead 

to distinct flapping propulsion actions in mantas, which in 

turn can influence the propulsion efficiency of their swim-

ming. Building on this premise, in this study, Computational 
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Fluid Dynamics (CFD) methodology is proposed to explore 

the correlation between the chordwise motion parameters of 

manta pectoral fins and the efficiency of autonomous manta 

swimming. This investigation aims to provide guidance for 

the design of flapping actions in underwater vehicles, draw-

ing inspiration from manta swimming dynamics. 

The remainder of the paper is organized as follows. 

The physical model and numerical simulation method for 

manta rays is presented in Section 2. The effectiveness of 

the numerical simulation method is then verified as detailed 

in Section 3. The effect of the wavelength and frequency of 

the propulsive motion of the flexible hydrofoil on the vortex 

volume, autonomous propulsive speed and autonomous pro-

pulsion efficiency of the flexible hydrofoil is discussed in 

Section 4. Finally, the conclusions drawn from our study are 

provided in Section 5. 

2. Numerical Model 

2.1. Physical model 

Fig. 1, a illustrates a top view of the manta ray fish. 

Based on its external structure, a three-dimensional model 

of the manta ray has been established, as depicted in 

Fig. 1, b. The hydrofoil span measures 3.5 meter. The total 

body length, including the tail, is 4.0 meters. The body 

shape of the manta ray is diamond-shaped, and it has two 

head fins derived from the differentiation of pectoral fins. 

The pectoral fins are triangular and resemble hydrofoil-like 

structures. To simplify the model, this research employs a 

two-dimensional cross-section of the pectoral fin, as shown 

in Fig. 1, c. The cross-section exhibits a hydrofoil shape 

with a streamlined contour. 

 

Fig. 1 Manta ray solid diagram and physical calculation 

model: a – physical view of manta rays, b – manta 

ray physical computational model, c – manta ray pec-

toral fin profile 

2.2. k-ω turbulent model 

The calculation uses the k-ω turbulent model [30], 

which employs two equations to describe turbulent flow. 

The first equation is the k equation used to compute the 

transport and generation of turbulent kinetic energy. The 

second equation is the ω equation used to compute the 

transport and generation of turbulent dissipation rate. These 

two equations correct some deficiencies in the traditional k-

ε model by considering the radial gradient transport of tur-

bulence. 

The basic equations of the k-ω model are as fol-

lows: 
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Among them, k represents turbulent kinetic energy, 

ω represents turbulent dissipation rate, u represents flow ve-

locity, v represents dynamic viscosity coefficient, and σk and 

σω are Dij matrices proportional to k and ω respectively. 

2.3. Mathematical equations of motion 

The flexible hydrofoil wave equation is defined as 

follows: 
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where A(x) represents the amplitude of the wave, a is a co-

efficient (constant), where a1 = 0.044, a2 = 0.058, and 

a3 = 0.064, k is the wave number corresponding to the wave-

length λ of the undulating object, ω is the angular frequency, 

T is the period, and the length of the flexible hydrofoil is 

defined as L. The wavelength λ is expressed as a multiple of 

L. 

During the simulation process of self-propelled 

swimming with a flexible hydrofoil, the mass of the flexible 

hydrofoil is calculated based on Newton's second law, and 

the acceleration is determined by solving for the thrust. The 

velocity increment is defined as the product of the average 

acceleration and the time increment, and the velocity is the 

sum of all velocity increments. The displacement increment 

is the product of the average velocity at the current time step 

and the time step length, and the position is the sum of all 

displacement increments. The expressions are as follows: 
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FX is the resultant force along the horizontal di-

rection， FT is the average thrust, FD is the resistance, a is 

the acceleration, m is the mass, V is the volume, ρ̅ is the av-

erage density, Δt is the time-varying increment, dS is the 

displacement increment, S is the total displacement. 

When we use a two-dimensional profile model to 

calculate the question, the calculation model is shown in 

Fig. 2, a. The default airfoil length is 1 m and the cross-sec-

tional area is 0.0645. Because the flexible fin can float and 

dive freely in the water, the average density of bone and 

flesh was determined to be 1000 kg/m3. 

