
  

  

Abstract—Motivated by the interests to develop an agile, 
high-efficient robotic fish for underwater applications where 
safe environment for data-acquisition without disturbing the 
surrounding during exploration is of particular concern, this 
paper presents computational and experimental results of a 
biologically-inspired mechanical undulating-fin. The findings 
offer intuitive insights for optimizing the design of a fin-based 
robotic fish which has potentials to offer several advantages 
including low underwater acoustic noise, great maneuverability 
and better propulsion efficiency at low speeds. Specifically, this 
paper begins with the design of a robotic fish developed for 
experimental investigation and for validating computational 
hydrodynamic models of an undulating fin.  A relatively 
complete computational model describing the hydrodynamics of 
an undulating fin is given.  To analyze the effect of propagating 
wave motions on the forces acting on the fin surface, the 
three-dimensional unsteady fluid flow around the undulating fin 
is numerically solved using computational fluid dynamics (CFD) 
method.  The pressure and velocity distributions acting on the 
undulating fin have been numerically simulated providing a 
basis to compute the forces acting on the undulating fin. The 
computational model has been experimentally validated by 
comparing the computed thrust coefficient against measured 
data based on a prototype flexible-fin mechanism. 
 
Index Terms— robotic fish, biomimetic, undulating fin, 
computational fluid dynamics (CFD), hydrodynamic model, 
propulsion 

I. INTRODUCTION 
NTREST to inspect submerged structures (such as boats, 
oil and gas pipes), detect environmental pollution and deep 

sea exploration have motivated researchers and scientists to 
develop new concepts of underwater propulsion systems. 
Many different robotic devices are being developed to assess 
the benefits and study the ways of mechanisms utilized by 
fish and other aquatic animals to artificial systems [1-4]. 
Wave-like propulsion with wave propagating opposite to the 
swim direction has been found to be experimentally feasible 
[5]. The principle of employing flexural waves as a source of 
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aquatic propulsion is similar to that used in nature by 
stingrays, knifefish or cuttlefish. In comparison with 
traditional methods of propulsion (such as jets and axial 
propellers), wave-like propulsion systems offer several 
advantages including low underwater acoustic noise, great 
maneuverability and better propulsion efficiency at low 
speeds [6].  Due to these advantages, biomimetic wave-like 
locomotion systems have significant applications in 
underwater exploration as they can ensure a safe environment 
by preserving undisturbed surroundings for data acquisition. 

Many biologically inspired robots have been recently 
proposed based on undulating-finned animals [7-11]. While 
theoretical [12,13], computational [14-16], and experimental 
[17,18] researches have been conducted to understand 
hydrodynamic propulsion performances, the latest existing 
work on robots with undulatory locomotion has been mainly 
focused on the latter two methods. A simplified 
computational model of thrust has been introduced in [19].  
Using a two-dimensional unsteady computational fluid 
dynamics (CFD) method, four basic undulating fin patterns 
were numerically analyzed in [20] for investigating the effect 
of different pressure distributions on fin surface and thrust 
produced. Shirgaonkar and coworkers investigated the 
hydrodynamics of ribbon-fin propulsion using numerical 
computation, digital partical image velocimetry (DPIV) 
measurements and drag measurements [21]. Their results are 
useful for engineering bio-inspired vehicles with undulatory 
thrusters. 

This paper has been motivated by the need to develop 
computational models for analyzing the hydrodynamic 
performance of an undulating fin, which is essential for 
designing a robotic fish.   The remainder of this paper offers 
the following:  

--A robotic fish for experimental investigation and for 
validating computational hydrodynamic models of an 
undulating fin has been developed.  

--A relatively complete computational model describing 
the hydrodynamics of an undulating fin is given. Physical 
values of the geometric and kinematic parameters used in the 
computation are based on a prototype flexible-fin mechanism 
so that numerical solutions can be validated experimentally. 

--The pressure and velocity distributions acting on the 
undulating fin have been numerically solved using the finite 
volume method (FVM), which provides the basis to compute 
the forces acting on the undulating fin.  

--The computational model has been experimentally 
validated by comparing the computed thrust coefficient 
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against measured data. 

II. OVERVIEW OF THE ROBOTIC FISH SYSTEM 
Figure 1(a) shows the CAD model of the radio-controlled 

robotic fish consisting of three functional units; a mechanical 
fin, a swing tail, and a gravity allocation module. The 
oscillating mechanical fin, which propels the fish forward or 
backward, is driven by a pair of DC-motor actuated 
crank-slider mechanisms (located at the head and the tail) as 
shown in Fig. 1(b). The swing tail controls the left/right 
turning movement of the fish with a servomotor. The relative 
depth of the fish is weight-regulated by appropriately 
positioning the worm/gear mechanism in the gravity 
allocation module. 

