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ABSTRACT

Metachronous rowing is a swimming mechanism widely
adopted by small marine invertebrate like comb jellies, in which
rows of appendages perform propulsive strokes sequentially in a
coordinated manner with a fixed phase difference. To simulate
metachronous rowing at intermediate Reynolds number, in this
paper, a row of flexible cilia models was placed inside the flow
field, with their roots stroke at a sinusoidal function of time and
a fixed phase difference. A fully coupled two-way numerical
solver was developed, which solves the Navier-Stokes equations
for the fluid field coupled with the differential equation for the
flexible cilia model. This numerical solver is applied to
investigate how the row of cilia models are deformed by the
hydrodynamic forces (pressure and shear) and momentum and
thus impact hydrodynamic performance. Results show that the
passive deformation of cilia potentially improve the
hydrodynamic performance compared to the rigid cilia. With the
metachronous rowing mechanism, the cilia generate the thrust to
move forward. The approach used in this study presents a
general way to explore the fluid dynamics of complex fluid-
structure interaction problems.
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1. INTRODUCTION

Small swimming invertebrates like comb jellies are able to
move efficiently through fluids using metachronous rowing [1],
a movement mechanism where rows of appendages perform
propulsive strokes sequentially in a coordinated manner with a
fixed phase difference from their neighboring appendages [2].
This metachronous stroke pattern potentially benefits the
efficiency of the propulsion in fluids [3]. The cilia propulsion
mechanism is relatively simple compared to other propelling
mechanisms in fish and swimming mammals. However, we have
limited understanding on how the cilia motion is controlled by
comb jellies. As the cilia strokes back and force, asymmetric
motion between the power stroke and recovery stroke of the cilia
is observed and attributed to the thrust generation. It is possible
that the asymmetric motion arises from the mixed effects of the
asymmetric active muscle control at the root of the cilia and the
hydrodynamic forces on the cilia.

To address this question, research has been conducted to
study hydrodynamics of flexible cilia-like material. Early studies
simulated cilia metachronous motion without solving the Navier-
Stokes equations for the fluid field [4-7] thus cannot obtain the
hydrodynamic force on the cilia. Experiments, on the other hand,
were adopted to measuring velocity field in ciliary propulsion
problems [2, 3]. Later studies were able to numerically simulate
cilia motion using Fluid Structure Interaction (FSI). Dai et al. [8]
solved the hydrodynamics of a flexible pitching plate. Liu et al.
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[9], Luo et al. [10], and Wang et al. [11] used FSI to solve fish
tail shaped materials. Their studies demonstrated the potentiality
of using FSI to solve passive deformation problems. However,
these numerical studies were limited to single deformable body
thus cannot include the interaction between multiple bodies.

In this study, numerical simulations of ctenophores (comb
jellies) swimming were performed to investigate the
hydrodynamic mechanisms of the metachronous rowing motion
of cilia. We aim to understand the effects of cilia motion in the
hydrodynamics performance. The metachronous motion of the
cilia was achieved by simulating the oscillations of a row of
flexible cilia that are hinge-linked to a wall inside fluids, with the
motion of root of the cilia being prescribed and the motion of
other parts being calculated by Fluid Structure Interaction
between the cilia and fluid. An in-house immersed-boundary-
method based Computational Fluid Dynamics (CFD) solver was
used to solve the Navier-Stokes equations for the flow filed. A
Finite Element Method (FEM) solid solver Vega FEM was then
used to solve the deformation of the cilia subjected to the
pressure and shear on the cilia. We aim to study the fundamental
mechanism of the hydrodynamics of the cilia metachronous
rowing motion and bring more insights to the designing of bio-
inspired miniaturized swimming robots in the low-to-
intermediate Reynolds number regime.
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FIGURE 1. OUTLINE OF THE PROCESSES IN SOLVING THE
FLUID-STRUCTURE INTERACTION PROBLEM.

2. MATERIALS AND METHODS

2.1 Overview of the coupled Fluid Structure Interaction
solver

The current study employs an in-house CFD solver and a
FEM structure solver (Vega FEM). The two solvers are strongly
coupled to solve the Fluid Structure Interaction problems. Figure
1 shows the flow chart in solving the fluid-structure interaction
problems. To couple the CFD solver and structure solver

together, a convergence state must be achieved so that the
hydrodynamic forces on the structure balance the internal forces
inside the structure and the momentum forces.

2.2 Flow field solver
The flow filed is governed by the incompressible Navier-
Stokes equations. The equations are written in tensor form:
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Where u; are the velocity component, P is the pressure, p is the
fluid density, v is the kinematic viscosity.

The above equations are discretized using a cell-centered,
collocated arrangement of the primitive variables, and are solved
using a finite difference-based immersed-boundary method [12]
in a non-body-conforming Cartesian grid. A second-order central
difference scheme is employed in space to discretize the
advection and diffusion term. This CFD solver has been
successfully applied to study canonical revolving wings [13-16],
flapping propulsion problems [17-23], passive wing pitch
mechanism [24-27],and insect flight [28-35].

2.3 Finite Element Method structure solver

To solve the dynamics of the solid structure, the Vega FEM
open-source code [36] was used, which takes the hydrodynamic
forces (pressure and shear) on the solid calculated from the fluid
field as the input, and calculate the deformations of solid
structure. The Vega FEM code solves the following solid
dynamics equation using finite element method:

mh"'DXb"'fim (Xh):fm ()

Where X is the displacement of the mesh vertices of the solid,
M is the mass matrix, D is the damping matrix, f;, is the internal
elastic forces, f.« is the external hydrodynamic forces on the
vertices. The St. Venant-Kirchhoff nonlinear material model was
employed for the structure solver, defined by the energy density
function as:

‘I’:,uE:E+§tr2(E) (3)

Where 4 and u are the Lamé coefficients, E is the Green strain
tensor.

