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Abstract— This paper proposes a complete three-dimensional
(3-D) dynamic model of a gliding robotic dolphin with full
consideration of both 3-D gliding motion and flapping motion.
The gliding robotic dolphin can not only implement an efficient
dolphin-like swimming, but also has long endurance due to
the buoyancy-driven system. Firstly, the mechanical structure
including dolphin-like swimming part and gliding part of the
robot is offered. More importantly, derivation processes of
the kinematic analysis, net buoyancy analysis, hydrodynamic
analysis, and multi-link dynamic modeling are discussed in
detail to provide theoretical support. Furthermore, this paper
presents some comparison of the spiraling movements based
on these two different swimming motions, and gives the corre-
sponding analyses according to the simulation results. Finally,
through comparing results of the aquatic experiments and the
simulation, we verify the complete dynamic model, and analyze
the yaw angle and diving depth.

I. INTRODUCTION

In recent years, aquatic biomimetics have attracted wide
attention of researchers, especially in aspects of high adapt-
ability and maneuverability for many underwater crea-
tures [1]. As a kind of cetaceans, dolphins could perform
many astonishing motions with their excellent natural ad-
vantages. They could easily achieve a swimming speed over
11 m/s, and perform high maneuverability, like a turn radius
as small as 0.20 body lengths (i.e., BL) [2].

Fascinated by these excellent skills, more researchers have
focused on robotic dolphins, which lead to great development
in the last two decades [3]. Dogangil et al. presented some
dynamic simulation studies and developed a 4-degree-of-
freedom (4-DOF) robotic dolphin with a horizontal caudal
fin [4]. Yu et al. provided an active yaw and pitch control
method for a multi-link dolphin robot to achieve agile and
swift pitch maneuvers [5]. Cao et al. proposed a heading
controller based on a self-tuning fuzzy strategy for a robotic
dolphin to resolve a noticeable steady-state error [6]. An
integrative control method depending on a combination of
pitch, roll, yaw, and depth control strategies to achieve
precise attitude control for dolphin leaping behavior was
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presented [7]. A depth controller combining sliding mode
control (SMC) in conjunction with a fuzzy strategy on a
robotic dolphin was also developed [8].

Though the maneuverability of robotic dolphins has been
greatly developed, the limited endurance has always been a
barrier for robotic dolphins, largely hampering their practical
applications in oceans. By contrast, underwater gliders, as
a long endurance underwater vehicle, have the ability to
cruise for months and travel thousands of kilometers. The
beginning of underwater gliders research can be traced
back to last century. In 1989, Stommel published an article
which firstly inspired gliding motion [9]. In the last decade,
underwater gliders developed rapidly. The first generation of
underwater gliders called “Spray” [10], “Seaglider” [11], and
“Slocum” [12] were developed and tested in 2001. Besides,
motion control and path planning for underwater gliders have
also been developed, for instance, Nina et al. presented an
approximate analytical expression as a planning strategy for
energy efficient paths [13]. Furthermore, for the stabilization
of underwater gliders, Zhang and Tan offered a method based
on a passivity-based controller and a nonlinear model-based
observer [14]. Moreover, a method was presented to estimate
the under gliders’ position by comparing two kinds of travel
time [15]. However, neither speed nor maneuverability of
underwater gliders is considerable. Therefore, with full con-
sideration of both high maneuverability and long endurance,
some researchers combined gliding motion with the basis of
robotic dolphins to extend the duration. Wu et al. offered
an innovative design for a gliding robotic dolphin, which
achieved the basic swimming modes including the flapping
and gliding motions. Moreover, they separately analyzed the
hydrodynamic forces on the body, flippers, and flattened
fluke while the robotic dolphin was gliding [16]. Yuan et
al. developed a 1.5-m-long gliding robotic dolphin, and
proposed a heading control method with the SMC based on
the dynamic model for 3-D gliding motion [17].

In previous work, the study of gliding robotic dolphins
emphasised on the platform development, but rarely involved
its dynamic modeling. Therefore, on the basis of existing
researches, a further progress is made in this paper, whose
objective is to establish a complete dynamic model. Different
from previous studies, we make the dynamic modeling with
full consideration of both 3-D flapping and gliding motion.
Furthermore, via simulations, this paper offers some compar-
ison of the spiraling motion based on the two different swim-
ming modes, accompanying with corresponding comparative
analyses. Finally, we verify the complete dynamic model, and
analyze the yaw angle and diving depth by comparing the
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Fig. 1. Illustration of the gliding robotic dolphin. (a) Me-
chanical structure. (b) Prototype.

aquatic experiments with simulation.
The rest of this paper is organized as follows. In Section II,

the mechanical design of a gliding robotic dolphin is offered.
Section III provides detailed analyses in the complete dynam-
ic model, which includes kinematic analysis and dynamic
analysis. The experiments as well as simulation analyses are
presented in Section IV. Finally, conclusions and future work
are summarized in Section V.

