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Bionic undulating fins, inspired by undulations of the median and/or paired fin (MPF) fish, have a bright prospective for un-
derwater missions with higher maneuverability, lower noisy, and higher efficiency. In the present study, a coupled computa-
tional fluid dynamics (CFD) model was proposed and implemented to facilitate numerical simulations on hydrodynamic ef-
fects of the bionic undulating robots. Hydrodynamic behaviors of underwater robots propelled by two bionic undulating fins 
were computationally and experimentally studied within the three typical desired movement patterns, i.e., marching, yawing 
and yawing-while-marching. Moreover, several specific phenomena in the bionic undulation mode were unveiled and dis-
cussed by comparison between the CFD and experimental results under the same kinematics parameter sets. The contributed 
work on the dynamic behavior of the undulating robots is of importance for study on the propulsion mechanism and control 
algorithms.  
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1  Introduction 

Biomimetic underwater robots have a bright prospect and 
great potential in both military and civilian applications. 
The undulating fin propulsion modes inspired by amiiform 
and balistiform fish are of significance for bionic propulsion 
research, particularly for the design and control of under-
water vehicles [1–12].  

According to pioneering studies [13–16], the propulsion 
mechanism of the bionic underwater robots propelled by 
undulating fins is unsteady and coupled. In detail, the undu-
lation causes the flow field to change, and vice versa, the 
concomitant hydrodynamics has effect on the locomotion of 
bionic underwater robots. Obviously, the relationship be-
tween the motions of bionic underwater robots and the flow  

field is coupled and complicated. And therefore, it is diffi-
cult to unveil the coupling process completely by theoretical 
hydrodynamics.  

Generally, the dynamic system model plays an impor-
tant role in simulation as well as control of underwater 
vehicles. However, pre-existing theoretical models can be 
seldom introduced or applied to these bionic underwater 
robots because of their complex hydrodynamics charac-
teristics [15, 16]. Under such circumstances, an integrated 
method with computational and experimental approaches 
is proposed to complement the deficiency of theoretical 
method in this field. Concretely, a coupled computational 
fluid dynamics (CFD) model is built to analyze the hy-
drodynamic effects of the undulating robots, and particu-
larly, the corresponding experiments are carried out to 
verify whether the CFD numerical results are correct or 
effective. 
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2  Materials and methods 

In this study, a coupled CFD model was proposed and es-
tablished with one 6DoF dynamics model of rigid body, one 
kinematics model of undulating fins and one CFD solver, as 
shown in Figure 1. The 6DoF dynamics model reveals how 
the rigid-body underwater robot moves under the hydrody-
namic forces, the kinematics model describes the undulating 
waveform sequences against the time, and finally, the CFD 
solver is used to compute the hydrodynamic effects caused 
by the locomotion of the robots. It is understood that the 
proposed CFD model is coupled with the complex relation-
ships among its components. 

2.1  The bionic underwater robot 

As shown in Figure 2, the underwater robot is composed of 
one main body, two undulating fins, two independent caudal 
fins and other devices. The undulating fins, as the main 
propeller, are symmetrically distributed on both sides of the 
vehicle. These two fins can control swimming speed and 
direction within some horizontal plane with various coop-
erative modes. Here, the dynamic behavior induced by the 
undulating fins will be mainly considered. 

2.2  The CFD solver 

The CFD method is used as numerical approach for hydro-
dynamic effects during two-fin undulations. As a preproc-
essing step to construct numerical solution to the underwa-
ter robot motion problem, the computation domain discreti-
zation has to be accomplished.  

The geometry modeling is performed by Solidworks, and 
the parameters are the same as the physical prototype except 
that the undulating fins are assumed with zero thickness. 
The dynamic behavior of the underwater robot is coupled 

with the undulation of fins and the rigid-body motion of the 
robot. Therefore, two demands for the mesh model should 
be considered: 1) the domain is required to be broad enough 
for the rigid-body space motion; 2) the boundary motion, 
which results in the dynamic mesh of CFD, includes the two 
fins’ undulation and the rigid-body motion. 

