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a b s t r a c t

The propulsive performance of two- and three-dimensional (2D and 3D) flapping flexible plates in a fluid
at rest is investigated by a finite element method for the plate motion and an immersed boundary-lattice
Boltzmann method for the fluid flow. We consider a model that as the leading-edge of the plate takes
a vertical oscillation, the entire plate moves freely due to the fluid–structure interaction. The effects of
flexibility on the dynamics of the 2D and 3D flapping plates are investigated. It is found that a suitable
flexibility is benefit for improving the propulsive performance. The results obtained in this study provide
physical insight into the understanding of the dynamics of the flapping-based locomotion.

© 2015 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

A common strategy of swimming or flying animals for locomo-
tion is to use their fins or wings to make flapping motions [1–3].
The wings and fins have complex behaviors which are associated
with the distribution of the compliant components [1,4] and can
deform passively in response to fluid forces [5–8]. The deforma-
tions in turn affect the propulsive performances [9]. In reality the
role of flexibility in the flapping-based locomotion is still com-
pletely unclear and is of great interest for future detailed studies.
Moreover, the mechanical properties of wings and fins have been
measured which can be used to provide a physical basis for estab-
lishing a reliable model.

For animals in free flight or swimming, the mean thrust gener-
ated balances the resistance experienced by the surrounding fluid.
The dynamical behaviors related to the freemotion should be stud-
ied. Actually, the physical models considered in extensive work
are an object immersed in a given uniform incoming flow, and
the relevant fluid dynamics is different from a free moving object
in a stationary fluid [10]. Some efforts have been done to study
the locomotion of flapping flexible bodies in a stationary fluid.
The two-dimensional (2D) simulation and modeling of the lam-
prey swimming were performed [11]. The dynamics of a 2D heav-
ing plate with passive pitching motion was investigated [12,13].
However, since the instantaneous shape of an elastic structure in
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free motion depends on the local passive deformation due to the
fluid–structure interaction [9], amodel of a three-dimensional (3D)
flexible wing moving passively in a stationary fluid is needed to be
considered.

The 3D effect has an important influence on the dynamic per-
formance and vortical structures of flapping plates [14]. Recently,
the 3D effects on the translational locomotion of a passive heav-
ing wing have been investigated [15]. However, the most previous
studies of the locomotion of flapping flexible plate mainly focus on
the 2D model [9,16,17]. Therefore, the propulsive performances of
the 2D and 3D flexible plates are desirable to be studied.

In this study, we consider a flexible platewith length c and span
length R in a stationary fluid. As shown in Fig. 1, the leading-edge
is forced to perform a vertical oscillation

h(t) = A0 cos(2πft), (1)

where A0 is the oscillating amplitude and f the frequency. As
a result of the interplay of the plate elasticity, the leading-edge
forcing, and the forces exerted by the surrounding fluid, the plate
starts to move freely and passively in the stationary fluid. The
active pitching angle is zero in this model. The passive pitching
angle α can be defined as the angle between the x-axis and the
secant connecting the leading-edge to the trailing-edge in themid-
span plane.

To investigate this system of the fluid and flexible plate
interaction, the incompressible Navier–Stokes equations are used
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Fig. 1. Schematic of the 3D flapping flexible plate.

to simulate the fluid flow,
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∇ · v = 0, (3)

where v is the velocity, p the pressure, ρ the density of the fluid,
µ the dynamic viscosity, and f the body force term. The structural
equation is used to describe the plate deformation andmotion [18]
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whereX is the position vector of the plate, Fs is the Lagrangian force
exerted on the plate by the fluid, Eh and EI are the stretching and
bending stiffness of the plate, ϕij and γij are the in-plane and out-
of-plane effect matrices, respectively, and δij is the Kronecker delta
function.

The characteristic quantities ρ, f , and c are chosen to non-
dimensionalize the above equations. Then the governing param-
eters are obtained as follows: the heaving amplitude A = A0/c ,
the frequency Reynolds number Ref = ρfc2/µ, the aspect ratio
H = R/c , the stretching stiffness S = Eh/(ρf 2c3), the bending
stiffness K = EI/(ρf 2c5), and the mass ratio of the plate and the
fluidM = ρsh/(ρc).

