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ABSTRACT

Torquigener albomaculosus, also known as the white-spotted pufferfish, is known for creating circular nests in the
underwater sand as part of the mating ritual. The nests are built by the males to attract females through the nest’s
impressive design and related ability to gather fine sand particles. As the fluid-dynamic processes associated with
these unique nests are still almost completely unknown, in the present study, an analysis has been conducted to
investigate how the geometric parameters related to the nest design influence the fluid velocity in its center. For
this reason, a geometric model of the nest consisting of 24 channels, where each unit channel can be described by
three strips of broken lines, has been introduced, and a multivariate analysis has been implemented to determine the
relative weight of each considered parameter. In particular, the “optimal” combination of parameters has been
obtained by means of an orthogonal design approach. We show that these bio-nest structures also display a potential
for significant application in marine litter collection, or for use as a buffer against the waves in offshore areas.
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1 Introduction

The emergence of bionics has led to new levels of scientific research, technological development, and
engineering capabilities for applications in human lives [1]. From obtaining natural resources to learning
from nature, nature has always inspired humans to come up with many novel ideas and concepts, inspired
by those seen in nature. Many flexible, practical, and efficient products have been developed, such as
honeycomb structures [2], radar sonar [3], solar applications [4], etc. These are applied in people’s
everyday lives and have become a necessity for many.

For thousands of years, humans have continued to observe and study nature, the habits, and the habitats
of many different organisms. Different kinds of tools and machines have been invented to effectively solve
various technological development problems. This paper is a study of the habitat of Torquigener
albomaculosus. Torquigener is a species of fish in the family Tetraodontidae [5]. Over the past 30 years,
underwater divers have found some strange and amazing circles on sandy bottoms at depths from 10 to
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27 m along the south coast of the Amami-Oshima Island of the Ryukyu Islands [6]. It was only in 2011 that a
Japanese underwater photographer, Yoji Okata, observed a pufferfish of the genus Torquigener Whitley
building one of these mystery circles [6]. In May 2014, the constructor of these mystery circles was
named Torquigener albomaculosus by the research team of the National Museum of Nature and Science [6].

Bionic structural studies are often carried out with the help of computers [7—9]. Numerical simulations
such as computer-aided engineering (CAE) [9—12] and computational fluid dynamics (CFD) [13—15] are
used instead of experiments, greatly saving costs of time and money. Scholars have used CFD [16-21]
and CAE [22-25] methods in the study of nanofluids [26,27], bionic engineering [28,29], engineering
architecture [30], and other fields. Computer-aided simulations enable the observation of many details
that cannot be captured by experiments, allowing for more in-depth studies. For example, Sachs et al.
[16] studied the effects of extremely large dihedral on the aerodynamic characteristics of birds using a
sophisticated aerodynamic method. With Sachs’s method [16], it could be observed and confirmed that an
extremely large dihedral substantially affects the aecrodynamic force characteristics. Meng et al. [17,31]
combined experimental measurements and numerical simulations to investigate the kinematic
characteristics, aerodynamic performance, and power requirement of ascending flight in fruit flies. Dong
et al. [18] presented an innovative design for a biomimetic whale shark-like underwater glider aiming at
the combination of high maneuverability and long duration using CFD methods. Previously Feng et al.
[22] reported bio-inspired camber morphing structures which were investigated through finite element
analysis. The present bio-inspired camber morphing structures can achieve shape-adaptive morphing
while the morphing skin is underactuated. In summary, computer assistance enables a more detailed
study. This paper uses computational fluid dynamics (CFD) methods to study the fluid behavior of
Torquigener albomaculosus nests.

Torquigener albomaculosus builds the mystery circles as their nests. The nest can attract female fish and
allows ocean currents to deliver sand into the center of the nest. However, studies focused on the fluid behaviors
of these mystery circles are rare. To study these mystery circle nests, firstly, a geometric model of the fish nest is
built to ensure maximum consistency with the nests built by the pufferfish. Then, the fluid behavior of the fish’s
nest is studied using a univariate fluid analysis method. Only the relative height of a point in the boundary line
or median line of the nest is varied to observe the flow characteristics. Finally, the flow characteristics of the nest
are studied by multivariate analysis, and the optimal solution of the nest model is obtained by the orthogonal
test method. It is verified that it has the lowest average speed in the living area. The bio-nest structures show a
significant potential for a possible application for reducing the impact of ocean currents in offshore areas or the
flushing of quicksand in the desert.

