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ABSTRACT

This paper addresses a data-driven locomotive strategy of an under-
water vehicle-manipulator system (UVMS). Two modular designed
biomimetic underwater propellers are deployed on the UVMS. Each pro-
peller has a ribbon fin that consists of twelve rays linked by a thin latex
membrane. Each ray is individually actuated. By distributing all rays in
phases of undulating patterns, different form of waves can be generated
from the propeller. A measurement platform is constructed to obtain the
horizontal and vertical force generated by the waves of the undulating fin.
The current in main circuit of the propeller is also measured. The mea-
sured data are calculated into five output results. Three types of waves
are performed on the platform, including sinusoidal waves, fusiform si-
nusoidal waves and inward counter-propagating sinusoidal waves. Out-
put results are varied by parameters of undulating patterns. By diversify-
ing parameters of undulating patterns, multiple waves are carried out and
their output results are obtained. With these data, a locomotive strategy
for the UVMS is established. The strategy is to select the output results of
the two propellers by optimization methods to meet the requirements of
the UVMS on standards of driving force, stability and power consump-

tion. With this strategy, two biomimetic propellers can perform suitable
undulating patterns when the UVMS is required to implement certain
locomotions.
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INTRODUCTION

Biomimetic underwater vehicles (BUVs) propelled by undulating
fins have gained much attention in recent years. When propelled by
undulating fins, BUVs receive remarkable maneuverability and can
perform small range movement and stably hover at a low speed (Sefati
et al., 2012). Many universities and institutions have designed and built
BUVs with undulating fins for research. In Northwestern University, a
robotic ribbon fin (Epstein et al., 2006) and later a biomimetic knifefish
robot (Curet et al., 2010) were built. Experiments with the robots on
testbed (Epstein et al., 2006; Sefati et al., 2012; Neveln et al., 2014),
numerical simulations by computational fluid dynamics (CFD) (Bale et
al., 2014; Neveln et al., 2014) and flow visualization by digital particle
image velocimetry (DPIV) (Shirgaonkar et al., 2008; Curet et al., 2010)
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were implemented to study the propulsive mechanisms of the undulating
fin. In Nanyang Technological University, a robotic manta ray with
two flapping pectoral fins was built (Zhou et al., 2012). In Zhejiang
University, a robotic fish with a ribbon fin and a tail was built (Liu et al.,
2010), the fin was actuated by only two motors but still could generate
sinusoidal waves and propel the robot (Liu et al., 2012).

In the meantime, underwater vehicle-manipulator systems (UVMSs)
have shown their potential in ocean exploration and exploitation. In
recent years, El-Ghazaly et al. had come up with a hybrid cable-thruster
actuated UVMS (El-Ghazaly et al., 2015) that gave a solution to improve
the work capabilities of the UVMSs. Simetti had presented a simulation
of cooperative UVMSs performing manipulation and transportation
missions (Simetti, 2016) which showed the cooperation competence of
the UVMSs .

With the maneuverability of undulating fins and manipulation capacity
of the UVMS, their combination is promising. Our laboratory has de-
voted to this field. A UVMS with two undulating fins and a manipulator
was built (Wang, R. et al., 2016a). Many experiments were implemented
on it, such as path generation (Wang, Y. et al., 2015), way-point tracking
control (Wang, R. et al., 2016b), path following control (Wang, R. et al.,
2017). This paper addresses a data-driven locomotive strategy for our
next generation UVMS.

This article is organized as follows. In Section 2, the biomimetic pro-
peller and a measurement platform are introduced. The propeller is used
on the UVMS and can generate waves with its undulating fin and pro-
vide driving force. The measurement platform is constructed to obtain
the horizontal and vertical force produced by the propeller along with
the input power. Three types of waves are chosen to be generated by the
propeller on the measurement platform. In Section 3, a “variable space”
is defined to describe all undulating patterns of three types of waves. A
“data space” is defined to describe all measured data obtained from the
platform. A “result space” is defined to describe resultant force, torque,
motion stability and power consumption of the UVMS. With these space
and multiple waves carried out by the propeller on the measurement plat-
form, a locomotive strategy is established. The strategy can select suit-
able undulating patterns performed on the biomimetic propellers to meet
the required output results of the UVMS. In Section 4, some results of
the measurement platform are presented. The locomotive strategy is used
under four circumstances, and the results are analyzed.