The governing equations of the fluid–plate problem are solved
numerically. When the immersed boundary (IB) method is applied
to analyze flow–structure interaction, the body force term f in
Eq. (2) is used as an interaction force between the boundary and
the fluid to enforce the no-slip velocity boundary condition on
the surface. The lattice Boltzmann equation with the body force
model and non-uniform mesh technique are employed to solve
the viscous fluid flow. Equation (4) for the deformable plate is
solved by a finite element method and the deformation with
large-displacement of the plate is handled by the corotational
scheme [19].

After our careful convergence studies, the computational
domain for fluid flow is chosen as [−5, 15] × [−6, 6] × [−6, 6]
in the x, y, and z directions. The finest lattice spacing is 0.025 in the
near plate region and the coarsest spacing is 0.1 in the far boundary
region. The plate is discretized by approximate 8000 triangular
elements. The time step is ∆t = 0.0005.

Based on a series of simulations,wehave identified some typical
movement states of the plate due to the fluid–plate interaction.
The platemotion along the negative x-direction is mainly analyzed
since the motion is related to the flapping-based locomotion of
swimming and flying animals. In this study, some typical results
are discussed for the parameters A = 0.5, Ref = 100, H = 2,

Fig. 2. The mean propulsive speed U versus the bending stiffness K .

K = 5–1000, S = 1000 and M = 2. The dynamical behavior
and propulsive performance are analyzed in terms of the mean
propulsive speed, the propulsive efficiency, the passive pitching
angle, and the Strouhal number.

We first analyze the behavior of the propulsive speed of the
plate. Figure 2 shows the mean propulsive speed U versus the
bending rigidity K for the 2D and 3D plates, whereU is obtained by
time average during steady locomotion. It is seen that the profiles
of U are all concave up. The speed U decreases as K increases
first, then reaches a minimum (corresponding to the maximum of
|U|), and finally approaches a constant as K increases further. The
forward speed |U| for the 2D plate is overall larger than that for
the 3D plate. Note that the motion of the flexible plate tends to
the motion of the rigid one at large value of K , e.g. K = 1000. The
forward speeds of the flexible plate are substantially greater than
those of the corresponding rigid plate, indicating that the flexibility
can improve the performance of forward propulsion.

The propulsive efficiency is investigated for the platemotion. As
the plate spontaneously propels itself in the horizontal direction,
the mean thrust becomes zero. To characterize the propulsive
efficiency of a body in free motion, the ratio of the kinetic
energy of the body motion and the work done by the deforming
body over one flapping cycle T has been employed [9,13]. Then,
the propulsive efficiency for the locomotion of flexible plate is
expressed as

η =

1
2MU2 t0+T

t0

 R
0

 c
0 Fr(s1, s2, t) ·

∂X(s1,s2,t)
∂t ds1ds2dt

, (5)

where Fr(s1, s2, t) represents the force on the surrounding fluid
by the plate and can be expressed as Fr(s1, s2, t) = −Fs(s1, s2, t).
As shown in Fig. 3 for the propulsive efficiency η, the efficiency
first increases to a maximum and then decreases gradually as K
increases for both the 2D and 3D plates. It is also identified that
the efficiency η for the 2D plate is larger than that for the 3D plate.
Similarly, there exists an optimal plate flexibility region for the
maximal propulsive efficiency.

The passive pitching angle is associated with the deformation
of the flexible plate and with hydrodynamic performance [3,20].
Figure 4 shows the root-mean-square (rms) value of the passive
pitching angle αrms for the 2D and 3D plates. The passive pitching
angle is caused by the delayed motion of the free end of the plate
relative to the constrained end. It is seen from Fig. 4 that smaller
bending stiffness or more flexibility causes larger pitching angle.
Comparing the profiles of αrms, the pitching angles of the 3D plate
are somewhat larger than those of the 2D plate for K < 100, and
the pitching angles of the 2D and 3D plates tend to be together for
K > 100.
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