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Abstract

:

Energy is one of the primary challenges in the long-term operation of robotic fish. The research on combining wave energy-harvesting technology with robotic fish for energy supplementation is not extensive, and there is insufficient comprehensive analysis on energy harvesting from waves and energy costs during swimming. Therefore, the energy self-sufficiency of multi-joint robotic fish is investigated by employing the coupling method of smoothed particle hydrodynamics (SPH) and multi-body dynamics in this study. A reversible energy conversion mechanism is applied to the robotic fish, serving as a driving system during swimming and as a power take-off (PTO) system during energy harvesting. The energy costs of the multi-joint robotic fish under various undulation parameters (including amplitude, frequency, and body wavelength) are analyzed, along with an examination of the influence of the PTO system on energy harvesting. The results show that, compared to the undulation amplitude and body wavelength, the undulation frequency has the greatest impact on swimming efficiency and energy costs, with low-frequency swimming being advantageous for efficient energy utilization. Additionally, the damping coefficient of the PTO system directly affects energy-harvesting efficiency, with higher energy-harvesting power achievable with an optimal PTO system parameter. Through a comprehensive analysis of energy costs and energy harvesting, it is concluded that the achievement of energy self-sufficiency for multi-joint robotic fish in marine environments is highly feasible.
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1. Introduction


After billions of years of evolution in nature, fish surpass the capabilities of current underwater vehicles. The swimming modes of fish are classified into the body and/or caudal fin (BCF) and median and/or paired fin (MPF) modes [1] based on the generation of thrust by different body parts. Among these, the eel-like (anguilliform) locomotion mode, a type of BCF propulsion mode, is known for its minimal energy costs per unit distance [2] and high stability during swimming, attracting significant attention from researchers in recent years.



In the past few decades, extensive efforts have been made to understand the physical mechanisms, modeling, and motion control of eel-like fish. Gillis [3] and Gray [4] employed video recordings to capture the locomotion of eels, deriving the kinematic parameters of undulatory motion through the analysis of their body movements. Fish et al. [5], Muller et al. [6], and Triantafyllow et al. [7] utilized experimental flow visualization techniques to reveal the wake structure and explain how the vortices contribute to enhanced propulsion efficiency. Minami et al. [8] employed a chaos model to predict the motion trajectory of fish. Carling et al. [9] established a set of body equations based on dimensionless parameters to describe the undulatory swimming of eels and model the body outline. Additionally, they simulated the kinematics and dynamics of eel movement through the computational fluid dynamics (CFD) method, emphasizing the significant impact of viscous forces in the generation and dissipation of vortex structures around living organisms.



Meanwhile, the theoretical understanding of eel-like robotic locomotion is gradually maturing. Taylor [10] and Lighthill [11] proposed the resistive force theory and large-amplitude elongated-body theory, respectively, to calculate the fluid forces acting on the body during ideal undulatory swimming. These theories have been widely applied in the hydrodynamic modeling of robotic fish. However, due to the complexity of fluid dynamics and biological locomotion, these theoretical models typically have limited applicability. McIsaac et al. [12] proposed a dynamic model for an eel-like locomotion robot based on differential geometry tools, but this method neglects inertial forces. Boyer et al. [13] proposed a kinematic model for the continuous three-dimensional swimming of eel-like robotic fish based on the geometrically exact beam theory and Newton–Euler theory. Currently, fluid moments are often overlooked in many swimming robot models. Although some studies suggest that the influence of fluid moments on the overall motion of the system can be considered negligible, their significance cannot be disregarded in terms of the energy costs of mechanical motion [14]. Wiens et al. [15] and Khalil et al. [16] modeled fluid moments, but their algorithms involved the numerical integration of the drag and moment at each sampling interval, resulting in a lack of closed-form solutions. Candelier et al. [17] proposed a model for the reactive forces and moments acting on slender bodies, but they did not consider viscous effects. Kelasidi et al. [18] modeled the fluid forces and moments using an analytical method, yielding closed-form solutions. However, due to the highly complex and nonlinear hydrodynamics resulting from rigid body motion, their study also employed some simplified analytical forms.