MATERIALS AND METHODS

Biomimetic propeller and measurement platform
Fig. 1 shows the structure of the measurement platform with the
biomimetic propeller attached to it. The propeller has a ribbon fin with
twelve rays connected by a thin latex membrane. By distributing all rays
in phases of undulating patterns, different form of waves can be gener-
ated by the propeller. The measurement platform has a moving board
which can only move horizontally and vertically through low friction
sliding blocks on guide rails. The board is connected to a horizontal
force gauge and a vertical force gauge. Two gauges are fixed on the plat-
form. The biominetic propeller is attached to the moving board through
four stainless steel rods and deployed at a position below water surface.
When waves are generated by the propeller, resulting thrust (horizontal
force) and heave force (vertical force) are measured by the gauges. The
propeller is directly powered by a power-supply module and the electric
current through main circuit is measured by serial amperemeter so that
the total input power can be calculated.

Fig. 1 The design of measurement platform

Undulating patterns
As shown in Fig. 2 Three types of undulating patterns are chosen to be
generated by the biominetic propeller.

Fig. 2 Three types of undulating patterns. (a) Sinusoidal waves.
(b) Fusiform sinusoidal waves. (c) Inward counter-
propagating sinusoidal waves.

1) Sinusoidal waves. The undulating pattern of black ghost knifefish
can be simplified as sinusoids (Epstein et al., 2006), and the motion
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model of a single fin ray is described as:

θ(s, t) = Θ sin 2π(
s
λ

+ f t + φ) + ψ (1)

where θ(s, t) defines the angular deflection of the ray at distance s
along the axial direction of the fin at time t. Θ is the maximum angular
deflection of the sinusoidal waves. λ is the wavelength. f is the
frequency of the waves. 2πφ is the initial phase of the waves. ψ is the
initial angular deflection of all rays.

2) Fusiform sinusoidal waves. Many undulating patterns used by fishes
are based on sinusoids, but amplitude of the waves varies due to their
morphological structure such as the swimming pattern of rays can be
simplified as fusiform sinusoidal waves (Zhang et al., 2007). In these
occasions, the motion model can be defined as:

θ(s, t) = δ(s) sin 2π(
s
λ

+ f t + φ) + ψ (2)

where δ(s) is the function that dictates the angular amplitude of wave
along s.

The amplitude of fusiform sinusoidal waves increases from the anterior
part to the mid part and decreases toward the posterior. The function δ(s)
that describes this pattern is defined as:

δ(s) =
2Θ

L
(L − |L − 2s|) (3)

where L is the length of the ribbon fin (from the first ray to the last).

3) Inward counter-propagating sinusoidal waves. Inward counter-
propagating sinusoidal (hereinafter called ICPS) waves generated by un-
dulating fin can produce heave force and enhance stability (Sefati et al.,
2012). This type of patterns can be described as two counter-propagating
waves traveling toward each other and meeting at a point. They are de-
fined as follows:θ1(s, t) = Θ sin 2π( s

λ
+ f t + φ) + ψ s ≤ x

θ2(s, t) = Θ sin 2π( 2x−s
λ
− f t + φ) + ψ s > x

(4)

Where θ1 and θ2 are the angular deflection of the two counter-propagating
waves, x is the distance along the axial direction where two waves meet.

EXPERIMENTS

Variables and variable space
A six-dimensional “variable space” is defined to describe all undulating
patterns. Each pattern in the “variable space” can be described as:

v =
[
η, f ,Θ, ω,Ω, ψ

]T (5)

v is a point in the variable space. v contains six variables as coordinate
value. f , Θ and ψ are parameters extracted from Eqs. 1-4. η is an indica-
tor of wave types:

η =


1 (S inusoidal waves)
2 (Fusi f orm sinusoidal waves)
3 (ICPS waves)

(6)

ω is the number of wave cycles of sinusoidal waves that performed on the
ribbon fin, and Ω is nondimensionalized x from Eq. 4, they are calculated
from:

ω =
L
λ

(7)

Ω =
x
L

(8)

for undulating patterns of sinusoidal waves and fusiform sinusoidal
waves, the value of Ω is considered as 1.0. Therefore an undulating
pattern from three types of waves can be fully defined by v.

