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Abstract

Cuttlefish are known to have superior characteristics for attitude control by using two fins.
The objective of this study is to clarify the characteristics of cuttlefish-like motion for an
optimal attitude control. To analyze both flows around a cuttlefish and its motion depending
on fluid force, coupled simulation of the moving computational domain method and motion
dynamics were applied. Furthermore, moving mesh techniques combined with a torsional
spring approach and an angle-based-smoothing enabled the calculation of various fin motions.
As a first step, it is confirmed whether fluid—rigid structure interaction of moving cuttlefish
robot is correct. As a result of comparison with the movement of the experiment robot, the
movement was almost in agreement. Therefore, this calculation method is effective. In
addition, it was found that the influence of the movement of cuttlefish fins on the flow field
was small.
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Introduction

Cuttlefish swim by undulating the fins on the sides of their bodies. This affects the
surrounding flow and enables fine movement, resulting in excellent attitude control. By
incorporating this movement into a fish-type robot, the robot can move underwater without
raising mud on the sea floor or getting entangled in seaweed. The robot can also achieve fine
attitude control when working with its arms.

The way cuttlefish swim is currently being studied. Kier et al. [1] suggested that in their fin
movements, cuttlefish swim in almost the same way as do fish. Rahman et al. [2] are
developing a robot that imitates the side fins of cuttlefish. They have indicated that propulsion
and rotation can be performed by fin undulation. However, little has been reported on attitude
control. Enabling a robot to achieve attitude control will make it possible to smoothly perform
underwater work and ecological surveys even if disturbances such as tidal currents and waves
largely affect the obtained results. It is therefore important to conduct research on the attitude
control mechanism. Although experiments have been done using a robot, they are costly and
difficult to implement. Therefore, studies based on numerical fluid dynamics are effective. On
the other hand, as a simulation method, it is necessary to consider the interaction of moving
fins and fluid flow around the fins and body. Therefore, we performed a coupled simulation of
fluid dynamics and dynamics of structure.

In the work we report in this paper, we clarified fin movement as a means to achieve attitude
control and performed coupled simulation of numerical fluid dynamics and structure



dynamics. As a first step, we determined whether the fluid-rigid structure interaction of a
moving cuttlefish robot is correct.

NUMERICAL APPROACH
Governing equations

The governing equations are the continuity equation and the incompressible Navier—Stokes
equation. These are written as
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where q is the velocity vector, Ea, Fa, and Ga are respectively advection flux vectors in the X,
y, and z directions, Ey, Fy, and Gy are viscous-flux vectors, and Ep, Fp, and G are pressure

terms. The elements of the velocity vector and flux vectors are
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where u, v, and w are respectively the velocity components of the x, y, and z directions and p
is pressure. The x, y, and z subscripts respectively indicate derivatives derived from x, y, and z
and Re is the Reynolds number. We also took into account the combined translation and
rotation motions of a cuttlefish. The rigid body equations of motion are
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Here, ps is the momentum vector of the body, fg is the external force vector, Lg is the angular
momentum vector, Ng is the torque vector, and @, is the angular velocity.

Moving-grid finite-volume method

To ensure the geometric conservation laws are followed, we used a control volume in the
space-time unified domain (X, y, z, t), which is four-dimensional in the case of three-
dimensional flows. This enables Eq. (2) to be written in divergence form as
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The present method is based on a cell-centered finite-volume method. Thus, the flow
variables are defined at the center of the cell in the (X, y, z) space. The control volume
becomes a four-dimensional polyhedron in the (x, y, z, t)-domain, as schematically illustrated
in Figure 1.
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Figure 1 Schematic view of control volume Qin (X, Y, z, t) space-time unified domain.

