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Abstract
The remarkable performance of various species of fish in propulsion and maneuvering has motivated the design and analysis
of flexible, biomimetic underwater propulsors, which may be particularly suitable to small-scale, unmanned vehicles. In this
work, we employ a novel fluid-structure coupled computational framework, referred to as FIVER (a FInite Volume method based
on Exact Riemann solvers), to simulate the flapping motion of a fin-and-joint system, which mimics the caudal peduncle and
caudal fin of fish, and serves as a simplified engineering model of tail-dominated fish propulsion. This problem is dominated by
fluid-structure interaction, featuring a three-dimensional, unsteady fluid flow, large structural motion and deformation, and strong
added-mass effect. To handle these challenges, we apply an embedded boundary method and a numerically-stable partitioned
procedure to couple a hybrid finite volume – finite element computational fluid dynamics (CFD) solver and a nonlinear finite
element computational structural dynamics (CSD) solver. First, we validate the CFD and CSD models using experimental data in
fundamental vibration frequency, hydrodynamic forces, and structural displacement. Next, we investigate the fluid and structural
dynamics, as well as the propulsive performance, focusing on the two-way fluid-structure coupling and the three-dimensional flow
variation, which supplements the existing body of literature on biological and bio-inspired fluid dynamics. Further, by comparing
a wide, trapezoidal fin and a narrow, forked fin, we investigate the various effects of fin geometry, and more generally, also
demonstrate the use of observations and knowledge of biological diversity in the design of engineering systems.

Keywords: fluid-structure interaction, CFD-CSD coupled simulation, biomimicry, unconventional propulsor, experimental
validation

1. Introduction1

Autonomous and remotely operated underwater vehicles have been envisioned to augment and replace manned2

platforms and fixed systems in a wide variety of science, commercial, and military missions such as collecting oceano-3

graphic data [1], inspecting undersea infrastructure [2], monitoring fish farms [3], and sweeping mines [4]. In many4

cases, these vehicles need to be versatile, capable of performing multiple tasks with different locomotion gaits. For5

example, an ocean sampling robot should be able to swim efficiently to achieve long endurance and hold position6

under strong ocean waves. A pipeline inspection vehicle needs to be able to cruise efficiently and navigate in com-7

plex environments. These versatility requirements are often beyond the capability of conventional propulsors, such as8

marine propellers and underwater gliders [5].9

Meanwhile, the ability of fish to swim efficiently at various speeds, accelerate and brake rapidly, maneuver in tight10

places, and hover in an unsteady flow has motivated the design and analysis of unconventional, flexible propulsors11
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mimicking the fins and body of fish [6, 7, 8]. In this regard, various studies have revealed the necessity of designing12

and modulating the propulsor’s geometry and material properties (e.g., elasticity and viscoelasticity properties), in13

order to achieve the desired locomotion goal [9, 10, 11]. Nonetheless, the dynamic interaction between flexible14

propulsors and the surrounding fluid medium, and the effect of this two-way coupling on propulsive performance, is15

still an open research area.16

The present study aims to investigate the fluid and structural dynamics of a biomimetic fin-and-joint system, which17

serves as a simplified engineering model of tail-dominated fish propulsion (e.g., subcarangiform, carangiform, thun-18

niform, ostraciiform [12]). The system consists of two flexible plates of different shapes and dimensions, referred to19

as the fin and the joint, which mimick, respectively, the caudal fin and caudal peduncle of fish (Figure 1). Recently,20

Kancharala and Philen [13, 14] fabricated specimens of this configuration using polycarbonate (PC) sheets, with fin21

thickness varying from 0.2 to 3.2 mm. They conducted water tunnel experiments where the specimens undergo pre-22

scribed periodic flapping motion, and measured the time-histories of hydrodynamic forces and structural deformation.23

Nonetheless, the three-dimensional (3D), unsteady fluid dynamics is still unclear. The authors developed a simplified24

numerical model that couples a two-dimensional (2D) unsteady panel method with structural deformation measured25

using digital image correlation (DIC). The model is able to capture the qualitative trend of lower thrust force as fin26

stiffness was increased. However, it does not accurately predict the magnitude of hydrodynamic forces [13], which27

indicates the need of a higher-fidelity numerical model to properly simulate the fluid flow.28

(a) (b)

Fig. 1. A biomimetic fin-and-joint system: The caudal peduncle and fin of a white bass (Morone chrysops) (a) and a simplified engineering model

(b).

In this work, we start with developing and validating a computational fluid dynamics (CFD) - computational29

structural dynamics (CSD) coupled simulation model basing on the experiments of Kancharala and Philen mentioned30

above. Then, we analyze the variation and evolution of the 3D, unsteady fluid flow in space — both chordwise and31

spanwise — and in time. Further, we modify the simulation model to obtain a “forked” fin and, by comparison32

with the original model, investigate the effects of fin geometry on the coupled fluid and structural dynamics, and33

the propulsive performance. The computational framework employed in this study couples a CFD solver and a CSD34

solver using a “W-shape” partitioned procedure [15, 16, 17]. The CFD solver solves the viscous, compressible Navier-35

Stokes equations using a hybrid finite volume – finite element method. It is equipped with a low-Mach preconditioner36

[18] and an implicit time-integrator to efficiently simulate low-speed flows in a relatively large time window (5 to37

10 s). The flow is assumed to be laminar. This assumption can be justified by 2D and 3D digital particle image38

velocimetry (DPIV) measurements obtained from fin propulsion experiments at similar scales (e.g., [9, 11]). The39

finite element CSD solver uses the nonlinear ANDES shell element [19] to handle large structural deformation. The40

large deformation of the propulsor also requires robust and accurate numerical methods to track the time-dependent41

fluid wall boundary, and — in the context of partitioned procedures — to transfer fluid-induced loads to the structure.42

