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Deep-sea exploring and sampling technologies have become frontier topics. Generally, the movable exploring mode near the seabed with low disturbance is an important way to improve the measurement accuracy and expand the measurement range. Inspired by fish, the fishlike propulsion method has the characteristics of low disturbance and high flexibility, which is very suitable for near-seabed detection under complex terrain conditions. However, the swimming mechanism and surrounding flow field evolution law of the robotic fish under the constraints of complex terrain are still unclear. In this paper, the confined terrain space is constructed with an undulating seabed and a narrow channel, and the hydrodynamic changing law and flow field evolution law of the autonomous swimming process of the fishlike swimmer in the confined space are analyzed. Moreover, the influence mechanism of the terrain on the motion performance of the robotic fish is revealed, and the optimal motion mode of the robotic fish under a complex terrain constraint is discussed. The results show that the propulsion force, Froude efficiency, and swimming stability of the robotic fish vary with the distance from the bottom under the undulating seabed condition lightly. When the distance from the bottom exceeds a certain value, it can be considered that the undulating seabed no longer affects the swimmer. Furthermore, when the robotic fish swims through a narrow channel with certain width, the swimming performance obviously varies with the distance from the boundary surface. During swimming in the confined terrain space, the propulsion force and swimming stability of robotic fish will decrease. In order to maintain the forward speed, the robotic fish should improve the tail-beat frequency in real time. However, considering the swimming stability, the tail-beat frequency is not the larger the better. The relevant conclusions of this paper could provide theoretical support for the development of low-disturbance bionic exploring and sampling platforms for deep-sea resources and environments.
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1 Introduction

In terms of marine scientific research, seafloor sample analysis in the laboratory (He et al., 2020) and in situ seafloor analysis (Takahashi et al., 2020) are important ways to obtain environmental, geological, and biological information about the seabed sediment. The heavy in situ equipment represented by deep-sea landers (Wei et al., 2020) and the light mobile equipment represented by underwater robots (Whitt et al., 2020) are the main seafloor detection and sampling tools. Because of the flexible motion ability and the extensive operational range, underwater robots have attracted increasing interest in both science area and technology area (Dhongdi, 2022).

In practice, underwater robots have been widely used in deep-sea exploration and sampling. Fossum et al. (2021) have developed an autonomous underwater vehicle (AUV) for detection and sampling of the Arctic front characterized by strong lateral gradients in temperature and salinity and the AUV-augmented ship-based sampling. Feng et al. (2021) have developed an AUV to detect and track the thermocline, which had an important influence on marine fisheries, and achieved coverage observation of a highly dynamic water column containing multiple thermoclines. In order to achieve autonomous discovery and intense sampling of high chlorophyll-a concentration areas, Zhang et al. (2022) have proposed an online path-planning method with heterogeneous strategies and low-communication cooperation for the adaptive sampling of multiple AUVs. Jiang et al. (2022) have proposed to construct a movable laboratory that includes a mothership and several full-ocean-depth autonomous and remotely operated vehicles to obtain samples in the hadal trenches. Yoerger et al. (2021) have developed an AUV to address the specific unmet needs for observing and sampling a variety of phenomena in the ocean, including environment and biodiversity. However, the abovementioned devices are driven by underwater screw propellers, which will severely disturb the water body and sediment. The water body and the sediment within the target area will easily mix with each other, and the sample purity and the detection accuracy will be seriously affected.

Fortunately, the swimming method of fish inspired the development of new concept underwater robots, and the fishlike propulsion mode could greatly lessen the effect of underwater robot movement on the in situ environment. Li et al. (2021) have developed a self-powered soft robot for deep-sea exploration by the dielectric elastomer material, which has been actuated successfully in the Mariana Trench. Wang et al. (Wang et al., 2022) have designed and manufactured a high-frequency swing robotic fish based on the electromagnetic driving mechanism to achieve fast swimming. Zhong et al. (2018) have developed a robotic fish with a wire-driven caudal fin and a pair of two-degree of freedom (DOF) pectoral fins, whose swimming speed can be 0.66 body length per second and turning radius can be 0.25 body length per second. Dong et al. (2022) have proposed a robotic fish driven by the soft actuator consisting of stacked soft polyvinyl chloride (PVC) gel to achieve high-flexibility swimming. Moreover, Wang et al. (2021) have designed a novel multilink gliding fish robot to build a reliable information collection system for the Internet of Underwater Things (IoUT), which could enable smart ocean in the future.