2 The Analysis Model for the Nest of Torquigener Albomaculosus

2.1 The Nest of Torquigener Albomaculosus

The model was derived from the nest of Torquigener albomaculosus, a kind of fish living in the Pacific
Ocean. The geometric model of the constructed nest is ensured to be maximally consistent with that built by
Torquigener albomaculosus, as shown in Fig. 1. Regarding the proportions of the prototype, the overall outer
circle diameter of this nest is set as 2 meters (m), while the central part of the nest (the area where Torquigener
albomaculosus live) is set as 0.8 m in diameter. Fig. 1 shows that this symmetrical nest is made up of several
channels, which can effectively reduce the impact of the ocean. On the one hand, the male fish constructs
it to attract female fish. On the other hand, the channels can draw the sand from ocean currents into the
nest’s center.

Three critical broken lines describe one channel unit (Fig. 2), the two lines on either side are boundary
lines of the channel. They have the same geometric features, and the middle line represents the channel’s
bottom line. Each of the three broken lines has five points 4;, B;, C;, D, and E; (Fig. 2b). The channel’s
surface is formed smoothly by three broken lines. The geometric model of the whole nest can be obtained
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by duplicating and rotating the surface of the channel unit. To study the fluid behaviors of the models by
changing and comparing the parameters of the geometric model, the points 4;, C;, and E; are set as fixed
points, and the points B; and D; are set as moving points in the vertical direction.

Figure 1: The prototype of the nest built by torquigener albomaculosus

(a) (b)

Figure 2: Unit of the channel in the model

2.2 The Geometric Models of the Nest of Torquigener Albomaculosus

Upon observing the established geometric models of the nest, first, we consider that for fluid analysis,
the shapes of the boundary lines (4;-£;) and the middle line (4,-E>) change independently and respectively.
Then the shapes of the boundary lines (4;-£;) and the middle line (4,-E,) are constructed to change
simultaneously for fluid analysis in this study.

Fig. 3 shows the boundary lines (4;-F ) and changes in the unit channel with the top and front views. As
seen in Fig. 3b, point B; is a moving point that can slide vertically, while points 4;, C;, and E; are fixed
points. The shape of this group of geometric models is changing consistently with this law for the next
fluid analysis.

Similarly, the changing rule of the middle lines (4,-E,) of the channel unit with the top view and the
front view can be seen in Fig. 4. Here the point B, is set as a moving point that can slide vertically, while
the points 4,, C,, D,, and E, are set as the fixed points. The shape of this group of geometrical models is
changing consistently with this law for the next fluid analysis.

Based on the results of the fluid analysis of the stated geometric models, a group of orthogonal
experiments were conducted to study the fluid behaviors of the nest, while the shapes of the boundary
lines (4;-E;) and the middle line (4,-E>) are changing simultaneously. The fluid analysis results of the
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geometric models will be discussed in Section 3. Fig. 5 shows the channel unit’s changing style of the
boundary lines (4;-E;) and middle line (4,-E,) with the top and front views. As shown in Fig. 6, the
points B;, D;, B,, and D, are set as moving points that can be sliding simultaneously in the vertical
direction, while the points 4;, C;, E;, A5, C,, and E, are set as the fixed points. The heights of points B;,
D, B,, and D, are given three different values in the orthogonal experiments for the fluid analysis (Fig. 6).

