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Abstract

Biomimetic design employs the principles of nature to solve engineering problems. Such designs which are hoped to be
quick, efficient, robust, and versatile, have taken advantage of optimization via natural selection. In the present research, an
environment-friendly propulsion system mimicking undulating fins of stingray was built. A non-conventional method was
considered to model the flexibility of the fins of stingray. A two-degree-of-freedom mechanism comprised of several linkages
was designed and constructed to mimic the actual flexible fin. The driving linkages were used to form a mechanical fin con-
sisting of several fin segments, which are able to produce undulations, similar to those produced by the actual fins. Owing to the
modularity of the design of the mechanical fin, various undulating patterns can be realized. Some qualitative observations,
obtained by experiments, predicted that the thrusts produced by the mechanical fin are different among various undulating
patterns. To fully understand this experimental phenomenon is very important for better performance and energy saving for our
biorobotic underwater propulsion system. Here, four basic undulating patterns of the mechanical fin were performed using
two-dimensional unsteady computational fluid dynamics (CFD) method. An unstructured, grid-based, unsteady Navier-Stokes
solver with automatic adaptive re-meshing was used to compute the unsteady flow around the fin through twenty complete
cycles. The pressure distribution on fin surface was computed and integrated to provide fin forces which were decomposed into
lift and thrust. The pressure force and friction force were also computed thronghout the swimming cycle. Finally, vortex contour

maps of these four basic fin undulating patterns were displayed and compared.
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1 Introduction

In the field of underwater robotics research, undu-
lating-finned robot offers exceptional advantage over
propeller in preserving an undisturbed condition of its
surroundings for data acquisition. Autonomous under-
water vehicle (AUV) is an interesting area of application
that could also greatly benefit from biomimetic me-
chanical systems, as there is an increasing demand for
improved efficiency to allow longer missions to be un-
dertaken. Military and defence are the most important
areas where biomimetics finds its significant role in
ensuring safe; the undulating-finned robot might be
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undetected when swims with a school of fish and
therefore may act as a spy.

Nowadays, many new concepts of biologically in-
spired underwater propulsion system have been devel-
oped[HS], including several undulating-finned underwater
robots”” ¢!, But little attention has been paid to the de-
tailed fluid mechanisms of the motions of these unsteady
mechanical fins. In our research, we developed an un-
derwater biorobotic propulsor mimicking undulating fins
of stingraym“g]. Owing to the modularity of the design of
the mechanical fin, we were able to realize various un-
dulating patterns. Some qualitative observations, obtained
by experiments, predicted that the thrusts produced by the
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mechanical fins are different among various fin undulat-
ing patterns. To reveal the regularity of this experimental
finding is very important for better swimming perform-
ance, efficiency improvement and energy saving for our
biorobotic underwater propulsion system.

Some initial work on two typical undulating pat-

terns of the mechanical fin have already been reported''.

In this study, we seek to complement those studies by
adding more cases and efficiency calculation using
two-dimensional unsteady Computational Fluid Dy-
namics (CFD) method. CFD simulations solve the Na-
vier-Stokes equations. which account for all fluid me-
chanical effects. By using the CFD method, a lot of
intricate questions could be well answered. However,
the application of CFD to the case of an undulating fin
can be tedious due to the large computational resources
required to simulate the moving boundary of the fin. Liu
and Kawachi”**! used the CFD method to simulate 2D
and 3D hydrodynamics of Tadpole locomotion. G. Dong
and Lu™ presented several important computational
results of the influence of C/U on vortex distribution.
Other researchers published results of 3D unsteady
computations of pectoral fin™™ ", So far as we know, it is
the first attempt to study the influence of fin undulating
patterns on swimming performance using CFD method.

2 Background

Stingray and knifefish are two typical fishes which
effectively propel themselves through water based on
the undulating motion of their fins. Stingray possesses a
pair of large pectoral fins that are greatly expanded and
fused to the head. The knifefish swims with a long-based
ventral fin (Fig. 1). These fins consist of fin-rays and a
flexible membrane connecting them together. A set of
muscle for each fin-ray provides the latter with
two-degree-of-freedom movement capability. It has
been suggested that certain fish can actively bend the
rays of fins®®,

Thrust is produced by large undulations along fins
which span from the anterior to the posterior of the fish.
The amplitude envelope of the undulations is changeful,
which remains a question: what kind of amplitude en-
velope of undulations is the best for undulating-finned
biorobotic underwater propulsion system.

