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Abstract: Bionic foils are usually similar in shape to the locomotive organs of animals living in
fluid media, which is helpful in the analysis of the motion mode and hydrodynamic mechanisms of
biological prototypes. With the design of underwater vehicles as the research background, bionic foils
are adopted as research objects in this paper. A geometric model and a motion model are established
depending on the biological prototype. In the model, two typical bionic foils—a NACA foil and a
crescent-shaped foil—are chosen as research objects. Simulations of the bionic foils are performed
using a numerical method based on computational fluid dynamics software. The hydrodynamic
forces acting on the foils and flow field characteristics behind the foils are used to analyze the
propulsion performance and hydrodynamic mechanism. Furthermore, a spanwise flexibility model
is introduced into the motion model. Next, the hydrodynamic mechanism is further analyzed on
the basis of hydrodynamic forces and flow field characteristics with different spanwise flexibility
parameters. Finally, an experimental verification platform is designed and built to verify the reliability
of the numerical results. Agreement between the experimental and numerical results indicates that
the numerical results are reliable and that the analysis of the paper is reasonable.
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1. Introduction

In nature, through natural selection over thousands of years, creatures have developed the
ability to swim or fly in fluid media such as air or water. In contrast, the propulsion performance
of conventional screw propellers, which are widely used, is poor in comparison with that of
animals. Therefore, a study of the propulsion modes of swimming or flying creatures has important
significance to underwater propulsion. In the mechanical discipline, biomimetics has become a research
focus [1]. Moreover, biomimetics is of vital importance in underwater exploration, ocean exploitation,
national security and other important domains. Through technological advancement, different bionic
propulsors have been successfully developed [2–4]. Unfortunately, the propulsion performance of
these bionic propulsors cannot match that of their biological prototypes, which highlights the necessity
of further study of propulsion mechanisms. The mechanism research plays an important role and
will boost the development of the principle prototype. To reveal the mechanism of high-efficiency
propulsion, scholars at home and abroad have devoted considerable effort with different research
methods [5–7]. However, both the prototype-based experimental results and the numerical results
achieved are far from the expected performance. Taking the high-efficiency propulsor developments
as the research background, this paper chooses typical foils as the research objects and focuses on the
propulsion mechanism of bionic foils.

In decades past, computer technology has developed immensely. Accordingly, numerical simulation
based on computational fluid dynamics (CFD) has been widely used in studies of biological propulsion.
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New numerical methods were proposed during the past two decades and the calculation precision has
been improving [8]. Compared with other methods, the flow field characteristics and hydrodynamic
forces at any time can be easily extracted. Such flow field characteristics are important in the analysis of
hydrodynamic mechanism. Furthermore, the numerical simulations require less time and can be easily
conducted. Therefore, the CFD method is widely adopted to solve the Navier-Stokes equations, which has
become an important method in the visual simulation of fluids. However, in biofluid dynamics research,
fluid-structure interaction (FSI) problems are universal [9–11]. For this kind of problem, interactions
exist among the viscous fluid, deformable body and free-moving boundary [12–14]. Therefore, these
problems are difficult to solve.

