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Abstract: In order to break the bottleneck of conventional autonomous underwater vehicles (AUVs), biologically-inspired AUVs
(BAUVs) have drawn great attention. This paper explores the turning control issue of a tuna-like BAUV with the purpose of
seeking a minimum turning radius. Specifically, for better understanding of the turning motion, a dynamical model is established
and the force acting on the tail fin is taken as the main source. Because of the complex nonlinear relationship and physical
restrictions, it is hard to optimize the turning radius directly. To tackle with this problem, the input signals of joints are generated
by sine function so as to satisfy physical constraints, and simulations under different parameter combinations are conducted.
Furthermore, a fixed tail joint method and a half-cycle flapping method are chosen and compared in an indoor pool. Finally,
the experimental results verify the effectiveness of proposed methods, and a minimum turning radius of the tuna-like BAUV is
achieved as small as 0.37 body lengths.
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1 Introduction

Over 400 million years of evolution on earth, marine ani-
mals have evolved remarkable swimming abilities. The rep-
resentative fastest swimmer, billfishes can achieve a max-
imal swimming speed up to 36.11 m/s [1], exceeding the
traditional propeller-driven Autonomous Underwater Vehi-
cles (AUVs) by a big margin. Furthermore, a fish can main-
tain speed while turning within a radius of 10–30% of it-
s body length, demonstrating a high maneuvering perfor-
mance. All these inspire scientists and engineers to investi-
gate the Biologically-inspired Autonomous Underwater Ve-
hicles (BAUV) [2–5].

BAUVs can be modelled on many kinds of marine an-
imals, such as fishes, dolphins, jellyfish, squid, cuttlefish,
sea lions, snakes, and so on. Usually, BAUVs have bion-
ic appearances, and can be divided into three categories by
the main sources of propulsion: undulating body and fins,
jet flow, and traditional propellers. As BAUVs have various
features on mechanical structure and power sources, the per-
formances of locomotion are different. For BAUVs are dif-
ferent in sizes, property indexes should include both absolute
and relative values. Note that length-specific rate, i.e., Body
Length per second (BL/s), is usually applied to describe the
relative speed, and the turning radius is expressed by Body
Length, BL for short.

BIOSwimmer is a typical BAUV which has a tuna body
with a propeller instead of the tail fin as the main propulsive
force [6]. In such way, it can reach a maximum speed of
2.57 m/s (equivalent to 1.69 BL/s) with a turning radius less
than 1 m (0.66 BL). By contrast, a bionic scallop moves by
jet flow generated by opening and closing the shell [7]. The
radius of the bionic scallop is about 0.15 m, and the maxi-
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mum average swimming speed is 3.4 BL/s, with the maxi-
mum instantaneous speed up to 4.65 BL/s. Besides, by ad-
justing the opening and closing frequency, amplitude of the
shell and other key factors such as different sizes of the shel-
l and jet holes, the bionic scallop can achieve zero-radius
turning, rolling, and other actions.

Most of the BAUVs have been designed to imitate the
propulsion mode of fish and cetaceans, with different re-
search objectives and design concepts [8–11]. As the fish
can be classified into Medial and Paired Fin (MPF) mode or
Body and Caudal Fin (BCF) mode, there are similar cate-
gories for BAUVs. In BCF mode, based on the proportion of
body segments involved in generating propulsion, there are
four types: anguilliform, subcarangiform, carangiform, and
thunniform. It is important to note that this classification is
only for the swimming patterns of the fish, not the fish them-
selves. It is possible that a fish achieves high speed in BCF
mode, and steers itself or keeps stability in MPF mode.

Robotic manta represents the BAUV of MPF mode, with a
remarkable ability of pitching [12]. The driven mechanism is
carefully designed with unique flexible pectoral fins, so the
robotic manta can generate a combinational wave comprised
of a vertical wave along the wingspan from the baseline and a
horizontal wave along the stream wise chord of pectoral fins.
Finally, the manta achieves a maximum linear speed up to
0.42 m/s (1.07 BL/s), a zero-radius turning, and a minimum
pitch radius of 0.205 m (0.54 BL).