(b) Knifefish

Fig. 1 Two typical undulating fin based motion organisms.

3 Undulating-finned biorobots

3.1 Mechanical design

In order to investigate what kind of amplitude en-
velope provides the maximum efficiency for undulating
fin propulsion, a modular undulating fin (Fig. 2) was
designed and constructed. The fin can accommodate
10cm peak-to-peak amplitude, various wave speeds,
amplitude envelopes, and wavelengths!”’. In line with
Lighthill’s conclusion™®”), those variables can be sum-
marized as

x t
x,H)=A in[2n(= - —)]
y(x,1) = A(x) X sin{ 7t(/1 T)] D)

Nin
Nine

Undulating fin

Fig. 2 A modular undulating fin consisting of ten equally
spaced servomotors attached to a lightweight struc-
ture on both sides. Ten cranks representing ten fin
rays, and nine fin segments'!”’.
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where y(x; t) defines the position of any fin ray along the
x-axis at any time ¢, A(x) represents any function that
dictates the amplitude envelope of the fin, 4 accounts
for the undulating wave speed, and T accounts for the
undulating period (refer to [17] for more details).

3.2 Four typical undulating patterns of the

mechanical fin

Some qualitative observations predicted that the
thrusts produced by the mechanical fins are different
among various fin undulating amplitude envelopes. To
reveal the regularity of this experimental finding, four
typical undulating patterns of the mechanical fins are
selected and compared using the CFD method with the
same amplitude envelope area as well as other kine-
matics parameters such as frequency, wavelength and
wave propulsion velocity (Fig. 3). The first three me-
chanical fin patterns (Fig. 3a, Fig. 3b, Fig. 3c) are similar
to nature organisms (the black ghost, cuttlefish, rays)
respectively, while the fourth pattern is selected for
comparison.

The black ghost propels itself by oscillating the
ribbon fin rays slightly out of phase, thereby producing a
traveling wave along the fin, while keeping its thin, flat

Amplitude
envelope

body mostly rigid. The wave travels in the direction
opposite to that of the body’s motion with its amplitude
envelope gradually increaseing from the anterior part to
the posterior part, as shown in Fig. 3a!". Cuttlefish is
also observed using its fin for low speed swimming. In
smaller and narrow-finned cuttlefish, the amplitude
envelope is fairly constant along the fins, as shown in
Fig. 3b""%. The amplitude envelope of the rays increases
from the anterior part to the fin apex and decreases to-
ward the posterior part, as shown in Fig. 3¢. Such am-
plitude envelope can be explained from its triangular
shaped pectoral fins; they are narrower toward the ante-
rior and posterior parts of the fish.

The function that dictates the amplitude envelope
of the fin shown in Fig. 3 is expressed in Eq. (2), where
h is the peak-to-peak amplitude, L is the fin length.
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(d) The amplitude envelope decreases from the anterior part to the mid part and increases toward the posterior.

Fig. 3 Four typical amplitude envelopes of modular undulating fins (photos are taken from [28]).
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4 Materials and methods

4.1 Mathematic model

The fluid is supposed to be incompressible and
unsteady, so the control equations are the continuity
equation and time related Navier-Stokes equation and

are given as
oW oF, 0dG, OJF, 0dG,
+—+ = +—

o v 57 S ox oy

P 0 0
W =| pu Fo=it, | G =71, (3)
pPv 7. 7,
Pu pv
F=|pi+p| G=| pw |,
puy P+ p

where x and y are the axes of the orthogonal coordi-
nate system, while u and v are the fluid velocity vec-
tors in x, y direction respectively, p is the pressure, and
p is the fluid density. Turbulence quantities were not
considered in the governing equations because the
laminar flow was assumed for this computation. All the
fluid variables were made dimensionless with respect to
the uniform inflow U, the fin length L, and the fluid
density p respectively. The dimensionless parameter of
the Reynolds number (Re) is defined as