Figure 1(b) schematically shows the motion plane 
(perpendicular to the motor shaft at point B) of the 
crank-slider mechanism.  As the crank (with radius r) rotates, 
the link OA (where the flexible fin is affixed) oscillates 
cyclically within an angular range mθ± about the point O.  In 
Fig. 1(b) where OB (with length h) is fixed, the vector sum 
OB+BC=OC; hence, the angular displacement of the link 
OA is given by (1): 

( )
( )

1 sin         0
  where tan

   0 cos
r t

h r t
ωϑ ϑ

θ ϑ
ϑ π ϑ ω

−≥⎧
= =⎨ + < +⎩

(1a,b)

As shown in Fig.1(c), the inner side OD of the flexible fin is 
fixed to the fish body.  For clarity, the reference coordinate 
frame (origin O) is defined in Figs. 1(b) and 1(c), where the 
x-axis is along the fixed edge of the flexible fin while z-axis 
pointing downward along OB.    
 By actuating the head crank-slider with respect to its tail 
mechanism to synchronously undulate the fin, a traveling 
wave can be generated passing from the head to tail 
producing the thrust that moves the fish forward. Similarly, 
the robotic fish can be made to swim backward when the tail 
crank-slider is actuated with respect to its head mechanism. 
The generated sinusoidal waveform (with decaying 
amplitude along the X direction) is not arbitrary but depends 
significantly on several factors; among these are the fin aspect 
ratios. For a given mechanism and fin material, different 
lengths of outer edges are able to generate different wave 
amplitudes (or number of waves).  

To gain intuitive insights and establish a rational basis for 
investigating the effects of the fin design on the mechanical 
fish propulsion, the flow fields around the fin and its changes 
during fin undulation are numerically analyzed. Without loss 
of generality, we consider only the case where only the head 
crank-slider is actuated (and the tail end is fixed but parallel 
to OB) for the three dimensional (3D) unsteady CFD 
numerical analysis of the flexible fin. 

 
(a) 3-D model of robotic fish 

(b) Crank-slider mechanism (c) Flexible fin 
Fig.1 The schematic diagram of robotic fish 

III. FORMULATION OF THE CFD ANALYSIS 
The unsteady flow field (of the incompressible fluid) 

around the fin is governed by the Navier-Stokes momentum 
equations and the equation of continuity in (2a, b):                                      

2D p
Dt

ρ μ= − ∇ + ∇
V F V and 0∇ • =V  (2a, b)

where ρ and μ are the density and dynamic viscosity of the 
fluid; V is the fluid velocity vector; D/Dt is the total 
time-derivative; F is the body force acting on the fluid 
(primarily due to gravity); and p is the pressure.  

A. Assumptions  
Figure 2 shows the FVM model (for simulating the fluid 

flow pass the flexible fin within an open-ended rectangular 
channel with no-slip walls), where 

i o w w l r[ x , x ], [ y , y ], [ z , z ]x y z∈ − ∈ − ∈ −  
where i w l rx , x , y , z ,  z 0o > . The momentum equations are 
spatially discretized with a 1st order upwind scheme while an 
implicit 1st order scheme is used for temporal discretization 
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(with time step-size of 0.5ms). The pressure/velocity 
coupling is handled through the continuity equation using the 
semi-implicit method for pressure-linked equation (SIMPLE 
algorithm), valid for small time steps used in the simulation. 

For solving the flow field using FVM, the following 
assumptions are made: 
1. The inflow passing through the upstream boundary 

surface Si ( i w w l rx , [-y , y ], [-z , z ]x y z= = = ) is steady 
and uniform. 

2. The downstream boundary surface 
So( o w wx , [-y , y ],x y= = l r[-z , z ]z = ) is far from the 
flexible fin.  The outflow is steady, uniform and equal to 
the inflow since the fluid is incompressible. 

3. The four side-boundary surfaces (S1, S2, S3, S4) are also 
far from the flexible fin such that the walls have little or 
no effects on the flow field around the flexible fin.  