With the advancement and deepening of research on biomimetic robotic fish, both theoretical and experimental studies in this field are being developed. However, underwater robotic fish are commonly situated far from traditional power sources, relying mainly on conventional options such as chemical energy batteries for their energy supplies. Currently, the capacity of batteries is limited, and they are unable to meet the energy demands for the long-term autonomy of robots [19]. The acquisition and efficient utilization of energy have emerged as crucial technological challenges that hinder their development and application. Abundant renewable energy sources such as wave energy, tidal energy, ocean currents, and thermal gradients exist in the environments in which biomimetic robotic fish operate [20]. Among them, wave energy stands out as one of the most concentrated renewable energy sources [21]. The global annual wave energy resource is estimated to amount to approximately 32,000 TWh, surpassing the global electricity consumption of 24,000 TWh in 2015 [22]. Furthermore, wave energy boasts a significantly higher energy density compared to other renewable sources, such as wind energy, being 4 to 30 times greater [23]. Accurate wave simulation is essential for studying wave energy conversion. It is imperative to meticulously capture the gas–liquid interface [24,25] when modeling waves using two-phase flow methods. In contrast, the SPH method eliminates the need for modeling the air phase, thus conferring notable advantages in tackling free surface problems, including wave propagation [26] and the interaction between rigid bodies and water [27].



The first patent for a wave energy conversion device was filed by Girard and his son in France in 1799 [28]. The number of related wave energy conversion patents had exceeded 1000 by 1980 and steadily increased thereafter [29]. Currently, wave energy conversion devices are primarily classified into oscillating water columns, oscillating bodies, and overtopping devices based on their working positions, principles, and sizes. Among these, attenuator devices are a type of oscillating body, consisting of multiple rafts connected by hinges and a PTO system at the hinges. The adjacent rafts rotate in the waves, driving the generator within the PTO system at the hinges to produce electricity. Christopher Cockrell first proposed this structure in the 1870s and developed a wave energy conversion device named the Cockrell [30]. Based on this, Ocean Power Delivery developed a wave energy conversion device named Pelamis in 2006 and deployed three Pelamis devices on the northern coast of Portugal in the latter half of 2008 [31].



Currently, most wave-energy-harvesting devices are large-scale and considered large-scale networked power supply systems. In contrast, research on integrating small-scale wave energy-harvesting devices with biomimetic robotic fish is relatively limited. Research in this field has been primarily conducted by Dong et al. [32] and Zhu et al. [33]. Dong et al. [32] proposed a method for converting wave energy into electrical power for robotic fish by using wave energy conversion devices and designed the corresponding electromechanical model for the energy-harvesting system. However, their research solely focused on energy harvesting for robotic fish, yielding experimental results that indicated low energy-harvesting efficiency. Additionally, they did not explore the relationship between power harvesting and the motor moments at the joint. Zhu et al. [33] introduced a scheme for the harnessing of wave energy using a reversible energy conversion mechanism. They conducted experimental and simulation studies on the motion characteristics of the three links under waves but did not provide a comprehensive analysis of the energy harvesting and swimming for the same body.



Considering that many studies either focus on modeling the locomotion of robotic fish or investigate wave energy harvesting of multi-joint floaters, it remains unclear whether the energy harvested from waves by robotic fish of the same shape is sufficient to meet their energy costs during swimming. Furthermore, there is a need for systematic research on how to adjust wave parameters and PTO systems to achieve efficient swimming and energy harvesting. The feasibility of robotic fish achieving energy self-sufficiency by harnessing wave energy in the ocean has not been fully evaluated. Therefore, the fluid–structure interaction (FSI) method is employed to simulate the self-propelled swimming and energy harvesting of multi-joint robotic fish in this study. The analysis focuses on the relationships between undulation parameters and swimming performance (including forward velocity, energy cost, and swimming efficiency) of multi-joint robotic fish in different swimming modes. Subsequently, the influence of the PTO system on the energy-harvesting power of the multi-joint robotic fish is discussed, and the motion characteristics are analyzed. Finally, the energy self-sufficiency of the multi-joint robotic fish is evaluated by considering both the swimming efficiency and the energy-harvesting efficiency.



The structure of this paper is as follows. Section 2 introduces the model and methodology of the numerical simulations and validates the accuracy of the numerical methods. Section 3 describes the simulation domain of the swimming and energy harvesting modes and the validation of the particle resolution. Section 4 discusses the swimming, energy harvesting, and energy self-sufficiency of the robotic fish. Conclusions are given in Section 5.




2. Methodology and Validation


The swimming and energy harvesting of multi-joint robotic fish is a problem with moving boundaries and multi-body dynamics. The coupling method of DualSPHysics and Project Chrono provides a convenient solution to this issue. DualSPHysics is a meshless solver based on the SPH method. It is coupled with Project Chrono to address the mechanical constraints between rigid bodies and interactions between multi-bodies and fluids. This coupling method is utilized for the modeling of multi-joint robotic fish.