Re=UL/v , ()]
where v is the kinematic viscosity, with a value of
1.533x10° m*s™'. Given a body length of 0.05 m in our
model and a reasonable and realistic forward swimming
speed of 0.06 m-s”'. we can calculate a Re of about 2000.
The governing equations were discretized using the
finite volume method (FVM) with an implicit segregated
solver approach. The Navier-Stokes momentum equa-
tions were discretized with a second order upwind
scheme, while pressure was interpolated using a second
order accurate scheme. An implicit first order scheme
was used for temporal discretization, with a time step
size of 0.001 second. Simulations were carried out for
6000 time steps to simulate swimming for twenty tail-
beat periods. Pressure velocity coupling of the continu-
ity equation was achieved using the SIMPLE algorithm
that is valid for the small time steps used in the simula-
tion.

4.2 Convergence

For each time step residuals of the continuity
equation, x-velocity, and y-velocity all typically con-
verged in less than 50 iterations to a scaled residual of
0.001. Several time steps were examined more closely
and the results showed solution convergence was
achieved. Grid convergence was tested using the
Richardson extrapolation method described by Celik and
Karatekin'. Several parameters describing the vortices
in the wake were tested and the results showed that grid
convergence for the fine mesh was achieved within 0.6%
of the extrapolated exact values.

4.3 Unstructured mesh generation and adaptive

re-meshing

If the bodies move through the flow field, the po-
sitions of relevant flow features will change. Therefore,
in most of the computational domain, a new mesh
distribution is required. One approach to solve these
problems is to add a moving grid system. Accordingly,
we made the grids fit the deforming boundaries at each
physical time step, and also made sure that there was
sufficient grid density to resolve the viscous and un-
steady flows both around the body surface and in the
wake. As the elements (or edges) move, their geometric
parameters (shape—function derivatives, efc.) need to be
recomputed at each time step. If the whole mesh is as-
sumed to be in motion, then these geometric parameters
need to be recomputed globally. In order to reduce the
number of global remeshings and computation load,
only a small number of elements surrounding the bodies
are actually moved. The remainder of the field is then
treated in the usual Eulerian frame of reference, avoiding
recomputing geometric parameters. Details of the algo-
rithm can be found in the work by Ramamurtil et al®,

The computational mesh consists of 16 844 nodes
and 32 986 trianguiar elements, which is sufficient for
resolving the inviscid flow through this configuration.
The boundary condition for the inlet was velocity inlet.
The downstream boundary was modeled as a constant
pressure outlet while the sides were modeled as no-slip
walls. And both of the fin surfaces were simulated as a
smooth no-slip wall (see Eq. (5)).

oy, op

) —t =0 = -~ =0 5
S o pP=p. n (5)
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The undulating fin parameters for computation are gions are greatly developed through the undulating mo-
listed in Table 1. tion of mechanical fin. Thus this pressure differences

result in generation of propulsion force.
Table 1 Undulating fin parameters for computation & prop

P Descripti Val . .
arameter cseription A 5.2 Pressure force vs. friction force
A Propulsion wavelength 0.025m . L.
T Propulsion period 025 The period-averaged pressure force and friction
! Computational time 6s force were calculated as listed in Table 2. These forces
x Horizontal position 0<x<005m are the results of the interaction between fin and fluid,
L Fin length 0.05m . .
) _ where pressure force is caused by pressure difference
h Fin amplitude 0.004 m . . L
AW) Function of amplitude envelope  Refer to Eq. (2) and friction force is caused by water viscidity.
. . Table 2 Period-averaged thrust and drag computation for
5 Results and discussion & g comp

the four fin undulating patterns
5.1 Pressure distribution

. Fin undulating Pressure force  Friction Net force  Efficiency
Pressure contours (Pa) of the flow field of the four pattern N) force (N) (N) (%)
fin undulating patterns at U=0.06 m-s" (Re=1957),1=6 Fig. 3a -0.01576 0.01143  -0.00433 579
s are compared in Fig. 4. The ¢t = 6 s was selected be- Fig. 3b -0.00369 000921 000552 286
. . Fig. 3c -0.00236 0.00948 0.00712 199
cause the pressure at this moment approximates the _
) - Fig. 3d -0.00911 0.00877 -0,00034 509
average value. The negative and positive pressure re-
}
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Fig. 4 Pressure contours (Pa) of the flow field of the four fin undulating patterns at U=0.06 m-s™, ¢ =6s (Re = 1957).
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The pressure force is divided into thrust (expressed

as negative value) and drag (expressed as positive value).