In order to increase the motion stability and the control accuracy of the robotic fish in the detection and sampling process, the hydrodynamic characteristics of the fishlike swimming motion should be analyzed to provide the dynamic model for the motion control. Ghommem et al. (2020) have simulated thrust forces, lateral forces, and vorticity patterns in the wake of a swimming deformable fishlike body to reveal the existence of an optimal lateral oscillation amplitude that produces positive thrust. Xue et al. (2020) have studied the evolvement rule of the fluid field around the fishlike model from starting to cruising and the hydrodynamic effect to find that the superposition of vortices could benefit the swimming performance. Ogata et al. (2017) have simulated the swimming processes of fishlike swimmers at various Reynolds numbers (Re) and analyzed several data sets of flow field using Q-criterion isosurfaces to build a prediction model for the terminal swimming speed at different Re. Hang et al. (2022) have designed a self-propelled two-link model to analyze the effects of both active and passive body bending on the swimming performance of robotic fish, and the results showed that speed and efficiency could be improved simultaneously when fish actively bend their bodies in a fashion that exploited passive hydrodynamics. Xing et al. (2022) have proposed a novel bionic pectoral fin and experimentally studied its hydrodynamic performance, and the results indicated that the hydrodynamic performance was closely related to the motion equation parameters including the amplitude, frequency, and phase difference. Li et al. (2021) have discussed the hydrodynamic characteristics and flow field structure of fish schools in various vertical patterns to find that the thrust and swimming efficiency of individuals can be improved. Macias et al. (2020) have emphasized the importance of the vortex wake for the formation of thrust during fish swimming. The Q-criterion was employed in their work for vortex identification to address the hydrodynamic characteristics of a swimming fish, and the relationship between the hydrodynamic force coefficient and the vortex wake was analyzed. However, the research on hydrodynamic characteristics is mostly about the robotic fish swimming in the open flow field without boundaries. During the detection and sampling process, the robotic fish must move close to the seabed, which constitutes a restricted space for robotic fish to swim. The restricted space will affect the hydrodynamic characteristics and further affect the motion stability and the control accuracy.

Windsor et al. (2010) have proven that the characteristic changes in the form of the flow field occurred when the fish was near the plane wall, and the fish was able to sense the changes using a lateral line. The phenomenon has inspired to develop a distributed pressure sensory system (Xu and Mohseni, 2016). Quinn et al. (2014) have conducted force measurements and particle image velocimetry on flexible rectangular panels to imitate the flexible swimming mode of fish, and the results showed that panels produced more thrust near the ground. Xie et al. (2022) have investigated the hydrodynamics of a three-dimensional (3D) flapping caudal fin in ground effect to find that the caudal fin flapping near the ground has an effect of improving thrust and efficiency. Ma et al. (2021) have studied the influence of ground effect on the performance of robotic fish propelled by oscillating paired pectoral fins to find that the average thrust increased with the decreasing distance between the robotic fish and the bottom. The above studies all concentrated on the object of caudal fin, pectoral fin, and flexible plate, and the constraint boundaries were all single plane. The swimming performance of the entire fish or robotic fish has not been adequately studied. Additionally, deep-sea bottom topography is incredibly complex with features including undulating terrain, narrow channels, and other flow field boundary conditions. It is yet unclear how these complex deep-sea bottom topographic features affect the hydrodynamics of robotic fish.

This work focuses on the hydrodynamic characteristics of a fishlike swimmer under the constraint conditions of an undulating terrain and a trench terrain. Through the hydrodynamic force calculation and flow field visualization, the influence mechanism of the complicated terrain on the swimming performance is demonstrated, and the optimal motion mode of robotic fish adapting to a complex terrain condition is discussed. The rest of this paper is organized as follows. In the section Model, the geometry model and motion model of the fishlike swimmer are established, and the step boundary and the double-wall boundary are established to simulate the undulating terrain and the trench terrain, respectively. In the section Method, the numerical model to simulate the self-propelled fishlike swimmer moving in the restricted space is established, the simulation accuracy is discussed, and several cases are conducted with various tail-beat frequencies of the fishlike swimmer. In the section Results and Discussion, the hydrodynamic force and flow field are visualized, and the effects of the terrain on the hydrodynamic characteristics and swimming performance are discussed. In the section Conclusion, the work is concluded. The findings of this work will clarify the influence mechanism of complicated terrain conditions on the hydrodynamic characteristics of the fishlike swimmer, provide a theoretical bases for the motion control, and do favor in improving the motion stability and the control accuracy of robotic fish when detecting and sampling near the seabed.



2 Model


2.1 Geometry and kinematic laws for the fishlike swimmer


2.1.1 Geometrical model of the fishlike swimmer

After long-term evolution, the fish has developed complicated and varied movement patterns, which can be categorized into Body and/or Caudal Fin (BCF) mode and Median and/or Paired Fin (MPF) mode based on the motion parts (Wang et al., 2022). Most fish conduct BCF mode to achieve high swimming speed and excellent propulsion efficiency. In addition, according to the relative position that the propulsion force-generating part occupied compared to the overall length of the fish body, the BCF mode can be further divided into four categories, Anguilliform, Subcarangiform, Carangiform, and Thunniform (Hoar et al., 1983).