2.1. SPH Fundamental


The SPH method discretizes a continuous field using a set of computational nodes or particles, where the physical quantities (position, velocity, density, and pressure) are approximated by interpolation of neighboring particle values. Any function   F ( r )   can be computed using integral interpolation:


  F ( r ) = ∫ F (   r   ′   ) W ( r −   r   ′   , h ) d   r   ′    



(1)




where   r   is the position of the target point, and     r   ′     is the position of another point (or particle) around the target point. In discrete form, the function   F ( r )   is approximated by interpolating the contributions of the particles within the compact support of the kernel function as follows:


  F     r   a     ≈   ∑  b        F     r   b     W     r   a   −   r   b   , h       m   b       ρ   b      



(2)




where a is the target particle, b is a neighboring particle, m is the mass, ρ is the density, and h is the smoothing length. The weighting function W (r, h) used in this work is the Quintic Wendland kernel, defined by:


  W   q   =   α   D       1 −   q   2       4     2 q + 1   , 0 ≤ q ≤ 2  



(3)




where     α   D     is a real number that ensures the kernel normalization property, q = r/h is the non-dimensional distance between particles, and r is the distance between particles a and b.




2.2. Governing Equations


DualSPHysics is based on the weakly compressible SPH (WCSPH) method, where the fluid particles are governed by the Navier–Stokes equations. The Lagrangian form of the momentum and continuity equations can be expressed as follows [34]:


    d v   d t   = −   1   ρ   ∇ p + g + Γ  



(4)






    d ρ   d t   = − ρ ∇ ⋅ v  



(5)




where   v   is the velocity,   t   is the time,   p   is the pressure,   g   is the gravity, and   Γ   is the viscosity term.



The Equation (4) can be written in SPH formalism as follows [35]:


    d   v   a     d t   = −   ∑  b      m   b           p   b   +   p   a       ρ   b     ρ   a         ∇   a     W   a b   + g +   Γ   a    



(6)




where   m   is the mass, and     W   a b     is the Quintic Wendland kernel function.



The viscosity considered in this study is the laminar flow viscosity with a sub-particle scale model (SPS), which is stated as follows:


    Γ   a   =   ∑  b          m   b     4   υ   0     r   a b   ⋅   ∇   a     W   a b         ρ   a   +   ρ   b         r   a b   2   + 0.01   h   2         v   a b   +   ∑  b          m   b         τ   a   i j   +   τ   b   i j       ρ   b     ρ   a         ∇   i     W   a b    



(7)




where the first term on the right is the laminar viscosity [36], the second term is the SPS model [26],     υ   0     is the kinematic viscosity of the fluid, and   τ   is the SPS stress tensor.



The Equation (5) can be written in the discrete SPH formalism and augmented with a density diffusion term as follows:


    d   ρ   a     d t   =   ∑  b          m   b     v   a b   ⋅   ∇   a     W   a b   + 2 δ h   c   s     ∑  b            ρ   b a   T   −   ρ   a b   H         r   a b   ⋅   ∇   a     W   a b       r   a b   2         m   b       ρ   b      



(8)




where the second term on the right is the density diffusion term [37], δ is a parameter governing the diffusive term,     c   s     is Smagorinsky’s constant, and subscripts T and H indicate the total and hydrostatic components of the density for a weakly compressible fluid.



In the SPH method, the fluid is considered a weakly compressible formulation. To close Equations (6) and (8), an equation of state is employed to obtain the fluid pressure (p) from the particle density, which is stated as follows:


  p =     c   s   2     ρ   0     γ           ρ     ρ   0         γ   − 1    



(9)




where     ρ   0     is the reference density of the fluid, and   γ   is the polytropic constant.




2.3. Project Chrono and Coupling with DualSPHysics


Project Chrono is an open-source library for multiphysics simulations, enabling the numerical modeling of mechanical constraints and collisions between objects [38]. It can simulate the behavior of objects of arbitrary shapes in a fluid via coupling with DualSPHysics. The solver can integrate the effects of kinematic-type constraints as well as dynamic-type constraints and internal collisions [39]. Additionally, it can simulate externally applied forces and moments and motion trajectories with arbitrary degrees of freedom [40]. In this study, both the connection between the links and the PTO system of energy harvesting require coupling between DualSPHysics and Project Chrono.