2.4 Hydrodynamic Performance
The kinematics of the cilia models and flow field conditions
are presented in Figure 2. The stroke angles of the cilia models
are prescribed by Eq. 4. While the passive deformation is
calculated from Fluid-Structure Interaction.
0 =0,sin(27fi + ) 4)

Where 6 is the stroke magnitude, ¢ are the phase differences of
the cilia models. For the five cilia models, ¢ are 0, n/4, /2, 31/4,
and w, respectively. The cilia model consisting of unstructured
grids is shown in Figure 3.
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FIGURE 2. PRESCRIBED STROKE ANGLES AT THE ROOT OF A
ROW OF CILIA MODELS. SOLID BLACK LINES DENOTE THE
CILIA MODELS AT T/T = 0.0625.

FIGURE 3. CILIA MODEL FOR THE FSI CALCULATION.

In this study, the Reynolds number Rey, = 52.92, the reduced
stiffness K = 4.39, mass ratio M = 0.375, which are defined as:

2
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Where U is the incoming flow velocity, L is the length of the cilia
model, vis the kinematic viscosity of the fluid, £ is the Young’s
modulus of the cilia model, py is the density of the cilia model, %
is the thickness of the cilia model, / = #%12 is the area
momentum of inertia of the cross section.

2.5 Grid Independence Study

To ensure the simulation results are grid-independent, a
grid-independence study was conducted. Simulations of the
same cilia metachronal rowing motion were performed in three
different grids, coarse grid, current grid, and fine grid. The time
history of drag coefficients for the three grids are shown in
Figure 4. The results for the three grids are generally the same.
We see the results for the current grid are nearly identical to the
results of the fine grid, which indicates the simulation in the
current study is grid independent.
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FIGURE 4. COMPARISON OF DRAG COEFFICIENTS USING
COARSE GRID (256 x 96 = 2.4 x 10%), CURRENT GRID (288 x 128
=3.8 x 10%), AND FINE GRID (320 x 160 = 5.1 x 10%).

3. RESULTS
Figure 5 shows the time history of drag coefficient

C,=2F_/ (przS) during a stroke cycle, where F is the

hydrodynamic force on the cilia modes, S is the area of the cilia
model. We see a phase difference in the drag coefficients which
correspond to the phase difference of the prescribed stroke
motion in the setup. The cycle-averaged drag coefficients for the
5 cilia models are 41.6, -18.1,-13.4, 4.1, and -22.3, respectively.
The overall drag coefficient for the metachronal rowing motion
of the 5 cilia models is -8.1, which is thrust. Since the stroke
motion for all the cilia models are symmetric during up- and
downstroke, it is reasonable to observe positive drag
coefficients. However, thrust is generated by metachronal
rowing motion. We see cilia 1 generates most of the drag and
cilia 5 generates most of the thrust. Note that cilia 1 is at the
upstream location and cilia 5 is at the downstream location. The
thrust generation is related to the position of the cilia models and
the phase difference of stroke motion.
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FIGURE 5. TIME HISTORY OF THE DRAG COEFFICIENTS FOR
THE 5 CILIA MODELS. NEGATIVE DRAG DENOTES THRUST.
THE BLACK DASHED LINE DENOTES THE TIME AT T/T = 0.083,
AT WHICH THE DRAG IS MAXIMIZED ON CILIA 1 AND
MINIMIZED ON CILIA 3.
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FIGURE 6. VELOCITY MAGNITUDE CONTOUR PLOTTED WITH
STREAMLINES (1), PRESSURE CONTOUR (2), VORTICITY IN
THE Z-DIRECTION (o) (3) AT T/T = 0.083. THE COLOR OF THE
CILIA MODELS CORRESPONDS TO THE COLOR OF DRAG
COEFFICIENT IN FIGURE 5.

The time instant i at /7' = 0.083 is highlighted in Figure 5,
at which the drag is maximized on cilia 1 and minimized on cilia
3. To explain this observation, we plotted the velocity magnitude
contour with streamlines, pressure contour, vorticity in the z-
direction (@.) at t/T = 0.083 in Figure 6. Cilia 1 is sweeping left,
which creates a huge pressure difference between the left and
right sides, leading to large drag generation. Cilia 3, 4, and 5 are
sweeping right, thus generating thrust. However, cilia 2 is
sweeping left but generating thrust. The possible reason is the
lager area of low-pressure region observed between cilia 1 and
cilia 2.

4. CONCLUSION

In this study, a fully coupled two-way numerical solver was
developed, which solves the Navier-Stokes equations for the
fluid field coupled with the differential equation for the flexible
cilia model. Iterations between the two solvers ensure that the
hydrodynamic forces acted on the structure balance the internal
forces inside the structure and the momentum forces. Our
calculation results show that the row of cilia models is deformed
by the hydrodynamic forces. Interactions between the cilia
models greatly impact the hydrodynamic performance of
different cilia models at different locations. Thrust generation
was observed even with symmetric stroke kinematics of the cilia
model.

Since the stroke kinematics for each cilia model is
symmetric, the reason of the thrust generation lies in the
metachronous rowing motion, in which the cilia models stroke
sequentially with a fixed phase difference. With an increasing
phase difference of the cilia in the flow direction, the asymmetric
metachronous rowing motion thus generates thrust.

Our calculations demonstrated the potentiality of using FSI
to solve passive deformation problems.
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