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ABSTRACT

Ctenophores swim using flexible rows of appendages called
ctenes that form the metachronal paddling. To generate
propulsion, each appendage operates a power stroke that strokes
backward, followed by a recovery stroke that allows the
appendage to readjust its position. Notably, strokes of most
metachronal swimmers are asymmetric, with faster power
strokes while slower recovery strokes. Previously, the material
properties are assumed as isotropic. So, the faster power stoke
will lead to more pronounce deformation and the slower
recovery stroke will lead to less deformation. However, this
contradicts with the observations that power-stroking ctenes
have the least deformation and recover deforms more, indicating
an anisotropic material behavior. Such anisotropic material is
hard to be manufactured, but the anisotropic behavior may be
achieved by making the initial structural shape curved. The pre-
curved ctene, that bending towards downstream, will be
straighten in power stoke while easy to bend during recovery
stroke. Our study aims to demonstrate the feasibility of using pre-
curved shapes to achieve anisotropic material properties during
metachronal swimming. Treating it as fluid-structure interaction
(FSI) problem, we integrate our in-house computational fluid
dynamics (CFD) solver with a finite element method (FEM)
solver, utilizing strong coupling methods for convergence. By
comparing the performance of pre-curved ctenes with straight
ones, which represent isotropic material properties, we found
that the curved ctenes exhibited 26.05% to 65.69% higher cycle-
averaged thrust compared to the straight one as stiffness is lower.
However, as stiffness increased, the pre-curved ctenes produced
3.92% to 30.58% less thrust than the straight omes. Similar

trends were observed in propulsive efficiency, with the pre-
curved ctenes demonstrating 46.97% better efficiency at the
lowest stiffness but dropping to 34.02% less efficient as stiffness
rise. Thus, while the pre-curved initial shape led to better
performance at lower stiffness, exceeding a certain stiffness
threshold resulted in worse performance compared to straight
ctenes. The thrust enhancement from pre-curve shape is due to
the drag reduction during recovery stroke, where the curved
shape mitigate part of force to point more downward.

NOMENCLATURE
Fr Thrust force
Cr Thrust coefficient
Cpw Power coefficient
L_/tip Cycle-averaged ctenes tip speed
L Ctene length
f Flapping frequency
Re Reynolds number
u; Velocity component
P Pressure
v Seawater kinematic viscosity
T Period
K Reduced stiffness
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1. INTRODUCTION

Metachronal paddling is a commonly adopted swimming
technique for small organisms equipped with multiple swimming
appendages such as cilia, pleopods, or other structures like those
found in ctenophores, copepods, and krill [1-6]. During the
metachronal swimming, each closely spaced appendage
undergoes a power stroke opposite to the direction of swimming
motion, followed by a recovery stroke to readjust its position.
The power stroke generates thrust, while the recovery stroke
encounters drag force. To ensure efficient collaboration without
interference between adjacent appendages, each typically strokes
with a certain phase lag against its neighbor [7,8]. For optimal
performance and to mitigate interference, these organisms have
evolved flexible appendages that can deform dynamically to
facilitate the swimming performance [9,10]. Moreover, many
species adopt temporal asymmetrical strokes where the power
stroke is faster than the recovery stroke to maximize thrust and
minimize drag [11,12].

As the material of appendages are usually assumed as
isotropic, where the stiffness remains the same when the
appendage stroke in either direction. Based on this assumption,
the deformation in power stroke will be more pronounced due to
higher acceleration, comparing to less deformation in recovery
stroke due to gentler acceleration. However, the observation of
animals, like ctenophores, contradicts this assumption, showing
that the deformation in power stroke is smaller than in recovery
stroke [11,12]. Thus, the ctenes of ctenophore is stiffer in the
power stroke than the recovery stroke, indicating anisotropic
material behavior.