The complete multi-body model is provided through the coupling of DualSPHysics and Project Chrono [41] as follows:


    d q   d t   = L   q   v  



(10)






  M   d v   d t   =   f   t     t , q , v    



(11)






    f   t     t , q , v   =   f   e   −   f   c    



(12)




where   q   is the generalized position,   L   q     is the linear transformation, v is the velocity, M is the mass matrix,     f   t     is the total force,     f   e   =   f   e     t , q , v     is the external force, and     f   c   =   f   c     q , t     is the constraint force.



The constraints for mechanical joints on links are defined as follows:


    f   c   = α θ + β   θ  ˙   



(13)




where   θ   is the angle of rotation,     θ  ˙    is the angular velocity, and   α   and   β   are the rotational stiffness and damping coefficient, respectively.



The process of coupling to compute the displacement and velocity of rigid bodies under mechanical constraints using DualSPHysics and Project Chrono can be segmented into three continuous phases: (1) the computation of forces on the rigid body, (2) the multi-body dynamics solution, and (3) the updating of particle attributes. The comprehensive details and validation of the coupling can be found in [42].




2.4. Model and Evaluation of Multi-Articular Robotic Fish


2.4.1. The Model of Eel-like Locomotion


The main characteristic of eel-like locomotion is the gradual increase in body undulation amplitude from the head to the tail, which induces forward swimming through a periodic backward-traveling wave. The lateral displacement (    y   s   ( s , t )  ) of the body midline is given by the following (Carling et al. [9]; Kern et al. [43]):


    y   s     s , t   = a   L   c       s  /    L   c     + 0.03125   1.03125     sin  ⁡    φ     s  /    L   c     − t f        



(14)




where     L   c     is the total length of the midline,   a   is the amplitude coefficient,   s   is the arc length along the body midline, f is the undulation frequency, and   φ   is the phase controlling the body wavelength.



Equation (14) needs to be discretized to control the motion of the robotic fish. Consider a robotic fish with N links arranged along its midline, where the number of joints is N − 1. Therefore, the midline of the robotic fish consists of N straight segments. The positions of the N − 1 joints are given by the following:


    s   i   =   i   l   c       L   c     =   i   N    



(15)




where   i = 1 , ⋯ , N − 1   is the number of joints, and     l   c   =     L   c    /  N     is the length of each link. Consequently, the motion equation at each joint is as follows:


    y   s     i , t   = a   L   c       i  /  N   + 0.03125   1.03125     sin  ⁡    φ     i   N   − t f        



(16)







Figure 1 illustrates the joint displacement and the angles of the links of the multi-joint robotic fish, demonstrating the conversion between joint displacement and link rotation angles. The angle     θ   i     for the link is given by the following [44]:


    θ   i   = a r c s i n       y   s     i , t   − y   i − 1 , t       l   c             i = 1 , ⋯ , N  



(17)








2.4.2. Energy Costs and Efficiency of Swimming


The forward thrust of a multi-joint robotic fish is generated by the interaction between its body and the surrounding fluid. Consequently, the total energy input to the links is divided into two components: the kinetic energy associated with the body motion of the fish and the energy dissipated into the surrounding fluid. Assuming negligible frictional losses within the links of the multi-joint robotic fish, the total energy input to the system (Etotal) is equal to the sum of the kinetic energy (Ekinetic) and the energy dissipated into the surrounding fluid (Efluid) [45]:


    E   t o t a l   =   E   k i n e t i c   +   E   f l u i d    



(18)







The total energy (Etotal) input into the system per cycle is as follows:


    E   t o t a l   =   ∫  t   t +   T   c          ∑  i = 1   N − 1        T   i     t       ϕ  ˙    i     t           d t  



(19)




where Tc is the period of swimming,     T   i     is the input moment, and       ϕ   i    ˙    is the angular velocity difference of adjacent links, defined as       ϕ  ˙    i   =     θ  ˙    i + 1   −     θ  ˙    i    .



The average power of the input energy is given by the following:


      P  ¯    t o t a l   =   1     T   c       ∫  t   t +   T   c          ∑  i   =  ⁡  1     N − 1      T   i     t       ϕ  ˙    i     t         d t  



(20)







It is crucial to select optimal locomotion modes in order to minimize energy costs for multi-joint robotic fish. The dimensionless swimming efficiency is employed to assess the effectiveness of the multi-joint robotic fish in converting the input energy into forward motion [43].