A recently developed embedded boundary method [16, 20] is employed to address these issues. This computational43

methodology has been verified and validated in the past for several science and engineering applications, including44

micro air vehicles (MAVs) with flexible flapping wings mimicking those of birds and bats [17, 21, 22]. Nonetheless,45
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its application to hydroelasticity and underwater propulsion is a novelty of the present paper.46

Within the past decade, non-body-conforming CFD techniques, such as embedded boundary, immersed bound-47

ary [23], and fictitious domain [24] methods, have been applied to simulate biological and bio-inspired fluid flows48

involving large boundary deformation (e.g., [25, 26, 27, 28]). In most of these studies, the fluid and the propulsor are49

“one-way” coupled in the sense that the motion of the propulsor is prescribed using either an analytical function or50

data from experimental measurement. This approach has been shown to be effective for capturing flow information51

and conducting parameter studies, which are often difficult to accomplish in laboratory experiments. On the other52

hand, two-way, CFD-CSD coupled analysis that predicts both the fluid dynamics and the propulsor deformation is53

scarce in the literature. This type of multiphysics analysis, as explored in the present study, may potentially im-54

prove researchers’ understanding of the causal relationship of the propulsor forces, the propulsor kinematics, and the55

hydrodynamics.56

The remainder of this paper is organized as follows. Section 2 summarizes the physical models and numerical57

methods in the 3D CFD-CSD coupled computational framework. Section 3 validates the CFD model through one-way58

coupled simulations in which the structural motion and deformation are prescribed using the digital image correlation59

(DIC) measurements obtained from experiment. Section 4 presents the development and validation of a nonlinear60

finite element model of the fin-and-joint system. Section 5 presents several two-way coupled simulations, and investi-61

gates the coupled fluid and structural dynamics, as well as the effect of fin geometry. Finally, concluding remarks are62

provided in Section 6.63

2. Computational framework64

We employ a recently developed CFD-CSD coupled computational framework, referred to as “FIVER” (a FInite65

Volume method based on Exact Riemann solvers) [15, 16, 29, 17, 20], to simulate the dynamic fluid-structure inter-66

action associated with the biomimetic fin-and-joint system, which involves a 3D unsteady fluid flow, large structural67

deformation, and strong added mass effect.68

Let ΩF ⊂ R3 denote the fluid domain of interest. The CFD solver solves the 3D Navier-Stokes equations governing
viscous, compressible flow, which can be written as

∂W
∂t

+ ∇ · F (W) = ∇ ·G (W) , in ΩF , (1)

where

W =

[
ρ
ρv

]
, F =

[
ρv

ρv ⊗ v + pI

]
, G =

[
0
T

]
. (2)

ρ, v, p denote the density, the velocity vector, and the pressure of the flow, respectively. T denotes the viscous stress
tensor, given by

T = µ

(
∇v + (∇v)T −

2
3

(∇ · v) I
)
, (3)

where µ = 1.0 × 10−3 Pa·s is the dynamic viscosity of liquid water at 20 ◦C. I denotes the 3 × 3 identity matrix.
Tait's barotropic equation of state (EOS) is applied to model liquid water, which closes the above system of equations.
Specifically, the EOS can be written as

p = p0 + α

( ρ
ρ0

)β
− 1

 , (4)

where α = 290 MPa, β = 7.15 are experimentally calibrated model parameters for liquid water [30]. The reference
density (ρ0) and pressure (p0) are set by ρ0 = 1.0 × 103 kg/m3 and p0 = 1.0 × 105 Pa, respectively. The govern-
ing equation Eq. (1) is semi-discretized on unstructured tetrahedral mesh using a hybrid finite volume-finite element
method. Specifically, the convective fluxes, F(W), are computed using a finite volume method with Roe's approximate
Riemann solver and the MUSCL (monotonic upwind scheme conservation law) scheme. The viscous fluxes, G(W),
are computed using the P1 finite element approximation, leading to constant viscous stress within each tetrahedral
element. In this work, the fluid velocity of interest is of the order of 0.1 to 1.0 m/s. To overcome the numerical dif-
ficulties (e.g., spurious solution oscillations and slow convergence) plaguing finite volume compressible flow solvers
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in the low Mach regime, Turkel's low-Mach preconditioner [18] is applied to the Roe flux function. The system of
ordinary differential equations resulting from semi-discretization can be expressed in a compact form as

dWh

dt
+ F̃ (Wh) = G̃ (Wh) , (5)

where Wh, F̃ and G̃ denote the cell-averaged fluid state and the numerical flux functions over the entire mesh.69

Let ΩS (t) ⊂ R3 denote the structural domain at time t. Hence ΩS (0) denotes the initial configuration of the fin-
and-joint system. The CSD solver solves the equation of dynamic equilibrium, which can be written in the Lagrangian
setting as

ρS ∂
2u j

∂t2 =
∂

∂xi

(
σi j + σim

∂u j

∂xm

)
+ b j, in ΩS (0), j = 1, 2, 3, (6)

where the subscripts i, j, m varying between 1 and 3 designate the spatial coordinate system. ρS denotes the structural
material density, u the displacement vector field, σ the second Piola-Kirchhoff stress tensor, and b the vector of body
forces. Eq. (6) is semi-discretized by the Galerkin finite element method, which yields

M
∂2Uh

∂t2 + fint (Uh) = fF (Wh) + fext, (7)

where M denotes the mass matrix, Uh denotes the vector of discrete structural displacement. fint, fF and fext are the70

vectors of internal forces, flow-induced forces on wet surface of structure and other external forces, respectively.71

The interaction between the fluid and structure subsystems is governed by two transmission conditions at the
fluid-structure interface ΓFS = ∂ΩF ∩ ∂ΩS , namely the kinematic, non-penetration condition

vi −
∂ui

∂t
= 0, on ΓFS , i = 1, 2, 3, (8)

and the equilibrium condition(
1
J

(
σkm + σk j

∂um

∂x j

) (
∂ui

∂xm
+ δim

)
− Tki + pδki

)
· nFS

k = 0, on ΓFS , i = 1, 2, 3, (9)

where the Einstein summation convention is used for notational brevity. J = det
( ∂ui