We apply volume integration to Eg. (6) with respect to the control volume illustrated in
Figure 1. Using the Gauss theorem, we can write Eq. (6) in surface integral form as

[, 9-FoV = F RS ~ Y (F-5) -0 ©

Here, 7, is an outward unit vector normal to the surface of the polyhedron control volume Q

(6_5). The term A= (7, .7,,7,7)n (I=1, 2,... 6) denotes the surface normal vector of control

volume and its length is equal to the boundary surface area in four-dimensional (x, y, z, t)
space. The upper and bottom boundaries of the control volume (I =5 and 6) are perpendicular
to the t-axis. Therefore they have only the 5 component, the length of which corresponds

respectively to the cell volume in the (x, y, z)-space at time t" and t"**. Thus, Eq. (8) can be
expressed as
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Moving computational domain method

The basic coordinate system of the moving computational domain method is the general,
fixed, stationary (X, y, z) Cartesian coordinate system. The computational domain itself,
including the body inside, moves in the fixed (x, y, z)-space. The flow around the body is
calculated as the moving boundary problem. Unknown flow variables, such as pressure p and
x-directional velocity u, are defined at each grid cell center in the computational domain. The
motion of the computational domain in accordance with the body motion y in the physical
space is arbitrary. Accordingly, any kind of body motion can be simulated by the moving
computational domain method. The flow field driven by the body is calculated in the
computational domain in which the body fitted mesh system is used. The computational
domain itself moves in the physical (x, y, z) space time-dependently. Thus, since the mesh
system of the computational domain also moves in the (x, y, z) space, a flow solver has to be
constructed for the moving grid system. In the present moving computational domain method,
the moving-grid finite-volume method [3] is used. The only necessary and essential
assumption is that the conditions in front of the moving computational domain have to be
known because they are necessary as a boundary condition of the flow solver. The natural
assumption may be the stationary fluid condition in front of the moving computational
domain.

Spring approach for moving grid

Cuttlefish fins change their angle from 0 to 45 degrees. To express such fin movements, it is
necessary to use a large movement defined by a computational grid. Thus, we used the spring
approach [4], which adds a torsion spring effect to the conventional spring method. In this
approach, to obtain robustness in the computation, we added a spring constant associated with
the shape of the cell (cells sides’ angles), as shown in Equation (10).

Kij = Kispringis + Kangidi (10)

In our work, we specifically used the following equations:

1
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where lij shows the side length of the cell. Then, 6;,, and 8,; are angles defined by two torsion
sides of a tetrahedral cell, as shown in Figure 2.



Figure 2 Spring constant for tetrahedron.

Numerical procedure

To solve Eq. (9), we apply the SMAC method [5]. Thus, Eq. (9) can be solved in the three
following stages. The equation to be solved at the first stage contains unknown variables at
n+1-time step in flux terms. Thus, the equation is iteratively solved using the LU-SGS method
[6]. The equation to be solved at the second stage is the Poisson equation about the pressure
correction. This equation is iteratively solved using the Bi-CGSTAB method [7]. The flux
vectors are evaluated using the QUICK method, whereas the flux vectors of the pressure and
viscous terms are evaluated in a central-difference-like manner. The incompressible fluid-
body interaction is calculated in the first step of the SMAC method. Figure 3 shows the

flowchart of the fluid-body interaction.
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Figure 3 Flowchart for interaction calculation.

NUMERICAL RESULTS

To verify the efficacy of the fluid—rigid structure interaction method, we used a cuttlefish
robot to compare simulation results with the experiment results [2]. In the experiment, we




investigated circular movement due to the frequency differences between the left and right
fins.

Calculation model

The experiment robot used in this calculation is shown in Figure 4. The robot has a total
length of 1.3 m, a maximum width of 0.714 m, a thickness of 0.1 m, a fins length of 0.874 m,
a fillet width of 0.075 m and a weight of 62.8 kg.

= &
Figure 4 Cuttlefish robot [2].

The calculation model is shown in Figure 5. On a dimensionless basis, its total length L
amounts to the total length of the experiment robot. Figure 6 shows the model’s surface mesh
and Figure 7 shows the computational mesh around the model. We generated the
computational mesh using MEGG3D supported by JAXA [8]. The calculation region is a
sphere with diameter 30L. The number of cells is 2,875,222. The coordinate system defines
the x axis in the length direction and the y axis in the width direction, and the direction
perpendicular to them is the z axis.

Figure 5 Cuttlefish robot model.
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Figure 7 Computational mesh around cuttlefish robot.