The previous studies of underwater biological propulsion usually focused on the locomotion of
biological prototypes [15,16]. And biological observation was usually used in these studies. These
biological prototypes, like tunas, usually use the common “body/caudal fin” swimming mode
and have advantages of high propulsive efficiency and high speed. In these studies, detailed
flow field characteristics or hydrodynamic forcescannot be provided. Through technological
advancement, numerical simulation of underwater biological propulsion was conducted by
scholars. Different biological prototypes were studied as research subjects. The detailed flow field
characteristics and hydrodynamic forces can be provided with numerical simulations. For example,
Borazjani and Sotiropoulos carried out fluid-structure interaction simulations to investigate the
hydrodynamic mechanism in carangiform swimming [15,16]. However, the experimental method
is still necessary because of the accuracy of numerical calculation. Besides that, the numerical
simulation of self-propulsion is usually difficult to conduct. So, the swimming velocity of biological
prototypes was usually set as a constant in previous numerical studies [17,18]. To simplify the problem
of biological propulsion, the wings or fins of animals living in fluid media can be abstracted to
bionic foils [19–22]. Study of the hydrodynamic mechanism of bionic foils would help to reveal
the hydrodynamic mechanism of biological prototypes [23–25]. Additionally, bionic foils can easily
be applied to the existing underwater propellers. Related research has been conducted aiming at
the problem. However, the foils were usually modeled in two dimensions or simplified to simple
three-dimensional shapes [26–28]. Li et al. mainly studied the wake topology of forked and unforked
fish-like plate with numerical method [10]. Izraelevitz et al. studied experimentally the effect of
adding an in-line oscillatory motion to the oscillatory heaving and pitching motion of flapping foils
that use a power down stroke [19]. In addition, the foils in previous studies were usually regarded
as rigid bodies. As is widely known, the locomotive organs of animals are flexible. The flexibility
would influence the propulsion performance. Especially, spanwise flexibility merits more attention
and further study because of the high aspect ratio of the bionic foil. As is shown in [29], a water tunnel
study of the effect of spanwise flexibility on the thrust, lift and propulsive efficiency of a rectangular foil
oscillating in pure heave was performed. Zhu et al. numerically examined the performance of a thin foil
reinforced by embedded rays resembling the caudal fins of fish [30]. The numerical studies of spanwise
flexibility on complex shaped foils were few. In [31], the influences of the motion parameters on the
propulsion performance of a bionic caudal fin were analyzed by extracting performance parameters.
In this paper, a more in-depth analysis is conducted aiming to further reveal the influences of spanwise
flexibility by extracting the vortex patterns in the wake.

To investigate the propulsion mechanism of bionic foils, this paper establishes a numerical model
of propulsion of bionic foils and proposes a corresponding numerical method. First, according to
the biological observations, a geometric model and a kinematics model of bionic foils are established.
Next, the proposed numerical method is used to accomplish numerical simulations and study the
propulsion mechanism of a NACA foil and a crescent-shaped foil. Additionally, a self-propulsion
model of a thunniform bio-inspired model is adopted to verify the numerical model and solution
approach and to further analyze the hydrodynamic mechanism of the thunniform mode. After that,
the effects of spanwise flexibility on the propulsion performance are studied. By extracting the flow
field characteristics in the wake and hydrodynamic forces acting on the foil, the hydrodynamics
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mechanism of these effects is analyzed. To verify the reliability of the numerical results, verification
experiments are conducted.

2. Materials and Methods

2.1. Geometric Model

The thunniform mode features high efficiency and high speed. Many fish species that have
a singular ability to swim adopt this mode, such as sharks, swordfish and tuna. The fish species
utilizing the thunniform mode mainly generate thrust force by swinging their caudal fins. Specifically,
the caudal fins achieve thrust force through a motion that contains translational motion following
the tail and rotation motion around the tail. Except for the motion of the caudal fin, the motion
of the fish body exists mainly in the rear part and front part of the fish body is relatively rigid.
Moreover, a crescent-shaped caudal fin is the most common shape among thunniform swimmers.
For example, a crescent-shaped caudal fin can provide ninety percent of the thrust force for a tuna,
meanwhile pectoral and pelvic fins play roles only in controlling the attitude. A crescent-shaped
caudal fin with a high aspect ratio is conducive to the shedding of the vortex rings, which in turn
reduces the energy consumption during the shedding process and achieves high propulsive efficiency.
In this section, as shown in Figure 1, three-dimensional geometric models are established with the
thunniform group as the bionic prototype. Fins that work as auxiliary organs, such as pectoral and
pelvic fins, are not taken into account. The geometric model contains three parts: head, trunk and
caudal fin. The lengths of these three parts are 0.28 m, 0.4 m and 0.12 m, respectively.
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Figure 1. Three-dimensional geometric model: (a) thunniform bio-inspired mode; (b) crescent-shaped foil.