When thrust is larger than drag, the value of pressure
force will be negative as shown in Table 2. Here, we
define the efficiency as

Pressure force

Efficiency = x100% . (6)

Pressure force+Friction force

From Table 2, we can see that the undulating fin motion
with the amplitude envelope gradually increasing from
the anterior part to the posterior (Fig. 3a) produces the
higher thrust and efficiency than the other three patterns
with the same other kinematics parameters. The undu-
lating fin motion with the constant amplitude envelope
(Fig. 3b) produces larger thrust and efficiency than the
pattern with the amplitude envelope increasing from the
anterior part to the mid part and decreasing toward the
posterior (Fig. 3c). These simulation results accord with
the biology conclusion that the black ghost swims much
faster and effectively than cuttlefish/rays. And rays are
often regarded as awkward swimmers. However, there is
an interesting discovery that the amplitude envelope
decreasing from the anterior part to the mid part and
increasing toward the posterior (Fig. 3d) has the second
highest swimming efficiency but without any biology
reference.

5.3 Wake characteristics

The wake of four fin undulating patterns at r =6 s
was dominated by a reverse von Karman vortex street
with a downstream directed jet behind the model. The
alternating shedding vortices in the wake are evident in
the contour plot of vorticity (Fig. 5). The vorticity vector
(w) is a measure of the rotation of the flow field and is
equal to the curl of the velocity vector, which for
two-dimensional flow reduces to

ov  du
w.=——", (7)

T oodx dy

o has the unit of s™'. Positive vorticity represents rota-
tion in the counter clockwise direction, while negative
vorticity represents rotation in the clockwise direction.

Vorticity develops along the entire length of the fin
and is shed into the wake at the position where the pos-
terior part is into the wake, as seen in Fig. 5a, Fig. 5b and
Fig. 5d. This vorticity has opposite rotation on each side

of the fin due to the boundary layer; thus vortices in the
wake can easily be traced back to the side of the fin
where they originated from. The vorticity bound origi-
nally to the right side of the body is shed to the left side
of the wake, and vice versa. However, the third fin un-
dulating pattern that the amplitude envelope increases
from the anterior part to the mid and decreases toward
the posterior is somewhat different, as seen in Fig. 5c. In
this case, the vorticity develops along the anterior part of
the fin and is shed into the wake at the position where the
middle part is into the wake. This early separation of
vortex may lead to less thrust generation and increase in
drag.

(a) The amplitude envelope gradually increases from the
anterior part to the posterior

(c) The amplitude envelope increases from the anterior part
to the mid part and decreases toward the posterior

(d) The amplitude envelope decreases from the anterior part
to the mid part and increases toward the posterior.

Fig. 5 Vorticity (s) contours around the fin swimming at U
= 0.06 m's, ¢=6s. Positive vorticity indicates coun-
terclockwise rotation of the fluid, whereas negative
vorticity indicates clockwise rotation. Note how vor-
ticity is shed into the wake from only one side of the
fin in each instance.

6 Conclusion and future works

In this paper, the following aspects have been dis-
cussed:

(1) An environment-friendly propulsion system
mimicking undulating fins of stingray was built.

(2) Four basic undulating patterns of the mechani-
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cal fin were performed using two-dimensional unsteady
CFD method.
(3) The pressure distributions on fin surfaces were

computed and integrated to provide fin forces which

were decomposed into lift and thrust.

(4) The period-averaged pressure force and friction
force were calculated.

(5) The swimming efficiencies of these four pat-
terns were compared.

(6) The vortex shedding mechanisms and the wakes
of these four basic fin undulating patterns were investi-
gated using the simulation dataset.

The model simulation was not without problems,
accurate fin shapes were not accounted for and the flow
was two-dimensional. To better evaluate the model
while swimming mechanisms have been investigated,
the next step should be more other fin kinematics cases
for comparison of different mechanisms. These could be
accomplished by varying the wave speed, the wave-
length, amplitude envelope functions, or several other
Adding
three-dimensional simulation would provide the most

parameters. turbulence and - creating a
accurate and realistic numerical simulation for this un-

dulating-finned biorobotic underwater propulsor.
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