Fin movements

The cuttlefish fins move in a traveling wave motion and the fin deformation is represented
by the following equations:

6 = 0(s) sin(2nKs — 2mNt), (13)

6(s) = sin* {1 - 0.905(; = 0.5)%} sin Opnas | (14)
y(t) =1 cos b, (15)

z(t) = rsiné. (16)

In these equations, @ is the angle from the base of the fin to its tip, K is wave number, N is
frequency, fL is the fin length in the x direction, s is the length in the x direction from the tip
of the fillet, 6,,. IS the maximum angle, and r is the length from the base of the fins to the tip.
In accordance with the experiment conditions, the calculation condition was set to 1 for the
wave number and 45° for the maximum angle. The direction of traveling wave motion is the-x
direction. The left and right fins are defined as shown in Figure 8. The left fin frequency is 0.5
Hz and the right fin frequency is 1.0 Hz.
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Figure 8 Definition of robot’s left and right fins.

Movement and deformation of computational mesh

Figure 9 shows the movement and deformation of the space mesh. This figure shows that the

fin movement is represented by the deformation of the computational mesh and the quality of
the cell shape is maintained.
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Figure 9 Mesh deformation for fin motion at y-z plane.



Calculation conditions

As computational conditions, the characteristic length is 1.3 m, the characteristic velocity
is 0.5 m/s, the kinematic viscosity of water is 1.004x10° m?/s, and the Reynolds number is
647,000. The time step is 0.0001. It is assumed that the model moves in static fluid. The
initial stationary condition of pressure and the velocity components in the x, y, and z
directions are given by p = 0.0 and u = v = w = 0.0. The model movements are obtained by
coupled analysis of fin movement and fluid dynamics.

Trajectory of moving cuttlefish robot

Figure 10 shows the movement trajectory of the side fin type robot up to T = 51.4 s. This
figure shows the trajectory from the upper side, and the one that is not transparent is the
position at T = 51.4 s. The robot gradually rotates in the acceleration from the stationary state
and performs the circular movement. The obtained results confirmed that the simulation
reproduces the movement in which the speed and the attitude angle change moment by
moment.

.~

Figure 10 Trajectory of cuttlefish robot in circular motion.

We used the calculation results to compare the gravity position center coordinates of the robot
obtained in the experiment Rahman et al. reported [2]. Figure 11 shows a comparison of the
trajectory of the center of gravity position in the x-y plane. Red lines represent simulation
results and blue lines represent experimental results. Figure 11 shows that both trajectories
have the same circular motion. In comparing the circular motion diameters, we found the
experimental result was 1.40 m, the simulation result was 1.31 m, and the error was 6.8%.
The simulation result and the experimental result basically match. This confirms the
effectiveness of the present calculation method of fluid-rigid structure interaction and the
validity of the calculation result.
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Figure 11 Center of gravity trajectory.

The flow field calculation results we obtained were a 0.1 m/s velocity isosurface around the
robotatt=0s,17.1s, 34.3 s, and 51.4 s (Figure 12). We consider that the velocity isosurface
exist only around the fins, which little affects the surrounding flow. Figure 13 shows the
pressure distribution on the cuttlefish robot surface. The obtained results confirm that in
frequency terms the pressure changes more in the right fins than in the left fins, and that thus a
difference in thrust force exists between the left and right fins.

(c)t=34.3s (d)t—514s
Figure 12 Velocity isosurface at V = 0.1 m/s
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(b)t=17.15s
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Figure 14 shows the time history of the forces applied to the whole object, i.e. the right and
left fins in the x direction. These x directions refer to the object fixed coordinate system.
Figure 14 shows that a propulsion force applied to the right fin is larger than that applied to
the left fin. The difference in the thrust force applied to the left and right fins makes a circular

motion.

(d)t=514s
Figure 13 Pressure distribution on the cuttlefish robot surface.
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Figure 14 Time history of force applied to the robot.



CONCLUDING REMARKS

We confirmed whether fluid—rigid structure interaction of a moving cuttlefish robot was
correct for attitude control. In comparing experiment results with calculation results, we found
that they agreed well. We ascertained that the calculation method results obtained with our
method agreed well with simulation results and showed our method’s efficacy. We also
confirmed that the fin movement did not affect the flow field very significantly. We also
found that the difference in thrust force on the left and right fins makes a circular motion.
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