There are many platforms of BCF mode, for the BCF
mode propulsion is characterized by its relatively simple
structure and easy implementation. Through the design of it-
s mechanical structure, it can achieve far better performance
than other propulsion modes. Its power comes from a wide
range of sources, as pneumatic, hydraulic, artificial muscle,
and so on. However, as far as the current research results are
concerned, motor is still the first choice as the power source.



As a platform of the anguilliform mode [13], LAM-
PETRA can achieve 0.75 BL/s and turn within 0.075 m
(0.076 BL) with a body length about 0.99 m. When a
wire-driven robot fish with an active body and a compli-
ant tail swims as subcarangiform [14], it reaches a speed
of 0.665 m/s (2.15 BL/s) and an average turning speed of
63◦/s. iSplash-II, designed as carangiform, has reached a
maximum travel speed of 3.7 m/s (11.6 BL/s) at the expense
of steering ability [15]. A four-joint robotic fish focuses on
the turning motion, which is able to realize an instantaneous
turning speed of nearly 670◦/s and an average steering speed
of 213◦/s within a turning radius of 0.2 BL [16]. Thunniform
mode has an advantage on the swimming speed, as the leap-
ing robotic dolphin can swim at 2.11 m/s (2.93 BL/s) [17]
and Tunabot can maintain its position in an incoming stream
of more than 1.1 m/s (4.0 BL/s) [18]. However, the perfor-
mance of steering motion is poor due to the distinctive ap-
pearances and driven mode for the thunniform swimmer. In
this work, we develop a tuna-like BAUV, and then a dynam-
ical model is established, based on the feature of thunniform
swimmer. In order to obtain a minimum turning radius, d-
ifferent combinations of parameters are tested and analyzed
via simulations. Two methods of turning control are then
proposed, and experimental results verify the effectiveness
of them.

The remainder of this paper is organized as follows. Sec-
tion II introduces the mechanical structure of the tuna-like
BAUV, and the mathematical models of motion and dynam-
ics are formulated. Section III analyzes the turning motion,
and points out some important factors, with the results of
simulation discussed in detail. In Section IV, physical exper-
iments have been conducted, and the results are compared
with that of simulation. Section V gives the conclusions.

2 Mechanical Structure and Mathematical Model

A tuna-like BAUV is illustrated in Fig. 1. The thunniform
swimmer consists of a rigid anterior body about two thirds
of total length, two active joints, and a lunate tail fin [19, 20].
With the aim of both fast swimming and good maneuvering
performance, the posterior body and caudal fin are designed
both light and small, to increase the propulsive efficiency.

As described in Fig. 2, the BAUV’s locomotion in the hor-
izontal plane is essentially composed of three motions: rota-
tional motion around the center of mass, forward motion a-
long the direction of the body, and lateral drift perpendicular
to the body. Thus, the following equations can be derived.

ẋ = u cos (θ0)− v sin (θ0)
ẏ = u sin (θ0) + v cos (θ0)

θ̇0 = w
(1)

where (x, y) is the position of mass in the inertia frame, θ0
represents the current attitude angle, u is the forward speed,
and v is the drift speed.

Furthermore, the dynamical model can be constructed as
follows: 

u̇ = m22

m11
vw − d11

m11
u+ 1

m11
Fu

v̇ = −m11

m22
uw − d22

m22
v + 1

m22
Fv
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Fig. 1: Illustrations of the tuna-like BAUV. (a) Conceptual
design. (b) Robotic prototype.
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Fig. 2: Motion analysis of the tuna-like BAUV in the hori-
zontal plane.

where m11 = m−Mu̇, m22 = m−Mv̇, m33 = Iz −Mẇ,
d11 = −fu, d22 = −fv , d33 = −fw, m is the mass, Iz
is the rotational inertia, Fu and Fv are external force acting
on the body, while N is the resultant moment. Mu̇, Mv̇ , Mẇ

are the relative additional mass caused by surrounding water,
and fu, fv, fw represent the respective drag coefficients.