For natural ctenophores, the anisotropic material of ctenes
may be controlled through adjusting the ATP supply to the ctenes
[13,14]. However, replicating this control in engineering designs
presents significant technical challenges. An alternative
approach is to utilize isotropic materials while mimicking
distinct deformations in opposite directions. For example,
researchers have designed soft robotic appendages for jellyfish
robots, reinforcing one surface to prevent bending on one side
while allowing bending on the other [15]. To realize stiffer
material property in power stroke and softer material property in
recovery stroke, each ctene can be originally made with
curvature and bended against swimming direction, making the
bending harder in power stroke while easier in recovery stroke
due to such initial structural shape.

Our study aims to demonstrate the feasibility of using pre-
curved shapes to achieve anisotropic material properties during
metachronal swimming. To address this, we treat the problem as
a fluid-structure interaction (FSI) problem and integrate our in-
house computational fluid dynamics (CFD) solver with a finite
element method (FEM) solver, utilizing strong coupling methods
for convergence. By comparing the performance of pre-curved
ctenes with straight ones, which represent isotropic material
properties, we aim to investigate the influence of the initial
structural shape on metachronal paddling. The insights gained
from this study will offer valuable guidance for engineering
designs inspired by metachronal swimming animals, potentially

leading to advancements in the development of biomimetic
swimming robots and propulsion systems.

2. METHODOLOGY

2.1 Kinematics

This study employs two types of 2D flexible ctenes with the
same length (L ). One type of ctene is entirely straight, referred
to as the straight ctene (figure 1a), while the other is initially bent
into a 60-degree arc while maintaining the ctene length as L,
referred as the curved plate (figure 1b). To mimic the
metachronal paddling, five ctenes of each type are placed in a
row and rooted on a straight substrate with uniform spacing of
L. The ctene roots are given sinusoidal stroke motion as equation
(1).

a = A, sin(2uft) (1
where the a is the pitch angle, A, is the amplitude, and f is the
normalized beating frequency. In this study, the amplitude A, is
60° and normalized frequency f is 1. Figure 1¢ shows the time
history of the pitch angle of two types of plates. To prevent
contact with the substrate, the pitch angle of curved ctenes is
shifted up by 15° while maintaining the same amplitude.

At the beginning of the stroke period, the leftmost straight
ctene starts with a pitch angle of 60°, whereas in the curved case,
it begins at 75°. Subsequently, the adjacent ctenes in both cases
exhibit a phase lag of 0.25T relative to the first one. This phase
lag remains consistent for all subsequent ctenes, maintaining the
same relative timing with respect to the preceding ctenes.
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Figure 1. A row of (a) straight and (b) curved ctene models rooted on
the substrate with prescribed motion. The black line illustrates ctenes
with a pitch angle of zero, while the grey line depicts ctenes at eight
evenly spaced time intervals during one cycle. (c) Time history of the
prescribed pitch angle for the first ctene of straight and curved model.
The pitch angles of the two models have a constant difference of 15°.
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2.2 Governing equations and numerical method for
the flow

The governing equations adopted here are the unsteady
incompressible viscous Navier-Stokes equations, which are
shown in equation (2) and (3), and discretized using the
collocated grid arrangement, where the primitive variables (u;
and p) are stored in the cell center.
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where u; (for i = 1,2,3) denotes the velocity components in the
X, y, and z directions respectively. p is the normalized pressure,
v is the kinematics velocity, and p is the fluid density.

The above equations are solved by a finite difference-based
immersed-boundary method in a non-body-conforming
Cartesian grid, which are integrated in time using the fractional
step method. The advantage of the immersed-boundary method
is that it is not necessary to use complicated re-meshing
algorithms that are used by other conventional body conformal
methods. This flow solver has been successfully applied to
studies of biological propulsion [16—19]. Details of the CFD
solver in solving the Navier—Stokes equations are elaborated and
validated in our previous studies [20-23].
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Figure 2. The definition of the width W and length L of the model.

2.2.1 Fluid structure interaction solver

To solve the fluid structure interaction problem, this study
integrated our in-house computation fluid dynamic (CFD) solver
with a finite element method (FEM) solver (Vega FEM,

University of Southern California, Los Angeles, CA) [24]. At
each time step, the CFD solver is strongly coupled with the FEM
solver, as shown in Figure 2. Similar coupling methods have been
successfully adopted by studies for fish swimming and insect
flight [25].