The Carangiform fish was taken as the biomimetic object of this study, whose head swing range is fairly small, the length of the caudal fin and swinging trunk occupied nearly half of the entire body, and the pectoral fins could do favor in propulsion. The total length Lb of the fishlike swimmer includes a head length L1, a trunk length L2, and a tail length L3. The 3D dimension of the geometrical model is Lb×Wb×Hb , as shown in Figure 1.




Figure 1 | 3D geometrical model of the fishlike swimmer. 3D, three-dimensional.





2.1.2 Morphological kinematic model

Fish has a flexible body and can swim with a variety of fluctuating motion principles, which is the key point of excellent swimming performance (Wang et al., 2022). As a result, when describing the fluctuating motion model of the fish body, flexibility must be taken into consideration. In the swimming process, the motion trajectory of the fish body’s midline can be precisely described by the traveling wave equation with a steadily rising amplitude (Cui et al., 2018).

The kinematic model specified by previous research (Xue et al., 2020) was adopted to describe the body’s deforming motion of the Carangiform swimmer to minimize the head yaw amplitude. The length of the entire body was used in dimensionless processing. Meanwhile, a time function (Curatolo and Teresi, 2016) was introduced to simulate the whole deformation process from a static state to a steady pace to deal with the starting divergence problem in the simulation. The optimized kinematic model of the swimmer’s midline can be expressed as follows:

 

where x represents the displacement along the direction from the head to the tail, y represents the lateral undulation value of the midline in the body frame, t is the swimming time, f is the tail-beat frequency, k=2π/λ is the wave number, and λ is the wavelength. In addition, A and ε control the oscillating amplitude, and s describes the initial oscillating position at the body.

Assuming that the fishlike swimmer moves in a straight line along a set direction, without steering motion, and the fluctuation amplitude and period are constant. The body-caudal fin fluctuation of the fishlike swimmer can be regarded as periodic motion. The fluctuation curves of the midline in one tail-beat cycle are depicted in Figure 2, where λ=0.95 , A=0.1 , s=5 , and ϵ=3 .




Figure 2 | Midlines of the fish for different instants in one tail-beat cycle.



The hydrodynamic force generated by the pectoral fins of the swimmer is the key factor to achieve the motion in three dimensions. Although it is not the focus of this study, in order to simulate the swimming process more realistically, the effect of the pectoral fin on swimming was taken into consideration. The left and right pectoral fins were simply defined as simultaneous oscillations with equal angles. The oscillation equation of pectoral fins in the x–z plane can be defined as follows.

 

where θ(t) represents the angular oscillation of the pectoral fins, θmax is the maximum oscillation amplitude, and φ is the phase difference between the fluctuating motion of the body and oscillation of the fins.




2.2 Models of complex terrain


2.2.1 Undulating seabed boundary

When a robotic fish performs exploration and sampling near the seabed, the uneven seafloor surface constitutes the boundary of the motion space. The complex topography of the seafloor will significantly affect the flow field close to the seabed (Rogers et al., 2018) and further affect the swimming performance of the robotic fish. Compared to the size of the robotic fish, the scale of the terrain, such as a submarine mountain, cliff, and cave, is relatively large (Lecours et al., 2016). The effects on hydrodynamics caused by large-scale terrains change smoothly, which has little impact on the motion stability of the robotic fish. However, the structural characteristics, such as a small-scale undulation and a local bulge, have an obvious and sudden impact on the swimming performance, which should be taken into consideration.

The topography of the seafloor is intricately layered. In order to facilitate the quantitative description of the topography changes, the local undulation feature of the seabed was simplified using the stepped surface to describe the height change of the seabed. The height of the fish body Hb was used to nondimensionalize the distance H between the fish belly and the seafloor surface. The process of the robotic fish that swam near the stepped surface was simulated. As the robotic fish swam, the value of H decreased gradually, as shown in Figure 3. The impact of the seabed boundary modification on the swimming performance was examined. In this process, the values of H changed in the sequence as 5Hb, 2.5Hb, 1.25Hb, and 0.25Hb. Ahead of the comparison, the fishlike swimmer should reach to a steady speed to eliminate the influence of the starting process. Thus, the robotic fish swam a significant distance in the area where H was equal to 5Hb. In addition, the swimming distance was 3Lb at the condition where H was equal to 2.5Hb, 1.25Hb, or 0.25Hb.




Figure 3 | The undulating seabed boundary model.