II. MECHANICAL DESIGN

The mechanical structure and prototype of the gliding
robotic dolphin are illustrated in Fig. 1, which mainly
includes the gliding part and dolphin-like swimming part.
The gliding robotic dolphin is designed as a killer whale.
The total mass and length of the gliding robotic dolphin are
9.1 kg and 0.83 m, respectively.

A. Structure About the Gliding Motion

The key design that allows the robotic dolphin to glide
is the buoyancy-driven system, which regulates surfacing
and diving by adjusting the buoyancy. In this paper, the
buoyancy-driven system is mainly composed of a water
injector and a piston. With the movement of the piston,
water is drawn into or drained out of the water injector,
which directly leads to the reduction or increase in the overall
volume, further increases or reduces the buoyancy of robotic
dolphin. Besides, since the capacity of the water injector is
a constant, the total volume determines not only the upper
limit of net buoyancy, but also the maximum gliding speed.

Another key design is the movable mass, which can be
used alone to adjust the pitch angle of the gliding robotic
dolphin. Moreover, combining with the flippers or fluke, it
achieves decoupling control of pitch angle and gliding angle.

gx

gz

gy
tz

ty

tx
rz

rx

rygo
to

to

gx

b
o

b
z

b
y

b
x

g

bR
i

bR
i=w,t,l,r

Yaw Pitch

Roll

Fig. 2. Coordinate systems including inertial, body, and fin
frames.

B. Structure of the Flapping Motion

The dolphin-like swimming part consists of a waist joint, a
tail joint, and two flippers joints. The waist and tail joints of
the gliding robotic dolphin yield the main thrust for flapping
motion. Additionally, the two flippers can generate lift force
or attitude adjustment during gliding motions, which is a
unique feature compared with the conventional underwater
gliders.

III. DYNAMIC MODELING FOR THE GLIDING ROBOTIC

DOLPHIN

To clearly describe a complete dynamic model of the
gliding robotic dolphin, coordinate systems including an
inertial frame, a body-fixed frame, a waist frame, a tail frame,
and two flippers frames are defined firstly. All the coordinate
frames are illustrated in Fig. 2, and these frames follow
the right-hand rule. Moreover, we denote the inertia frame
Cg = ogxgygzg, the z axis of which is along the direction
of gravity, while the x and y are perpendicular to z. Next,
we define a body-fixed frame Cb = obxbybzb, the origin of
which locates at the center of buoyancy (CB). In particular,
Cw = owxwywzw, Ct = otxtyt zt , Cl = olxlylzl , and Cr = orxryrzr

represent the joint frames of waist, tail, left flipper, and right
flipper, respectively. Furthermore, we define j = [0,1,0]T ,
k = [0,0,1]T , and J = [01×3, j]T . Finally, for two vectors
p,q∈ R3, their cross product is denoted as p×q= p̂ ·q where
p̂ represents the skew matrix of p.

A. Kinematic Analysis

Denote Ub = (Ubx,Uby,Ubz)
T and Ωb = (Ωbx,Ωby,Ωbz)

T

the line velocity and angular velocity of the gliding robotic
dolphin with respect to (w.r.t.) the body frame, respectively.
Therefore, Vb =(Ub

T ,Ωb
T )T denotes the velocity vector. The

kinematics of the robot are formalized by

gṖb =
gUb =

gRbUb

gṘb =
gRbΩ̂b

(1)

where gRb and gPb denote the rotation matrix and position
vector of Cb w.r.t. Cg, and gRb is determined by roll angle
ψ , pitch angle θ , and yaw angle ϕ .

Afterwards, since the surfaces driven by flipper joints,
waist joint, and tail joint are movable, we should consider
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their offset angles for their kinematics

Vi =
iHbVb + δi (i = w, l,r)

Vt =
tHwVw + δt

(2)

where

iHb =
bHi

T=

(
iRb −iRb

bP̂i

03×3
iRb

)
(i = w, l,r)

tHw = wHt
T=

(
tRw −tRw

wP̂t

03×3
tRw

)

δi=θ̇iJi (i = w, t, l,r)

The indexes b, w, t, l, r correspond to the body, waist, tail,
left flipper, and right flipper. δi indicates the speed change
caused by fin surface’s movements. bPi(i = w, l,r) represents
a corresponding position vector, and iRb(i = w, l,r) indicates
the rotation matrix from coordinate frame Cb to Ci, which
is related to offset angle θi of movable surfaces w.r.t. frame
Cb.

iRb =
bRi

T =

⎛
⎝ cosθi 0 −sinθi

0 1 0
sinθi 0 cosθi

⎞
⎠

Regarding the rotation matrix and position vectors from
frame Cw to Ct , there exists the same form and meaning.