2.3 Simulation setup

The flow domain is discretized into a non-uniform Cartesian
grid which has the dimension of 30Lx5L (figure 3a), where the
total grid size is 0.26 million. To balance the computational cost
and quality, two-layer mesh with different mesh density is used.
A dense layer is placed closely round the model. Outside, a less
dense mesh layer wraps the denser mesh region. The far field is
relatively coarse but can provide smooth transition to the flow
boundary. In natural, those beating appendages are rooted on
substrates. To mimic ground effect from the substrate, the bottom
boundary is non-slip. The rest of the boundaries are set to zero-
gradient boundary conditions.

The mesh in the FEM solver is illustrated in figure 3b for the
straight plate and in figure 3c for the curved plate, where the
shapes in two cases represent the initial state of the models. The
averaged thickness h is 0.0375L.

In all the simulations, the Reynolds number (Re = UtipL/ V)
is 50. The Poisson's ratio (vy) is 0.25. The mass ratio (m* =
psh/psL ) is 0.375. Multiple reduced stiffness ( K =

E7L3/12pr_ltl-p2L3) has been tested, including 0.05, 0.11, 0.24,
0.52,and 1.11.
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Figure 3. (a) The computational grids for all simulations (side
view). The mesh for (b) straight plate case and (c) curved plate
case.

2.4 Evaluation of hydrodynamic performance and
nondimensionalization

By solving the Navier-Stokes equations, the surface pressure
and the shear stress are computed, which are used to calculate
the hydrodynamic forces on each ctene. To evaluate the overall
hydrodynamic performance, we calculated the individual ctene
thrust coefficients Ct which is derived from the vertical
component, thrust Fr, given by equation (4),
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where p; is the fluid density, Un-p is the cycle-averaged tip
velocity, and s is the surface area of the plates.

The hydrodynamic power is calculated as the surface integral
of the product of the pressure and velocity at each surface
element, which is defined by equation (5). The power coefficient

is given by equation (6).

P=—[[(4p+A4t)n-u.ds (5)
P
Cow =
pw =1 (6)
fprtzl-ps

where Ap and At are the pressure difference and shear stress
difference across the plate, n is unit normal vector of an element
of the plates, u, is the cell-centered velocity vector of the
element, ds is the area of the element.

3. VALIDATION

We conducted the validation by comparing the results of our
solver with the results from Dai et al and Liu et al [26,27]. In the
validation, a 3D flat plate was given a rotational motion along its
leading edge, where the pitch angle « is defined in figure 4. The
rotational kinematics is given by the equation (1) and the heaving
amplitude a, is 12°.

Figure 4. The definition of the kinematics and pitch angle a from
side view in the validation cases

To validate our solver, 5 simulations have been conducted under
different reduced stiffness K of 0.1, 0.5, 1, 2, 5, and 50. The
trailing edge amplitude A that normalized by the length L is
calculated for different K, as defined in figure 5(b). The results
of our simulation are shown in figure 5(a) which are also
compare with the ones from the other two studies. Our results
show good alignment with the other two studies.
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Figure 5. (a)The comparison between the results from our solver and
other studies, (b)The definition of the trailing edge amplitude.
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4. RESULTS AND DISCUSSIONS

Figure 6 presents the resulting deformation of the plates of
different values of reduced stiffness K. During recovery stroke,
the curved plates have larger curvature and lower tip position
than the straight case under the same K. This may reduce the drag
force during the recovery stroke due to lower cross section area
against incoming flow []. During the power stroke, the curved
plates is straighter than the straight plates. This attributes to that
the pre-curved shape of the curved plates cancels out the
deformation stemming from the hydrodynamic resistance.
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Figure 6. (a-f) The resulting deformed straight plates as stiffness
from 1.11 to 0.05. (g-n) The resulting deformed curved plates as
stiffness from 1.11 to 0.05. The highlighted plates are at t/T = 0.5.
The gray trailing shadow of plates represents the deformed plate at
every 0.125T.

