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Abstract: This paper presents a concrete and practical hydrodynamic analysis for a hybrid gliding robotic dolphin. In order
to obtain the accurate hydrodynamic performance of both dolphin-like swimming and gliding motion, a Computational Fluid
Dynamics (CFD) method is employed. Specifically, based on the FlUENT dynamic mesh interface, a novel dynamic mesh and
user-defined function (UDF) are developed to describe the dorsoventral oscillations of the dolphin. Besides, the corresponding
turbulent model and SIMPLE algorithm suited to dolphin-like swimming are also meticulously selected for great accuracy and
high quality. Finally, the FLUENT simulation results reveal the pressure distribution and velocity field distributionaround
the robotic dolphin. Moreover, some important hydrodynamic coefficients including lift coefficients and drag coefficients at
different frequencies are also obtained. The simulation results illustrate an expected hydrodynamic performance of the gliding
robotic dolphin.
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1 Introduction

Recent years have witnessed a growing interest in the s-
tudy of biomimetic robots that imitate their body shapes and
swimming abilities from underwater animals. Noticeably,
with over half a billion years of evolution, aquatic swimmers
are endowed with a variety of structural features for moving
through water with astonishing speed, maneuverability and
adaptability [1].

Dolphin, as a kind of aquatic animals, attracts much at-
tention from numerous researchers. In particular, the effi-
cient and flexible locomotion control methods and biology
intelligences are concerned by them. Yuet al. [2] proposed
a closed-loop pitch angle control strategy based on the in-
trinsic oscillatory property to realize excellent acrobatic ma-
neuvers such as front-flip and back-flip (360◦ rotation in the
vertical plane). Shenet al. [3] employed fuzzy PID control
method to implement depth control of the robotic dolphin.
Wanget al. [4] designed a central pattern generation (CPG)-
based locomotion controller to implement multi-modal con-
trol for a robotic dolphin. Renet al. [5] proposed an average
propulsive speed implementation approach for robotic dol-
phins theoretically and experimentally. Wanget al. [6] de-
veloped a robotic dolphin with a voluntary movement func-
tion and artificial intelligence. Although these robotic dol-
phins can perform excellent dolphin-like swimming based
on the proposed control strategies, some accurate hydrody-
namic analyses always lacked. In order to obtain a more
accurate performance estimation, it is required for robotic
dolphin to execute hydrodynamic analysis in the process of
motion especially the rhythmic motion using computational
fluid dynamics (CFD).

The CFD simulation [7], as a significant fluid analysis
tool, has been widely adopted to understand some complex
physical phenomena like atmosphere flowing, turbulent mo-
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tion and heat transmission with fast computer computation
and detailed graphic exhibition. Luet al. [8] employed CFD
to simulate the non-uniform air flow distribution produced
by an axial flow fan. Kumaresanet al. [9] analyzed the dou-
ble walled cooking unit under different geometric and flow
conditions by CFD. Ghadiriet al. [10] created a CFD mod-
el with ions transporting through membrane. Naturally, not
only CFD simulations and analyses can be used on all above
applications, but also have been carried out for robotic fish-
es. Mohammadshahiet al. [11] evaluated hydrodynamic
forces of a fish-like swimming robot and optimized perfor-
mance parameters in the process of design and fabrication
based on the result by using a CFD model. Borazjaniet al.
[12] studied the hydrodynamics of a bluegill sunfish execut-
ing C-start maneuver using 3-D numerical simulations. Ma
et al. [13] built a imitational tuna model and provided de-
tailed hydrodynamic analysis. Zhouet al. [14] proposed a
computational scheme to study bio-inspired fish swimming
hydrodynamics through CFD model and designed a filtering
algorithm to fuse near-body pressure of multiple points for
the estimation on external flow field.