∂xm
+ δim

)
, nFS denotes the unit72

normal to the deformed configuration of ΓFS , and δ denotes the Kronecker delta function. These two transmission73

conditions are imposed to the semi-discretized fluid and structural governing equations (Eqs. (5) and (7)) using a74

second-order accurate partitioned procedure [15] and an embedded boundary method [16, 21] (Figure 2). Specifically,75

the temporal discretization of Eqs. (5) and (7) are off-set by half a time step, as shown in Figure 2(b). At each time76

step, the CSD solver sends the structural displacement and velocity on ΓFS to the CFD solver. The CFD solver77

operates on a fixed CFD mesh, despite the motion of the fluid-structure interface (Figure 2(a)). The location of the78

interface is tracked on the CFD mesh using a collision-based computational geometry algorithm [20]. The non-79

penetration condition (Eq. (8)) is enforced by solving one-dimensional fluid-structure Riemann problems (hence the80

name “FIVER”). Then, the CFD solver advances for one time-step, and sends the fluid-induced loads to the CSD81

solver, thereby enforcing the equilibrium condition. The embedded boundary method used in this work introduces a82

first-order geometric error at the fluid-structure interface. In general, achieving second-order convergence rate in 3D,83

realistic problems using embedded and immersed boundary methods is still challenging. A recent effort has extended84

FIVER to second-order accuracy, but only for inviscid flows [31].85

Both the CFD and the CSD solvers are parallelized using the message passing interface (MPI). The simulations86

presented in this paper each consumes approximately 3, 000 to 6, 000 CPU hours on the BlueRidge computer cluster87

at Virginia Tech [32].88
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Fig. 2. Illustration of the embedded boundary method for enforcing the fluid-structure transmission conditions (a) and a “W-shape” partitioned
procedure for coupling the CFD and CSD solvers (b).

3. CFD-DIC coupled analysis89

As a first step, we simulate the water tunnel experiment conducted by Kancharala and Philen (summarized in90

Appendix A) by coupling the 3D, embedded boundary CFD solver presented in Section 2 with the digital image91

correlation (DIC) measurement of the structural motion and deformation. The objective is to validate the CFD model,92

and to compare with the simplified numerical model presented in [13], which assumes a 2D potential flow and employs93

a vortex panel method.94

A 3D fluid domain, ΩF =
{
(x, y, z) ∈ R3

∣∣∣ − 325 mm < x < 325 mm,−76.2 mm < y < 76.2 mm,−76.2 mm <95

z < 76.2 mm
}
, is defined, following the dimensions of the test section of the water tunnel used in the experiment96

(Figure 3). ΩF is discretized by an unstructured tetrahedral mesh with approximately 1.5 million nodes and 9 million97

tetrahedral elements. The most refined region of the mesh, that is, the region traversed by the structural specimen,98

has a characteristic element size of 0.95 mm (Figure 4). The no-slip boundary condition, i.e. v = 0 m/s, is imposed99

on the wall boundaries of the fluid mesh. The freestream velocity v∞ = 0.1 m/s is specified at the inlet boundary. In100

order to assess the effect of fin thickness on the hydrodynamic forces, six simulations are performed in which the fin101

thickness τ is set to 0.2 mm, 0.4 mm, 0.7 mm, 1.2 mm, 1.6 mm and 3.2 mm, respectively. In all the simulations, the102

fin-and-joint system (i.e. the propulsor) is discretized by a surface mesh with 4, 186 nodes and 8, 100 triangle elements103

(Figure 4). The motion and deformation of this discretized surface is prescribed using the DIC measurement obtained104

from experiment. Unlike the vortex panel-DIC coupled analysis presented in [13], in which only the measurement of105

centerline displacement is used (180 sample points), the complete 3D structural deformation obtained through DIC106

is used in the CFD-DIC coupled simulations. Specifically, the 3D displacement at 16, 000 sample points over the107

specimen is collected using DIC at a frequency of 12 Hz. At each time step, the nodal displacement of the surface108

mesh is prescribed by linearly interpolating the DIC measurement both in space and in time. In all the simulations,109

a constant time-step of ∆t = 0.002 s is applied, and the simulation is terminated at t = 2 s when the propulsor has110

completed 2.6 cycles of flapping motion.111

Figure 5 presents the time-averaged thrust predicted by the CFD-DIC coupled simulations, in comparison with112

the corresponding experimental data and results of the vortex panel–DIC coupled simulations. Overall, the result113

from CFD–DIC coupled simulations is in good agreement with the experimental data. In particular, it captures the114

trend that thinner, hence more flexible, fins generate higher thrust force. It is also significantly more accurate — that115

is, by 1 to 2 orders of magnitude — than the result from the vortex panel–DIC coupled simulations. The remaining116

discrepancy between the CFD–DIC coupled simulations and the experiment may be related to the fact that some117

secondary components of the specimen (e.g., a rod clamping the leading edge of the fin) are not modeled. Another118

possible source of error is the relatively low sampling frequency of the DIC and the linear interpolation applied to119

obtain a higher temporal resolution.120
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Fig. 3. Simulation setup.

Fig. 4. Local refinement of the CFD mesh.