Figure 7 shows the time history of mean thrust coefficient Ct
and mean hydrodynamic power coefficient Cp,,, averaged across
five ctenes. These mean coefficients are computed after
removing the phase lag in the force history. Across all cases,
thrust peaks occur during the midpoint of the power stroke, while
reaching a minimum negative value during the midpoint of the
recovery stroke. During the power stroke, the peak thrust values
for the straight cases across all K values closely resemble those
of the curved cases. Conversely, during the recovery stroke, for
K values ranging from 0.05 to 0.24, the peak drag of the straight
cases is consistently smaller than that of the curved cases,
indicating a phenomenon of drag reduction. However, as K
increases, up to 1.11, this drags reduction shifts to drag
increment. The peak drag experienced by the curved cases during
the recovery stroke surpasses that of the straight cases
considerably.

In terms of the power consumption, as K ranges from 0.05
to 0.24, the peak power of the curved cases is lower than that of
the straight cases. However, as K extends from 0.52 to 1.11, the
power of the curved cases during the recovery stroke experiences
a significant increase compared to the straight cases.
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Figure 7. (a) The mean thrust coefficient Cy and (b) power
coefficient Cp,y, of straight plate row. (c) The thrust coefficient Cp

and (d) power coefficient Cp,y, of curved ctene row. Shaded area
represents the power stroke period.

For the comparison of the overall performance between two
cases, figure 8 shows the cycle-averaged thrust coefficient Cy
and thrust to power ratio C1/Cy,, at various K. Across the range
of K from 0.05 to 0.24, the curved case has higher thrust and
propulsive efficiency. The curved ctene row, with Ct from 0.074
to 0.221, demonstrates 65.69% to 26.05% higher thrust than the
straight case’s 0.045 to 0.175. The Cr/Cp, of the curved ctene
row ranges from 0.353 to 0.181, which is 46.97% to 32.18%
higher than the straight case’s 0.240 to 0.137. However, as K
increases beyond 0.52 up to 1.11, the curved cases exhibit
diminished overall performance. The curved case has Cy of
0.174 to 0.108 which is 3.92% to 30.58% less than straight case’s
0.181 to 0.155. Besides, the C1/Cpy of the curved ctene row
ranges from 0.129 to 0.089, which is 3.37% to 34.02% lower
than the straight case’s 0.133 to 0.135. Hence, the pre-curve
appendage offers advantages that enhance thrust and propulsive
power efficiency at lower stiffness levels, but these benefits
transition into negative effects on overall performance as
stiffness reaches a critical threshold.
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Figure 8. (a) Cycle-averaged thrust coefficient Ct and Cycle-
averaged thrust to power ratio C1/Cp,, at different reduced
stiffness K.

To further investigate the factors driving performance
enhancement, we compare the pressure fields of straight and
curved cases at a K value of 0.24, which represents the optimal
condition for higher thrust and efficiency (figure 9). At either t/T
0f 0.25 or 0.75, the ctenes during the power stroke phase exhibit
similarities between the two cases, consistent with observations
from the force history (figure 7a and c). However, notable
differences emerge in the pressure fields near the ctenes during
the recovery phase, particularly evident around the second to
fourth ctenes (as shown in figure 9b and 9d). These disparities
result in distinct force directions. Due to the greater curvature,
the forces exerted in curved cases point more downward
compared to the straight case, resulting in reduced horizontal
force components, indicative of less drag force. Consequently,
the thrust enhancement stemming from the pre-curved geometry
may be primarily attributed to drag reduction resulting from the
downward-directed surface force.
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Figure 9. As K = 0.24, contour of pressure coefficient Cp of
straight and curved case at t/T = 0.25 and t/T = 0.75.