B. Net Buoyancy Analysis

One of main external forces is the net buoyancy that
represents the difference between gravity and buoyancy [17].
When the position of the piston is at the middle point of
water injector, the net buoyancy is zero. Therefore, the net
buoyancy of the robot w.r.t. frame Cb is given by

Gn=ρS(
ho

2
− h)g(gRb

T k) (3)

where ρ indicates the density of the water; g denotes the
gravitational acceleration; S and ho indicate the bottom area
and the total height of the water injector, respectively; h
denotes the real position of piston. Hence, the moment of
net buoyancy take the forms as follows

τn=(mbP̂b +m jP̂j +mmP̂m)g(
gRb

T k)+GnP̂in (4)

where mb is the body’s mass excluding the movable and
water injector mass; mm and m j denotes the movable and
water injector mass; Pb, Pm, and Pj are the position vectors
of corresponding center of gravity (CG) w.r.t. frame Cb; Pin

indicates the movable vector of CG caused by the movement
of piston. Hence, we define Gb = (Gn,τn)

T .

C. Hydrodynamic Analysis

Hydrodynamics is another major external forces of robotic
dolphins, which is analyzed with the quasi-steady model
in this paper [17], [18]. Hydrodynamic is closely related
to the relative attitude which can be parameterized by the
angle of attack αi and the sideslip angle βi(i = b,w, t, l,r).
For convenience, we introduce a velocity coordinate frame
Cv = ovxvyvzv to characterize the relative attitude. Therefore,

the hydrodynamic forces of body and movable surfaces and
their moments can be calculated by

vFi =

⎛
⎝ −vDi

vSFi

−vLi

⎞
⎠= 1

2 ρSiUi
2

⎛
⎝ −Ci,d(αi)

Ci,s f (βi)
−Ci,l(βi)

⎞
⎠

vτb =

⎛
⎝ vτix

vτiy
vτiz

⎞
⎠= 1

2 ρSiUi
2

⎛
⎝ Ci,τx(βi)

Ci,τy(αi)
Ci,τz(βi)

⎞
⎠+KiΩi

(5)

where Si presents the reference area of body and movable
surfaces; C indicates the corresponding hydrodynamic coef-
ficients related to the angle of attack and the sideslip angle;
Ki denotes the matrix of the rotating damping coefficients.

Next, since the forces of body and movable surfaces are
expressed in the velocity coordinate frame, it is necessary
to transform them to their own coordinate frames with The
rotation matrix iRv. Furthermore, we unify all the physical
quantities into the body coordinate frame(

bFi
bτi

)
=

(
bRi 03×3

bP̂i
bRi

bRi

)(
iRv

vFi
iRv

vτi

)
(6)

where i = b,w, t, l,r, bRb = I3×3, and bP̂b = 03×3.

D. Dynamic Model

For five coordinate frames including body, waist joint, tail
joint, right flipper, and left flipper frames, their own dynamic
models can be derived as follows by Newton’s law

MbV̇b =−Fcb +Fhb+Fwb +Flb +Frb +Gb +Γm +Γ j

bHwMwV̇w = bHw(−Fcw +Fhw+Fbw+Ftw)

bHtMtV̇t =
bHt(−Fct +Fht +Fwt)

bHlMlV̇l =
bHl(−Fcl +Fhl +Fbl)

bHrMrV̇r =
bHr(−Fcr +Fhr +Fbr)

(7)

where Mi(i = b,w, t, l,r) represents the total inertia matrix;
Γm and Γ j denote the forces of movable mass and water
injector on body; Fci = ( fci,τci)

T (i = b,w, t, l,r) denotes
Coriolis force and moment on part i; Fhi = ( fhi,τhi)

T (i =
b,w, t, l,r) denotes hydrodynamic force and moment on part
i; Fbi = ( fbi,τbi)

T (i = w, l,r) indicates the external force of
body on part i; On the contrary, Fib =( fib,τib)

T expresses the
external force of part i on body, and the same explanation
for Fwt or Ftw. The purpose of multiplying both sides of
the equation by bHi is to transform the forces and moments
from joints frame to body frame. Thereby, it follows that
bHiFbi +Fib = 0 since they are the interaction forces.