The objective of this paper is to present a novel hydrody-
namic analysis for a hybrid gliding robotic dolphin. Feed-
back near-dolphin-body flow field information is of impor-
tance to enable underwater locomotion controllers with high-
er efficiency and adaptability within unknown environments.
With inspiration from the natural dolphin sensing near-body
flow field, we conduct this research. The movement pattern
of the robotic dolphins is Thunniform included in the Body
and/or Caudal Fin, which is different from a large number
of propulsion modes of robotic fishes. Considering that nu-
merous researches almost pay much attention to the robotic
fishes and less concern of swimming of robotic dolphins, we
focus on obtaining more accurate hydrodynamic properties
of a gliding robotic dolphin. Based on our previous work
[15], which only employed CFD methods to analyze the stat-
ic gliding performance of the robotic dolphin, we realize dy-
namic dolphin-like swimming simulation through designing
a innovative dynamic mesh and user-defined function (UD-
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Fig. 1: The natural killer whale and prototype of the gliding
robotic dolphin.

F). Besides, the corresponding turbulent model and SIM-
PLE algorithm well-suited to dolphin-like swimming are al-
so meticulously selected for great accuracy and high quality.
The FLUENT simulation results reveal the pressure distri-
bution and velocity field distribution around the robotic dol-
phin. Simultaneously, some important hydrodynamic coeffi-
cients including lift coefficients and drag coefficients at dif-
ferent frequencies are also obtained. The simulation results
illustrate an expected hydrodynamic performance of the g-
liding robotic dolphin.

The rest of this paper is organized as follows. The overall
description of the gliding robotic dolphin is provided in Sec-
tion 2. Section 3 gives the CFD simulation model including
pre-processing meshing, applied turbulent model and bound-
ary conditions, UDF and dynamic mesh parameters setting,
as well as a SIMPLE algorithm. Section 4 presents the ex-
periments and hydrodynamic analysis in detail. Finally, con-
clusion is drawn in Section 5.

2 Gliding Robotic Dolphin

The killer whale, as a member of cetaceans, can smart-
ly utilize its strong and agile body to perform astonishing
motions. Considering that the flexible and forced fins and
dorsoventral oscillations in killer whale are efficient loco-
motor modes under water as well as gliding motion has long
endurance and practical application, a gliding robotic dol-
phin has been developed. Figs. 1 (a) and (b) respectively
show the natural killer whale and the prototype of the the
gliding robotic dolphin which is composed of a head, two
pectoral fins, a dorsal fin and a caudal fin.

The detailed mechanical designs are shown in Fig. 2.
There are six principal cabinets interiorly including a head
cabinet, a pectoral cabinet, a mission cabinet, a control cab-
inet, a waist cabinet and a caudal cabinet connected through
wired electrical connection and wireless command connec-
tion with each other. The core propulsive units of exe-

Fig. 2: Mechanical design of the gliding robotic dolphin
[16].
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Fig. 3: Illustration of body wave during dolphin swimming.

cuting symmetrical sinusoidal dorsoventral oscillationsare
waist joint and caudal joint, where two powerful DC motors
are utilized to drive the posterior dolphin body locomotion.
Moreover, the waist cabinet also employed a yawing join-
t to implement turning maneuvers. On the other hand, the
buoyancy-driven system is designed to realize the gliding
motion, which consists of a DC motor for providing driv-
ing power, an emulsion bag in the protective shell for chang-
ing the buoyancy of the robotic dolphin and some connected
mechanical parts for supporting achieving gliding motion.
Generally, the robotic dolphin is 1.13 m long and weighs
18.20 kg. Adopting above-mentioned design with a well-
streamlined body shape will help to improve the space uti-
lization rate, lift-drag ratio and locomotion performance.

In order to improve endurance and practicability of the g-
liding robotic dolphin, a steady gliding motion is executed
through changing buoyancy of the dolphin body. Simultane-
ously, to realize an efficient and effective dolphin-like swim-
ming, an excellent and vivid dolphin body wave need to be
applied to the robotic dolphin. As suggested by Romanenko
[17], the periodic excursions of the body centerline in a dol-
phin swimming are approximated as

h(xn, t) = hT f (xn)sin(2π f t) (1)

wherehT is the maximal vertical amplitude,xn = x/L is the



Fig. 4: 2D robotic dolphin mesh.

longitudinal coordinate measured from the beak, divided by
the animals lengthL, f (xn) is the polynomial expression of
xn, taking a form of 0.21−0.66xn+1.1x2

n +0.35x8
n, f is the

tail beat frequency, andt is time. Fig. 3 presents an oscillato-
ry rhythm of the centerline of robotic dolphin over a period
(T = 1 s).

