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ABSTRACT 

Underwater vehicles often use hydrofoils due to 

their remarkable hydrodynamic properties. While 

studies on rigid hydrofoils have been going strong 

for some time, studies on flexible hydrofoils, like 

the caudal fin, are still in their infancy. According 

to this research, the fish was the bionic object. 

Next, in order to explain how the fish swims, the 

kinematics model was suggested. A fin-peduncle 

propulsion system was created with a kinematics 

model to imitate this sine curve motion while 

swimming. By optimising the propulsion 

mechanism in Matlab, the fin-peduncle propulsion 

mechanism's output curve became more in line 

with the real motion trajectory. Additionally, in 

order to reduce drag and maximise the efficiency of 

the propulsion system, the motion phase angles of 

the moveable articulations are adjusted. Finally, the 

hydrofoil's fish-like oscillation is modelled using a 

fluid-solid coupling technique based on Fluent. A 

fish-like flexible oscillation may be tweaked to 

generate motion that follows the same sine law. In 

comparison to screw propellers, oscillating 

hydrofoil propellers are much more efficient in 

propelling, and flexible oscillation outperforms 

rigid oscillation in this regard without noticeably 

raising fluid resistance. 

Keywords: bionics; flexible hydrofoil; phase 

angle; hydrodynamic coefficient  

INTRODUCTION  

The Autonomous Underwater Vehicle (AUV) has 

proven to be an invaluable tool for maritime tasks 

such as underwater pipeline installation and 

equipment maintenance. Over many millions of 

years, marine life has contributed to natural 

progression. Incorporating bionics into AUV 

research will be a huge help. Fish had excellent 

underwater speed and maneuverability. The 

dolphin's turning radius may be 23% to 30% of its 

Body length and it can swim at speeds of 3 to 7 

times its own length per second [1]. In 1994, Robo 

Tuna, the first fish-like robot, was created at MIT, 

and it could swim at a top speed of 2 meters per 

second [2]. Since then, the fish-like robot has 

received even more media attention. The Japanese 

developed the PF-300 [3], a fish-shaped robot 

powered by a pair of motors that work together to 

move the robot's body. The robotic bluefin tuna [4] 

was created by engineers at Harbin Engineering 

University to look like the real thing, complete with 

a three-link tail. With a flexible body and 

propulsion efficiency of up to 65% [5], Du Ruxu's 

robot fish is a technological marvel. Fish-like 

robots called SPC were created by researchers at 

Beihang University, and they've swum as far as 

70.2 kilometers [6]. There have also been several 

numerical investigations of the hydrodynamic 

properties of an oscillating hydrofoil. For the 

deformable body, the slender-body hypothesis was 

proposed to characterize the circumstances under 

which fish may benefit from increased Froude 

propulsion efficiency [7]. To investigate the 

hydrodynamic features of swimming motion, a 

three-dimensional flexible fish model was 

subjected to numerical simulation [8]. In this 

research, the time-dependent turbulent flows 

around a Clark-Y hydrofoil were elucidated by 

using Lagrangian coherent structures (LCS) 

described by the ridges of the finite-time Lyapunov 

exponent (FTLE) [9]. 

The flexible oscillating hydrofoil propeller, which 

resembles a fish fin, outperforms the screw 

propeller in terms of both propulsion efficiency and 

responsiveness. The fin-peduncle propulsion 

system was developed and refined in this study to 

mimic the swimming of fish. Moreover, the phase 
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angles of the various movable articulations are 

tuned to lessen the drag and increase the 

effectiveness of the propulsion system. Lastly, a 

fluid-solid coupling approach using Fluent is used 

to model the fish-like oscillation of a hydrofoil. 

 

PROPULSION MECHANISM  

KINEMATICS MODEL  

According to the observation of fish swimming, an 

equation to describe the centerline trajectory of the 

swimming fish body was put forward [10]. 

 

Where n x is the ratio of the body coordinate value 

(marked as x ) and the body length (marked as L ), 

t is the movement time, is the oscillation 

amplitude of the body, H is the maximum 

oscillation amplitude at the end of the caudal 

peduncle, f is the oscillating frequency of the 

caudal peduncle. After studying the oscillating 

movements of the fish body, Wang simplified the 

kinematics model [11]. Supposing that the 

maximum oscillation amplitude of the fish head is 

one tenth of the body length and the oscillation 

amplitude of the barycenter is zero, the simplified 

equation for the centerline trajectory of the fish 

body can be described as: 

 

The centerline trajectories of the fish body at 

different moment are shown in Fig. 1. 