Vertical position
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¢ Fixed points E,
¢ Sliding points
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Figure 3: The geometry of the nest compared to the boundary lines (4;-E;) are changing: (a) the top view
and the front view; (b) changing style of the middle lines (4;-E;)
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Figure 4: The geometry of the nest compared to the boundary lines (4,-E>) are changing: (a) the top view
and the front view; (b) changing style of the middle lines (4>-E>)
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Figure 5: The geometry of the nest compared to the boundary lines (4;-£;) and the middle line (4>-E>)
changing simultaneously
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Figure 6: Changing style of the boundary lines (4;-E;) and middle line (4,-E,) of the unit channel: (a) the
variation of B;; (b) the variation of D;; (¢) the variation of B,; (d) the variation of D,

3 Fluid Behaviors of the Nest of Torquigener Albomaculosus

3.1 The Fluid Tunnel for Analyzing the Fluid Behaviors of the Nest

The commercial finite element software, HyperWorks (Version 2017, Altair Engineering, Inc., Troy,
Michigan), was used to analyze the nest’s fluid behaviors. The finite element (FE) models of the nest were
established in the CFD module of Hypermesh, a pre-processor of HyperWorks (Fig. 7). The fluid tunnel for
analyzing the fluid behaviors of the nest was also established in the CFD module of Hypermesh with a
length of 60 m, a width of 30 m, and a height of 30 m (Fig. 7a), which is big enough to send currents to
the nest. The overall outer circle diameter of this nest is ensured as 2 m, and the central part of the nest is
ensured as 0.8 m in diameter in the FE models of the nest. The fluid in the Virtual Wind Tunnel is set
as water, and the flow speed of the water is set at 3 m/s. The Mach number is less than 1, the fluid type is
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incompressible, and HyperWorks’ CFD post-processor AcuSolve was used to analyze the fluid behavior of the
nest. AcuSolve is based on the finite element (Galliakin Least-Squares) method and therefore has a fast and
good convergence speed and achieves a high solution accuracy. It is a general-purpose CFD solver based
on unstructured meshes, which is useful for some high-resolution outflow and inflow problems, thermal
analysis, multi-physics field, and dynamic mesh problems. The turbulence model is chosen as laminar. The
nest is divided by a triangular surface mesh, and the computational domain meshes with a tetrahedral mesh.

(b)
Figure 7: FE models of the nest and the virtual water tunnel

The governing equations of stable, incompressible fluids generally consist of the conservation equations of
mass (continuity equation) and momentum conservation equation. The specific governing equation is as follows:

Mass conservation equation (continuity equation):
V-(u)=0 @))

Momentum conservation equation (Reynolds-Averaged Navier-Stokes equation):

pV - (uu) =V - (u grand u) — % + S, )
Ip
pV - (vu) =V - (ugrand v) — a +3S, 3)
Ip
pV - (wa) =V - (u grand w) — 5% + Sy “4)

where p is density; u is dynamic viscosity; u is velocity vector, m/s; u, v, and w are the components of velocity
vector u in x, y, and z directions; S,,, S,, and S,, are generalized source terms for the momentum conservation
equation.
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The convergence of the mesh directly affects the accuracy of the calculated results, and it is essential to
reduce the errors in CFD simulations [32]. Mesh delineation is very important for simulation calculations,
and the type and accuracy of the mesh will directly affect the time and accuracy of the calculation. The
geometry of the Torquigener albomaculosus nest is relatively regular but has a sharp structure, so we used a
triangular surface mesh for delineation. In general, the higher the total number of cells in the mesh, the
higher the accuracy and the easier it is to capture the detailed features of the object’s surface. However, the
higher the number of meshes, the more computational time is required and the higher the computational
configuration. In practical applications, it is necessary to strike a balance between computation time and
accuracy. Therefore, we have to choose an appropriate number of meshes for the calculation.

Table 1 shows a relationship between the simulation results and the total number of mesh cells. Mesh
1 has a relatively large error compared to the other meshing strategies. The error between the remaining
three groups is small. Considering the computer configuration as well as time consumption, Mesh 2 was
chosen as the meshing strategy in this study.

Table 1: Mesh verification

Mesh The total number of ~ Experimental
type mesh cells (million)  results (m/s)
Mesh 1 1.64 1.173

Mesh 2 3.14 1.268

Mesh 3 5.65 1.251

Mesh 4 6.20 1.270

3.2 The Results of the Fluid Behaviors with Univariate Parameters

Corresponding to Section 2.2, the fluid behaviors of the nest were investigated when the shapes of the
boundary lines (4;-£;) in the channel unit changed. As shown in Fig. 8, the fluid in the virtual water tunnel
comes from the left of the nest at a speed of 3 m/s, and the relative height of point B; in the boundary lines
(4;-E;) 1s 0.32 m compared to the fixed point £;. Fig. 8 also shows that the fluid speed of the left area in the
nest is higher than the speed of the right area, and it can be found that the area of the highest speed is located
in the 6 = 90° region, corresponding to the fluid flow direction.