3 CFD Simulation Model

3.1 Robotic dolphin mesh

Drawing mesh, as the first step of CFD analysis, is the
key to a successful simulation. In consideration of the sym-
metrical, sinusoidal fluke oscillations in the vertical plane
producing 90% of the total thrust, we designed a 2D robot-
ic dolphin model which is enough to describe tail rhythmic
motion. Fig. 4 presents the mesh model of robotic dolphin.
In the pre-processing meshing work, an unstructured high
qualified triangles mesh is formed by commercial software
ANSYS 16.0 ICEM CFD to describe the flow domain. This
meshing scheme give a lower number of meshes to reduce
computation time.

3.2 Turbulent model and boundary conditions

In order to resolve viscous flow around a moving dolphin-
like body, incompressible Navier-Stokes (NS) equations are
the core for understanding fluid phenomena. Based on the
CFD code description, the conservation form of the control
equations can be written as

∂ρ
∂ t

+ div(ρu) = 0 (2)

∂ (ρu)
∂ t

+ div(ρuu) = div(µ grad u)−
∂ p
∂x

+ Su (3)

∂ (ρv)
∂ t

+ div(ρvu) = div(µ grad v)−
∂ p
∂y

+ Sv (4)

∂ (ρw)
∂ t

+ div(ρwu) = div(µ grad w)−
∂ p
∂ z

+ Sw (5)

wherediv(ρu) represents∂ (ρu)
∂x + ∂ (ρv)

∂y + ∂ (ρw)
∂ z . t is time,

ρ is density,p is pressure,µ is viscosity. u, v and w are
velocity components inx, y and z axes. Su, Sv andSw are
generalized source terms respectively.

In view of the turbulent flow generated by high Reynolds
number, ak-ε two equations model [18] is built, which are
defined as

∂ (ρk)
∂ t

+
∂ (ρkui)
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whereε is turbulent dissipation rate andk is turbulent kinetic
energy,ρ is density,ui is the temporal average velocity,µ is
viscosity,C1ε andC2ε are empirical constant,σk andσε are
the turbulent Prandtl numbers fork andε, respectively.Gk

represents the generated term due to mean velocity gradients,
can be calculated by

Gk =−ρu′iu′ j
∂u j

∂xi
(8)

The turbulent viscosity,µt can be computed byk andε as:

µt = ρCµ
k2

ε
(9)

whereCµ is a constant,C1ε , C2ε , Cµ , σk andσε are used by
default value asC1ε = 1.44,C2ε = 1.92,Cµ = 0.09,σk = 1.0
andσε = 1.3.

After establishing the discrete equations, the boundary
conditions will be given. The whole computational domain
of the dolphin body is surrounded by the following bound-
aries:

1) Inlet boundary: 2.5 folds body lengths from the nose
to inlet boundary and set as velocity-inlet withv =
0.3 m/s;

2) Outlet boundary: 2.5 folds body lengths from the fluke
to outlet boundary and set as outflow;

3) Top and Bottom wall boundary: set as no-flip moving
walls;

4) Surface boundary: set as interior.

3.3 UDF and dynamic mesh parameters setting

To simulate the robotic dolphin motion, we complete a
novel dynamic mesh computation by using ANSYS 16.0
FLUENT solver. Dynamic mesh computation needs to solve
two problems, the one is mesh regeneracy, the other is defin-
ing the motion or deforming of boundary.

For the first problem, we combine spring smoothing and
remeshing method to deal with mesh severe variation due to
robotic dolphin swimming. Parameters for setting dynamic
mesh are shown in Table 1.

For the last problem, user-defined function is used to de-
fine the oscillation period of the robotic dolphin. We choose
the DEFINE macro DEFINEGRID MOTION to describe
the rhythmic oscillation of dolphin body, which is imple-
mented according to Eq. 1 wherehT = 0.3 m, f = 1 Hz,
andL = 1.08 m.