The undulatory propulsion efficiency of the flexi-

ble fin uses the Froude efficiency [31]. For the flexible fin, 

the calculation is performed on each unit comprising its 

body. The force decomposition is shown in Fig. 2, b, the 

swimming efficiency is calculated by the sum of the veloc-

ities and forces of each unit of the body. 

T

T S

P

P P
 =

+
, (12) 

T Ti xii
P F v= , (13) 

s si yii
P F v= , (14) 

η is the efficiency, PT is the transverse swimming power, PS 

is the longitudinal hydrofoil power, FTi and Vxi is the trans-

verse force of the element and transverse velocity, Fsi and vyi 

is the longitudinal force and longitudinal velocity. 

2.4. Boundary conditions and numerical schemes 

The flexible fin has a large deformation range in 

the process of fluctuating propulsion. To avoid generating 

negative volume grid and improve the accuracy of calcula-

tion, the overlapping grid technique is employed in numeri-

cal calculations, as illustrated in Fig. 2, e – f. The mesh com-

ponent in ANSYS is used to divide the grid, this approach 

introduces overlapping regions among neighboring grids, 

facilitating the interconnection of grids across distinct areas. 

This interconnection enhances the accuracy and precision of 

the numerical calculations passively. It is suitable for the 

calculation of flow fields with complex geometry or com-

plex physical characteristics. After the meshing is com-

pleted, it is imported into the Fluent solver for solution. 

In this simulation, the wave motion of the flexible 

hydrofoil is defined through a User-Defined Function 

(UDF). During the oscillation process of a flexible hydro-

foil, the water flow is pushed backward by the hydrofoil to 

generate vortices. At the same time, the hydrofoil experi-

ences a reactive force from the water flow to propel it for-

ward. This interaction enables self-propelled swimming. 

The left side of the flow field is the inlet. Since the flexible 

hydrofoil autonomously swims, there is no need to specify 

an inflow velocity. The upper and lower boundaries of the 

flow domain are walls, representing fixed wall surfaces. The 

right side of the flow field is the outlet. The boundary con-

dition for the outlet is set to a pressure outlet of 0 Pa. The 

flow domain is divided into a Background Grid, while the 

area near the flexible hydrofoil is divided into a Component 

Grid. Overlapping regions are defined as Overset interfaces, 

enabling  the  proper  interaction  between  the  grids.  The  
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c d 

 

e f 

Fig. 2 Numerical calculation model of flexible fins and their 

meshing: a – flow field model, b – efficiency calcu-

lation method, c – overlapping grids, d – background 

grid, e – component grid, f – over-lapping grid region 

solution methodology employs the Coupled method, which 

accurately describes the interaction between fluid and solid 

components. 

3. Model Validation 

To validate the effectiveness of the model, this 

study will compare the numerical simulation model with 

Egan's [32] experimental test results. The incoming flow ve-

locity was set at 0.32 m/s, with an oscillation frequency of 

1 Hz. Using the prescribed values of the angle of attack and 

stiffness constant from Egan's study, a wave motion curve 

closely resembling the deformation of the flexible hydrofoil 

was established. A NACA0015 airfoil with dimensions of 

0.178 m (chord length) × 0.4 m (hydrofoil span) was used 

for the numerical calculations, as shown in Fig. 3, a. The 

numerical simulation results are depicted in Fig. 3, b - c and 

e It was found that the numerical results closely match 

Egan's experimental data, particularly in terms of the trajec-

tory of the trailing vortex. The thrust trajectory has a small 

deviation near plus or minus 15°, and the rest of the trajec-

tory is essentially the same. The lift trajectory has a small 

deviation near plus or minus 12°, and the rest of the trajec-

tory is basically the same. These deviations are due to the 
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vibration of the experimental process and the sampling de-

lay of the sensor, which are reasonable errors. In summary, 

the CFD model used in this study has been verified and is 

reasonable. 