4. A nonlinear finite element model of the fin-and-joint system121

We develop and validate a finite element model of the fin-and-joint system. Given the small thickness-to-length122

ratio (0.001 ∼ 0.02) and the large deformation, the nonlinear ANDES shell element proposed in [19] is used to123

represent both the fin and the joint. The ANDES formulation is based on an extended parameterized variational124

principle, where only the deviatoric part of the strains is assumed over the element, whereas the mean strain part125

is discarded in favor of a constant stress assumption [19]. Here, the joint is discretized using 336 nodes and 300126

quadrangle elements, while the fin is discretized using 1, 986 nodes and 1, 900 elements (Figure 6). The fin and joint127

are connected by 21 shared nodes at 18%L. The characteristic element size is approximately 2 mm. The density,128

Young’s modulus, and Poisson’s ratio of the polycarbonate material are shown in Table 1.129

Following the experiment setup, a heaving motion with frequency f = 1.3 Hz and amplitude of A = 20 mm is130

prescribed to the nodes on the leading edge of the propulsor, using the following sinusoidal displacement and velocity131

6
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Fig. 5. Time-averaged thrust generation by propulsors with various fin thickness.

Fig. 6. The CSD model of the fin-and-joint system.

Parameter Value
Young’s Modulus, E (GPa) 2.1

Poisson’s Ratio, νs 0.3
Density, ρ (kg/m3) 1040

Table 1: Material properties of Polycarbonate used in simulations.

functions:132

z (t) = A cos (ωt) − A, (10)
ż (t) = −Aω sin (ωt), (11)

where ω = 2π f . The propulsor is initially placed on the x-y plane with z = 20 mm. Using the heaving motion133

prescribed above, the initial displacement z(0) and initial velocity ż(0) are both zero. This ensures that the initial134

condition of the structure is consistent with that of the fluid flow obtained from a steady-state CFD simulation.135

We have conducted “dry” simulations to verify mesh convergence, in which the CSD solver is decoupled from136
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the CFD solver, hence the structural model does not receive hydrodynamic load. It is found that refining the mesh137

described above by a factor of 2 gives only 3% difference in the trailing edge displacement.138

Further, to validate the CSD model, we conduct numerical modal analysis and laboratory modal testing side by139

side. In the modal testing, the structural specimen is cantilevered at the leading edge, and excited with an electro-140

magnetic shaker. A National Instruments system with a PXI-4461 (24-Bit, 204.8 kS/s, 2-input/2-output) is used to141

simultaneously excite the cantilever fin and measure the trailing edge velocity. A Polytec laser vibrometer is used142

to measure the trailing edge velocity. The fundamental frequency obtained by modal testing is then compared with143

that obtained from modal analysis (Figure 7). It can be observed that the fundamental frequency obtained by both144

modal testing and modal analysis are in good agreement. The discrepancy (between 0.38% and 8.69%) could be due145

to the imperfection in enforcing a fixed-free boundary condition in experiments. Another possible source of error is146

the non-uniformity in material properties in the artificial fin-and-joint specimens, which is not accounted for in the147

numerical analysis.148

Fig. 7. Validation of the CSD model for the fundamental frequency of the fins.

5. CFD-CSD coupled analysis149

After validating the CFD and CSD models, we conduct two-way, fluid-structure coupled simulations using the150

partitioned procedure and embedded boundary method described in Section 2. The same CFD and CSD domains151

and meshes presented in Sections 3 and 4 are used. The semi-discretized fluid and structural governing equations152

are integrated using the second-order accurate fluid-structure time-integrator presented in Section 2. Specifically, the153

implicit three-point backward difference is used in the CFD solver while the implicit Newmark time integrator with154

β = 0.3 and γ = 0.6 [33] is used in the CSD solver. A constant time step of ∆t = 8.0 × 10−4 s is used for both solvers.155

5.1. Structural motion and deformation156

Figure 8 shows the structural motion and deformation predicted by the CFD-CSD coupled simulation, in compar-157

ison with results from the water tunnel experiment and a “dry” simulation, that is, a dynamic CSD simulation without158

imposing the hydrodynamic load. The propulsor with fin thickness τ = 1.6 mm is used here as example. Evidently,159

the effect of the hydrodynamic load, and essentially the fluid-structure interaction, is significant. The maximum lateral160

displacement (i.e. displacement in z-direction) at the trailing edge decreases from approximately 40 mm in the dry161

simulation to approximately 15 mm in the CFD-CSD coupled simulation. Notably, the hydrodynamic load leads to a162

“phase lag” along the length of the propulsor. Most of the time, the leading and trailing edges of the structure move163

in opposite directions, with a virtual pivot at approximately 2/3 of the length from the leading edge, which undergoes164

8
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minimum displacement. We also note that the result of the CFD-CSD coupled simulation agrees reasonably well with165

the DIC measurement from the experiment. The overall motion and deformation pattern is accurately captured. The166

location of minimum lateral displacement (i.e. the virtual pivot) differs by 10.1%. The discrepancies are likely due167

to the fact that some small components of the specimen used in experiment — specifically, a thin aluminum strip and168

four nuts and bolts — are not modeled. These components are not designed for performance purpose, but rather as a169

method to connect the fin and the joint. Therefore, they are not modeled in the simulations.170

(a) Dry simulation (b) CFD-CSD coupled simulation (c) Experiment

Fig. 8. Midline (i.e. the line connecting the middle points of the leading edge (LE) and trailing edge (TE)) displacement obtained by (a) a dry
simulation, (b) the two-way coupled Simulation, and (c) digital image correlation (DIC) in a water tunnel experiment. In each sub-figure, 25 - 35
snapshots taken with a frequency of 12.5 Hz for (a) - (b), and 12 Hz for (c), are superposed.