Considering the calculation precision and time cost, and 
in view of the mesh quality better enough during the nu-
merical simulation, the mesh model follows the following 
principles. 1) A different kind of fluid domain is corre-
sponding to each kind of rigid body motion. 2) The compu-
tation domain is divided into two regions, namely inner and 
outer regions, and the former is meshed with a higher reso-
lution and the latter with a lower resolution.  

The coupled CFD model presented in this paper is used 
to research the dynamic behavior of the undulating robots, 
furthermore, it can also be used for other kinds of underwa-
ter robots. 

2.3  The kinematics model of fins 

The kinematics model of undulating fins has been estab-
lished in refs. [17, 18] with the ruled surface as follows: 
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where i=1, 2, L is the fin length, d is the uniform length of 
each fin ray, θm,i is the maximal undulation angle, Ti is the 
undulating period, λi is the undulating wavelength, φi is the 
initial phase and δi decides the direction of wave traveling.  

 

 

Figure 1  Architecture of the coupled CFD model. 
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Figure 2  The underwater robot propelled by undulating fins. 

δi =1 means the wave travels from head to tail, and δi =−1 
means traveling in the opposite direction. In addition, i=1 
means the left undulating fin, while i=2 means the right fin. 

2.4  The dynamic model of rigid body 

Based on the hydrodynamics of undulating fins [19, 20], the 
period surge force, lateral force and yaw moment are surely 
produced during undulations. In the case of one single un-
dulating fin, the period mean of the lateral force or yaw 
moment is considered to be nearly zero, because of the mo-
tion symmetry when the wave number of the undulating fins 
is an integer. Therefore, the motion of underwater vehicles 
can be furthermore assumed to be in a horizontal plane. And 
then, the 6DoF rigid-body dynamics model [21] can be 
simplified into eqs. (2) and (3). Among them, eq. (2) repre-
sents the kinematics equations of the mass center and eq. (3) 
describes the dynamical equations, respectively. 
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where (xe, ye, ze) are the coordinates in the inertial frame, 
and (x, y, z) are the coordinates in the carrier frame, ψ is 
yaw angle, m is mass of the underwater robot, Jy is yaw 
moment of inertia, Tx is the thrust and My is yaw moment.  

3  CFD study and experimental comparison  

Several typical movement patterns were designed for the 
bionic underwater robots in terms of marching, yawing, and 
yawing-while-marching on the basis of the aforementioned 
assumptions on one single undulating fin’s hydrodynamics.  

3.1  The motion patterns 

Marching.  If both of the two fins undulate with the 

same parameters, they will produce identical magnitudes of 
forces or moments for ideal cases. Furthermore, the direc-
tions of forces from the two fins are identical while the di-
rections of moments are opposite apparently. As a result, 
the net force is a sinusoidal surge force and the yaw mo-
ments can almost be counteracted.  

In this marching pattern, the kinematics parameters are 
given by 

 θm,1 =θm,2; T1=T2; λ1=λ 2; 21 φφ = ; δ 1= δ 2=1. (4) 

Yawing.  If the fins undulate with the same parameters 
except that the wave traveling directions are opposite, then 
the magnitudes of forces and moments are identical. Fur-
thermore, the directions of forces from two fins are opposite 
while directions of moments are the same. Therefore, the 
net forces can be thought to be counteracted.  

In the yawing pattern, the kinematics parameters can be 
expressed as follows: 

 θm,1=θm,2; T1=T2; λ 1=λ 2; 21 φφ = ; δ 1=1, δ 2=−1, (5) 

 θm,1=θm,2; T1=T2; λ 1=λ 2; 21 φφ = ; δ 1=−1, δ 2=1. (6) 

Note that eq. (5) corresponds to the right-turn yawing, 
and eq. (6) to the left-turn yawing. 