    η   m   =       P  ¯    f o r w a r d m o t i o n         P  ¯    t o t a l      



(21)






      P  ¯    f o r w a r d m o t i o n   =   1     T   c       ∫  t   t +   T   c          ∑  i = 1   N          1   2     m   i     u   i   2         d t  



(22)






      P  ¯    m o t i o n   =   1     T   c       ∫  t   t +   T   c          ∑  i = 1   N          1   2     m   i       u   i   2   +   v   i   2     +   J   i       θ  ˙    i   2         d t  



(23)




where ηm is the swimming efficiency,       P  ¯    f o r w a r d m o t i o n       is the average forward kinetic energy,     m   i     is the mass,     u   i     is the forward velocity,       P  ¯    m o t i o n       is the average kinetic energy,     J   i     is the moment of inertia, and     v   i     is the lateral velocity.




2.4.3. PTO System for the Energy-Harvesting Model


The relative rotation of the adjacent links in waves drives the motor at the joints to generate electricity. The influence of the motor on the link manifests as a resistance moment. Consequently, the resistance of the motor system is simplified to a resistance moment that is directly proportional to the relative rotation angle and angular velocity of the adjacent links [46]:


    M   i ( i + 1 )   = α   ϕ   i   + β     ϕ   i    ˙   



(24)




where     M   i ( i + 1 )     is the resisting moment between links i and i + 1, and     ϕ   i     is the rotation angle difference between adjacent links, defined as     ϕ   i   =   θ   i + 1   −   θ   i    . The coefficients   α   and   β   are related to the motor system, with   α   being set to 0 in this work [33].




2.4.4. Energy Harvesting and Efficiency


The energy     ( E   w   )   per unit time and unit length of the second-order Stokes wave in the propagation direction is given by the following [47]:


    E   w   =   1   2     ρ   w   g   A   2     1 +   1   8       A k     2     5 +   68       sinh   4    ⁡  k d   + 57       sinh   2    ⁡  k d   + 18   4       sinh   6    ⁡  k d          



(25)




where   A   is the wave amplitude,     ρ   w     is the water density,   k =   2 π  /    L   s       is the wavenumber,     L   s     is the wavelength, and   d   is the water depth.



The resistance moment of the adjacent links can be calculated using Equation (24), resulting in harvested energy:


    E   s   =   ∫  t   t +   T   s          ∑  i = 1   N − 1      M   i   i + 1           θ  ˙    i   −     θ  ˙    i + 1             d t  



(26)






      P  ¯    s   =   1     T   s       ∫  t   t +   T   s          ∑  i = 1   N − 1      M   i   i + 1           θ  ˙    i   −     θ  ˙    i + 1             d t  



(27)




where     E   s     is the harvested energy,     T   s     is the wave period, and       P  ¯    s     is the average harvested power.



The energy-harvesting efficiency is employed to evaluate the relationship between the energy harvested by the multi-joint robotic fish and the wave energy of the fluid below it:


    η   s   =     E   s       T   s     L   c     E   w      



(28)




where     η   s     is the energy-harvesting efficiency of the robotic fish, and     L   c     is the length of the robotic fish.





2.5. Numerical Model Validation


The pitching motion of the classic NACA0012 airfoil is utilized to validate the accuracy of the swimming for multi-joint robotic fish [48]. The simulation domain has a length of 0.7 m and a width of 0.4 m, with a water density of ρw = 1000 kg/m3 and a dynamic viscosity of μ = 1 × 10−3 Pa∙s. The airfoil has a chord length of c = 0.1 m and a density of ρs = 1000 kg/m3, and the simulation parameters are set as follows: θ = 5°, k = 2πfc/u = 9, and Reynolds number Re = ρwuc/μ = 1.35 × 104. Figure 2a illustrates the wake formed by two counter-rotating vortices and the phenomenon of wake vortex shedding. Additionally, the thrust coefficient (CT = 2FT/(ρwu2 c)) is computed and compared with the findings of Lu et al. [48], as shown in Figure 2b. The verification demonstrates that the thrust coefficient in this study agrees well with the literature, indicating the relatively accurate simulation of the pitching motion of the airfoil. The results demonstrate that the coupling method based on DualSPHysics and Chrono is accurate and reliable, providing a foundation for further research on the motion of multi-joint robotic fish.