 

The kinematics equation at the end of the tail can 

be described as: 

 

The pitching movement of the caudal fin lags 

behind its plunging movement, which can be 

described as: 

 

where θ max is the maximum oscillation angle, and ϕ 

is the phase angle between the plunging movement 

and the pitching movement. 

 The swimming speed of the fish can be marked as 

v and the length of the caudal fin can be marked as 

l. The kinetic coordinate system for caudal fin can 

be established, as shown in Fig. 2. 

 

In Fig. 2, the full line is the caudal fin and the 

dotted line is the plunging movement trajectory of 

the caudal fin. The coordinate value for the 

movement of the caudal fin at any time in the 

kinetic coordinate can be described as: 

 

MECHANISM DESIGN  

The propulsion mechanism for the fish-like flexible 

oscillating hydrofoil propeller was designed based 

on the kinematics model. The mechanism sketch is 

shown in Fig. 3.  

As shown in Fig. 3, member AB, rotating around 

A, is riven by the servo motor. The rotation is 
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transformed into the sinusoidal reciprocating 

motion of member CD, which is connected with 

member AB by prismatic joint and revolute joint. 

Member CD and member EF are connected to 

member DE by revolute joints. Member EF is fixed 

to member FG. Member CD will drive member 

DE, member EF, and member FG to achieve the 

sinusoidal movement output. An actuator is fixed at 

the end of member FG to control the caudal fin 

swinging lagged behind member FG in certain 

phase angle independently. 

 

In Fig. 3, a coordinate system is established where 

the origin is point A. Point F is fixed on the 

coordinate. As the position relations shown in Fig. 

3, some formulas can be deduced as: 

 

where Cx , Dx , E x , and F x are the coordinate 

values of C, D, E, and F. , and 4l are the 

length of member AB, member CD, member DE, 

and member EF. l is the distance between point D 

and point F in Y direction. L is the distance 

between point A and point F in X direction. α , β , 

and θ are the angles as shown in Fig. 3. The 

propeller model was designed based on the 

mechanism sketch, as shown in Fig. 4. 

 

The length of the adjustable member can be 

changed. If the adjustable member is shortened, the 

balanced position for the plunging movement of 

caudal peduncle will move up, and if the adjustable 

member is lengthened, it will move down. So the 

swimming direction of the fish-like robot will be 

controlled by the adjustment of the adjustable 

member length. 

OPTIMIZATION BASED ON 

MATLAB 

 The length of the mechanism members affects the 

plunging movement of caudal peduncle, which 

increases the difficulty of the propulsion 

mechanism design. At present, the most used 

method for the mechanism design with the given 

motion law or the motion trajectory is the function 

approximation method [12]. However, it is very 

complicated for the multivariable mechanism 

optimization. Matlab contains a variety of 

optimization toolbox, which can be applied in the 

design optimization of the mechanism to improve 

the efficiency and accuracy of the calculation.  

The propulsion mechanism can be simplified as 

Fig. 5 shown. 
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The left limit position is shown in position (a), the 

right limit position is shown in position (c), and 

position (b) shows any moment position of the 

movement. The block B goes the sinusoidal 

reciprocating motion.  

The oscillating frequency of the plunging 

movement is about 2.1Hz and theW range of that is 

about 25° according to the observation. It means 

the oscillating range of member OA is about 12.5°. 

The length of member OA (marked as l1 ), the 

length of member AB (marked as l2 ), the vertical 

height between point B and point O (marked as 3l 

), and the movement stroke of block B (marked as 

L ) are the main parameters to affect the final 

output of the mechanism. l1 , l2, and 3l are the 

design variables and the follow equation can be 

established as: 

 

As shown in Fig. 5(b), the horizontal distance 

between point B and point O can be described by L 

t( ) , as: 

 

Where t is the movement time, L1 and L2 are 

thehorizontal distance of the left limit position and 

the right position between point B and point O. 

 As shown in Fig. 5(a) and Fig. 5 (c), L1 and L2 can 

be described as: 

 

The ideal oscillating law of member OA can be 

described by Ψ , as: 

 

To minimize the square of the difference between 

the mechanism output angle and the ideal output 

angle, the target function can be described as: 

 

 

The swimming resistance is little with the 

streamlined shape. It is shown that the swimming 

resistance will reduce 75% with the slender ratio of 

the fish body being 4.5 under the bionics theory. In 

this research, the length of the fish-like robot body 

was set as 0.9m, so the widest of the body is no 

more than 0.2m. Besides, in order to make the 

robot swim autonomously, the swimming 

parameters should be variable according to 

different conditions, so the movement stroke of 

block B cannot be too small. 