When we consider the turning motion, an ideal situation
is that there is only N existing with Fu and Fv equal to ze-
ro. Then the BAUV can do a pure rotation, which means a
zero-radius turning. However, it almost never happens. As is
well known, the thunniform swimmer achieves both the for-
ward swimming and steering by periodically flapping the tail
fin. It means that Fu, Fv, and N are generated simultaneous-
ly, and have an inherent interrelationship. Another problem
is that, although the integral of a specified force over one
flapping period is zero, it still affects the motion. For in-
stance, the trajectory of forward swimming is not an exact
straight line but a curve that periodically fluctuates around
the straight line, despite the fact that the integral of Fv is
zero in a flapping cycle.
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Fig. 3: Calculation of the force on the tail fin.

To simplify the problem, the force on the tail fin is consid-
ered as the main source for turning motion, based on the fact
that the anterior body is much more heavier and larger than
the caudal fin, which means that u and v are fairly small in
the turning motion. So the force analysis is shown in Fig. 3.

In the body frame, the equivalent mass center of the tail
fin is mt, and the position is defined as{

xt = −l0 − l1 cos θ1 − n2 cos (θ1 + θ2)
yt = l1 sin θ1 + n2 sin (θ1 + θ2)

. (3)

The relative resultant velocity vs is composed of vc and
vt, caused by waist joint angle velocity and tail joint angle
velocity respectively. vc = θ̇1l1

vt = θ̇2n2

vs = vc + vt

(4)

The force acting on the tail fin is calculated as Ft, and the
following equations can be derived.

Ft = − 1
2Cρvs |vs|St

Fu = Ft sin (θ1 + θ2)
Fv = Ft cos (θ1 + θ2)
N = Fu × yt + Fv × xt

(5)

where C is the drag coefficient, ρ stands for the density of
water, St is the longitudinal cross-sectional area.

Due to the physical constraint, the joint angle θ1 and θ2
must be periodic functions, which means that it is hard to
obtain a direct optimization solution. Here, several key pa-
rameters are tested to acquire a better turning performance.

3 Simulation Results and Analysis

For there are only two active joints, sinusoidal functions
are utilized to construct control law of the joint angles.{

θ1 = A1 sin (ω0t) + b1
θ2 = A2 sin (ω0t+ φ) + b2

(6)

where A1 and A2 are amplitudes, ω0 is the angular velocity,
φ is the phase difference, b1 and b2 are biases. Because the
waist joint has a smaller value range than the tail joint as
a result of the physical limitation, only A1 or b1 is chosen.
Actually, due to the mechanical structural design, −24◦ ≤
θ1 ≤ 24◦, −60◦ ≤ θ2 ≤ 60◦.
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Fig. 4: Turning motions under different biases acting on tail
joint.
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Fig. 5: Turn motions under different phases.

To explore the effect of b2, other parameters are set to
A1 = 24◦, ω0 = 4π rad/s and φ = −60◦, while b2 =
15◦, 20◦, 25◦, 30◦. Then the simulation results are shown in
Fig. 4.

Obviously, a bigger value of b2 leads to a smaller turn-
ing radius, but the effect of increasing bias is reducing. As
discussed previously, any changes on the joints may affec-
t the whole motion, the effect of phase differences are also
learned. Here A1 = 24◦, ω0 = 4π rad/s, A2 = 30◦, and
b2 = 30◦, while φ = −60◦, −30◦, 0◦, 30◦, 60◦. Then the
effect of the phase differences are compared in Fig. 5. As
can be seen, the phase differences have a little influence on
the turning motion. The smallest turning radius is obtained
when φ = 0◦, and the phase differences result in a slight
offset of the whole turning motion. A plausible explanation
is that the initial state varies with the phase difference, so the
final trajectories have been also changed.
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Fig. 6: Turn motions under a fixed waist joint with different
biases acting on the tail joint.