 

a 

 

b c 

 

d f 

Fig. 3 Validation of computational models versus experi-

mental results: a – validation of computational mod-

els, b – comparison of thrust values, c – comparison 

of lift values, d – experimental vortex trailing by 

Egan [32], e – numerical simulation of vortex trails 

4. Results and Discussion 

Building upon the validation of computational 

methods and preliminary investigation into the propulsion 

by flapping flexible fins and considering the up and down 

fluctuations in the two-dimensional section caused by the 

global swimming of the manta ray, we further analyze the 

influence of wavelength and frequency on the self-propul-

sion of such fins. In this study, the frequency range of the 

flexible fin's oscillation is set between 1 Hz and 4 Hz, while 

the wavelength varies from 1.0L to 1.8L, which is more in 

line with the motion parameter characteristics of manta rays. 

4.1. Wake vortex structure analysis 

The vorticity contour cloud map of the flexible hy-

drofoil during its transition from rest to steady swimming is 

shown in Fig. 4. The length of the flow field is 30L. From 

the vorticity contour map of the flexible hydrofoil, it can be 

observed that the flexible hydrofoil induces a counter-rotat-

ing Kármán vortex street during its autonomous swimming 

process. Vortices are generated at the front of the flexible 

hydrofoil, becoming attached to the surface, flowing rear-

ward, and ultimately detaching from the tail of the fin due 

to the hydrofoil's flapping motion. The rotation direction of 

the detached vortices depends on the direction of the hydro-

foil's motion at the tail, and the velocity of the detached vor-

tices depends on the flapping speed of the flexible hydrofoil. 

Additionally, it can be found that when the flexible 

hydrofoil's trailing vortices detach, turbulence is generated 

on both sides. This turbulence is caused by the rapid move-

ment of fluid due to the fast tail motion of the flexible hy-

drofoil. Over time, the longitudinal turbulence is gradually 

entrained into the trailing vortices, causing the size of the 

trailing vortices to increase. Consequently, the longitudinal 

turbulence near the earlier formed trailing vortices becomes 

smaller, while the turbulence near the newly formed ones 

becomes larger, resulting in smaller vortices. As this process 

involves kinetic energy losses, the vorticity values of the 

trailing vortices formed earlier are smaller compared to 

those formed more recently. 

 

Fig. 4 Vortex trajectory contours: a – frequency = 1 Hz,  

b – frequency = 2 Hz, c – frequency = 3 Hz, d – fre-

quency = 4 Hz 

4.2. Self-propulsion speed performance analysis 

The velocity variation trajectory of the flexible hy-

drofoil reaching steady swimming at different flapping fre-

quencies and oscillation wavelengths is shown in Fig. 5. It 

can be observed that the motion of the flexible hydrofoil is 

characterized by variable acceleration. During the transition 

from rest to steady swimming, the acceleration gradually de-

creases until it reaches 0. This is because the propulsive 

force generated by the flexible hydrofoil during swimming 

remains constant. As the swimming speed increases, the re-

sistance experienced by the flexible hydrofoil also in-

creases. Eventually, when the resistance reaches the same 

magnitude as the propulsive force generated by the hydro-

foil's motion, the net force on the flexible hydrofoil becomes  
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a 

 
b 

 

c 

 
d 

Fig. 5 Trajectory of velocity change as the flexible fins 

reach uniform swimming speed: a – frequen-

cy = 1 Hz, b – frequency = 2 Hz, c – frequen-

cy = 3 Hz, d – frequency = 4 Hz 

zero, leading to a steady swimming state at a constant ve-

locity. The maximum velocity achieved by the flexible hy-

drofoil varies with changes in the motion parameters, as 

shown in Fig. 6. 

Furthermore, as the frequency and wavelength of 

the flexible hydrofoil increase, the size of the trailing vorti-

ces, its swimming speed,   and   the   final reached velocity  
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Fig. 6 Trend graph of maximum speed variation 

also increase. Under the same frequency, a shorter wave-

length leads to more stable diffusion of the trailing vortices, 

resulting in relatively higher efficiency. When the wave-

length is fixed, increasing the frequency leads to larger tur-

bulence generated at the tail of the flexible hydrofoil. This 

is because a higher frequency corresponds to a higher swim-

ming speed for the flexible hydrofoil. When the flexible hy-

drofoil flaps with higher stiffness and frequency, it gener-

ates more turbulence, which is detrimental to swimming ef-

ficiency. In contrast, a more stable trailing vortex leads to 

higher hydrodynamic efficiency with less turbulence. 