In order to evaluate the performance of DualSPHysics in simulating the wave-induced motions of robotic fish during wave energy harvesting, a validation case involving a floating box in waves is selected [49]. The tank has a length of 12 m and a height of 2 m, with a water depth of 0.4 m. The water density is ρw = 1000 kg/m3, and the dynamic viscosity is μ = 1 × 10−3 Pa∙s. The width and the height of the floating body are 0.3 m and 0.2 m, respectively. The floating body is homogeneous and its density is ρs = 500 kg/m3. The height of the wave is 0.1 m, and the period is 1.2 s. The velocity field of the floating body in waves is shown in Figure 3a. The results in this study are compared with the experimental results of Ren et al. [49], as shown in Figure 3b. It can be observed that the present result is in good agreement with experimental results, confirming the accuracy of the calculation method and enabling research on energy harvesting for multi-joint robotic fish in wave environments.





3. Simulation Domain and Resolution Verification


3.1. Simulation Setting


We investigate two operational states of the multi-joint robotic fish, which are the swimming state and the energy-harvesting state. In the swimming state, the robotic fish is submerged in water and actively controls the rotation of its links to generate forward motion, as shown in Figure 4a. In the energy-harvesting state, it floats on the sea surface and relies on waves to drive the rotation of its joints to generate electrical energy, as shown in Figure 4b. It is worth noting that the direction of the positive y-axis is inward and perpendicular to the XOZ plane.



The robotic fish is positioned inside a tank, as illustrated in Figure 4a. The robotic fish consists of 10 links with a total length of 2 m. Each link has a length of 0.2 m and a width of 0.05 m, with a density of ρs =1000 kg/m3. The simulation domain is selected as a rectangular tank with a length of 10 body lengths by 4 body lengths, giving overall dimensions of 20 m and 8 m, respectively [50]. The surrounding fluid comprises water, with a density of ρw =1000 kg/m3 and dynamic viscosity of μ = 1 × 10−3 Pa∙s. The robotic fish starts with a “C-shaped” configuration and gradually scales the amplitude of its body from zero to the distribution defined in Equation (14), as shown in Figure 5. The undulation amplitude coefficient a (amplitude as aLc), undulation frequency f, and undulation phase φ (controlling body wavelength) of the multi-joint robotic fish are key variables that directly affect its swimming efficiency. To comprehensively consider the influence of different locomotion modes on the swimming efficiency of the robotic fish, specific parameter values are provided based on the research by Carling et al. [9] and Kern et al. [43] on the locomotion of real eels: a is set to 0.0625, 0.09375, 0.125, 0.15625, and 0.1875, respectively; f is set to 0.5 Hz, 0.75 Hz, 1.0 Hz, 1.25 Hz, and 1.5 Hz, respectively; φ is set to π, 1.5π, 2π, 2.5π, and 3π, respectively.



The schematic diagram of the energy-harvesting model of the multi-joint robotic fish is illustrated in Figure 4b. The piston-type wave maker is located at the left end of the tank. Numerical lateral damping zones are implemented on the right side of the tank to absorb and nullify reflections from the right wall, minimizing their impacts on the wave field. The robotic fish adjusts its density by discharging water to float on the surface of the water. The links of the robotic fish undergo relative rotation influenced by the waves, achieving energy harvesting from the waves. The numerical wave tank has a length of 12 m, and it is divided into three distinct zones: the wave generation zone, extending from 0 to 3 m; the working zone, spanning 3 to 9 m; and the lateral damping zone, covering the final 9 to 12 m. The tank has a height of 1.5 m and a water depth of 1 m. The water density is ρw = 1000 kg/m3, and the dynamic viscosity is μ = 1 × 10−3 Pa∙s. The multi-joint robotic fish has a density of ρs = 500 kg/m3 and is positioned 3 m away from the initial wave maker. The wave is a second-order Stokes wave with a wave height of 0.1 m and a wavelength of 3 m.




3.2. Resolution Verification


Figure 6 presents a comparison of the time histories of the forward velocity at different particle resolutions, specifically dp = 0.075, 0.05, and 0.04 m, with the undulation parameters set as a = 0.125, f = 1 Hz, and φ = 2π. Overall, the results for the three resolutions exhibit agreement with each other. However, it is noteworthy that the forward velocity at dp = 0.075 m experiences some attenuation compared to the other two resolutions, while dp = 0.005 m and dp = 0.004 m are closer, indicating the convergence of the results at a resolution of 0.005 m. Considering the computational efficiency and accuracy, a particle resolution of 0.005 m is selected for subsequent calculations of the self-propulsion of the multi-joint robotic fish.