Data and data space
A five-dimensional “data space” is defined to describe the data obtained
from the measurement platform. And each set of data can be described
as:

d = [T,Tsd,H,Hsd, P]T (9)

d is a point in the data space. d contains five data as coordinate
value. T is the thrust obtained by mean value of the horizontal force.
H is the heave force, which is mean value of the vertical force. Tsd

and Hsd are standard deviations of Thrust and heave force. P is
the input power, which is the product of current and nominal volt-
age of the main circuit. Each d in data space links to a v in variable space.

Results and result space
The UVMS uses two biomimetic propellers to gain driving force and im-
plement multiple locomotions. The propellers are respectively deployed
toward left and right sides of the UVMS as shown in Fig. 3. Two assump-
tions are made to simplify dynamics analyzation of the UVMS.

1) Thrust and heave force generated by the propeller act on the center
of the line where ribbon fin and selling cavity are connected.

2) The UVMS can only rotate on yaw angle.

Fig. 3 Configuration of the UVMS. (a) The front view of the
UVMS. (b) The left view of the UVMS. (c) The top view
of the UVMS. (d) Force generated by the biomimetic pro-
peller.

With these assumptions, a six-dimensional ”result space” is established
to describe resultant force, torque, motion stability and power consump-
tion of the UVMS:

r =
[
Fx, Fy, Fz, τ, S , Psum

]T
(10)

r is a point in the result space. r contains six results as coordinate value.
As shown in Fig. 3, Fx, Fy and Fz are the resultant driving force on di-
rections of three axises. τ is the driving torque on direction of z axis. S
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is the stability index, Psum is the total input power. The pattern generated
by left propeller has vl =

[
ηl, f l,Θl, ωl,Ωl, ψl

]T
, and the right one has

vr =
[
ηr, f r,Θr, ωr,Ωr, ψr]T. Similarly, the data set of left propeller has

dl =
[
T l,T l

sd,H
l,Hl

sd, P
l
]T

, the right one has dr =
[
T r,T r

sd,H
r,Hr

sd, P
r
]T

.
According to dynamic analysis of the UVMS, the coordinate values of r
are obtained by:

Fx = T l + T r

Fy = − cosψlHl + cosψrHr

Fz = sinψlHl + sinψrHr

τ = −dT l + dT r

S = T l
sd + Hl

sd + T r
sd + Hr

sd

Psum = Pl + Pr

(11)

Variables of experiments
The experiments are implemented on the measurement platform in Fig. 1.
Some equally-spaced points in variable space are chosen for the experi-
ments.

1) Selected points for sinusoidal waves and fusiform sinusoidal waves:

vi jkopq =
[
ηi, f j,Θk, ωo,Ωp, ψq

]T

ηi = 1, 2

f j = 0.5, 1.0, 1.5, 2.0, 2.5 (Hz)

Θk = 20, 25, 30, 35, 40 (degrees)

ωo = 0.8, 1.2, 1.6, 2.0

Ωp = 1.0

ψq = 0

(12)

2) Selected points for ICPS waves:

vi jkopq =
[
ηi, f j,Θk, ωo,Ωp, ψq

]T

ηi = 3

f j = 0.5, 1.0, 1.5, 2.0, 2.5 (Hz)

Θk = 20, 25, 30, 35, 40 (degrees)

ωo = 2.0

Ωp = 0.2, 0.3, 0.4, 0.5

ψq = 0

(13)

Locomotive strategy
To describe all points selected for the variable space and the relating data
captured from the measurement platform for the data space , matrix V
and D are defined:

V = [v1, v2, · · · , vn] =


v11 v12 · · · v1n

v21 v22 · · · v2n
...

...
...

v61 v62 · · · v6n

 (14)

D = [d1,d2, · · · ,dn] =


d11 d12 · · · d1n

d21 d22 · · · d2n
...

...
...

d51 d52 · · · d5n

 (15)

where V is a 6 × n matrix and D is a 5 × n matrix. vi

and di (i = 1, 2, · · · , n)are points defined in Eq. 5 and Eq. 9.
vi = [v1i, v2i, · · · , v6i]T =

[
η, f ,Θ, ω,Ω, ψ

]T
i , di = [d1i, d2i, · · · , d5i]T =

[T,Tsd,H,Hsd, P]T
i , Subscript i is a sequence number of a selected point.

n is the number of accessible points.