2.2.2 The narrow channel

The fishlike propulsion mode has shown excellent mobility and flexibility, which makes fish or robotic fish swim in narrow channels easily. The flow field changes resulting from the two vertical boundary surfaces of narrow channels should be given enough attention when the robotic fish conducts underwater exploration and sampling (Ćatipović et al., 2019). Under the condition that the channel width is narrow, the impact of the boundary surfaces on the hydrodynamic characteristics of the swimmer is clear enough, which will affect the swimming performance. Especially during the processes of the swimmer entering the narrow channel from the open water and swimming from the narrow channel into the open water, the boundary conditions of the flow field change dramatically, which will disturb the motion state of the robotic fish. Then, the seabed exploration and sampling process will become unstable.

Similarly, the structure of the narrow channel was simplified. The two vertical boundary surfaces of the narrow-channel model were both set as plane, and the distance W from one side of the swimmer to the near narrow-channel boundary was nondimensionalized by the body width Wb, as shown in Figure 4. The continuous process of the swimmer moving into the narrow channel from the open water, passing the narrow channel, and subsequently moving out of the narrow channel to the open water was numerically simulated. The impact of the boundary on the motion stability of the swimmer was analyzed. In this process, the values of W changed in sequence as 10Wb, 5Wb, 1Wb, and 10Wb. Before moving into the narrow channel, the robotic fish swam a suitable distance in the area where W was equal to 10Wb before entering the narrow channel. The swimming distance was 3Lb at the condition where W was equal to 5Wb or 1Wb. The included angle between the transition connection surface and the boundary surface is 45 degrees.




Figure 4 | The narrow-channel boundary model.







3 Method


3.1 Computational methodology


3.1.1 Numerical implementation

According to the above definition of kinematics, the rolling and pitching DOFs of the swimmer can be ignored when swimming in 3D space. Thus, the fishlike swimmer can achieve three translational DOFs (forward translation x, lateral translation y, and vertical translation z) and one rotational DOF (yaw angle ψ) in the global frame OXYZ as shown in Figure 5. The generalized location X, velocity V, force F vectors, and the mass matrix M of the swimmer’s center of mass (COM) can be defined as follows:




Figure 5 | Sketch of the world frame OXYZ and the DOFs of the swimmer. DOFs, degree of freedoms.



 

where u, v, w, and r are the generalized velocity components corresponding to the generalized location, Fh is the force component in the corresponding directions, Mh is the moment component in the z-direction, m is the mass of the swimmer that has a density of ρb=ρ , and Iz is the moment of inertia to the COM. The 4-DOF motion of the self-propelled swimmer can be described as follows:

 

where MT is the generalized total mass matrix, MT=M+MA , and MA is the generalized added mass matrix. The generalized instantaneous fluid force F can be calculated directly by the numerical simulation. The swimmer’s generalized location X and generalized velocity V of each time step Δt can be calculated from the force value and motion state at the previous time step in the numerical simulation.

The trapezoidal rule was used for numerical integration, such that the generalized variables at time (t+Δt) in the calculation process can be expressed as follows:

 



3.1.2 Evaluation of the swimming performance

In this work, the variation of swimming efficiency and dimensionless hydrodynamic coefficients were used to evaluate the swimming performance of the fishlike swimmer under complex terrain changes.

Although there has been much discussion and controversy about the calculation method of the fishlike swimming efficiency (Schultz and Webb, 2002), the Froude efficiency was often adopted to quantify the swimming efficiency in most studies. Froude efficiency was a relatively reasonable parameter that indicated the proportion of the useful power to the total power, as follows (Borazjani and Sotiropoulos, 2008):

 

where  is the average thrust, Us is the steady swimming speed, and  is the average power loss due to the lateral undulations. In order to obtain the Froude efficiency of the fishlike swimmer in the steady swimming process, the instantaneous thrust and lateral power should be clarified first.

In the numerical simulation, the fishlike swimmer swam along the x direction of the computational domain, from static state to steady motion until the thrust was approximately equal to the drag, which was a continuous process. The fluid force F along the x direction can be computed by integrating the pressure force and viscous force on the fish body (Borazjani and Sotiropoulos, 2008), as follows:

 

where p and τ are the pressure and viscous stress tensor, respectively, nj is the j–th component of the unit normal vector on dS, nx is the unit vector along the x direction, and S is the surface area of the swimmer’s body. To separate the contributions of thrust T(t) and drag D(t), the instantaneous net force F(t) can be decomposed as follows (Li et al., 2019):

 

 

Moreover, the nondimensional thrust (CT) and drag (CD) coefficients along the x direction can be calculated as follows:

 

 

The swimming power loss due to lateral undulations of the body can be calculated as follows:

 

where uy is the lateral component of the body motion velocity.