Furthermore, given that the thrust enhancement become
negative effect as ctenes become stiffer, it is crucial to understand
the underlying cause of this reversal. Figure 10 illustrates the
pressure fields of the two cases at two time

instants with a K value of 1.11. At this stiffness level, the
curved case exhibits the poorest performance compared to the
straight case. The pressure fields around the ctenes during the
power phase, such as the third ctene in Figure 10a and 10c, show
similarities between the two cases, consistent with observations
at K = 0.24. However, during the recovery stroke, the pressure
on the posterior side of the ctenes in the curved case is
significantly lower than that in the straight case (second to fourth
ctene in Figure 10b and 10d). This finding corroborates previous
force history results indicating a dramatic increase in drag force
experienced by the curved cases during the recovery stroke
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(figure 7a and c). Compared with the straight case, regions of
low-pressure during recovery stroke in the curved case behind
the ctenes is much strengthen. These strengthened low-pressure
zones behind the ctenes may arise from larger curvature of the
curved ctenes. The curvature of curve ctenes forms a cup that
cause a cupping effect which eventually forms a low-pressure
zone behind ctenes, causing more drag.

(a) T =0.25, straight

)

(b)t/T = 0.75, straight

Pa €

()T = 0.25, curved

.\ 1 F
(DT =0.75, curved

| .
15 Cp 1.5

Figure 10. As K = 1.11, contour of pressure coefficient Cp of
straight and curved case at t/T = 0.25 and t/T = 0.75.

The drag experienced during the recovery stroke primarily
hinges on the pressure gradient between the anterior and
posterior surfaces of the ctenes, indicating how much lower the
pressure in the low-pressure zone is compared to the anterior
pressure. Thus, weakening the intensity of the lower pressure
zone could lead to drag reduction. This mechanism operates
simultaneously with the previously observed drag reduction
resulting from the downward-pointing force direction at lower
stiffness levels. When stiffness is low, the low-pressure zone in
both cases exhibits similarity, and drag reduction primarily stems
from the more pronounced downward force direction. However,
as stiffness exceed a certain threshold, the straight case becomes
less prone to bending, thereby weakening the previous cupping
effect and the associated low-pressure zone. The drag reduction
effect resulting from the weakening of the low-pressure zone
outweighs that of the downward-pointing force direction. This
elucidates why thrust enhancement diminishes as stiffness
exceeds a certain threshold. Furthermore, it offers insight for
engineering designs, suggesting that pre-curved appendages may
reduce drag and enhance performance when the material is less
stiff, while the benefits of the pre-curved shape may lead to
adverse effects on performance if the material is too stiff.

5. CONCLUSIONS

In this study, we have integrated our in-house computational
fluid dynamics (CFD) solver with a finite element method
(FEM) solver to solve fluid structure interaction (FSI) problems
using strong coupling methods. Employing this FSI solver, we
compared the hydrodynamic performance of 2D ctenes with
initially straight and curved structural shapes. Results of this
comparison varied significantly based on stiffness.

At lower stiffness levels (K = 0.05-0.24), the pre-curved
ctenes exhibited 26.05% to 65.69% higher cycle-averaged thrust
compared to the straight one. However, as stiffness increased, the
pre-curved ctenes produced 3.92% to 30.58% less thrust than the
straight ones. Similar trends were observed in propulsive
efficiency, with the pre-curved ctenes demonstrating 46.97%
better efficiency at the lowest stiffness but dropping to 34.02%
less efficient at K= 1.11. Thus, while the pre-curved initial shape
led to better performance at lower stiffness, exceeding a certain
stiffness threshold resulted in worse performance compared to
straight ctenes.

In one hand, at lower stiffness, the thrust enhancement
stemmed primarily from the curvature of the pre-curved ctenes,
which directed the acting force more downward during recovery
strokes, leading to drag reduction. On the other hand, at high
stiffness, the decline in thrust was attributed to the straight
ctenes' reduced ability to form cups, which are more prominent
at lower stiftness. This interference weakened the lower-pressure
zone posterior to the ctenes during recovery strokes, outweighing
the benefits of the pre-curved initial shape and resulting in
decreased overall thrust and efficiency.
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