The cross-sectional shape of the geometric model is shown in Figure 2 and the curve equations
are defined as follows:

z1 = 12
35

√
0.282 − x2

z2 = −29.24x5 + 30.62x4 − 9.424x3 + 0.3853x2

−0.06764x2 + 0.096

z3 = −55.36x3 + 70.42x2 − 28.35x2 + 3.64

z4 = 426.8x3 − 643.5x2 + 325.1x2 − 54.92

(1)

y1 = 6
35

√
0.282 − x2

y2 = −14.62x5 + 15.31x4 − 4.712x3 + 0.1927x2

−0.03382x + 0.048

y3 = − 1
20 (x− 0.52)

(2)
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Figure 2. Cross-sectional shape of the geometric model.

In the process of geometric modeling, the section shape perpendicular to incoming flow is defined
as elliptical surface. In the process of geometric modeling of the crescent-shaped foil, firstly z3 function
and y3 function in Equations (1) and (2) are used to construct the incomplete three-dimensional
geometry of the foil, after that a curved surface defined by z4 function in Equation (1) is used to cut the
geometric model. Finally, the three-dimensional geometric model of the crescent foil which is similar
as the caudal fin of thunniform mode is completed.

In nature, locomotive organs with different shapes exist in the animal kingdom. In particular,
the animals that swim or fly in fluid media usually have locomotive organs with similar cross sections
along the flow direction. The force acting on locomotive organs can be regarded as the resultant force
of force components acting on cross sections. Here, a flapping foil model is adopted to represent
the general form of these locomotive organs. The cross sections of the bionic foils adopted in this
paper have same shape as the NACA (National Advisory Committee for Aeronautics) airfoil model.
As shown in Figure 3, the NACA0013 airfoil is chosen as the cross section, where L is the chord length,
B is the length along the spanwise direction and O is the reference point. The reference point is set a
quarter of the chordwise length away from leading edge.
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With this NACA foil as the research object, the results of the study would contribute to revealing
the mechanism of biological propulsion. In addition, a propulsion system with a NACA foil can fully
absorb the advantages of different bionic prototypes and can be applied to existing propulsion systems.

2.2. Motion Model

For the thunniform bio-inspired model, the motion contains swinging of the caudal fin and
waving of the body. Based on the geometric model, the waving of the body is abstracted to a traveling
wave that transfers from head to tail of the body with gradually increased amplitude. The traveling
wave can be written as:

y(x, t) = A(x, t) sin(2π f − kx) (3)
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where y is the displacement along the y direction, A is the amplitude, k is the wave number, f is the
frequency and x is the x coordinate. The wave number can be given as:

k = 2π/λ (4)

where λ is the wavelength of the traveling wave of the body. The amplitude A contains two parts and
the location term a1 and time term a2 can be written as:

a1(x) = c0 + c1x + c2x2 0 ≤ x ≤ L f (5)

a2(t) =

{
t
t0
− 1

2π sin
(

2πt
t0

)
0 ≤ t ≤ t0

1 t ≥ t0
(6)

where Lf is the length of body, t0 is the startup time and the c terms with subscripts are the coefficients
of the amplitude envelope. The time term a2 is used to accomplish a smooth start.

For the crescent-shaped caudal fin and the NACA foil to imitate the forward movement of
the bionic prototype, the foil moves forward at a constant speed U. In addition, the foil undergoes
heave motion y(t) and pitch motion θ(t) at the same time. The heave motion is translational motion
transverse to the direction of propulsion and the pitch motion is angular motion around a spanwise
axis. Except for the towing motion, the translational motion of the foil is expressed as:

y(t) = h cos(2π f t) (7)

Here, h is the amplitude of the heave motion. Additionally, the tangent angle of trajectory θm can
be described as:

θm(t) = arctan
( .

y(t)
U

)
(8)

The angle α(t) is the angle of attack and can be written as:

α(t) = αmax sin(2π f t) (9)

where αmax is the amplitude. The definitions of relevant parameters are shown in Figure 4. The role
of heave motion is to accomplish thrash motion and the role of pitch motion is to adjust the angle of
thrash motion.
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2.3. Flexibility Model