All these are conducted in the case that the joints are mov-
ing simultaneously, with no consider about the effect of a
fixed joint. However, a fixed joint also has an effect on the
turning motion. So a simulation of fixed waist joint is car-
ried out, and the parameters are set: A1 = 0◦, b1 = 24◦,
A2 = 30◦, φ = −60◦, and ω0 = 4π rad/s, while b2 = 0◦,
10◦, 20◦, 30◦, with a same simulation time for all the situa-
tions. Finally, Fig. 6 gives the results. It seems that a fixed
waist joint leads to a smaller turning radius while the Fig. 6 is
compared with Fig. 4. However, it needs a longer time to fin-
ish a complete circle, due to the absence of vc. Meanwhile,
the trajectories in Fig. 6 are more smooth than the ones in
Fig. 4.

All above results are reasonable. When the waist joint is
fixed, it means that vc = 0, so Fu and Fv decrease a lot, and
consequently to N . Small Fu and Fv contribute to a small
turning radius as a result of the mitigated drift phenomenon
with small N representing a small steering speed. Besides,
Fv is the main source of the body swing, so a smooth tra-
jectory is obtained while Fv decreases. As the formula (4)
and (5) shows, the force is determined by both the waist joint
and the tail joint. It seems that a fixed tail joint may have the
same effect. In addition, the previous results have confirmed
the efficiency of adjusting the bias of tail joint, so a fixed tail
joint may achieve a better performance. In order to verify
this prediction, following simulations are done, and the re-
lated parameters are set as: A1 = 24◦, b1 = 0◦, ω0 = 4π
rad/s, with θ2 = 30◦, 40◦, 50◦, 60◦. The results are shown
in Fig. 7.

There are similar trends of the trajectories in Figs. 6 and
7, but the latter seems to have a better performance. Consid-
ering this in the context of Fig. 3 and formula (4) and (5),
when the waist joint is fixed, the value of vs is only deter-
mined by vt. When the tail joint is fixed, the value of vs is
calculated by θ̇1r, here r is the equivalent distance from the
mass of tail fin to the center of the waist joint. Obviously,
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Fig. 7: Turn motions of different fixed tail joints.
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Fig. 8: Turn motions of half-cycle flapping with different
biases.

this value is larger than the former. The fluctuation on the
trajectory in Fig. 7 confirms it.

Combining with the above results, it is easy to find that the
bias is important to the turning motion, for the bias makes
the cumulative value of N not equal to zero. However, we
can achieve this in another way. If the tail fin flaps only in
one side, it may also lead to a circular motion. Driven by
this idea, the following simulations are designed to θ1 =
|A1 sin (ω0t)|+ b1 and θ2 = |A2 sin (ω0t+ φ)|+ b2, where
A1 = 24◦, A2 = 30◦, φ = 0◦, ω0 = 4π rad/s, b1 = 0◦,
and b2 = 0◦, 10◦, 20◦, 30◦. The results are shown in Fig. 8.
As expected, the turning motion can be realized by the half-
cycle flapping method. Besides, it gives a smaller turning
radius than the fixed tail joint method.
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Fig. 9: Snapshot sequence of the experiments. (a) Turning
motion under the fixed tail joint method. (b) Turning motion
under the half-cycle flapping method.

4 Experimental Results

The experiments are carried out in an indoor pool. A glob-
al camera is suspended from the ceiling for capturing the w-
hole process of turning motion, used at up to 30 frames per
second (fps), and the digital videos have a resolution of 1292
× 964 pixels. The dimensions of the pool are 5 m× 3 m ×
1.3 m. Two experiments are conducted for comparison. One
is about the fixed tail joint method, and the other is about
the half-cycle flapping method. The input signal of fixed
tail joint method is generated as θ1 = A1 sin (ω0t), with
θ2 = 60◦, here A1 = 24◦ and ω0 = 6π rad/s, while the oth-
er is set as θ1 = |A1 sin (ω0t)| and θ2 = |A2 sin (ω0t)|+ b2,
with A1 = 24◦, A2 = 30◦, ω0 = 4π rad/s, and b2 = 30◦.