The nondimensional lateral power loss coefficients can be defined as follows:

 

The effects of terrain change on the Froude efficiency and hydrodynamic coefficients were discussed in the following part.



3.1.3 Governing equations

The swimming process can be regarded as the research on the hydrodynamics and external flow field of a moving and undulating body in which the domain was occupied with an incompressible viscous fluid. The time-averaged continuity equation and the Reynolds-averaged Navier–Stokes (RANS) equations of incompressibility in the 3D Cartesian coordinate system can be used as the governing equations of the computational domain (Malalasekera and Versteeg, 2007), as follows:

 

where U is the average velocity vector (U, V, W), u′ is the pulsation velocity vector (u′, v′, w′) , P represents the average pressure, ρ is the density of the fluid, and fi are the components of body force in different directions. The instantaneous velocity vector u(u, v, w)=U+u′ .




3.2 Preparation and verification of the numerical simulation

In this study, the commercial software ANSYS Fluent was used for the numerical solution of the governing equations with fluid-motion interaction. The computational domain was discretized by meshes using the commercial software Fluent Meshing. In particular, the compiled user-defined function (UDF) programs were written to realize the deformation and self-propelled motion of the fishlike swimmer. The flow field was visualized by the commercial software Tecplot, and the data-processing work was realized by the commercial software MATLAB. The numerical simulation was carried out on the desktop workstation configured with 64-Core 128-Processor Intel(R) Xeon(R) Platinum 8375 CPU @2.80GHz and 256GB RAM. Additionally, it should be noted that the validation of the numerical simulation was carried out in the case where the robotic fish swam in a rectangular tank, rather than the above complex terrain model, to reduce the computing resources. In the simulation with the complex terrain model, the discretization method of the computational domain, the partition scale of the grid, and the calculation settings were the same as the validated process. When the difference of the mean swimming speed value between the two consecutive motion cycles was less than 5%, the motion state can be regarded as steady swimming.


3.2.1 Computational domain discretization and calculation setup

The computational domain of the verification work to simulate the self-propelled motion of the fishlike swimmer was a large enough cubic tank full of fresh water, whose size is 11Lb×20Wb×11Hb . The dynamic mesh technology based on the arbitrary Lagrangian–Eulerian (ALE) method was used in this study. However, it was difficult to deal with the complex self-propelled motion of the swimmer with body undulating and pectoral fins oscillating only using the dynamic mesh technology; the problem of negative volume mesh occurred frequently. Then, the overlapping grid technology was used to deal with that problem effectively (Li et al., 2012; Horne and Mahesh, 2019). Therefore, two sets of meshes were established: the poly-hexahedral global mesh was set as the background mesh and the triangular body-fixed mesh was set as the component mesh. The full tank was configured as the background mesh, and the swimmer was completely covered in the component mesh where the deformation of the swimmer was included. The dynamic mesh technology with diffusion smoothing method and remeshing method was used to deal with the large deformation of the component mesh, and the overset moving setup on the background mesh was used to define the relative motion between the swimmer and the global coordinate system.

The boundary conditions and meshes of the simulation domain are shown in Figure 6. Surface 1 was set to a velocity inlet with the velocity magnitude of 0 m/s to keep the water still, and surface 2 was set to a pressure outlet with the gauge pressure of 0 Pa. Surface 3 and surface 4 were no-slip walls, and the overset setup was imposed on surface 5.




Figure 6 | Meshes and boundary conditions.



The pressure-based solver, absolute velocity formulation, and transient time model were taken into utilization. The k−ω SST (shear stress transport) turbulence model with low Re adaptation was adopted to solve Eq. 14. The k−ω SST model was of relatively low computational cost and accurate calculation, which had good adaptability to the simulation of the boundary layer and free shear flow (Macias et al., 2020). In solution methods, the least-squares cell-based scheme was used for the gradient evaluation, the second-order discretization was used for the pressure term, and the second-order upwind scheme was used for the momentum term. Moreover, both the turbulent kinetic energy and turbulent dissipation rate were second-order upwind scheme; the transient formulation is first-order implicit type.



3.2.2 Independence validation and generalized added mass

In order to validate the independence of the mesh size to the simulation results, both the background mesh and component mesh of the computational domain were divided into five levels, as Coarse, Coarser, Normal, Finer, and Fine. Regardless of the mesh level, the local maximum size of the background mesh was four times its local minimum size, and the local maximum size of the component mesh was three times its local minimum size. The local minimum size of the five background meshes was 0.075 Lb, 0.0625 Lb, 0.05 Lb, 0.0375 Lb, and 0.025 Lb, and the local minimum size of the five component meshes was 0.015 Lb, 0.0125 Lb, 0.01 Lb, 0.0075 Lb, and 0.005 Lb. The minimum orthogonal quality of all meshes was required to be not less than 0.3. The tail-beat frequency f of 2.0Hz and other morphological kinematic parameters remained unchanged in the simulation with various meshes. The steady nondimensional forward velocity Us/Lb was specified as the evaluation variable to verify the independence. Moreover, the maximum time step Δtmax was determined by the minimum mesh size and the maximum deforming velocity of the body. Similarly, five levels of the time step, T/80, T/100, T/200, T/400, and T/500, were divided to validate the independence of the time step, where T = 1/f. The validation results are shown in Figure 7.