To describe all results, matrix R is defined:

R =


r11 r12 · · · r1n

r21 r22 · · · r2n
...

...
...

rn1 rn2 · · · rnn

 (16)

where R is a n × n matrix used to describe all the possible r in result
space. ri j are points (i = 1, 2, · · · , n; j = 1, 2, · · · , n) defined in Eq. 10.
The coordinate values of r are calculated by vl, dl, vr and dr in Eq. 11.
Therefore subscript i is the sequence number of vl

i and dl
i of the left

propeller, and subscript j is the sequence number of vr
j and dr

j of the
right propeller. n is the number of accessible points.

The program flowchart of the locomotive strategy is shown in Fig. 4.
The strategy is to find out suitable undulating patterns defined by vl and
vr by using optimization methods to select points of dl and dr to meet
the requirements of the UVMS on standards of driving force, stability
and power consumption in r.

To simplify this task, an assumption is made: during motions of heave
and dive, the UVMS always use two fins at maximum absolute value of
ψ, to gain most driving force on vertical direction. Therefore in Fig. 3(a),
within the moving range of the fin, there is ψ = 90◦ −Θ when the UVMS
heaves and ψ = Θ − 90◦ when the UVMS dives.

Fig. 4 Program flowchart of the locomotive strategy

The point r′ is defined as:

r
′

=
[
F
′

x, F
′

y, F
′

z , τ
′

, S
′

, P
′

sum

]T
(17)

r′ is a point that represents a required output result of the UVMS. The
optimality criterion is defined as:

Ji j =
∥∥∥∥W ·

(
r∗i j − r

′∗
)∥∥∥∥ (i = 1, 2, · · · , n; j = 1, 2, · · · ,m) (18)

where r∗i j and r′∗ are the normalized ri j and r′ by using min-max normal-
ization to normalize each of the six coordinate values in ri j and r′ . W is
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the weight matrix, defined as:

W =


w1 0 · · · 0
0 w2 · · · 0
...

...
...

0 0 · · · w6

 (w1 + w1 + · · · + w6 = 1) (19)

Therefore, by inputing the wk (k = 1, 2, · · · , 6) and r′ , a minimum value
of Ji j will be calculated by the program. By generating undulating pat-
terns by vi and v j on left and right propellers, a point of ri j which is best
fitted to the required point r′ will be carried out.

RESULTS

Measurement results

Table 1 Selected results of the measurement platform

v d

η f (Hz) Θ(◦) ω Ω ψ(◦) T (N) Tsd(N) H(N) Hsd(N) P(W)
1 1.0 20 1.2 1.0 0 0.73 0.54 0.66 1.82 137.16
1 1.5 30 1.6 1.0 0 2.27 0.78 1.59 1.75 173.47
1 2.0 40 2.0 1.0 0 3.01 2.96 0.35 6.86 161.72
2 1.0 20 1.2 1.0 0 2.12 2.00 1.51 2.30 137.66
2 1.5 30 1.6 1.0 0 2.86 0.83 2.93 3.73 167.97
2 2.0 40 2.0 1.0 0 1.97 3.03 2.35 4.67 168.53
3 1.0 20 2.0 0.3 0 0.09 0.33 0.31 0.86 97.84
3 1.5 30 2.0 0.4 0 0.34 0.86 1.47 3.50 182.10
3 2.0 40 2.0 0.5 0 0.57 1.68 1.65 2.77 169.96

Some measured results obtained from the measurement platform are
shown in Table 1. All points of v and d are recorded in matrix V and D
to be used in the locomotive strategy.

As shown in Fig. 5, three types of undulating patterns under similar con-
ditions are compared. The sinusoidal waves produce more thrust and
heave force than fusiform sinusoidal waves when frequency is above
1.0Hz, but the standard deviations of force of sinusoidal waves have
higher value than fusiform sinusoidal waves when frequency is above
1.5Hz. From the measurement results, the sinusoidal waves produce
more amount of force but are less stable than the fusiform sinusoidal
waves at high frequencies. On the other hand, the ICPS waves produce
less thrust but more amount of heave force than the other two types of
waves.