4.3. Efficiency analysis of self-propulsion motion 

Take the example of a flexible fin swimming at a 

frequency of 2Hz and a wavelength of 1.0L, the changes of 

resultant force, velocity, acceleration and displacement of x-

axis in the swimming process are shown in the figure below. 

As we can see, the acceleration is generated by the resultant 

force in x-axis. The force is the thrust generated by the flex-

ible fins minus the drag force that is experienced. With the 

increase of the swimming speed of the flexible fin, the fluid 

resistance increases gradually, and the x-axis resultant force 

that produces the acceleration decrease gradually, so as the 

acceleration. At this point, the swimming speed of the flex-

ible fin is gradually constant and reaches the state of uni-

form swimming speed. This is consistent with the previous 

analysis. 

The trajectory of the acceleration and combined 

force in x-axis shows sinusoidal fluctuations per unit time. 

This phenomenon is caused by the reciprocal oscillation of 

the flexible fins. At a frequency of 2 Hz, the flexible fins 

oscillate back and forth four times per second, generating 

four peaks and valleys per second. The peak represents that 

the tail of the flexible fins reaches the center axis, and the 

thrust is at its maximum at this time. The trough represents 

the maximum amplitude reached at the tail of the flexible 

fin, and the thrust is at its minimum at this time; thrust and 

acceleration reach peaks and troughs at the same time is con-

sistent with the actual situation. 

Secondly, from Fig. 7, when the frequency of the 

flexible fin fluctuation remains constant, the maximum 

swimming speed of the flexible fin increases with the 

growth of wavelength. Similarly, when the wavelength is 

kept constant, the maximum swimming speed of the flexible 

fin increases with the rise in frequency. 
However, the frequency of fluctuations clearly 

dominates the change in the maximum swimming speed of 
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c d 
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Fig. 7 Flexible fin swim data (𝑓=2, 𝜆=1.0𝐿): a – velocity and acceleration changes, b – location change, c – x-axis combined 

force, d – y-axis combined force, e – effects of wavelength changes on fins 

the flexible fins. There are two reasons for this phenomenon. 

Firstly, the greater is the frequency, and the faster is its lon-

gitudinal fluctuation speed, and the greater is the thrust on 

the water, and so as the final swimming speed of the flexible 

fins. Secondly, the longer the wavelength, the more rigid the 

flexible fins are and the less flexible they are; when the stiff-

ness increases, the deformation of the flexible fins results in 

greater resistance to reduced longitudinal fluctuations, at 

which point the conversion efficiency for generating trans-

verse thrust decreases. So the increase in wavelength has a 

secondary effect on the increase in maximum swimming ve-

locity. Taking 2 Hz frequency as an example, the degree of 

longitudinal thrust and the deformation of flexible fin for 

different wavelengths are shown below. 

The efficiencies of the flexible fins at different fre-

quencies and different wavelengths when swimming at a 

constant speed are shown in Table 1, and the trend of their 

efficiencies is reflected in the surface Fig. 8.  

Among them, λ and f are two independent varia-

bles, and η is the dependent variable. The intensity of the 

linear relationship between them needs to be measured 

by the multiple correlation coefficient. Let the multiple 

correlation coefficient be R, and calculate the multiple 

correlation coefficient through Multiple Linear Regres-

sion Analysis. 
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The calculation formula is as follows: 

0 1 2f     = + + + , (15) 
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where β0, β1, and β2 are the regression coefficients, and φ 

represents the error term. ∑(𝜂𝑖 − �̂�𝑖)
2 is the residual sum 

of squares, ∑(𝜂𝑖 − �̄�𝑖)
2 is the total sum of squares, �̂� is the 

predicted value from the regression model, and �̄� is the 

mean of the dependent variable η. 