Velocity
4.083E+00

[ 3.629E+00
3.176E+00

= 2722E+00

7 2.268E+00
= 1.815E+00

— 1.361E+00
9.073E-01
4.537E-01

0.000E+00

3m/s

Figure 8: The direction of the currents and flow velocity distribution of the model with a relative height of
B;1s 0.32 m
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While the shapes of the boundary lines (4;-E;) in the unit of the channel change, all the resulting fluid
flow velocity images are given in Fig. 9. In Fig. 9, these models are arranged in the order of the vertical height
of the point B; from 0.32 to 0.43 m (0.32, 0.33, ..., 0.43 m). They are divided into (a), (b), and (c) groups.
Corresponding to Fig. 8, the red colors represent the high velocity, whereas the blue colors represent the low
velocity. Interestingly, the velocity of group (a) is the fastest among the three groups, while the velocity of
group (c) is the slowest. It can also be found that the areas of highest velocity in these models are in the § =
90° region, corresponding to the fluid flow direction. Moreover, the flow velocity distribution shows a high
symmetry which directly demonstrates the accuracy of the simulations.
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Figure 9: Flow velocity distribution in relation to the relative height of point B; (from 0.32 to 0.43 m)

The living area of the nest is of significant importance for Torquigener albomaculosus, and the average
velocity of the living area in the geometric model is calculated and compared in Fig. 10. The average velocity
of the living area decreases when the relative height of the point B; increases. Studying the fluid behaviors of
the nest vs. the shapes of the boundary lines (4;-£;) in the unit of channel change provides a reference model
for the following study. The model with the lowest average velocity of the living area is adopted as the initial
model for the following analysis.

The fluid behaviors of the nest and the shapes of the middle line (4,-F>) in the channel unit change were
also investigated. Fig. 11 illustrates the fluid flow velocity images when the shapes of the middle lines (4,-E>)
in the channel unit change.

As depicted in Fig. 11, these models are arranged in the order of the vertical height of point B, from
0.20 to 0.31 m and are also divided into (a), (b), and (c) groups. Corresponding to Figs. 8 and 9, the red
colors represent the regions of high velocity, whereas the blue colors represent the regions of low
velocity. The velocity of group (a) is the fastest among the three groups, and the velocity of group (c) is
the slowest.

The velocity of the living area is calculated and compared in Fig. 12 when the relative height of point B,
changes from 0.20 to 0.31 m. It can be found that the average velocity of the living area increases with
increasing the relative height from 0.20 to 0.29 m compared to the fixed point £, in the middle line (4,-
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E>). In particular, the average velocity of the living area decreases drastically when the relative height
increases to 0.30 m and further decreases at the relative height of 0.31 m.
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Figure 10: Flow velocity results of the living area in relation to the relative height of point B,
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Figure 11: Flow velocity distribution in relation to the relative height of point B, (from 0.20 to 0.31 m)

3.3 The Designed Orthogonal Experiment for Fluid Analysis with Multivariate Parameters

Based on the above univariate fluid analysis, a group of orthogonal experiments were designed and
conducted for multivariate fluid analysis in this section. As discussed in Section 2.2, the points B; and D; in
the boundary lines (4;-£;) and points B, and D, middle line (4,-E>) of the unit channel are set as moving
points, which can slide simultaneously in the vertical direction (Fig. 6). The height of the points B;, B,, D;,
and D, are given three different values in the orthogonal experiment for the fluid analysis as listed in Table 2.



