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Abstract. This paper presents an integrated simulation approach to study the propulsion mechanism of a biomimetic silicone fishtail while operating in water. The bending motion of the tail is generated by a cyclic hydraulic water flow that provides a harmonic variation in the inner pressure. A nonlinear finite-element method is employed to obtain the properties of the soft structure; and based on these data, a simplified bar-spring system is created to model the tail. The fluid-structure interaction is handled in the environment of multibody dynamics simulation software which couples the bar-spring system model and an unsteady panel method. Here, the unsteady panel method is used to solve the hydrodynamic problems arising from the complex motion of the fishtail in water. The validations of the bar-spring system model and the unsteady panel method are investigated and confirmed in this paper. The simulation runs for various cases with different values of the hydraulic water pressure and the motion frequency. Based on the propulsion results, it is shown that the present fishtail design is valid for a complete biomimetic fish robot that will be developed soon by the research group.
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1. Introduction

Fish robots belong to a class of biomimetic aquatic robots, which mimic the swimming mechanisms of biological fishes in nature [1]. In terms of geometry, streamlined shapes are normally applied to reduce the fluid drag in an effort to enhance the swimming performance. On the other hand, the relative locations of the center of mass, the geometric center and the center of pressure play an important role in stabilizing the robot while swimming under water. While these abovementioned factors can be easily tuned and rectified in the initial stage of the designing process, the more complex problem is to design the propulsive mechanism of the robot. For both biological and biomimetic fishes, the tail is the main part to generate the propulsive force. While actual fishes can manipulate many joints along their spines to create various motion patterns of their tails  so as to generate the propulsive force efficiently [2], robotic fishes have their own mechanical limitations in terms of force generation. In fact, fishes in specific and aquatic animals in general have evolved for millions of years to achieve their current optimal swimming mechanisms. Hence, learning from biological counterparts is a shortcut for robotic fishes to rapidly improve their swimming capabilities.
As noted above, there are always limitations for robotic fishes in copying the propulsive mechanisms of actual aquatic animals. A solution, which has been devised to overcome this trouble, is the use of soft mechanisms [3]. Compared to conventional mechanical joints, soft mechanisms are more flexible and lightweight. However, it should be noted that using soft mechanisms may give more troubles to the development of the control algorithms. In the present study, after compromising many aspects including the efficiency, cost and the availability of the technology, our research group has decided to use the soft propulsive mechanism for the current robot design. This paper shows an integrated simulation approach that is developed to investigate the complex mechanical characteristics of the soft fishtail. The tail is modelled with a simple bar-spring system, and the fluid-structure interaction phenomenon can be studied in detail. Compared to the conventional approach based on the finite-element method, the use of the bar-spring system can reduce the computational cost significantly, which is of great importance in the designing process. The hydrodynamic force is computed by an unsteady panel method [4]. The simulation is performed for a tail model undergoing a harmonic bending motion generated by a cyclic pump at a frequency of 1.0 Hz.

2. Materials and Methods

2.1. The Design of the Fishtail Model

[bookmark: _GoBack]The fishtail comprises the fin layers, the neutral layer and the elastic parts (Fig. 1). The fore part of a fin layer is directly attached to the neutral layer and the elastic parts of the tail. For fishes, fins play a significant role in the generation of the propulsive force. At the trailing edge of the fin, water is shed backward according to the Kutta condition [4] to provide thrust to the model. The neutral layer is the middle layer of the tail, and this component keeps neither compressed nor extended during the pressurization process. The elastic parts, which have the most complex structures, are made of Silicon RTV 25. The centered channel is created with the inlet and outlet are placed at the two ends of an elastic part. Water is carried through this channel to the cavities, which are distributed uniformly along the tail. Inside these hollow chambers, water can be either pressurized or depressurized in order to bend the tail left- or rightward. A cyclic hydraulic pump is connected to the inlets of the tail, and works at a frequency of 1.0 Hz. The basic dimensions of the tail are presented in Fig. 2.
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Fig. 1. Fishtail components 
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Fig. 2. Fishtail dimensions 

2.2. Structural model

The structure of the fishtail is firstly modelled in finite-element software, in which the solid elements are applied to the elastic part, and the fin and neutral layers are modelled with the shell elements. The front end of the tail is clamped, and water at different pressure levels is pumped to the right half of the tail. Figure 3 shows the deformed shape of the tail when the pressure varies from 0 to 60 kPa.