Results of the locomotive strategy
The locomotive strategy is numerically used under four circumstances to
test its applicability. The weight W and required result r′ of these four
situations are listed in Table 2. Expected force Fe, expected torque τe

and expected power Pe are variables which determine the value of r′ .

1) Control output force and torque of the UVMS to meet the changing
of one required force. As shown in Fig. 6, r is controlled to meet the
changing of r′ with the effect of W by using the locomotive strategy.
In this situation, Fy is set to approach F

′

y which is equal to variable Fe.
Fx, Fz and τ are controlled to stay at value of 0. S and Psum are not
restrained. The output force Fy fits F

′

y well within Fe of -6N∼6N. When
the absolute value of F

′

y is larger than 6N, Fy reaches its maximum or
minimum value and cannot keep up with F

′

y. That’s because there is no
suitable r in result space to be used.

Fig. 5 Comparison of force generated by three types of undulat-
ing patterns at different frequencies under conditions of
Θ = 35◦ and ω = 2.0 (for ICPS waves, Ω = 0.5). (a)
Thrust T generated along with vertical bars to show the
standard deviation Tsd. (b) Heave force H generated along
with vertical bars to show the standard deviation Hsd.

Fig. 6 Output results r varies with expected force Fe under 1st
situation of Table 2.

2) Control output force and torque of the UVMS to meet the changing
of two required force. As shown in Fig. 7, r is controlled to meet the
changing of r′ with the effect of W by using the locomotive strategy. In
this situation, Fx is set to approach F

′

x which is the double of variable
Fe. Fz is set to approach F

′

z which is equal to variable Fe. Fx. Fy and τ
are controlled to stay at value of 0. S and Psum are not restrained. The
output force Fx and Fz can both fit the required F

′

x and F
′

z within Ft

of-10N∼10N. but when F
′

x and F
′

z reach bigger amount of force, Fx can
not stay with F

′

x.

3) Control output force and torque of the UVMS to meet the changing
of required torque. As shown in Fig. 8, r is controlled to meet the
changing of r′ with the effect of W by using the locomotive strategy. In
this situation, τ is set to approach τ

′

which is equal to variable τe. Fx, Fy
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Table 2 Weight W and required result r′ of the locomotive strategy under four situations

Situations
W r′

w1 w2 w3 w4 w5 w6 F
′

x(N) F
′

y(N) F
′

z(N) τ
′

(N·m) S
′

(N) P
′

sum(W)

1 0.25 0.25 0.25 0.25 0 0 0 Fe 0 0 0 0
2 0.25 0.25 0.25 0.25 0 0 2Fe 0 Fe 0 0 0
3 0.25 0.25 0.25 0.25 0 0 0 0 0 τe 0 0
4 0.2 0.2 0.2 0.2 0 0.2 20 0 0 0 0 Pe

Fig. 7 Output results r varies with expected force Fe under 2nd
situation of Table 2.

Fig. 8 Output results r varies with expected torque τe under 3rd
situation of Table 2.

and Fz are controlled to stay at value of 0. S and Psum are not restrained.
The output torque τ fits τ

′

well within τe of -14N·m∼14N·m.

4) Control output force, torque and input power of the UVMS to
meet the changing of required input power and at the same time keep
one force at an amount. As shown in Fig. 9, r is controlled to meet the
changing of r′ with the effect of W by using the locomotive strategy.
In this situation, Psum is set to approach P

′

sum which is equal to variable
Pe. Fx is controlled to stay at 20N. Fy, Fz and τ are controlled to stay at

Fig. 9 Output results r varies with expected power Pe under 4th
situation of Table 2.

value of 0. S is not restrained. The output force Fx can stay near 20N
while the total input power Psum change from 364W to 420W.

CONCLUSION

A data-driven locomotive strategy of an UVMS is addressed in the
present paper. The UVMS uses two modular designed biomimetic
underwater propellers for driving. The biomimetic propeller has a
ribbon fin and can generate undulating patterns to produce force. A
measurement platform is built to obtain output data of the propeller. The
measured results are varied according to parameters of wave patterns,
and three types of waves are performed, including sinusoidal waves,
fusiform sinusoidal waves and inward counter-propagating sinusoidal
waves. With the data obtained from the measurement platform, the
locomotive strategy is established. The strategy can select certain
undulating patterns of two propellers to meet the required output results
of the UVMS.
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