The simulation domain of the energy harvesting model is different from the swimming model; thus, it is necessary to verify the resolution when studying the energy harvesting of multi-joint robotic fish. Three different resolutions, namely dp = 0.075, 0.05, and 0.04 m, are utilized to verify the resolution using a case with a damping coefficient of β = 0. The time-history surge of the multi-joint robotic fish at different resolutions is illustrated in Figure 7. It is evident that when dp = 0.075 m, the surge is relatively large, whereas greater consistency is observed in the results for dp = 0.005 and dp = 0.004 m. This suggests that the computational results are relatively accurate and have converged with a spatial resolution of dp = 0.005 m. In consideration of computational efficiency, a particle resolution of 0.005 m is employed for subsequent simulations of energy harvesting with the multi-joint robotic fish in this study.





4. Results and Discussion


Real fish generate thrust by bending their bodies through muscle contraction and relaxation, while multi-joint robotic fish imitate this process using rotating links. It is crucial to obtain a comprehensive understanding of the propulsion mechanism of multi-joint robotic fish from fluid dynamics. The flow field during the motion of multi-joint robotic fish is shown in Figure 8, where “JF” represents jet flow and the numbers indicate the sequence of jet flow generation. It is evident that the undulation of its tail continuously produces lateral jets during swimming, generating forward thrust through the reaction force of these jets. Due to the characteristic eel-like locomotion whereby the body amplitude gradually increases from the head to the tail, the flow velocity vectors around the head of the robotic fish are relatively smaller, whereas those around the tail are larger and exhibit a more complex flow field. The robotic fish primarily generates thrust through the oscillations of its tail, transferring this thrust through its joints to the head to overcome fluid resistance. Unlike real fish, multi-joint robotic fish are composed of multiple interconnected links with non-smooth surfaces, resulting in a more complex flow field their swimming.



4.1. Swimming Model and Swimming Efficiency of Multi-Joint Robotic Fish


4.1.1. Amplitude Coefficient


The relationship between the amplitude and the velocity of the multi-joint robotic fish is illustrated in Figure 9a. It shows that as the amplitude increases, the lateral velocity of the robotic fish continuously increases. However, excessive lateral velocity can negatively impact its body stability. The time required to accelerate from rest to cruising speed gradually decreases and stabilizes, but the fluctuation amplitude of the forward velocity also increases accordingly. The cruising speed of the robotic fish can be computed using the time-averaged forward velocity from the last cycle. Figure 9b shows the relationship between cruising speed and amplitude. Although there is no significant difference in the cruising speed for different amplitudes, it is still evident that the cruising speed follows a trend of initially increasing and then decreasing with the amplitude. Combined with Figure 8, it can be inferred that the multi-joint robotic fish primarily relies on the undulation of its tail to generate thrust. As the amplitude increases, the lateral displacement of the tail also increases, resulting in a corresponding increase in fluid resistance in the forward direction. Consequently, the cruising speed decreases with increasing amplitude. At lower amplitudes, the lower energy of the tail jet results in weaker thrust and slower swimming speeds. Additionally, it is noteworthy that the maximum cruising speed corresponds to an amplitude coefficient of 0.125, which aligns with the swimming parameters of real eels in natural environments.



The average energy and efficiency of the multi-joint robotic fish vary with the amplitude, as shown in Figure 10. As the amplitude increases, the input power exhibits an approximately linear growth trend. However, the increase in average kinetic energy is relatively modest, remaining nearly constant when the amplitude surpasses coefficient 0.125. Moreover, the average forward kinetic energy initially increases and then decreases, similarly to the forward velocity. The gradual increase in the difference between the average kinetic energy and average forward kinetic energy indicates an increase in the energy used for lateral motion and link rotation. With the increase in average input power, the change in forward kinetic energy is relatively minor, resulting in a gradual decline in swimming efficiency and indicating that more input energy is dissipated into the surrounding fluid. A relatively smaller amplitude is a preferable choice. For example, taking the amplitude coefficients of 0.0625 and 0.125, doubling the amplitude results in a 0.2 m/s increase in cruising speed, but energy costs also double. Although lower amplitudes result in increased time for the robotic fish to reach cruising speed, they offer comparatively higher swimming efficiency.