 
Fig. 2 FVM Model of the flow field 

B. Boundary /Initial Conditions  
Based on the above assumptions, the boundary conditions 

essential to solve (2a, b) for a solution that is physically 
relevant and initial conditions are specified in (3a,b) and (3c): 

At Si and So, ,  0x y zV U V V= = =  (3a)
At S1, S2, S3, S4, =0V  (3b)
At t =0 0,  and =0p∇ = V  (3c)

C. Input Parameters 
To simulate the flow field around the flexible fin, the 

mechanical motion of the flexible fin are specified as an input 
for a given design geometry. Previous experiments [22] 
suggest that the undulating fin motion (Fig. 2) has the 
following form: 

( ) ( )sin[2 ( / )]y x,z,t = A x,z x ftπ λ −  (4)
where ( ) )A x,z = az(x + b   (4a)
In (4), A(x, z) depicts the wave amplitude; λ and T=1/f are its 
corresponding wavelength and period respectively; (a, b) are 
constants to be experimentally determined.  

D. Force Models 
Once the pressure and velocity distributions are known, the 

hydrodynamic force acting on the fin surface (and hence the 
thrust of the robotic fish) due to the undulation motion can be 

calculated using the force models discussed with the aid of 
Fig. 3, which shows the forces (thrust and drag in the 
horizontal direction, and weight, buoyancy and 
hydrodynamic lift in the vertical direction) acting on the 
robotic fish. The hydrodynamic stability and direction of the 
movement are often considered in terms of roll, yaw and pitch.  
For understanding the sensitivity of fin design on propulsions, 
we consider here only the translational motion of the fish 
(mass m): 

f ( )
( ) ( )T D

d t
m t t

dt
= −

V
F F  (5) 

where Vf is the instantaneous velocity of the fish; and FT and 
FD are the corresponding thrust and drag acting on the fish. 
For fishes typically swimming in the range of 103<Re<5×106, 
the inertial forces dominate and viscous forces are neglected 
implying that the force acting on the propulsive element (Fig. 
3b) is largely normal to its surface. Thus, the steady-state 
forces in the x direction at, FT (t) = FD (t), can be found from 
(6a, b): 

( )( ) ( )T xS
F t p t d= ∫ n Si  (6a)

[ ]21( ) ( )
2D D xS

F t C t dSρ= ∫ iv n  (6b)

where ( )tv  is the propulsive element velocity relative to the 
fluid; and xn is the unit vector in the x direction; S is the 
wetted surface area of the fin; and CD is the drag coefficient. 
In (6a), the stress vector p(t) acting on the propulsive element 
is normal to the surface of the element. 

 
(a) Hydrodynamic forces acting on a 

fish 
(b) Elemental force component 

on the undulating fin 
Fig. 3 Schematics illustrating the forces acting on a fish, adapted from [6] 

IV. EXPERIMENTAL SETUP AND SIMULATION PARAMETERS 
The values of the following parameters are determined 

experimentally for the FVM simulation of the flow field: 
1. The parameters characterizing the wave motion of the fin 

in (4); specifically, a, b, λ for a given f. 
2. The velocity U of the steady uniform inflow in the 

boundary condition (3a). 
3. The thrust FT for validating the FVM results. 

The experiments are performed on the robotic fish developed 
at the Zhejiang University [22]. The flexible fin is a 
0.2mm-thick latex sheet with a trapezoidal shape (Li=0.5m, 
Lo/Li=1.36, and W=0.15m). The Reynolds number 
(Re=ULi/ν where ν is kinematic viscosity of the fluid) is in 
the range at 105~106; the flow is typically turbulence.  

A. Parameters in the wave equation (4) of the fin motion  
The experimental setup is shown in Fig. 4, where the body 

of the robotic fish is placed on the top of the rectangular 
aquarium (0.80m in length, 0.35m in width and 0.30m in 
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height); and the fin is completely immersed in water below.  
Illuminated each side of the aquarium with a 1kW lamp, a 
Canon A620 camera is located below the aquarium filming 
the projected motion of the undulating flexible fin on the 
xy-plane (at a rate of 30 frames per second). A typical snap 
shot is shown in Fig. 5. As a reference, square grids of 2cm 
are graphed at the bottom of the aquarium to facilitate 
deriving the enveloping amplitude A(x, z) that characterizes 
the wave equation (4) from the film. Parameters 
characterizing the fin and its (experimentally found) motion 
amplitude are summarized in Table 1. 