1846 FDMP, 2023, vol.19, no.7

Average velocity (m/s)

0.20 0.22 0.24 0.26 0.28 0.30 0.32
Height of B, (m)

Figure 12: Flow velocity results of the living area in relation to the relative height of point B,

Table 2: The designed experimental factors

Experimental Description Experimental values (m)
factors (H,) ) ) 3
H,; Height of B, 0.30 0.35 0.40
H, Height of B, 0.20 0.25 0.30
H; Height of D; 0.15 0.20 0.25
H, Height of D, 0.05 0.10 0.15

As presented in Table 3, only 9 experiments are needed to replace 3* =81 experiments in the designed
orthogonal experiment. It is similar to the earlier detailed univariate fluid analysis. The fluid behaviors of the
nest models from these 9 experiments are compared in Fig. 13. The average velocities of the living area from
the 9 experiments are also listed in Table 3. Through calculating and comparing the ranges of the average
velocities of H;;, H;», H;; (Table 3), we find that the height of B;(H;) is the most significant factor
whereas the height of D; (H;) is the least significant factor. From the designed orthogonal experiment, the
optimum solution for these four variate parameters can be obtained with the H3;H,;H33H,; combination.
The designed optimum model with the H;;H,;H;33H,; combination is also investigated. Compared to the
9 experimental results, the average velocity of the designed optimum model is the lowest, as shown in
Fig. 14, with a value of 1.215 m/s, which proves the precision of the designed orthogonal experiment.

Table 3: The designed orthogonal experiment and results

Experiment lists Experimental factors (H,) Combination Experimental
H, H, H, H, results (m/s)

1 1 1 1 1 H;;H;H;;H;,;,  2.062

2 1 2 2 2 H;;H,H;,H,,  2.430

3 1 3 3 3 H;;H;H;3H;;3  2.363

4 2 1 2 3 H;,H,;H;>H;; 1.618

(Continued)
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Table 3 (continued)
Experiment lists Experimental factors (H,) Combination Experimental
H, i, H, H, results (m/s)
5 2 2 3 1 H;,H>,Hs33H,, 1.553
6 2 3 1 2 H;,H»;H;Hyy o 2.089
7 3 1 3 2 H;3H HzzsHy, o 1.268
8 3 2 1 3 H;3sH,H3 Hy;  1.585
9 3 3 2 1 H;3H>3H3,H,, 1.330
Results average of H;; (m/s)  2.285 1.649 1.912 1.648 N/A N/A
Results average of H;, (m/s) 1.753 1.856 1.793 1.929
Results average of H;3 (m/s) 1.395 1.927 1.728 1.855
Range 0.890 0.278 0.184  0.281
Optimum solution 3 1 3 1 H;,H, Hs3H 1.215

(9)
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Figure 14: The fluid behaviors of the optimum model from the orthogonal experiment
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4 Conclusion

In this paper, we constructed a geometric model of the nest that Torquigener albomaculosus builds.
Three critical broken lines describe the channel unit of the nest. Firstly, we considered that the shapes of
the boundary lines (4;-E;) and the middle line (4,-E,) change independently and respectively for fluid
analysis. Then the shapes of the boundary lines (4;-E;) and the middle line (4,-E,) were conducted to
change simultaneously for fluid analysis in this study.

(1) In the section of the univariate fluid analysis, it can be concluded that the average velocity of the
living area decreases when the relative height of point B; increases compared to the fixed point
E; in the boundary lines (4 ;-E;).

(2) Inthe univariate analysis, it is also obtained that the average velocity of the living area increases with
the relative height increasing from 0.20 to 0.29 m compared to the fixed point £, in the middle line
(4,-E>). In particular, the average velocity of the living area is greatly decreased when the relative
height has increased to 0.30 m, and further decreases at the relative height of 0.31 m.

(3) In the section on multivariate fluid analysis, a group of orthogonal experiments for fluid analysis
were designed and conducted. It can be concluded that the relative height of B; (H;) is the most
significant factor, whereas the relative height of D; (H;) is the least significant factor. According
to the designed orthogonal experiments, the optimum solution for these four variate parameters
can be obtained with the H;3;H,;H;3H,; combination, which shows the lowest average velocity
(1.215 m/s).

In this paper, we revealed that the nests of Torquigener albomaculosus can effectively reduce the ocean
current’s velocity in their living area. In future research, this structure can potentially be used in intercepting
plastic waste moving with ocean currents. In addition, this structure has a further potential application as a
buffer device against the incoming waves in offshore areas.
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