Figure 7 | The values of nondimensional steady velocity for independence validation. (A) Independence validation of the mesh size (B) Independence validation of the time step.



It was clear that the forward velocity that remained almost unchanged are reaching Normal-level mesh according to Figure 7A. The excessive rough mesh would cause serious instability in simulation results when mesh deforming, and excessive fine mesh would lead to not only the waste of computing resources but also limitation in accuracy improvement. Thus, the Normal-level mesh was selected for the time-step independence validation and swimming process simulation. As shown in Figure 7B, the forward velocity did not respond significantly to the change of time-step level, and the time step T/100 was selected for the swimming process simulation.

In order to calculate the generalized added mass, the motions of the swimmer along various directions were defined as low-speed and small-amplitude sine oscillating movements of a rigid body.

 

where the subscript i =1,2,3 represents the translational mode in three directions of Cartesian coordinate system, i=4 represents the rotational mode around the z direction, Ai is the amplitude of motion velocity, and ωi is the motion frequency. In this paper, Ai=0.01 m/s and ωi = 0.5 rad/s. The generalized hydrodynamic force of the swimmer was decomposed into the generalized viscous force and inertia force attributed to velocity and acceleration, respectively (Li et al., 2010). The overset mesh technology was also used to simulate these motions as Eq. 15, and the hydrodynamics Fh and Mh were recorded. The generalized force on the swimmer should be entirely supplied by the acceleration when the instantaneous speed was zero. Thus, the added mass can be obtained by dividing the hydrodynamic force in each direction by the corresponding acceleration with a zero instantaneous speed. The result of the generalized added mass matrix was calculated as follows:

 

The completed dynamic equation of the robotic fish system can be established by combining Eq. 4 with Eq. 16.




3.3 Swimming process simulation

In the numerical simulation, the swimming motions of the fishlike swimmer at three tail-beat frequencies (1.0Hz, 1.5Hz, 2.0Hz) in an undulating terrain and a narrow channel were simulated. In terms of the simulation domain, the maximum width was 20Wb and the maximum height was 11Hb, and in these circumstances, the fish body can be regarded to be free swimming without effect of the up-down and left-right boundary based on the validation results. When the robotic fish swam forward gradually along the x direction, the changing topography would gradually affect the hydrodynamic characteristics and swimming performance of the swimmer.




4 Results and discussion


4.1 Effects of complex terrain on the swimming performance


4.1.1 Forward speed

The forward swimming speeds of the fishlike swimmer are depicted in Figures 8A and 9A with changes in the tail-beat frequency f, the dimensionless height H, and the dimensionless distance W. The unit BL·s−1 used to describe the forward speed means the body length per second. The swimmer with different tail-beat frequencies swam across various terrain conditions, but the changing pattern of the forward speed was consistent. From the starting static state to a steady swimming condition, the forward speed gradually rose until reaching an asymptotic stable value. The forward speed rose as the tail-beat frequency rose, and the instantaneous speed fluctuated periodically, matching the tail-beat period.




Figure 8 | Forward speed of the swimmer at different values of f and H (A) Instantaneous forward speed (B) Average forward speed.






Figure 9 | Forward speed of the swimmer at different values of f and W. (A) Instantaneous forward speed (B) Average forward speed.



Furthermore, the average forward speeds at different tail-beat frequencies, dimensionless height H, and dimensionless distance W were calculated. The effects of the above dimensionless distance parameters on the average forward velocity are described in Figures 8B and 9B. As shown in Figure 8B, when the dimensionless distance H was larger than 1.25Hb, the average forward speed varied little at different tail-beat frequencies. When the value of H was 0.25Hb, the average forward speed had a relatively small reduction approximately 0.3%–0.8% compared with that of the value of 1.25 Hb at different tail-beat frequencies. Figure 9B demonstrated that when the dimensionless distance W was larger than 5Wb, the average forward velocity had almost no change under different tail-beat frequencies. When the value of W reached 1Wb, corresponding to the three tail-beating frequencies of 1, 1.5, and 2.0 Hz, the average forward speed decreased by 1.82%, 2.41%, and 3.11%, respectively, compared with that of the value of 5Wb. When the value of W got back to 10Wb, the average forward speed increased synchronously. As a result, it was believed that the swimming boundary’s bottom had little influence on the swimmer’s swimming speed, but the forward speed would be slowed when the swimmer passed through the narrow channel. The higher the tail-beat frequency, the larger the decline.