5.2. Vortex-dominated fluid dynamics171

5.2.1. Vortex generation172

Figure 9 presents vorticity isosurfaces at time t = 0.09 s, when the leading edge of the propulsor just starts moving173

in the negative z-direction. Specifically, Figure 9(a) displays the isosurface of fixed vorticity magnitude, |ζ | = 10 s−1,174

while Figures 9(b), 9(c), and 9(d) show the isosurfaces of the x-, y-, and z-component of vorticity at ζ = ±10 s−1. The175

red and blue arrows in the figures indicate the directions of the vortices. As expected, vortices are generated on the176

surface, the leading edge, the trailing edge, as well as the upper and lower edges of the propulsor.177

In particular, Figure 9(b) shows that as the leading edge of the propulsor moves in the negative z-direction under178

prescribed motion, the pressure differential on the two sides of the propulsor generates vortices at the upper and179

lower edges. Walking from the leading edge downstream, it is notable that the direction of these vortices changes180

at approximately 2/3 of the length. This can be explained by the fact that the leading and trailing edges move in181

opposite directions, which results from the elasticity of the structure and the strong added mass effect of the heavy182

fluid. This finding may further indicate that when the elastic properties of a fin propulsor are carefully designed,183

complex propulsor kinematics — such as flapping or undulation — and vortex dynamics may be achieved by actuating184

only a small region of the propulsor, e.g., the leading edge.185

5.2.2. Wake flow and thrust generation186

For ease of comprehension, we introduce a nondimensional time t∗, by normalizing time t by the period of the
prescribed motion Tp = 0.77 s, i.e.

t∗ =
t

Tp
. (12)

187

Vortex rings. Figure 10 shows a side view (i.e. x-y plane) of vorticity isosurfaces at t∗ = 2.5. At this time, the188

propulsor has completed 2.5 cycles of flapping motion, therefore the wake vortices can be clearly observed. The189

values of vorticity isosurfaces are the same as those in Figure 9, i.e. |ζ | = 10 s−1 for Figure 10(a), and ζ = ±10 s−1
190

for 10(b), 10(c), and 10(d). The opacity of the isosurfaces is reduced to 50% to assist visualization in the z-direction.191
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(a) magnitude (b) x-component (c) y-component (d) z-component

Fig. 9. 3D perspective vorticity isosurfaces at t = 0.09 s. (a): the isosurface of fixed magnitude, |ζ | = 10 s−1; (b): the x-component, ζ = ±10 s−1;

(c) the y-component, ζ = ±10 s−1; and (d): the z-component, ζ = ±10 s−1. Red: counterclockwise rotating vortices. Blue: clockwise rotating

vortices.

Figures 10(a) and 10(c) show a chain of linked vortex rings with alternating signs in the wake of the propulsor, which192

is consistent with observations in many biological and biomimetic fin propulsion experiments (e.g., [34, 35]).193

(a) Magnitude (b) x-component

(c) y-component (d) z-component

Fig. 10. Side view (x − y plane) of vorticity isosurfaces at t∗ = 2.5 (i.e. t = 1.92 s). (a): The isosurface of fixed magnitude, |ζ | = 10 s−1; (b): the

x-component, ζ = ±10 s−1; (c) the y-component, ζ = ±10 s−1; and (d): the z-component, ζ = ±10 s−1. Red: counterclockwise rotating vortices.

Blue: clockwise rotating vortices.

Widthwise flow variation: thrust production versus drag production. The time-averaged total hydrodynamic thrust194

predicted by the CFD-CSD coupled simulations is in close agreement with the result of CFD-DIC coupled simulations195

shown in Figure 5. Here, we focus on investigating the variation of the fluid flow and the hydrodynamic force along196

y-direction, i.e. the direction of propulsor width. This aspect has rarely been discussed in the literature of biological197

10



H. Chung et al. / Computers and Fluids 00 (2018) 1–19 11

and bio-inspired fluid dynamics, largely due to challenges in measuring and simulating fluid-structure interactions in198

3D.199

In this regard, Figure 11 presents the instantaneous vorticity field at t∗ = 9.32, or t = 7.17 s. Specifically, two200

2D x-z planes intersecting two width locations — 50%H (mid-width) and 95%H (close to the edge of the propulsor)201

— are visualized. The wake behind the propulsor, which comprises of an array of trailing discrete vortices with202

alternating signs, shows the 3D effects of a propulsor with finite width. For the 2D plane at 50%H, the flow between203

each pair of vortices has a component of velocity oriented downstream (indicated by the yellow arrows), increasing204

the momentum of the incident flow (Figure 11(a)). This is known in general fluid mechanics as a reverse von Kármán205

street, and is indicative of thrust production [36]. However, for the 2D plane at 95%H, the wake flow is dramatically206

different: it consists of staggered counter-rotating vortices with flow oriented upstream, decreasing the momentum of207

the incident flow (Figure 11(b)). This is known as the von Kármán street, and is indicative of drag production.208

(a) 50%H

(b) 95%H

Fig. 11. The instantaneous vorticity field at t∗ = 9.32, visualized on two x-z cross-sections intersecting, respectively, the midline (50%H) and edge

(95%H) of the propulsor. Red: counterclockwise rotating vortices. Blue: clockwise rotating vortices.

Further, we compute and visualize the time-averaged flow velocity on the same two x-z planes (Figure 12). In209

addition, the velocity along z-axis at x = 232 mm, which is 22%L aft of the trailing edge, is plotted separately for a210

closer inspection (Figures 12(c) and 12(d)). Again, results on the two cut planes differ significantly. A jet flow directed211

downstream is observed on the 50%H plane (Figure 12(a)). In the wake, the 1D plot clearly shows a momentum surfeit212

wake, i.e. v/v∞ > 1.0 (Figure 12(c)). This suggests a thrust production region in the propulsor. On the other hand, for213

11



H. Chung et al. / Computers and Fluids 00 (2018) 1–19 12

the 95%H plane, a jet that redirects flow back upstream is observed (Figure 12(b)). Also, a momentum deficit wake214

is evident by inspecting the 1D plot (Figure 12(d)). This suggests a drag production region in the propulsor.215

(a) 50%H

(b) 95%H

(c) 50%H, x = 232 mm

(d) 95%H, x = 232 mm

Fig. 12. Time-averaged velocity field on two x-z cross-sectons intersecting (a) 50%H and (b) 95%H, and along the line at x = 232 mm (i.e. 22%L
aft of the trailing edge)