In nature, the locomotive organs of animals that swim or fly in fluid media are usually flexible.
Therefore, flexibility should be modeled during the propulsion of locomotive organs in the study of
propulsion of bionic foils. However, the modeling and solving of passive deformation are difficult.
To simplify the problem, a defined flexible deformation model is imposed on the foil during the motion.
In addition, the defined flexible deformation model can be easily applied to foil propulsion, to enhance
the propulsion performance of the system. Because of the high aspect ratio of the bionic foil, spanwise
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flexibility merits increased attention and further study. In the spanwise flexibility model, a phase
difference γ is introduced into the definition of α(t). Bases on Equation (9), the angle of attack on the
edges is rewritten as:

α1(t) = αmax sin(2π f t− γ) (10)

The angles of attack of the center points are still calculated according to Equation (9).
This definition leads to a phase difference between the pitch motion of the center points and the
edge points at the same chordwise position. The shape description of the flexible NACA foil is shown
in Figure 5. With different mathematical curve forms, the coordinates of points at the edge and center
locations can be used to construct a curve equation and using this curve function, the coordinates
of other points at the same chordwise position can be calculated. Figure 6 shows the shape of the
crescent-shaped foil with a typical phase difference. Specifically, the thrash surface is convex when
the phase difference is positive. Conversely, the thrash surface is concave when the phase difference
is negative.
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2.4. Numerical Solution

The URANS (Unsteady Reynolds Averaged Navier Stokes) model is adopted in the numerical
simulations. Using this model, the Navier-Stokes equations used to describe the hydrodynamics of
fluids are restructured as:

∂Ui
∂t

+
∂

∂xj

(
UiUj

)
= −1

ρ

∂p
∂xi

+ ν
∂2Ui

∂xi∂xj
−

∂u′iu
′
j

∂xj
(11)

∂Ui
∂xi

= 0 (12)

where ρ is the density, ν is the kinematic viscosity and p is the pressure. The subscript i and j represent
the three coordinate directions. Here, the dependent variables are not only a function of the space
coordinates but also a function of time. Therefore, the simulated velocity in URANS model can be split
to the time-averaged part U and the fluctuations u. To close the equations, the Reynolds stresses term,
the last term in Equation (11), can be expressed with the mean velocity gradient via the eddy viscosity.
The eddy viscosity can be represented by k (turbulent kinetic energy) and ε (the velocity and length
scale of turbulent motion), that is the k-ε turbulence model. The numerical simulations are carried out
by Fluent (ANSYS Inc., Canonsburg, PA, USA) software. The Finite Volume Method (FVM) is adopted
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to discretize the Navier-Stokes equations into expressions that are first-order in time and second-order
in space. The tetrahedral grid is used to divide the computational domain. The simulation is a dynamic
process and the boundaries of the foil are changing constantly. The dynamic mesh method reconstructs
the mesh at each time step and User-Defined Functions (UDF) linked to Fluent define the motion of
the moving boundaries. For a single crescent-shaped foil separated from the fish body or NACA foil,
the simulations are started from the static state and then the foil is towed forward and moves according
to the motion model defined above. For the thunniform bio-inspired model, the self-propulsion
model is adopted. In other words, the thunniform bio-inspired model attempts to generate thrust
by swinging the caudal fins and waving the body. As a result, the hydrodynamic forces acting on
the body and caudal fin achieve forward propulsion of the thunniform bio-inspired model. At each
time step, the hydrodynamic forces are extracted and then the position and attitude of the thunniform
bio-inspired model are calculated according to the hydrodynamic forces. Without taking into account
the flexibility, the bionic foils can be treated as rigid bodies. In these cases, the translational and
rotational motion of the bionic foils can be defined by DEFINE_CG_MOTION function. In addition,
DEFINE_GRID_MOTION function is adopted to define the motion of the flexible foils and thunniform
bio-inspired model. Using this function, the deformation velocity of each grid point can be defined in
each time step.