Afterwards, (2) formalizes the kinematic of body and
movable surfaces, so we can derive the basic form of each
speed derivative

V̇i =
iḢbVb +

iHbV̇b + δ̇i (i = w, l,r)

V̇t =
tHwV̇w + t ḢwVw + δ̇t

(8)

where

iḢb=

(
−θ̇i ĵi iRb θ̇i ĵi iRb

bP̂i

03×3 −θ̇i ĵiiRb

)
(i = w, l,r)
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Move one step further, in order to make the equation more
concise, two variables by the following forms are defined

ξt =
t ḢwVw and ξi =

iḢbVb (i = w, l,r)

Therefore, the final form can be obtained

V̇i =
iHbV̇b + ξi + δ̇i (i = w, l,r)

V̇t =
tHbV̇b +

tHw(ξw + δ̇w)+ ξt + δ̇t

(9)

where tHb =
tHw

wHb. Hence, by substituting (9) into the left
sides of (7) and add the left sides of (7), we can derive

∑
i=b,w,t,l,r

bHiMiV̇i = ( ∑
i=b,w,t,l,r

bHiMi
iHb)V̇b +Πe (10)

where

Πe = ∑
i=b,w,t,l,r

bHiMi(ξi + δ̇i)+
bHtMt

tHw(ξw + δ̇w)

Similarly, the sum of all forces and moments by adding
the right sides of (7) can be derived. Furthermore, according
to the equality of the left and right sides of the equation, the
final kinetic equation can be taken as the following forms

MV̇b =−Πe +Πc+Πh +Πg +Γm +Γ j (11)

where

M = ∑
i=b,w,t,l,r

bHiMi
iHb

Πc =− ∑
i=b,w,t,l,r

bHiFci =−∑bHi

(
Ω̂i 03×3

V̂i Ω̂i

)
Mi

(
Vi

Ωi

)

Πh = ∑
i=b,w,t,l,r

bHiFhi

Πg = Gb

Γm = mm

(
2 ˆ̇PmΩb − P̈m

P̂m(2 ˆ̇PmΩb − P̈m)

)

Γ j = m j

(
2 ˆ̇PjΩb − P̈j

P̂j(2 ˆ̇P jΩb − P̈j)

)

It is assumed that P̈m = P̈j = 03×1 since the instantaneous
acceleration and deceleration processes of the piston and
movable mass are rapid enough. Regarding the Ṗm and Ṗj, we
can derive them from movable mass’s speed Um and piston’s
speed Uj, respectively

Ṗm =Um

Ṗj =Uj

(12)

where Pm0 and Pj0 denote the initial position of the movable
mass and the piston, respectively. Furthermore, Mi is sum
of the inertia matrix of the robot Mdi and the added inertia
matrix Madi from the surrounding water.

Mdi =

(
miI3×3

(
miP̂i

)T

miP̂i Ji

)
(i = w, t, l,r)

Mdb =

(
(mb +mm +m j)I3×3

(
∑i=b, j,m miP̂i

)T(
∑i=b, j,m miP̂i

)
Jb −∑i=b, j,m miP̂iP̂i

)

where Ji(i = b,w, t, l,r) represents the rotational inertial
caused by the distribution of mi, and it is relative to its CG.

TABLE I. Parameters of dynamic model

Parameter Value Parameter Value

mb 5.28 kg bPw [−0.2257,0,−0.0123]T

mw 0.5 kg bPt [−0.4488,0,−0.0123]T

mt 0.077 kg bPl [0.1063,−0.0615,0.0318]T

ml(mr ) 0.074 kg bPr [0.1063,0.0615,0.0318]T

mm 0.42 kg Jw diag{0.0004,0.0026,0.0023}
mj 0.035 kg Jt diag{0.0001,0,0.0001}

g 9.8 m/s2 Jl(Jr) diag{0.0001,0,0.0001}

ρ 998.2 kg/m3 Pl [−0.014,−0.05923,0]T

Pw [−0.109,0,0]T Pr [−0.014,0.05923,0]T

Pt [−0.041,0,0]T Pb [0.001,0,0.052]T

Pj0 [0.1953,0,0]T Pm0 [−0.04077,0,−0.03715]T

IV. RESULTS AND ANALYSES

In this paper, we analyze the steady state spiraling motion
based on two motions which include the flapping and gliding
motions. By simulation, we can draw some conclusions about
the two motions. Subsequently, extensive aquatic experi-
ments were carried out to verify the built dynamic model
in a 2.4 m depth diving pool.