 To achieve the good transmission of the 

mechanism, the minimum transmission angle 

should be larger than 40°. The two limit positions 

of the movement are shown in Fig. 6.The 

transmission angle at the limit position should be 

larger than 40°, which will make sure the good 

transmission at any time of the movement. 
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In Fig. 6, the constraint conditions of the pressure 

angle at the limit position can be obtained from 

ΔADB, as: 

 

In Fig. 6, the constraint conditions of the pressure 

angle θ 2 at the limit position can be obtained from 

ΔOAB, as: 

 

The optimization of rod mechanism is simple 

nonlinear programming problem, and the fmincon 

function in Matlab toolbox is available. Therefore, 

the target function was calculated every 0.02s and 

all the results were accumulated to a sum. 

According to the optimization, the optimal design 

variables of the solution are 

[143.605;62.196;187.8459]T x = , which means 1 l 

mm = 143.605 , 2l mm = 62.196 , and 3l = 

187.8459mm . The lengths are set as 1 l mm = 144 

, l mm 62 , and 3l mm = 188 for manufacturing and 

the output angle of the mechanism is compared 

with the ideal output angle, as shown in Fig. 7. 

 

In Fig. 7, the dotted line is the ideal outputs angle 

and the solid line is the actual output angle of the 

designed mechanism. It comes to the conclusion 

that the actual output angle amplitude of the 

designed propulsion mechanism is 12.5° and 

changes follow the similar law of sine, which 

is similar to the ideal output angle. 

STUDY OF PHASE ANGLE 

The forces on the caudal fin were analysed, as 

shown in Figure 8. 

 

In Fig. 8, FT is the thrust force, which goes along 

the forward direction at and it is 

positive. The caudal fin moves down with the 

caudal peduncle at , and the force 

direction is perpendicular to the caudal fin upward. 

The thrust force goes along the reverse-forward 

direction, which is negative.  

As the observation of the fish swimming, the 

relation between the swimming velocity and the 

oscillating frequency is linear. Besides, the 

oscillation amplitude of the caudal peduncle is 

essentially unchanged during the swimming 

process. The biologists point out that the amplitude 
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of the caudal peduncle oscillation is about 0.17 to 

0.25 times of the body length. Therefore, the 

movement parameters of the fish-like robot are as 

follows: 

Swimming speed: v Lm /s ;  

Maximum oscillation range of the caudal fin: H Lm 

= 0.1 ; Frequency of the oscillation: f Hz = 2 ; 

Maximum oscillation angel range of the caudal fin: 

 

The phase differences between the pitching 

movement of caudal fin and the plunging 

movement of caudal peduncle are set as 60°, 

90°and 120° for the kinematics simulation. The 

oscillation of the caudal fin and the motion 

trajectory of the swing shaft are shown in Fig. 9 to 

Fig. 11 

 As the phase difference is 60°, the caudal fin 

produces more negative force than positive 

negative force, and it is the same as the phase 

difference is 120°. When the phase difference is 

90°, the caudal fin produces positive thrust all the 

period. So it is considered that the phase difference 

between the caudal fin plunging movement and 

pitching movement controls the attack angle of the 

caudal fin movement, and 90° is the best phase 

angel. 

 

 

 

HYDRODYNAMIC COEFFICIENTS 

ANALYSIS  

The hydrodynamic coefficients can be 

defined as: 

 

where d c is drag coefficient, c1is lateral force 

coefficient, mc is moment coefficient, Fd is drag 

produced by flexible oscillating hydrofoil, Fl is 

lateral force produced by flexible oscillating 

hydrofoil, M is oscillation moment around the head 

of the fish body produced by flexible oscillating 
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hydrofoil, ρ is fluid density, C0 is chord length of 

the hydrofoil, v is flow velocity of the fluid. 

 The SIMPLE Method (Semi-implicit Method for 

Pressure Linked Equations) was used to solve the 

pressure-velocity coupling equations, and the UDF 

(User Defined Function) was used to achieve the 

flexible oscillation in the commercial software 

Fluent. In the simulation, the oscillation frequency 

of the fish body and the caudal fin is 2Hz, the 

hydrofoil is the airfoil of NACA0014, the chord 

length of fish body is 200mm, the chord length of 

caudal fin is 60mm, and the oscillating scope of 

caudal fin is ±45°.  