During the calculation, the SIMPLE algorithm of the pressure-speed amending method is adopted
and the k-ε turbulence model is adopted. To ensure the accuracy of the calculations, the maximum
number of iteration steps is 50 and every motion period contains 200 time steps. The wall boundary
condition is set at the solid boundaries and symmetry boundary conditions are imposed on the
boundaries of the fluid domain. To exclude the influence of the wall effect, the computational domain
is set sufficiently large. To verify the grid independency, choosing thrust velocity as the assessment
index, three numerical simulations with different grid size are carried out and GCI (grid convergence
index) was calculated. It is found that the grid size adopted in the paper can meet both the precision
requirement and computational efficiency requirement. Besides that, the simulation with a 50% time
step is carried out and only 6% of the difference between the big time step and the small time step
is found. Similar verification processes are conducted before numerical simulations of bionic foils.
For example, the computational domain and grids of the thunniform bio-inspired model are shown in
Figure 7. The domains of bionic foils are discretized into about 8.0 × 105 grid cells and the domain of
thunniform bio-inspired model is discretized into about 6.0 × 106 grid cells. Additionally, a refined
mesh is adopted near the boundaries of the solid domain. To avoid repetition, the computational
domain and mesh generation of the bionic foils are not described here.
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Relevant kinetic parameters should be calculated. For bionic foils, the chord Reynolds number
and Strouhal number are defined by

Re =
UL
ν

(13)

St =
2 f h
U

(14)
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where ν is the fluid kinematic viscosity. The Strouhal number is an important parameter in biological
swimming models. Many fishes can maintain high propulsion performance when the value of the
Strouhal number is approximately 0.3. In addition, a dimensionless method of forces and torque is
used [19] and the method can be written as:

Cx(t) =
−Fx(t)

0.5ρU2S
(15)

Cy(t) =
Fy(t)

0.5ρU2S
(16)

Cm(t) =
Mθ(t)

0.5ρU2SL
(17)

Here, Fy is the transverse force, Fx is the thrust force, Mθ is the torque and S is the projected area
of the foil. As shown in [19], the propulsive efficiency η can be written as:

Po(t) =
1
T

∫ T

0
Fx(t)Udt (18)

Pe(t) =
1
T

∫ T

0

[
Fy(t)

.
y(t) + Mθ(t)

.
θ(t)

]
dt (19)

η =
Po

Pe
(20)

where Po is the output power, Pe is the input power and T is the period of the motion.

3. Results and Discussion

3.1. Rigid Foil

The geometric parameters and motion parameters of the thunniform bio-inspired model are
assigned as follows: Lf = 0.16 m, λ = 1.0Lf, αmax = 20◦, h = 0.5L and f = 1.25 Hz. Here, Lf is the length
of the thunniform bio-inspired model and L is the chord length of the caudal fin. The thunniform
bio-inspired model moves from the static state. Figure 8 shows the velocity time-histories of the
thunniform bio-inspired model. Here, u-fish is the velocity along the propulsion direction and v-fish is
the velocity transverse to the propulsion direction. Initially, u-fish is zero and then increases gradually,
until it finally reaches dynamic stability. Furthermore, u-fish and v-fish are not constant, but oscillate
around a constant value. The process for reaching dynamic force balance is gradual.