In summary, both the instantaneous flow vorticity and the time-averaged flow velocity exhibit significant variation216

along the propulsor width. Both fields suggest that, under the simulated conditions, the region around the midline of217

the propulsion produces thrust, whereas the regions near the upper and lower edges produce drag. More generally,218

this finding indicates the possibility of rationally designing the shape of a flexible propulsor to improve its thrust219

production.220

5.2.3. Leading and trailing edge vortices221

Both the leading edge and the trailing edge of the propulsor shed vortices as they move in the vertical z-direction.222

These vortices are referred to as leading edge vortices (LEVs) and trailing edge vortices (TEVs), following the litera-223

ture of biological and bio-inspired fluid dynamics. Given that the propulsor moves forward with respect to the ambient224

flow (i.e. v∞ > 0), the LEVs are convected downstream, and they inevitably interact with the TEVs. To investigate225

the interaction, we look at a series of 2D flow snapshots taken on the middle plane (i.e. 50%H), for 4.0 < t∗ < 5.0226

(Figure 13). This time interval is the fifth flapping cycle of the propulsor, therefore periodic flow and structural motion227

have been achieved, and the formation of LEVs and TEVs can be clearly seen. In the figure, the subscript n in LEVn228

and TEVn refers to the LEV and TEV formed during the nth cycle. At t∗ = 4.0 (Figure 13(a)), the LEVs from cycles229

n = 2 and n = 4 can be observed. Both LEVs are carried downstream by the freestream flow at velocity v∞ = 0.1230

m/s. Figures 13 (a) and (b) show that as LEV2 travels downstream, its velocity magnitude increases. As it approaches231

the trailing edge, TEV5 begins to form, and starts to interact with LEV2 (Figures 13 (c) and (d)). This occurs around232

the time when the leading edge has zero velocity and maximum acceleration. It is also noteworthy that because the233

ambient flow velocity is small compared to the lateral velocity of the propulsor, the interaction of LEV and TEV is234

found to occur 3 cycles apart from each other. Comparing Figures 13 (d), (e), and (f), it is interesting to notice that the235

interaction of LEV2 and TEV5 seems to result in the former disappearing, and the latter gaining velocity and being236

shed into the wake. Lastly, we note that the snapshot taken at t∗ = 4.00 (Figure 13 (a)) looks nearly identical to the237

one taken at t∗ = 5.00 (Figure 13 (f)), indicating that an unsteady, yet periodic fluid-structure interaction is achieved.238

5.2.4. Lateral hydrodynamic force239

Figure 14(a) presents the time-history of the total lateral force (i.e. force in z-direction) exerted by the fluid on240

the propulsor. Within each cycle (e.g., 3.0 ≤ t∗ < 4.0), the force profile consists of a region of positive force — over241

approximately the first half of the cycle, when the leading edge of the propulsor is moving in the negative z-direction242

12
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Fig. 13. Snapshots of velocity magnitude on the middle plane (i.e. 50%H), showing the leading edge vortices (LEVs) and trailing edge vortices
(TEVs).

— followed by a region of negative force over roughly the second half of the cycle, when the leading edge is moving in243

the positive z-direction. As expected, once periodicity is reached, the two regions have the same shape, and opposite244

signs.245

It is notable that each region of positive or negative force exhibits two peaks where the magnitude of force reaches a246

local maximum. This behavior stands in sharp contrast with the periodic flapping or heaving motion of rigid structures247

(e.g., rigid airfoils and hydrofoils), which generates only one peak in each “stroke”. For better understanding, we plot248

the lengthwise distribution of hydrodynamic lateral force at four time instances between t∗ = 0.5 and t∗ = 1.0249

(Figure 14(b)), together with the position of the propulsor midline (Figure 14(c)). At t∗ = 0.60, the distributed lateral250

force is negative throughout the entire length of the propulsor, causing the total lateral force at that instance to be251

negative (Figure 14(b), (i)). This is the time when the first peak (−1.0 N) is reached, which is also the primary one.252

For 0.60 < t∗ < 0.86, the leading edge of the propulsor is moving in the positive z-direction, whereas the trailing edge253

is moving in the negative z-direction (Figure 14(c)). The difference in the direction of acceleration causes the lateral254

force to act in opposite directions. Specifically, at t∗ = 0.70, the distributed lateral force is negative from the leading255

edge to approximately 75%L, and positive afterwards (Figure 14(b), (ii)). Due to the presence of distributed lateral256

force in opposite directions, the total lateral force is observed to decrease towards a local minimum (in terms of force257

magnitude) at point (iii) (Figure 14(a)). Point (iii) is at t∗ = 0.73, which is close to the time when the leading edge is258

at its maximum velocity, but zero acceleration (t∗ = 0.75). At t∗ = 0.86, the distributed lateral force is positive from259

the leading edge to 18%L, then turns negative. This leads to a second peak total lateral force of −0.55 N.260

Overall, it is evident that the appearance of two peaks results from the elasticity of the structure, which leads to261

nonlinear lengthwise variations in displacement, velocity, and acceleration. In addition, this phenomenon may also262

be related to dynamic stall and LEVs: owing to the flexibility of the fin, the angle of attack of the propulsor varies263

rapidly, causing strong LEV shedding, which briefly increases the lateral force before interacting with trailing edge264

vortices. Lastly, comparing the force distributions at (i) and (iv), it is noteworthy that the first peak is primarily due265

to the negative distributed lateral force occurring from the leading edge to approximately 50%L, while the second266

peak is primarily due to that from approximately 50%L to the trailing edge. This is also consistent with the structural267

motion and deformation presented in Figure 14(c), which shows that the first peak is reached when the leading edge is268

approximately at the maximum displacement, minimum velocity, and maximum acceleration; while the second peak269
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(a) Total lateral force