Yawing-while-marching.  There are several methods 
to realize the yawing-while-marching motion, such as dif-
ferent undulating frequencies, different undulating ampli-
tudes and different wavelengths. This paper implemented 
this pattern with different frequencies. The undulation with 
a larger frequency results in a surge force with a larger 
mean value [19, 20]. Therefore, surge forces of different 
amplitudes will be generated by the two fins, and the yaw-
ing-while-marching motion will be induced by this dynamic 
feature.  

In the yawing-while-marching pattern, the kinematics 
parameters are designed as follows: 

 θm,1=θm,2; T1<T2; λ 1=λ 2; 21 φφ = ; δ 1= δ 2=1, (7) 

 θm,1=θm,2; T1>T2; λ 1=λ 2; 1 2φ φ= ; δ 1= δ 2=1. (8) 

Note that eq. (7) corresponds to a right-turn yawing-while- 
marching, and eq. (8) to a left-turn yawing-while-marching. 

Through the CFD simulation, the locomotion of bionic 
robots and the hydrodynamics characteristics of flow field 
were obtained for each given undulation pattern. Moreover, 
the results from experiments and simulation with the same 
kinematics parameters were also compared in the following 
sections. 

3.2  Marching 

Numerical simulation of marching was done by using the 
coupled CFD model. As for comparability, the kinematics 
parameters in both computation and experiments were set as 
the same; see Table 1.  

In the CFD study, the kinematic and dynamical variables 
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Table 1  Parameters for the desired three motion patterns 

Marching Yawing Yawing-while-marching 
 Parameters Units 

Set-1 Set-2 Set-3 Set-4 Set-5 

T1 s 1 0.5 1 2 2/3 

θm,1 (o) 15 15 15 15 15 

φ1 (o) 0 0 0 0 0 

λ1 m 0.6 0.6 0.6 0.6 0.6 

Left fin 

δ1 - 1 1 1 1 1 

T2 s 1 0.5 1 2 2 

θm,2 (o) 15 15 15 15 15 

φ2 (o) 0 0 0 0 0 

λ 2 m 0.6 0.6 0.6 0.6 0.6 

Right fin 

δ2 - 1 1 −1 −1 1 

 
were all in accordance with the given undulation. After the 
start period, the mean of surge force decreased with time, 
and the convergent form was a quasi-sinusoid with a nearly 
zero mean. Since the robot mass was barely changeable, the 
acceleration had the similar tendency. The velocity 
increased and developed towards a quasi-sinusoid with a 
stationary periodic average value and slight amplitude. The 
trends of surge force and velocity under Set-1 in Table 1 were 
shown by the red dotted and blue solid lines in Figure 3. 
Moreover, the mean of convergent velocity was nearly 0.5 
m/s, and the acceleration lasted 18 s approximately. The 
mean of convergent velocity was nearly 1.0 m/s under the 
parameter Set-2 in Table 1. 

The locomotion sequences with parameter Set-1 from both 
computation and experiments were presented in Figure 3. The 
CFD figures are colored by pressure magnitude. These se-
quences were sampled at the same given points and were 
correspondingly arranged. The comparison between com-
putational and experimental results showed that the move-
ments under the coupled CFD model just coincided with 
practice. Therefore, the proposed CFD model was validated 
to be effective in the marching pattern. In the experiments, 
an acceleration process was also found in marching swim-
ming motion of underwater robots. The maximum speed 
was about 0.45 m/s and the acceleration occupied nearly 
20.0 s under parameter Set-1 in Table 1. As for parameter 
Set-2 in Table 1, the maximum speed was about 0.9 m/s and 
the acceleration period lasted nearly 18.0 s. The characteris-
tics of accelerating and converging were confirmed in ac-
cordance with the CFD and experimental phenomena. So 
was the trend of the stationary velocity going with undulat-
ing frequencies. 