[image: ]
Fig. 3. The deformed shape of the fishtail at various pressure values 
[image: ]
Fig. 4. The equivalent mass-spring system 
Next, an equivalent bar-spring system is developed based on data from finite-element simulation (Fig. 4). Firstly, the stiffness of the torsional springs is obtained based on the bending angles at the cylindrical joints due to a nodal force applied at the end of the tail. In this study, a system of four bars and four springs is used. For the next step, the external torque at each joint of the system is determined as a function of the hydraulic pressure. To validate the present equivalent system, the bending angle θ, which is defined in Fig. 5, is calculated at various pressure values by a finite-element method and a multibody-dynamics solver for the mass-spring system. 
[image: ]
Fig. 5. Validation of the present equivalent mass-spring system 

2.3. Hydrodynamic model

The hydrodynamic model is based on the unsteady panel method, which is developed to solve the Laplace equation for potential flows [4]. It should be noted that to avoid any abnormalities in the solution of the hydrodynamic solver, the fore part of fish body is included. The geometry and the panel mesh of the fish are shown in Fig. 6. According to the panel method, on each panel we place a source and a doublet, whose strengths are determined by taking the boundary conditions into account. Here, we apply three boundary conditions, which are the far-field, the Dirichlet and the Neumann conditions. The far-field boundary condition guarantees zero perturbations at a large distance. The source strength is obtained by the use of the Dirichlet boundary condition, which prevents the flow from penetrating into the body. The Neumann condition stated that the velocity potential inside the body is zero, or rather no flow appears in this region.

[image: ]
Fig. 6. The geometry and hydrodynamic panel mesh of the robotic fish model 

To validate the hydrodynamic model, the lateral force and pitching moment of a pitching/heaving NACA0012 hydrofoil are computed and compared with those from an experiment [5]. Good agreement is observed in Fig. 7; thus, it is relevant to ascertain the validity of the present hydrodynamic model.
[image: ]
Fig. 7. Validation of the hydrodynamic model for a NACA0012 hydrofoil 

3. Results and Discussion

The approach presented in Section 2 is applied to the robotic fish model with respect to several hydraulic pressure values. The thrust and side force are computed and shown in Fig. 8.

[image: ]
Fig. 8. Thrust and side force at different hydraulic pressure values 

It is seen that the forces oscillate at the frequency of the cyclic pump (1.0 Hz). The amplitudes of the forces increase with the hydraulic pressure, and the effect of the pressure on the thrust is greater than that on the side force. The mean side force is almost zero, which indicates the symmetric nature of the bending motion. The mean thrust grows with the pressure as shown in Fig. 9. It appears that the mean thrust increases with a parabolic rule against the hydraulic pressure.

[image: ]
Fig. 9. Mean thrust against the hydraulic pressure 

The fluid wake generated by the motion of the tail is shown in Fig. 10. It is seen that at larger pressure, the bending of the tail becomes more significant; hence, the fluid behind the tail is pushed backward more rapidly. According to the momentum conservation principle, a larger propulsive thrust is generated.

[image: ]
Fig. 10. Wake structure at different hydraulic pressure values
4. Conclusions

The present paper has explored the propulsive mechanism of a biomimetic soft fishtail through a simulation approach that integrates an equivalent mass-spring system and the unsteady panel method. The mass-spring system is built based on data from the finite-element method using the solid and shell elements. The multibody-dynamics solver is used to obtain solutions of the mass-spring system. The unsteady panel method, which is validated in this paper, is employed to compute the hydrodynamic force acting on the model. A cyclic pump is designed to connect to the tail and provide hydraulic pressure to bend it harmonically at a frequency of 1.0 Hz. Compared to the conventional approach using the finite-element method, the present one can reduce the computational cost by decreasing the number of degrees of freedom. The numerical results have shown that the mean thrust increases with the hydraulic pressure provided from the pump by a parabolic rule. The variation of the side force is also derived against the pressure. Moreover, the simulation program can produce the structure of the wake shed from the tail; and according to the momentum conservation principle, the backward motion of this wake accounts for the generation of the thrust when the tail bends along its vertical axis. The results from this paper can form a basis for the further design of a biomimetic fish robot as well as the development of nonlinear control algorithms applied under water.
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