The computed multiple correlation coefficient 

R = 0.9849 indicates a strong positive linear relationship 

between λ, f, and η, suggesting that the model has good 

predictive capability. 
As can be observed from the surface plot, the pro-

pulsive efficiency decreases with the increases of the wave-

length. The main reason is that as the wavelength increases, 

the flexibility decreases and the efficiency decreases, on the 

contrary, the greater the fluctuation frequency and flexibil-

ity of the flexible fins are, and the better the propulsive effi-

ciency is. This is consistent with the previously mentioned 

reasons for reduced conversion efficiency. 
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Fig. 8 Uniform swimming efficiency diagram 

Table 1 

Uniform swimming efficiency 

Efficiency 𝜆 =1.0 𝜆 =1.2 𝜆 =1.4 𝜆 =1.6 𝜆 =1.8 

f=1 0.727230 0.633499 0.575796 0.540369 0.512078 

f=2 0.795669 0.706248 0.651182 0.607000 0.574349 

f=3 0.857978 0.767743 0.722768 0.671201 0.653278 

f=4 0.893679 0.815068 0.777319 0.740290 0.711257 

 

5. Conclusions 

With the development of marine science and tech-

nology, the bionic flexible wing propulsion system provides 

a new design idea for the design and development of under-

water vehicle power system with the advantages of high pro-

pulsion efficiency and low noise. In this study, numerical 

simulation methods were used to explore the effect of two 

dynamic parameters, wavelength and frequency, on the ef-

ficiency of the flexible fin thruster. Ray's pectoral fin was 

simplified into a two-dimensional model, and the three-di-

mensional overlapping grid technique and the k-ω turbu-

lence model are used. The numerical simulation results were 

validated against the experimental results of Egan, demon-

strating the method's effectiveness. 

Through numerical simulations, it was found that 

as the frequency and wavelength decrease, the swimming 

speed of the flexible fin slows down while its propulsion ef-

ficiency increases. This indicates that flexible fin propulsion 

exhibits good efficiency at lower speeds, with efficiency 

reaching up to 89% in this study. When the flapping fre-

quency of the flexible fin increases, muscle contraction 

leads to increased stiffness, equivalent to an increase in 

wavelength. When the flexible fin flaps with high frequency 

and large wavelength parameters, it behaves similarly to the 

burst-sprint swimming state, where increased muscle con-

traction stiffness leads to reduced swimming efficiency but 

a substantial increase in swimming speed. 

Based on the simplified model used in this study's 

numerical simulations, the effect of dynamic parameters on 

the self-propulsion performance of flexible fins was to some 

extent reflected. However, compared to the actual propul-

sion of rays, the simplified model remains ideal and leaves 

ample room for improvement. To achieve underwater vehi-

cles with biomimetic efficiency similar to aquatic organ-

isms, further exploration is necessary. 
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H. Ding, Q. Gao, H. Shi, H. Shen, R. Chen 

EFFECT OF MANTA RAY'S FLEXIBLE HYDROFOIL 

KINEMATIC PARAMETERS ON AUTONOMOUS 

PROPULSION EFFICIENCY 

S u m m a r y 

In this study, an overlapping grid was used to create a sim-

plified model based on the pectoral fins of a manta ray. The 

oscillatory traveling wave equation is programmed and 

loaded on the pectoral fin model to characterize the motion 

state of the manta ray cross-section. It explored how wave-

length and frequency affect the efficiency of flexible hydro-

foil swimming. Results showed that flexible hydrofoils cre-

ate reverse Kármán vortex streets during autonomous swim-

ming. The size of these vortices, along with frequency and 

wavelength, impacts propulsive efficiency. When frequency 

is fixed, increasing wavelength increases turbulence, reduc-

ing efficiency but slightly boosting speed. Conversely, fix-

ing wavelength and increasing frequency improves stability, 

enhancing efficiency and speed. This research offers new 

insights for designing biomimetic underwater propulsion 

systems in marine engineering. 

Keywords: manta ray, flexible hydrofoil, CFD, self-pro-

pelled swimming, propulsion efficiency. 
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