TABLE 1 FIN AND WAVEFORM PARAMETERS 
Description Parameter Values
Fin length, m Li ,  Lo 0.5, 0.68
Fin width, m W 0.15
Latex sheet, mm thickness 0.2
Experimentally obtained A(x, z): 
Propulsion frequency, Hz f 4
Propulsion wavelength, m λ 0.25
Envelop amplitude (a, b) (0.2, -0.5)

 
Fig. 4 Experimental setup  

Table 2: Experimental data  
f (Hz) 4 
U (m/s) 0.25 
FT (N) 2.26 
CT 0.97 

 

 
Fig. 5 Typical snap shot characterizing the 

motion of the undulating fin 

 

B. The average velocity U and thrust FT 
To realistically simulate the performance of the flexible fin 

propulsion, experiments were conducted in a large pool 
(20m×20m×1m) to determine the average propelling velocity 
U and force FT in terms of undulation frequency. As shown in 
Fig. 1, the robotic fish has a gravity allocation module 
(designed to balance the body-weight against buoyancy) 
consisting of a worm/gar mechanism through which the fish 
centroid can be appropriately adjusted.  As schematically 
illustrated in Table 2, the calibrated scale (with a low spring 
constant) measures the thrust FT at a given frequency by 

statically balancing it against the spring force Fs. The results 
are summarized in Table 2, where the thrust coefficient CT 
was calculated from (7):  

( )22 /T TC F SUρ=  (7)

C. Flow visualization  
To qualitatively characterize the fin undulation propulsion 

for intuitively understanding the changes of the fluid velocity 
during undulation of the robotic fish, a flow visualization 
experiment is done in a rectangular pool with dimension of 
3.5m(L)×2.5m(W)×1.5m(H).  In this experiment, the robotic 
fish floated with the mechanical fin completely submerged in 
water where small white particles were initially suspended.  
Motion videos of the small white particles were captured 
using an underwater video camera as the robotic fish 
propelled to swim forward.  As shown in the sequential 
snap-shot images in Fig. 6 derived from a camera underwater, 
particles move backward and downward demonstrating that 
both thrust and lift are produced during the undulation of the 
robotic fish, and the force due to the lift is smaller than that 
due to the thrust.  

 
Fig. 6 Particle movements during undulation (Zref =38cm) 

V. RESULTS AND DISCUSSION 
To solve the 3D unsteady fluid-flow equations (2a, b) for 

the velocity V and pressure p around the fin for a specified 
propulsion frequency f, the finite volume method with an 
implicit segregated solver approach has been employed. The 
computational model of (2) with boundary and initial 
conditions (3) is solved using FLUENT, a commercial finite 
volume method (FVM) package with a user defined function 
(written and compiled in Visual C++) linked to the 
computational fin model to define its motion. The dynamic 
mesh method is then used in the computation.  

The dimension of the computational region is 12Li in 
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length, 6W in width, 6W in height, where Li and W are 
defined in Fig.1. The computational mesh consists of 952,378 
closer tetrahedral elements around the fin, and the remainder 
of the domain consists of sparse hexahedral elements. For 
reducing the computational time while not affecting the 
accuracy, the dynamic meshes are only updated in the vicinity 
of the undulating fin, which is referred to here as the local 
dense zone in Fig. 2.  A static mesh is used for the remaining 
domain. The FVM simulations have been based on 
experimentally obtained velocity values summarized in Table 
2.  

Results are presented in Figs. 7 to 9. Fig. 7 are four 
sequential snap-shots (captured at t/T= 0.25, 0.5, 0.75 and 1) 
during an undulation cycle (period T=0.25s) showing the 
pressure distribution at z=0.15m. The corresponding velocity 
distributions around the fin are given in Fig. 8.  Figure 9 
graphs the thrust coefficient CT calculated from (7), where the 
negative sign indicates that the thrust is in the opposite 
direction of positive x. Observations from these results are 
discussed: 
1. As the actuating link of the fin oscillates about the z-axis 

(Fig. 1), the pressure and velocity distributions (Figs. 7 and 
8) at t/T= 0.75 and 1 are mirror images of those at t/T= 0.25 
and 0.5 as expected. The thrust coefficient CT (Fig. 9) 
changes periodically undergoing 2 cycles within the same 
undulation cycle; CT has a period of T/2. The maximum TC  
values occur at t/T=0.5n where n is an arbitrary natural 
number. These instants correspond to the largest velocity of 
the link OA (Fig. 1) within a cycle, and are consistent with 
the large relative velocity of the enveloped fluid as observed 
in Fig. 8. 