3.3  Yawing  

The two parameter sets for computation and experiments on 
the yawing motion were listed as Set-3 and Set-4 in Table 1. 
It was observed that in the CFD simulation, the developing 
process of yaw moment was analogous to the surge force in 
the marching pattern. The trends of yaw moment and angu-
lar velocity under Set-3 were shown by the red dotted and  
blue solid lines in Figure 4. After the start period, the abso-

lute average value of yaw moment tended to decline along 
with the undulation time, and the yaw moment approached 
to some nearly zero-mean quasi-sinusoid form. At the same 
time, the angular velocity approached to some specific form 
with a steady mean and a small amplitude. Therefore, in the 
CFD simulation, as soon as the fin started undulating, the 
robot started yawing motion, then the angular velocity 
became larger and larger, and finally the underwater robot 
kept yawing with some steady angular velocity. The change 
regularities were analogous within the other parameters sets. 
Moreover, the steady angular velocity was about 1.00 rad/s 
under parameter Set-3 and 0.47 rad/s by using parameter 
Set-4 in Table 1. 

The locomotion sequences with the parameter sets of the 
yawing motion from both computation and experiments 
were correspondingly presented in Figure 4. The CFD fig-
ures are colored by pressure magnitude. The experimental 
results coincided with the CFD calculation, indicating the 
validity of the coupled CFD model. The convergent steady 
angular velocity in the experiment was 0.79 rad/s under 
parameter Set-3 and 0.27 rad/s under Set-4 in the table. Like 
the marching pattern, some similar phenomena were also 
found in the yawing pattern by comparing experimental 
results with computational results. In detail, the characteris-
tics of angular velocity increasing and converging were 
confirmed in accordance with the two approaches. So was 
the trend of the convergent value of angular velocity vary-
ing with undulating frequencies. 

3.4  Yawing–while-marching 

The parameter sets for yawing-while-marching motion in 
numerical simulation and experiments were listed in Set-5 
of Table 1. In the CFD simulation, it was found that the 
mean of surge force decreased with the time, and the surge 
force approximated to zero-mean quasi-sinusoid form in the 
end. The forward velocity increased to a stable value, while 
the lateral velocity increased at first, then decreased, and fi-
nally tended to zero-mean. The yaw moment was negative 
(namely clockwise), and the absolute mean value decreased 
with the time. Moreover, the yaw moment also approximated 
to some zero-mean quasi-sinusoid regularity in the end. 
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Figure 3  Computational and experimental results for marching pattern. 

 

Figure 4  Computational and experimental results for yawing pattern. 

The developing process of yaw moment was similar to 
the surge force, but the convergence rate was faster than 
that of surge force. The absolute value of yaw angular ve-
locity increased to a relatively stable value of nearly 0.57 
rad/s. In Figure 5, the robot’s motion trajectory in the hori-
zontal plane was shown by the red dotted line, and the trend 
of yaw angle was described by the blue solid line. The dy-
namic motion also coincided between the computational 
and experimental results within the yawing-while-marching 
pattern, as shown in Figure 5. Moreover, the CFD figures 
are colored up by pressure magnitude. 

4  Conclusions 

In this paper, the coupled CFD model was established for 

the study on dynamic behavior of underwater robots pro-
pelled by two undulating fins. This computational model is 
composed of 6DoF dynamics model of rigid body, the ki-
nemics model of undulating fins and the CFD solver. Sig-
nificantly, hydrodynamic behaviors have been jointly stud-
ied via both computational and experimental approaches 
within the desired three undulation patterns, i.e., marching, 
yawing, and yawing-while-marching. 

Several phenomena were unveiled and discussed in this 
paper. For instance, in the marching pattern, the mean of 
surge force decreased with the time, and the convergent 
form was a quasi-sinusoid whose mean was nearly zero. 
This conclusion is different from the study on fin-base-fixed 
cases [18]. In addition, the trend of convergent value of  
angular velocity going with undulating frequencies is the  
same [19, 20]. Moreover, the coupled CFD model has been  
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Figure 5  Computational and experimental results for yawing-while-marching pattern. 

validated by experiments. 
The work has formed a meaningful basis of computa-

tional platform for future studies on the propulsion mecha-
nism and control algorithm of bionic underwater robots. 
Eventually, this platform will also be useful for other kinds 
of underwater robots that have complicated interactions 
with fluid environment. 
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