In the kinematics model, H is the maximum lateral 

oscillation amplitude at the end of the fish body, 

which could express different flexibilities in 

different values. The flexibility is better with larger 

lateral oscillation amplitude. If H is zero, the fish 

body is rigid without any oscillation, but the caudal 

fin will oscillate as usual.  

The hydrodynamic characteristics of flexible 

oscillating hydrofoil were analysed in the still 

water under the condition that the fish oscillated in 

situ. To use the commercial software Fluent, a 

minor water flow velocity should be available. The 

flow velocity was set as 0.01m/s to avoid distinct 

influence on the flow field. 

 The curves of the drag coefficient and the lateral 

force coefficient of fish body in a period in the still 

water with different oscillation amplitude are 

shown in Fig. 12 

 

 

Fig. 12 Drag coefficient curves and lateral force 

coefficient curves of fish body in the still water 

The drag coefficient curves indicate that the drag 

coefficient approximates a straight line when the 

fish body doesn’t oscillate ( H = 0 ), which means 

the fish body produce no thrust force. The 

amplitude of the drag coefficient increases with the 

flexible oscillating amplitude of the fish body 

getting larger. There are two peak values in a fish 

body oscillation period and the drag coefficient 

variation period is half of the fish body oscillation 

period. The maximum values appear at the 1/4 

period and 3/4 period of the fish body oscillation, 

which means the fish body produces the maximum 

thrust at these two moments. The integration value 

during the whole period is positive, which indicates 

that the fish could go forward with the fish body 

oscillation in the still water. 

 As shown in the lateral force coefficient curves, 

the amplitude and fluctuation of the lateral force 

increase with the flexibility getting better, and the 

lateral force generated by the oscillation is 

unstable. At the 1/2 period of the oscillation, the 

immense change occurs because the fish body 

oscillates from one side of the center line to another 

side. The lateral force consumes the energy 

generated by the oscillation and increases the 

swimming instability.  

The curves of the drag coefficient and the lateral 

force coefficient of caudal fin during an oscillation 

period in the still water with different oscillation 

amplitude are shown in Fig. 13. 
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Fig. 13 Drag coefficient curves and lateral force 

coefficient curves of caudal fin in the still water 

As shown in drag coefficient curves, the change 

trend of the drag coefficient produced by the caudal 

fin oscillation is same as that of the fish body 

oscillation. The amplitude of the caudal fin drag 

coefficient increases with the flexibility andthe 

oscillation amplitude of the fish body getting 

larger. The comparison between the drag 

coefficient curves of fish body and caudal fin 

shows that the drag coefficient value of the caudal 

fin is bigger, which means that the wake field 

generated by the fish body oscillation promotes the 

drag coefficient produced by the caudal fin 

compared with the oscillation without wake field. 

The drag coefficient values are almost positive in 

the whole period, which means the oscillation of 

the caudal fin has evident effects on the propulsion. 

As shown in lateral force coefficient curves, the 

lateral force generated by the caudal fin oscillation 

increases with the flexibility and oscillation 

amplitude of the fish body getting larger under the 

same angle oscillation amplitude of the caudal fin, 

which indicates that more energy generated by the 

caudal fin oscillation is consumed. Most of the 

lateral force coefficient values are positive and the 

integration during an oscillation period is not equal 

to zero, which indicates that the caudal fin 

oscillation would accumulate to unidirectional 

force and go against the swimming. Accordingly, 

the unidirectional force should be reduced with the 

actuator controlling the amplitude and phase of the 

caudal fin oscillation in the fishlike robot 

development. 

CONCLUSION 

Using this study, we were able to construct a 

kinematics model for the swimming behavior of the 

robot fish and use it to inform the development of 

its propulsion system. Matlab's fimincon function 

was used to determine the optimum length of the 

propulsion mechanism's parts. It is shown that the 

motion curves produced by the fin-peduncle 

propulsion system are quite close to the ideal 

motion. 

Scientists looked at the lag time between the caudal 

fin's pitching and the caudal peduncle's diving 

movements. If the phase angle were 90 degrees, the 

thrust mechanism would generate thrust during the 

whole period of motion. In contrast to the single, 

swaying caudal fin, the benefits of the articulatory 

fin-peduncle system are readily apparent. 

The drag coefficient, lateral force coefficient, and 

moment coefficient all have fluctuation periods that 

are half that of the oscillation period of the fish 

body, whereas the period of variation of the 

moment coefficient is the same as that of the 

oscillation period. In calm water, the amount of 

energy used is proportional to the amplitude of the 

flexible oscillations, which is why a greater 

amplitude results in a larger lateral force 

integration value in a given time period. 
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