2. As shown in Fig. 7, regions of positive and negative 
pressure develop during the fin undulation, which generate 
a wave transmitting along the +x direction. As a result, the 
fin reacts to the positive fluid pressure around the fin in the 
−x direction. Some negative pressure regions can be seen 
near the wave crests and troughs due to the change in the 
direction of the fin movement. Large pressure differences 
generated across the fin are primarily near the actuating end, 
and decrease along x because wave attenuates and loses 
energy. 

Fig. 7 Pressure Distribution in Pa; f=4Hz, z=0.15m 

3. Figure 8(a) shows that the fluid enveloped by the fin has a 
larger velocity than that away from the fin where the 
velocity approaches U (the steady uniform inflow velocity), 
especially in the x direction. Apparently, the reaction of the 

undulating fin increases the fluid momentum enveloped by 
the fin, which  can be described by(8): 

( )w w
d m
dt

≈V F  (8)

where wm  is the mass of fluid enveloped by the fin; and wF  
is the reaction acting on the fluid.  Around the wave crest 
and trough, the x-component velocity of the fluid not 
enveloped by the fin is nearly zero or negative 
corresponding with the pressure distribution.   

4. As the fin undulation is symmetrical about the y-axis but 
asymmetrical about the z-axis, it has different influences on 
the instantaneous y- and z-component of the fluid velocity 
as compared between Figs. 8(b) and 8(c). The asymmetrical 
undulation about the z-axis generates a hydrodynamic lift, 
while the x-component velocity propels the robotic fish 
forward. This confirms the results observed in the flow 
visualization experiment in Fig. 6. 

(a) x-component velocity at different time in a cycle 

(b) y-component velocity at 
t/T=0.5 

(c) z-component velocity at 
t/T=0.5 

Fig. 8 Distributions of component velocities at f=4Hz and z=0.15m 

 
Fig. 9 Thrust coefficient CT as function of time; f=4Hz 

5. The average thrust coefficient at f=4Hz is TC =−1.53. The 
discrepancy against the experimental result of 0.97 (Table 2) 
can be accountable to two possible sources.  The first could 
be due to the neglected elastic deformation of the flexible 
fin under the surrounding fluid pressure; however, 
estimations based on captured images suggest that elastic 
deformation has little or no contribution to this discrepancy. 
Another possible source is the error in the experimental 
approximation of the fin undulation in the CFD simulation. 
While the displacements of the undulating fin can be closely 
characterized from the motion images (Figs. 4 and 5), the 
actual velocity of the fin undulation was found to be lower 
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than the idealized sine-function given by (4) used in the 
CFD simulation. As an illustration, the angular velocity of 
OA actuated by the crank-slider mechanism is derived from 
the time-derivative of (1b): 

2

cos( ) 1
2 cos( ) 1

d t
dt t
θ γ ωω

γ γ ω
+

=
+ +

 where h
r

γ = . (9)

Fig. 10 compares the speed derived from (4) using the values 
experimentally obtained from images (Fig. 5) as inputs for the 
FVM against the actual link speed at tip A (Fig. 1) during the 
fin undulation. Since the drag force FD is proportional to the 
square of the velocity, the over-estimated thrust coefficient in 
the simulation is consistent with the experimental data 
obtained using the actual robotic fish.  From (9),  

/ / 2d dtθ ω→  as / 1h rγ = → . 
The above implies that (4) closely approximates the actual 
displacement and velocity at the tip A of the link OA when 
the crank-slider mechanism is designed such that h→r.    

 
Fig. 10 Comparison between the actual link speed at tip A (Fig. 1) and speed 

derived from equation (4) for FVM simulation; f =4Hz 

VI. CONCLUSION & FUTURE WORK 
A fin-based robotic fish along with its hydrodynamic 

model has been presented. Underwater experiments were 
performed for flow visualization and for determining physical 
values of key parameters used in the numerical analysis; 
along with a relatively complete computational model, the 
findings provide the rationale basis for investigating the 
effect of fluid flow field around the mechanical fin on 
propulsion performance. The results confirm that 
asymmetrical undulation about the z-axis generates a 
hydrodynamic lift while the x-component velocity propels the 
robotic fish forward. This asymmetrical hydrodynamic lift, 
however, can be eliminated in a dual-fin design employing a 
pair of symmetric fins commonly seen in natural fin-based 
fish such as stingray, knife fish and cuttlefish. The 
discrepancy against the experimental result is due to the 
fin-undulation approximation used as input in the CFD 
simulation, where the actual velocity of the fin undulation is 
lower than the sine-function assumed in the CFD simulation. 
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