(b) Distribution of lateral force along propulsor length. (c) Mid-width propulsor displacement

Fig. 14. Lateral hydrodynamic force. (LE: leading edge, TE: trailing edge)

is reached when the trailing is near such condition.270

5.3. Effect of propulsor shape: trapezoidal fin versus forked fin271

Different species of fish often have different shapes of caudal fin depending on their primary functions and abilities272

to swim and maneuver [37]. For instance, the so-called sit-and-wait predators typically have a wide caudal fin with273

large surface area (e.g., sculpin, flounder)[38]. They often stay still but need to maneuver with high acceleration to274

ambush on preys. On the contrary, rover-predators often use a caudal fin with small surface area (e.g., tuna, mackerel).275

They need to swim with constant speed over medium to long distances. In previous sections, we have studied a fin-276

and-joint propulsor with an artificial caudal fin of trapezoidal shape, which has relatively large surface area. Here, we277

introduce another, “forked” fin which has the same primary dimensions, yet much smaller surface area (Figure 15).278

Specifically, the modified propulsor has the same joint (i.e. the artificial caudal peduncle), and the fork starts at 45%L.279

The modified propulsor has a surface area of 6, 300 mm2, in contrast with 12, 600 mm2 for the original one. The joint280

of the modified propulsor is discretized using 336 nodes and 300 quadrangle elements, while the fin is discretized281

using 1, 589 nodes and 1, 408 quadrangle elements. The same material properties for polycarbonate (Table 1) are used282

14



H. Chung et al. / Computers and Fluids 00 (2018) 1–19 15

for the modified propulsor. The setting of the fluid subsystem and the prescribed leading edge motion are also left283

unchanged.284

(a) (b)

Fig. 15. Geometry and CSD mesh of two fin-and-joint propulsors with (a) a trapezoidal fin and (b) a forked fin.

Figure 16 compares the predicted structural motion and deformation between the two different propulsors. A285

phase lag along the length of the fin can be seen in both cases, because of the elasticity of the propulsor. Nonetheless,286

there is a dramatic difference in the displacement profile. The original propulsor with a trapezoidal fin shows a virtual287

pivot at approximately 2/3 of the length, where the displacement is much smaller than the prescribed leading edge288

displacement (5 mm versus 20 mm). On the other hand, the modified propulsor with a forked fin does not exhibit the289

same feature. Everywhere along the length of the propulsor, the temporal maximum displacement is either close to the290

prescribed leading edge displacement, or larger. Moreover, the temporal maximum displacement at the trailing edge291

differs between 13.7 mm for the trapezoidal fin and 28.1 mm for the forked fin. The larger displacement achieved by292

the propulsor with the forked fin can be related to the smaller surface area, which reduces the added mass effect.293

(a) Propulsor with a trapezoidal fin (b) Propulsor with a forked fin

Fig. 16. Top view of structural displacement for (a) the original propulsor with a trapezoidal fin and (b) the modified propulsor with a forked fin.
In each sub-figure, 25 snapshots taken at a frequency of 12.5 Hz are superposed. (LE: leading edge, TE: trailing edge)

The time-averaged hydrodynamic thrust generated by the forked fin is significantly higher than that by the trape-294

zoidal fin. For fin thickness τ = 1.6 mm, the former is found to be 0.0165 N, whereas the latter, as reported in295

Figure 5, is −0.00047 N (drag). To investigate the difference, we again visualize the time-averaged flow velocity on296
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two x-z planes interacting the mid-width (50%H) and the edge (95%H) of the modified propulsor (Figure 17), which297

can be compared against results for the original propulsor, shown in Figure 12. Also, the time-averaged flow velocity298

at 22%L aft of the trailing edge is plotted separately (Figures 17(c) and 17(d)).299

Figure 17(a) clearly shows a momentum surfeit wake at 50%H, i.e. v/v∞ > 1.0, which indicates thrust production.300

This general behavior is similar to that observed on the original propulsor with a trapezoidal fin (Figure 12(a)).301

Nonetheless, at 22%L aft of the trailing edge, the maximum time-averaged velocity is v = 2.5v∞ (Figure 17(c)),302

whereas that for the original propulsor is significantly lower, approximately v = 1.5v∞ (Figure 12(c)). At the x-z plane303

intersecting 95%H (Figure 17(b)), a momentum deficit wake is still evident, qualitatively similar to that observed for304

the original propulsor (Figure 12(b)). However, at 22%L aft of the trailing edge, the minimum time-averaged velocity305

is v = 0.9v∞ (Figure 17(d)), which is higher than that for the original propulsor, v = 0.6v∞ (Fig. 12(d)). This306

comparison suggests that the increase in total thrust obtained by the forked fin is like a result of both an enhanced307

thrust production around the mid-plane, and a drag reduction around the two edges. It is also worth mentioning that308

the higher time-averaged thrust for the forked fin is consistent with findings in biology, specifically, that fish with a309

narrow, forked caudal fin often like (and need) to cruise for long distances.310

(a) 50%H

(b) 95%H

(c) 50%H, x = 127 mm

(d) 95%H, x = 212 mm

Fig. 17. Modified propulsor with a forked fin: Time-averaged velocity field on two x-z planes intersecting (a) 50%H and (b) 95%H, and along the
line at 22%L aft of trailing edge.