The snapshots are shown in Fig. 9 and the results are com-
pared in Fig. 10. From Fig. 9, we can see that the lateral drift
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Fig. 10: Trajectories of the experiments. (a) Trajectory of
the fixed tail joint method. (b) Trajectory of the half-cycle
flapping method.

is definitely accompanying with the turning motion, and also
the forward motion caused by Fu, which confirms our anal-
ysis. Although it is difficult to obtain the accurate position
of the center of turning motion, the value of turning radius
can be estimated by a simple method. Because the trajecto-
ry is approximately circular, the distance of the farthest two
points on the trajectory can be viewed as the turning diam-
eter. As Fig. 10 shows, the turning radius obtained by the
tail joint fixed method is around 0.28 m, much bigger than
the value of the half-cycle flapping method which is about
0.16 m. However, both the experimental results are larger
than the corresponding simulation ones, which are 0.15 m
and 0.11 m respectively.

This phenomenon can be explained in two aspects. First-
ly, due to our mechanical design, there is a coupling relation-
ship between the waist joint and the tail joint. When the tail
joint acts as a fixed joint, it has some negative influence on
the movement of the waist joint. Conversely, the movement
of waist joint also has some impact on the joint, making it
hardly to maintain a given angle. As mentioned earlier, the
turning motion is sensitive to the bias. Hence, when the tail



joint cannot keep a constant value, it is easy to have an out-
ward drift for the BAUV. By contrast, when both joints are
moving, they are less affected by each other. In addition, al-
though the tail joint is designed to have a range of (−60◦,
60◦), the real situation is that the maximum attainable angle
is about 50◦, which also may cause a deviation. Secondly, in
our dynamical model the high complex nonlinearity of hy-
drodynamics is simplified as a constant parameter, so the re-
sults of simulation can only partially reflect the real situation.
However, the simulation definitely provides an alternative to
realize the minimum turning radius.

As demonstrated in Figs. 9 and 10, the proposed half-cycle
flapping method helps to achieve a fairly small turning ra-
dius among the existing BAUVs of thunniform, which have
turning radiuses ranged from 0.4 BL to 1.7 BL [1]. Mean-
while, the mean turn rate of the half-cycle flapping method
is about 80◦/s, for the trajectory of the BAUV forms an en-
tire circle in about 4.5 s. In comparison, the fixed tail joint
method yields a result of 51.4◦/s on average, for it takes 7 s
to complete a circle trajectory.

5 Conclusions

In this paper, we have studied the turning control methods
of a tuna-like BAUV to seek a minimum turning radius. Due
to the heavy and rigid body, this typical thunniform swim-
mer has a weakness on the turning. Unlike the other multi-
joint underwater robots which can use large body deforma-
tion to assist the turning, the developed tuna-like BAUV on-
ly has two active joints, with a physical restriction. To figure
out how to achieve a minimum turning radius, we analyze
the BAUV’s locomotion and establish the dynamic model.
The crucial factor is that forward force, turning torque, and
lateral drift force are generated simultaneous. To simplify
the problem, the force acting on the tail fin is considered
as the primary source. Through force analysis, the relation-
ship between the forces and torque is derived. However, due
to the physical restriction, the functions of the joint angles
must be periodic, which makes it tough to solve as a gen-
eral optimization problem. In such a circumstance, the sine
function is used to form the input. By changing the com-
bination of parameters, the performances are compared and
analyzed. Based on the results of simulation and dynam-
ic equations, the tail joint fixed method and the half-cycle
flapping method are proposed to obtain a small turning ra-
dius. Experimental results indicate that a minimum turning
radius about 0.16 m (corresponding to 0.37 BL) with an av-
erage turn rate around 80◦/s can be achieved by using the
half-cycle flapping method.

The future work will focus on the continuous improve-
ment of highly- or super-maneuverable swimming charac-
teristics of the tuna-like BAUV. Of course, more extensive
tests in realistic complex aquatic scenarios will be required
to expedite the applications of such BAUVs.
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