4.1.2 Froude efficiency and hydrodynamic coefficients

A previous study (Takahashi et al., 2020) has shown that the Carangiform kinematic mode of self-propelled constant-speed swimming was inefficient at low Re. The model specified in this work guaranteed that the swimmer maintained a high Re at all tail-beat frequencies, exceeding 10,000. Figure 10 shows the change of Froude efficiency with dimensionless distance under various swing frequencies. Although there is a considerable variation in Froude efficiency under various swing frequencies, the distance parameter did not appear to have a major impact on it. The efficiency was maintained at a nearly constant value for each motion mode. It was worth mentioning that Froude efficiency appeared to increase with frequency. In order to further verify this point, the Strouhal number (St) based on tail-beat frequency f, tail-beat amplitude A, and steady forward speed Us was calculated according to Eq. 17, and it characterized the swimmer’s undulation performance. The values are 0.176, 0.171, and 0.165, respectively, under tail-beat frequencies of 1.0, 1.5, and 2.0 Hz. The results discovered that St gradually decreased as frequency increased. In fact, the swimmer at higher St indicated quicker lateral undulations, resulting in a higher lateral power loss and lesser efficiency, and which was consistent with the findings of this work.




Figure 10 | Froude efficiency of the swimmer at different values of f, H, and W. (A) Froude efficiency at different values of f and H (B) Froude efficiency at different values of f and W.



 

Several typical cycles in 2 s of instantaneous hydrodynamic coefficients, at different tail-beat frequencies for H=5.0Hb and W=10.0Wb , are presented in Figure 11. Throughout the whole swimming process, the swimmer needed various time lengths with different tail-beat frequencies because a lower tail-beat frequency motion took a longer time to reach a stable speed. Thus, the “a” in the horizontal axis of Figure 11 denoted the specific starting time after the swimmer reached a constant swimming speed at each tail-beat frequency. As can be observed in Figure 11, at each frequency, the thrust coefficient and drag coefficient changed on a regular basis, with the average values being about the same during an entire cycle. It indicated that the thrust forces and drag forces acting on the swimmer were almost the same, and the swimmer reached a stable swimming state. The fluctuation of the thrust coefficient was negligible compared to the drag coefficient. Moreover, the lateral fluctuation power that fluctuated around zero was likewise consistent with the expected value, since the swimmer merely swam in a straight line.




Figure 11 | Hydrodynamic coefficients of the swimmer at different tail-beat frequencies f (A) Thrust coefficient CT (B) Drag coefficient CD (C) Lateral fluctuation power coefficient Cp.



The influence of the dimensionless distance parameter on the periodic stability of the hydrodynamic coefficient was another point of concern. The standard deviation of the hydrodynamic coefficient across successive time periods was used to assess that impact. Figures 12A, B show the effect of the changed H and W on the thrust coefficient, drag coefficient, and lateral fluctuation power coefficient at different tail-beat frequencies. The standard deviations of the three hydrodynamic coefficients had similar overall fluctuation patterns. As illustrated in Figure 12A, when H was more than 1.25Hb, the standard deviation remained rather steady. However, when H hit 0.25Hb, the standard deviation increased. As illustrated in Figure 12B, the standard deviation of the three hydrodynamic coefficients tended to grow when the value of W decreased. When the value of W was reduced to 1.0Wb, the standard deviation increased, then dropped when the value of W returned to 10.0Wb. It indicated that although terrain changes had a limited impact on swimmers’ hydrodynamic coefficients, the surface had a large disturbance effect on swimmers’ hydrodynamic coefficients and force when approaching the bottom of the swimming boundary or passing through a narrow channel.




Figure 12 | Hydrodynamic coefficient standard deviation of the swimmer at different values of f, H, and W. (A) Hydrodynamic coefficient standard deviation at different values of f and H (B) Hydrodynamic coefficient standard deviation at different values of f and W.






4.2 Evolution of the pressure field

In order to explore the influence mechanism of the complex terrain to Froude efficiency and hydrodynamic coefficients of the fishlike swimmer, the pressure field of the research domain was visualized by the pressure isosurface, as shown in Figure 13. The light color surface represents the relative pressure value 10 Pa, and the dark color surface represents the relative pressure value -10 Pa.




Figure 13 | Pressure field of the research domain.



In Figure 13, there was a high-pressure area near the head part of the fishlike swimmer and a low-pressure area at the middle part. These two pressure areas would generate drag force on the swimmer. Moreover, at the tail part, the high-pressure area and low-pressure area appeared in pairs, which would generate thrust force and lateral force.