Figure 18 compares the time-history of total lateral force generated by the two propulsors. The force profile of311

the modified propulsor still have two peaks over each stroke of prescribed leading edge motion, same as the original312

propulsor. Nonetheless, the magnitude of lateral force is much lower. In particular, the maximum peak-to-peak lateral313

force for the modified propulsor is 1.95 N, whereas that for the original one is 1.14 N, in other words, 41.5% lower.314

This observation also agrees with biological findings, particularly that fish with a wide caudal fin often have superior315

abilities to maneuver with high acceleration [39].316

6. Concluding remarks317

In aerospace and ocean engineering, fluid-structure interaction has been considered primarily as an undesirable318

phenomenon, associated with flutter, buffeting, and other problems that must be mitigated or avoided in design and319

operation. Nonetheless, studies of aerial and aquatic animals have indicated the possibility of taking advantage of320

fluid-structure interaction to achieve both propulsion efficiency and versatility, which may be particularly suitable to321

small-scale, unmanned vehicles. Despite the promise, however, the introduction of additional variables (e.g., elasticity322

and viscoelasticity properties, actuations) and more complex physics (e.g., large deformation, unsteady flow) makes323

designing such propulsion systems a formidable challenge. In a broad sense, the present work attempts to explore324
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Fig. 18. Time-history of total lateral hydrodynamic force: Comparison between the modified propulsor with a forked fin and the original propulsor
with a trapezoidal fin.

the possibility of coupling high-fidelity computational fluid and structural dynamics methods to predictively simulate325

flexible, biomimetic propulsors, and beyond this point, to quantitatively assess detailed design options.326

Specifically, we apply a novel CFD-CSD coupled computational framework, referred to as “FIVER”, to simulate327

the underwater flapping propulsion of a fin-and-joint system, which serves as a simplified engineering model of tail-328

dominated fish propulsion. This problem entails several challenges, including 3D unsteady fluid flow, large structural329

motion and deformation, and strong added-mass effect. We handle these issues using 3D CFD and CSD models, an330

embedded boundary method, the ANDES nonlinear shell model, and a numerically-stable partitioned fluid-structure331

coupling procedure.332

We start with validating the CFD and CSD models using data — specifically, hydrodynamic forces, fundamental333

vibration frequency, and full-field displacement — obtained from modal testing and water tunnel experiments. In all334

the cases, the numerical results agree reasonably well with the experimental data. Next, we investigate the coupled335

fluid and structural dynamics, as well as the propulsive performance, using the simulation result. In this regard,336

previous numerical analyses on flexible propulsors are often limited to one-way coupling and/or two-dimension. We337

focus on the two-way interaction between the fluid and the propulsor, as well as the flow variation in 3D. A few338

findings are noteworthy. First, due to the elasticity of the structure and the strong added-mass effect, the structural339

kinematics is nonlinear lengthwise. This leads to several interesting, and related phenomena, including a phase lag340

between the leading edge and the trailing edge of the propulsor, the occurrence of two peaks in the lateral force341

profile, and the generation and interaction of leading edge vortices and trailing edge vortices. Second, the fluid342

dynamics varies significantly along the width of the propulsor. Instantaneous flow snapshots show the presence of a343

reverse von Kármán street on the mid-width plane, which gradually transforms to a von Kármán street near the two344

edges. Both the instantaneous and the time-averaged flow suggest, for the propulsor with a trapezoidal fin, that the345

mid-plane region tends to produce thrust, whereas the regions near the two edges tend to produce drag.346

Further, motivated by the diversity in fish locomotion, we modify the original, trapezoidal fin to obtain a “forked”347

fin with a 50% smaller surface area. The fluid and structural dynamics and the hydrodynamic forces of the two348

propulsors are compared and contrasted. In all these aspects, the effect of fin geometry is significant. In particular,349

we find that the forked fin generates larger thrust, yet smaller lateral force compared to the trapezoidal fin. This350

result is consistent with findings in biology, particularly that fish with a narrow, forked caudal fin often cruise for long351

distances, while those with a wide caudal fin tend to have superior abilities to maneuver with high acceleration.352

Finally, it is worth mentioning that despite two fin shapes, many other variables, such as the propulsor dimensions,353

the free-stream flow velocity, and the parameters of the actuation function, have been fixed throughout this work.354

Therefore, applying the findings of this study to other scenarios should be done with caution. Also, we have applied355

our compressible Navier-Stokes CFD solver, equipped with a low-Mach preconditioner, to simulate a hydroelasticity356

problem in which the fluid flow can be considered incompressible. It may be possible to solve the problem more357

efficiently using an incompressible CFD solver. Nonetheless, this is beyond the scope of our current study.358
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Appendix A. Water tunnel fin-and-joint propulsion experiments364

Experiments have been performed to evaluate the effect of caudal fin and caudal peduncle stiffness on propulsive365

performance ([13, 14]). Specifically, trapezoidal foils mimicking the caudal fin of fish are fabricated from polycar-366

bonate (PC) sheets, with the same length and width, but different thickness (τ) values ranging from 0.2 to 3.2 mm.367

Rectangular foil of 0.4 mm thick PC sheets have been used to mimic the caudal peduncle of the fish, referred to as the368

joint. The joint and the fins are attached together using a small aluminum plate. The dimensions of this biomimetic369

fin-and-joint system are provided in Figure 1.370

The fabricated fin-and-joint specimens are tested in a recirculating water tunnel with dimensions of 457.2 mm ×371

152.4 mm × 152.4 mm (18 in × 6 in × 6 in). The experimental setup is shown in Figure A.19. A constant freestream372

flow velocity v∞ = 0.1 m/s is maintained throughout the experiments. A CUI M223X0003 brushed direct current373

(DC) motor attached with encoders is used to generate the heaving motion. A six-axis force transducer, ATI MINI40,374

measures the hydrodynamic forces and moments acting on the specimen. Along with the force measurement, digital375

image correlation (DIC) is used to capture the kinematics of the specimens heaving under water. Specifically, DIC376

tracks the speckles on the specimen (see Figure 1(b)) using digital image processing methods to calculate the 3D377

displacements. The DIC cameras capture the images at a frequency of 12 Hz. The LabView 2011 software is used to378

run the motors and collect the encoder and force data using a DAQ6211. Additional details on the experimental setup379

and data collection can be found in [13].380

Fig. A.19. Experimental setup for evaluating the artificial fins in the water tunnel
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