Figure 9 shows the vortex pattern in the wake. There are vortex rings behind the thunniform
bio-inspired model. The vortex ring consists of a train of inverted hairpin-like vortices braided together
such that the legs of each vortex are attached to the head of the preceding vortex. Specifically, Figure 9b
shows the vorticity magnitude and velocity vector in two-dimensional space. The vortices shed from
the thunniform bio-inspired model are arranged in two ranks in the wake, which can generate a
jet stream. As a result, the thunniform bio-inspired model obtains a corresponding reaction force.
The arrangement and shape of vortex pattern are similar with those found in nature and agree well
with other research [15]. Hence, the numerical model and solution approach adopted in this paper
are reliable.
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The geometric parameters and motion parameters of the NACA foil are assigned as follows:
h = L = 0.055 m, B = 0.3575 m, αmax = 25◦, St = 0.3 and Re = 11,000. As shown in Figure 10a, the forces
and torque acting on the NACA foil fluctuate periodically. In one cycle time, the resultant force of
the transverse force in a motion period is zero and the thrust force is positive. That is, the NACA foil
can obtain forward thrust force and eliminate transverse force. To verify validity and feasibility of
the method, the geometry parameters and motion parameters are set to be consistent with those of
other experimental study [19]. Furthermore, the mean Cx is 0.58, the mean Cy is 0.0065 and the thrust
efficiency is about 47.0%. Comparing with the experimental study, the curves of force coefficients
have similar trends and the performance parameters compare well with it (Cx = 0.604, Cy = 0.0082,
η = 49.1%). Moreover, the forces and torque curves of the crescent-shaped foil are shown in Figure 10b.
The curves are similar to those of the NACA foil. Additionally, three-dimensional vortex patterns in the
wake of the NACA foil and crescent-shaped foil are shown in Figure 11. The vortex pattern has similar
arrangement and shape with that of thunniform bio-inspired model, which also compare well with
other researches [32–34]. Continuous vortex rings can be found in the wake, but the vortex rings behind
the crescent-shaped foil are more complex because of the more complex geometry. The geometric
parameters and motion parameters of the crescent-shaped foil are assigned as follows: h = 0.06 m,
L = 0.15 m, αmax = 25◦, St = 0.3 and Re = 45,000.
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Figure 10. Forces and torque curves: (a) NACA foil; (b) crescent-shaped foil.
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Figure 11. Three-dimensional vortex patterns in the wake: (a) NACA foil; (b) crescent-shaped foil.

3.2. Flexible Foil

This section focuses on the influences of spanwise flexibility. Figure 12 shows the performance
curves versus flexibility phase difference of the NACA foil. The case with γ = 0◦ stands for a rigid
NACA foil. Additionally, an elliptic curve, a hyperbolic curve and a parabolic curve are used as
curve functions respectively. The figure shows that spanwise flexibility can enhance the propulsive
efficiency slightly within a certain range, but the mean thrust force coefficients can achieve higher
values when the flexibility phase difference is positive. Moreover, the elliptic curve is more conducive
to enhancement of the propulsive efficiency, but less conducive to enhancement of the mean thrust
force when the phase difference is positive. And there is little difference between the performance of
the hyperbolic curve and the parabolic curve. In addition, the NACA foil can achieve both higher
mean thrust force and propulsive efficiency when the flexibility phase difference is between 10◦ and
20◦. Figure 13 shows the three-dimensional vortex pattern in the wake of the NACA foil for typical
flexibility phase differences for the elliptic curve. The figure shows that the vortex rings are stretched
and the volume is larger when γ = 20◦ compared to γ = −20◦. A stronger jet stream can be generated
between the vortex ranks when γ = 20◦ and, in turn, the reaction force acting on the foil is enhanced
accordingly. As a result, the propulsion performance is enhanced. This result indicates that spanwise
flexibility can influence the shedding of vortex rings, further influence the arrangements of vortex
rings and eventually lead to a change of propulsion performance. Furthermore, positive values of
flexibility phase difference are more conducive to enhancing the propulsion performance than are
negative values. The geometric parameters and motion parameters of the NACA foil are assigned as
follows: h = 0.05 m, L = 0.1 m, B = 0.3 m, αmax = 25◦, St = 0.3 and Re = 20000.
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Figure 12. Performance curves versus phase difference of the NACA foil: (a) mean thrust force coefficients;
(b) propulsive efficiency.
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Figure 13. Three-dimensional vortex pattern in the wake of the NACA foil: (a) γ = 20◦; (b) γ = −20◦.