A. Simulation Results

MATLAB SIMULINK is used to implement the simula-
tions to verify the validity of the complete dynamic model.
Firstly, some physical parameters of dynamic model are tabu-
lated in Table I. Furthermore, hydrodynamic parameters are
computed using both computational fluid dynamics (CFD)
software packages and the curve fitting method [19], and
then some appropriate adjustments based on experiences are
made. Finally, we can get the rotational inertia of body
and movable surfaces by measuring quality property in
SolidWorks. It should be noted that Jw, Jt , Jl , and Jr are
diagonal matrix, which are listed in Table I.

Jb =

⎛
⎝ 0.0158 0 0.0029

0 0.1699 0
0.0029 0 0.1678

⎞
⎠

• In the flapping motion, the maximum joint amplitudes
of the waist, tail, and phase between them are set at
30◦, 45◦, and 35◦, respectively, and the frequency is
2 Hz. Simultaneously, the offset angles of left flipper
and right flipper are −45◦ and 0◦. Figs. 3(a) denotes
3-D trajectory within 50 s. We could see the robot only
dives to the depth of 5.7 m, and its turning radius is
nearly 3 m.

• In the gliding motion, we let the movable mass move
forward 150 cm, and the piston move backward 5.25 cm.
The offset angle of left flipper and right flipper are
same as the flapping motion. Figs. 3(b) illustrates 3-
D trajectory within 50 s. The diving depth and turning
radius in the motion are 8.7 m and less than 1 m.

In terms of spiraling movement, gliding mode or flap-
ping mode, asymmetric hydrodynamic that would produce
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Fig. 3. 3-D trajectory of spiraling movements. (a) Flapping
motion. (b) Gliding motion.

Fig. 4. Snapshot sequence in gliding motion.

steering yaw moment can be generated in the left and right
sides of the body through the difference of flipper fins. The
following rolling motion causes the lift and drag forces in
the vertical plane, which makes the body roll. On the other
hand, the horizontal components of the two forces generate
a centripetal force for the steady state spiraling movement.
Thus, the projection of the steady 3-D trajectory of Fig. 3
on the horizontal plane is circular.

B. Experimental Results

Experiments are implemented to validate the spiraling
motion of the gliding robot in a 2.4 m depth diving pool.
The snapshot sequences of the spiraling motion in gliding
motion and flapping motion are shown in Figs. 4 and 5.

Fig. 5. Snapshot sequence in flapping motion.
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Fig. 6. The simulated and experimental results in flapping
motion: (a) Yaw angle; (b) Diving depth.

Besides, in gliding motion, due to the limited depth, we set
the movable mass and piston at target positions which are
same as simulation before diving.

From Figs. 6 and 7, regarding the yaw angle and diving
depth, the experimental data is consistent with the simulation
shape, which signifies that the 3-D completed dynamic model
is valid. Furthermore, some conclusions can be drawn via
comparing spiraling movements of the gliding and flapping
motion. Firstly, the diving depth in the gliding motion is
greater than flapping motion within the same time, for both
the flipper fins and movable mass can supply the pitch
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Fig. 7. The simulated and experimental results in gliding
motion. (a) Yaw angle. (b) Diving depth.

moment in the spiraling movement, the latter of which brings
about a higher effect. Moreover, since the net buoyancy effect
has a certain delay, the diving speed in flapping motion is
faster than gliding in the early diving state, which directly the
change of yaw angle in the flapping motion is greater than
that of the gliding motion. However, when the body posture
in gliding motion comes to a stable state, the gliding robotic
dolphin could achieve a bigger diving speed, which could
offer a smaller turning radius. On the contrary, due to the
dorsoventral propulsive mechanism, the robot has a relatively
stable forward speed, which results in a stable change in the
yaw angle. However, since the yaw moment in flapping is
smaller than gliding motion in the late stage, the turning
radius is much bigger.

V. CONCLUSIONS AND FUTURE WORK

In this paper, we have proposed a complete dynamic
model with full consideration of both 3-D gliding motion and
flapping motion for the gliding robotic dolphin, and provided
detailed derivation process. By simulations based on the
complete dynamic model, difference of spiraling movements
in the flapping motion and gliding motion was compared.
Via aquatic experiments, we analyzed the characteristics of
spiraling movement including the yaw angle and diving
depth, further proved the dynamic model is effective. In
contrast, we can conclude that spiraling movement in the

gliding motion is more stable and energy efficient than in
the flapping motion.

In the future, we plan to conduct underwater fixed depth,
fixed direction, and tracking control based on the model,
and compare the difference between the two swimming
motions through aquatic experiments. We will also make
some engineering research according to practical underwater
applications of gliding robotic dolphins.
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