In the open water, the evolution of the pressure isosurface was stable, and the swimming mode was the only factor to affect the Froude efficiency and hydrodynamic coefficients. When a boundary surface appeared near the bottom of the swimmer, a part of the pressure area was blocked out by the boundary surface, and the force generated by the pressure difference would decrease. Then, the swimming process would be less efficient and the hydrodynamic coefficients would become smaller. Moreover, when the boundary surface appeared on both sides of the swimmer, more pressure areas would be blocked out, and the propulsion efficiency would be further reduced. That was the reason that the average forward speed had a small reduction under the undulating seabed boundary condition and a relatively large reduction under the narrow-channel boundary condition, as shown in Figures 8 and 9. Furthermore, two boundary surfaces at both sides of the swimmer would make the evolution of pressure field more complex, the standard deviation of hydrodynamic coefficients would increase, and the swimming stability would decrease, which was consistent with the results in Figure 12.

Thus, if the distance between the fish belly and the seafloor surface was large, perhaps larger than 0.25Hb, there was no need to worry about the impact on forward speed. But the swimmer should improve tail-beat frequency to keep a steady speed when passing through a narrow channel, especially for the condition where the distance from one side of the swimmer to the near boundary was smaller than 1Wb.



4.3 Evolution of the vortex distribution

On the other hand, the wake vortex contains the secret of highly efficient swimming of the fishlike swimmer (Harvey et al., 2022). The isosurface of Q-criterion has been used extensively as standard recognition of vortex (Ren et al., 2022). The evolution of the vortex distribution around the swimmer was visualized by the Q-criterion isosurface whose value was equal to 0.1, as shown in Figure 14.




Figure 14 | Vortex distribution of the research domain. (A) In Open Water (B) Near Undulating Seabed (C) In Narrow Channel.



In Figure 14, the vortex rings appeared in pairs after the swimmer to form the reverse Kaman vortex street. Then, the reverse Kaman vortex street would induce a jet effect to generate a positive force and the force was applied to the swimmer to make the swimmer get high Froude efficiency. Thus, the fishlike swimming mode had a higher propulsion efficiency than the propeller-driven mode.

In the open water, the wake vortex evolved freely and gradually dissipated under the viscosity effect of the water. The positive force induced by the reverse Kaman vortex street was large, and the additional efficiency was high. Meanwhile, in the evolution process, the vortex ring diffused to the rear on both sides of the robotic fish, not above or below the swimmer. The height of the vortex ring near the tail was almost equal to that of the fish body. Thus, under the undulating seabed condition, the boundary surface near the bottom of the swimmer had little effect on the swimming efficiency. However, when the boundary surfaces were at both sides of the swimmer, like the narrow-channel condition, the wake vortex would hit the boundary surface and dissipate rapidly. Almost no jet effect was induced, and the additional efficiency was small. That was the reason that Froude efficiency had little reduction under the undulating seabed boundary condition and a relatively large reduction under the narrow-channel boundary condition, especially when the tail-beat frequency was 1.0 Hz, as shown in Figure 10.

When the robotic fish swam near the undulating seabed, the evolution of the vortex distribution would not be seriously affected, and it was recommended to keep the tail-beat frequency unchanged. But when the robotic fish passed through the narrow channel, a large tail-beat frequency was needed to get enough thrust force.




5 Conclusion

In this paper, the swimming processes of robotic fish under an undulating seabed condition and a narrow-channel condition were studied. The forward speed, Froude efficiency, and hydrodynamic coefficients were calculated to evaluate the influence of complex terrain on the swimming performance. Moreover, the evolution processes of the pressure field and vortex distribution were visualized to discuss the influence mechanism. The key points of this paper can be summarized as follows:

	1) The influence of the undulating seabed condition on the swimming performance of robotic fish was small, but the change in the swimming stability should be given sufficient attention when robotic fish swam near the undulating seabed with the distance about 0.25Hb.

	2) The influence of the narrow-channel condition on the swimming performance was obvious because the boundary surface at both sides of the swimmer restricted the pressure field evolution and the vortex distribution evolution seriously. When robotic fish swam through a narrow channel at a certain tail-beat frequency, the forward speed and Froude efficiency decreased, and the swimming stability got worse.

	3) In order to keep a good motion performance of the fishlike swimming mode when passing through a narrow channel, it was recommended to improve the tail-beat frequency. However, considering the swimming stability, the tail-beat frequency was not the larger the better.



In the future, the development of a physical robotic fish is expected. Various sensors should be integrated to record the force and motion state when the robotic fish conducts exploring and sampling in the deep sea. Experimental data will be helpful for further research on swimming performance optimization of the robotic fish and for the development of a low-disturbance bionic exploring and sampling platform.
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