3.4 SIMPLE algorithm

SIMPLE is the short for Semi-Implicit Method for
Pressure-Linked Equations, proposed by Patankar and S-
palding [19] to solve the numerical simulation of incom-
pressible fluid field. The core of SIMPLE algorithm is the
loop process of surmise and modify, which implements com-
putation of pressure field based on the cross mesh. The pro-
cess of SIMPLE algorithm is described as follows. Firstly,
solving discrete N-S equations to obtain velocity field based
on the known pressure field. Because the initial pressure



Table 1: Parameters for Dynamic Mesh

Mesh methods
Parameter setting

Items Setting

Smoothing

Spring constant factor 1
Laplace node relaxation 1
Convergence tolerance 0.001
Number of iterations 20

Remeshing

Minimum length scale (m) 0.006
Maximum length scale (m) 0.31
Maximum cell skewness 0.7
Maximum face skewness 0.7
Size remeshing interval 5

Sizing function resolution 3
Sizing function variation 8.147

Sizing function rate 0.3

Fig. 5: Velocity contour of the gliding motion.

field is surmised and inaccuracy, the obtained velocity field
usually fails to meet mass equation. For this reason, it is
necessary to modify the initial pressure field, which needs
modified pressure field corresponding velocity field to satis-
fy mass equation. According to this principle, pressure and
velocity field iterate computation and modify over and over
until convergence. As SIMPLE algorithm is convenient and
effective in fluid computations, we employ it to solve pres-
sure and velocity field around the robotic dolphin.

4 Experiment and Hydrodynamic Analysis

In this section, we will present two motion circumstances
for the gliding robotic dolphin.

4.1 Gliding motion

The first experiment focused on the steady gliding mo-
tion at speed of 0.3 m/s in the vertical plane. Figs. 5 and 6
present the velocity and pressure contours. Results of sim-
ulation show two sides of robotic dolphin body (up-down)
have the relative low static pressure but the maximal veloc-
ity. Instead, there is a maximal pressure and minimal ve-
locity in the neighbouring of head. It is worth noting that
the dorsal pin towards the incoming flow possesses maximal
pressure, as well as the tip of the dorsal fin has maximal ve-
locity. Based on the experiment results, we will improve the
mechanical design including strengthening hardness of rigid
of robotic dolphin head and dorsal fin.

Fig. 6: Pressure contour of the gliding motion.

4.2 Dorsoventral oscillations

The second experiment focused on the swimming motion
according to dolphin body wave. In the simulations, the
robotic dolphin oscillates its tail atT = 1 s (swimming peri-
od). The velocity and dynamic pressure contours in different
time of a period are shown in Figs. 7 and 8. We choose four
moments to analyse the state of dolphin swimming respec-
tively.

At the beginning, we focus on the velocity distribution. At
t = 0.05 s, the dolphin tail achieves upwards maximal ampli-
tude, the surrounding of dorsal fin presents considerable flu-
id velocity. The robotic dolphin body is going to swing from
up to down. Att = 0.4 s, the right and up side of dolphin
tail has a orange region, which means there is high velocity
region. Meanwhile, an anti-clockwise vortex is formed. At
t = 0.65 s, the dolphin tail achieves downwards maximal am-
plitude, the flush color of right and up side of the dolphin tail
gets darker. The robotic dolphin body will swing from down
to up. Att = 0.95 s, a period is approaching end, the dolphin
tail generates a clockwise vortex and upward acceleration.

Then, the dynamic pressure distribution will be observed.
At t = 0.05 s, a red region in the dorsal fin of robotic dolphin
represents a big positive pressure, the dolphin tail achieves
upwards maximal amplitude. Because of the start of oscil-
lation, the left and down side of dolphin tail do not present
positive pressure. However, there will be a red region on
the left and down side of the dolphin tail in a rhythm move-
ment. Att = 0.4 s, the right and up of dolphin tail appears
positive pressure distribution, which illustrates a thrust of
dolphin body along the directions of left-front is generat-
ed. At t = 0.65 s, on the right and up side of dolphin tail,
the positive pressure seems to be increased. The dolphin tail
achieves downwards maximal amplitude. Att = 0.95 s, on
the left and down side of dolphin tail, positive pressure is
increasing, which implies the trend of swinging is from the
down to up. A thrust of dolphin body along the directions of
right-front is generated by the movement of caudal fin.