Figure 14 shows the performance curves versus flexibility phase difference of the crescent-shaped
foil. The elliptic curve is more conducive to enhancing the propulsive efficiency, which is similar to the
result for the NACA foil and the curves of the mean thrust force coefficients have similar trends as
those of the NACA foil. In contrast, the crescent-shaped foil can maintain a relatively high propulsive
efficiency value while achieving a larger mean thrust force within a relatively large range of flexibility
phase difference. Natural caudal fins of fish usually have a shape similar to that of the model when
the flexibility phase difference is positive. The results indicate that reasonable spanwise flexibility can
enhance the propulsion performance of a crescent-shaped foil significantly. As shown in Figure 15,
the vortex rings in the wake of the crescent-shaped foil under typical flexibility phase differences
have forms similar to those of the NACA foil, so further analysis is not described here. The geometric
parameters and motion parameters of the crescent-shaped foil are assigned as follows: h = 0.06 m,
L = 0.15 m, αmax = 25◦, St = 0.3 and Re = 45,000.
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Figure 14. Performance curves versus phase difference of the crescent-shaped foil: (a) mean thrust
force coefficients; (b) propulsive efficiency.
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4. Experiments and Discussion

To verify the reliability of the numerical results, an experimental verification platform is designed
and built. The bionic foil can be driven by three servo motors and hydrodynamic forces are measured
through a force sensor. The servo motors are controlled through an upper computer and a motion
control card. Under this reasonable control method, the bionic foil can move according to the preset
motion model. Figure 16 shows installation photos of the bionic foils. The bionic foils are placed in
the center of the water tank. The median filter algorithm is adopted in the data processing of the
original data. Figure 17 shows the experimental results and numerical results of the NACA foil and
the crescent-shaped foil. The geometric parameters and motion parameters chosen in this section are
consistent with parameters defined in numerical simulations of rigid foils. The sampling frequency of
the force sensor is set to 50 Hz and the bionic foils are colored green to make them readily observable.
The hydrodynamic forces are chosen as the assessment index. It can be seen that the overall trends of
hydrodynamic forces are consistent between numerical results and experimental results. Because of
instrumental error, there are small-scale oscillations in the experimental curve. It indicates that the
numerical method can correctly describe the change process of hydrodynamic forces acting on the
bionic foils.
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Figure 17. Comparison of experimental results and numerical results: (a) NACA foil; (b) crescent-
shaped foil.

The mean thrust force coefficient of the NACA foil measured by experiment is approximately
0.58, which is close to the numerical result (0.60). Similarly, the mean thrust force coefficient of the
crescent-shaped foil measured by experiment is approximately 0.44, which compares well with the
numerical result (0.47). It can be seen that the experimental results compare well with the numerical
results under certain parameter settings. It indicates that the numerical method adopted in the paper is
reliable under similar parameter settings. Therefore, the numerical results in the paper are reasonable
and the analysis would provide theoretical reference for revealing the hydrodynamic mechanism.

5. Conclusions

In this paper, the hydrodynamic mechanism of bionic foils is studied via numerical simulations.
During the simulations, two typical bionic foils are chosen as research objects. Specifically, the NACA
foil represents the general form of locomotive organs and the crescent-shaped foil is derived from
the caudal fins of thunniform swimmers. Additionally, the self-propulsion model of the thunniform
bio-inspired model is adopted to verify the numerical model and solution approach and to analyze
the hydrodynamic mechanism of the thunniform mode. The numerical results show that vortex rings
exist in the wake of the bionic foils or thunniform bio-inspired model. The ranks of vortices can induce
a jet stream and thrust forces can be obtained in return. In addition, spanwise flexibility is considered
in the simulations and the results indicate that spanwise flexibility can influence the shedding of
vortex rings, further influence the arrangements of the vortex rings and eventually lead to a change
of the propulsion performance. Furthermore, the thrust force is enhanced significantly when the
flexibility phase difference is positive. Additionally, the NACA foil can achieve both higher mean
thrust force and higher propulsive efficiency when the flexibility phase difference is between 10◦ and
20◦. When the flexibility phase difference is positive, the crescent-shaped foil can achieve higher thrust
force and maintain relatively high propulsive efficiency. To verify the reliability of the numerical
results, an experimental verification platform is designed and built. The experimental results compare
well with the numerical results, which indicates that the numerical results are reliable and the analysis
of the paper is reasonable.
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