All above hydrodynamic analyses describe the motion
rhythm of robotic dolphin over a period, which almost con-
sists of the all kinds of dolphin swimming states. The force
acting on the tail of robotic dolphin can be divided into two
types, the thrust at forward direction and the drag at up-down
direction. As the force analysis plays a considerably impor-
tant role of the hydrodynamic analysis, we plot diagrams of



Fig. 7: Velocity contour of the swimming motion.

Fig. 8: Pressure contour of the swimming motion.

the drag and lift force coefficient varied with time, which
are shown in Fig. 9. Aroundt = 0.05 s andt = 0.65 s, ab-
solute values ofcl andcd run up to considerable numbers,
which means angle of attack reaches ideal position and pose
of float and dive. Aroundt = 0.4 s andt = 0.95 s, we can
observecd value has a small fluctuation near 0, the state is
suitable to accelerate thrust. As regards the tiny fluctuation,
it may be effected by turbulence.

4.3 Force analysis

In order to observe the force acting on dolphin body in d-
ifferent tail oscillating movement frequencies, a comparative
experiment is executed. Figs. 9–11 show the hydrodynamic
coefficients with different moments and frequencies respec-
tively. From the diagrams, we found that the waves trend of
hydrodynamic coefficients are almost identical, but absolute
values ofcl andcd turn to bigger with the frequency increas-
ing. This represents that the higher the robotic dolphin tail
swinging frequency, the quicker the swimming speed of the
robotic dolphin, which is consistent with the understanding
of swimming propulsion.

4.4 Discussion

Obtaining accurate hydrodynamic parameters of the glid-
ing robotic dolphin is intractable without CFD numerical
simulations. In our previous work, the static analyses of

Fig. 9: Computed temporal variation of force coefficient for
the tail motion (f = 1 Hz). (a) lift coefficient, (b) drag coef-
ficient.

Fig. 10: Computed temporal variation of force coefficient
for the tail motion (f = 0.5 Hz). (a) lift coefficient, (b) drag
coefficient.



Fig. 11: Computed temporal variation of force coefficient
for the tail motion (f = 2 Hz). (a) lift coefficient, (b) drag
coefficient.

the gliding robotic dolphin are executed. The hydrodynam-
ic force coefficients are decided by various factors such as
the angle of attack, sideslip angle, Reynolds number of the
flow and so on. Compared with our previous work, the dy-
namic mesh computation of the robotic dolphin effectively
solves the near-dolphin-body pressure and velocity distribu-
tions, as well as obtains the expected dolphin-like swimming
performance. In fact, with the amelioration of control algo-
rithm and prediction of hydrodynamic coefficients from the
dynamic CFD simulation in various motion types, the robot-
ic dolphin will performs excellently.

5 Conclusion

In this paper, we have implemented a novel computa-
tional fluid dynamics simulation of a gliding robotic dol-
phin. Based on the previous static hydrodynamic analysis,
we build the dynamic mesh interface and design UDF func-
tions especially for dolphin-like swimming. Both turbulent
model and SIMPLE algorithm have also been demonstrated
in detail. It is easy to realize an excellent hydrodynamic per-
formance including steady gliding motion and dorsoventral
oscillation. Meanwhile, vital and accurate hydrodynamic pa-
rameters including pressure field, velocity field and drag-lift
coefficients are obtained. Extensive experiments have illus-
trated reasonableness of the hydrodynamic simulation and
analysis of the gliding robotic dolphin.

The future work will concentrate on the three-dimensional
CFD simulation of the robotic dolphin and replication of
more complex motions like turning or leaping out of the wa-
ter in certain unknown underwater environments.
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