4.1.2. Frequency


The velocity of the multi-joint robotic fish at different frequencies is illustrated in Figure 11. As frequency increases, both the forward and lateral velocities of the robotic fish exhibit linear growth. Additionally, with the increase in frequency, the number of cycles required for the multi-joint robotic fish to reach the cruising speed increases accordingly. For instance, at a frequency of 0.5 Hz, it takes 1.5 cycles to enter the cruising state, whereas it requires four cycles to achieve the cruising speed at 1.5 Hz. At higher frequencies, the time required for the robotic fish to transition from rest to a cruising state decreases, and it demonstrates higher instantaneous acceleration during startup. Furthermore, the intensity of the tail jet is closely linked to the frequency; as the frequency increases, the velocity of the tail joint increases, resulting in a stronger tail jet. This interaction with the surrounding flow field enables the robotic fish to generate greater thrust and achieve a dynamic force balance at higher speeds.



Figure 12 illustrates the trends in the average energy and swimming efficiency of the multi-joint robotic fish at different frequencies. The results show that the average input energy of the multi-joint robotic fish exhibits nonlinear growth with a linear increase in frequency, and the growth rate gradually accelerates. Although the average kinetic energy also displays significant growth, its rate of increase is slower compared to the average input energy. This suggests that as the frequency increases, the proportion of energy used to overcome the surrounding fluid resistance in the total input energy gradually increases. Concurrently, combining Figure 11, it becomes apparent that the average energy costs of the multi-joint robotic fish laterally gradually increase, resulting in a widening discrepancy between its average kinetic energy and the average forward kinetic energy. The swimming efficiency indicates that in all simulated conditions, the maximum swimming efficiency can reach 0.65. As frequency increases, swimming efficiency gradually decreases, with the rate of change gradually slowing down. Therefore, when selecting the parameter frequency, a balance needs to be achieved between the maximum speed and the swimming efficiency. However, taking frequencies of 0.5 Hz and 1 Hz as examples, although doubling the frequency results in the doubling of the cruising speed, the average input energy at 1 Hz is 9.25 times that at 0.5 Hz. From the perspective of energy self-sufficiency in robotic fish, for which its energy is derived from waves, low-frequency motion aligns better with the goal of efficient energy utilization.




4.1.3. Phase


The phase mainly affects the body wavelength of the multi-joint robotic fish during swimming. When the phase is φ = π, 1.5π, 2π, 2.5π, and 3π, the corresponding body wavelengths are 2Lc, 4/3Lc, Lc, 4/5Lc, and 2/3Lc, respectively. Taking φ = π and φ = 2π as examples, when φ = π, the body of the robotic fish exhibits a gradually increasing half sine wave shape, whereas when φ = 2π, the body gradually displays an increasing full sine wave shape during swimming. The relationship between the velocity and the phase of the multi-joint robotic fish is illustrated in Figure 13. When φ = π, the forward velocity is close to that at φ = 1.5π, whereas for other phases, the forward velocity decreases linearly with the increasing phase. Additionally, the time required for the multi-joint robotic fish to reach the cruising speed gradually decreases. Due to the variation in phase for different phases of the multi-joint robotic fish, there is a phase difference of T/4 on the velocity curve. Additionally, the lateral velocity gradually decreases with increasing amplitude. Combined with Figure 8, the flow fields of the robotic fish with different wavelengths are illustrated in Figure 14. Taking φ = π and φ = 3π as examples, when φ = π, the body wave of the robotic fish generates a strong jet flow in the flow field, resulting in a faster swimming speed. When φ = 3π, the increase in the body wave of the robotic fish results in a relatively smaller disturbance to the fluid caused by its undulating motion. Meanwhile, the thrust and lift generated by the tail flapping are partially balanced by other parts of the body, resulting in a decrease in both the forward and the lateral velocity.



The variation in the average energy and swimming efficiency of the multi-joint robotic fish with respect to the phase is illustrated in Figure 15. The average input energy exhibits an initially decreasing trend followed by an increase, reaching its minimum at φ = 2π. Both the average kinetic energy and the average forward kinetic energy decrease synchronously with the increase in phase, with their curves being approximately parallel. As the phase increases from π to 2π, the average input energy decreases rapidly, while the average forward kinetic energy decreases slowly, resulting in a slight decrease in swimming efficiency. However, as the phase increases from 2π to 3π, the average forward kinetic energy gradually decreases whereas the input power increases, resulting in a rapid decline in swimming efficiency. Combined with Figure 14b, it can be observed that although the link movements are complex, the thrust and lift generated by the body are largely offset. The increase in the average input energy does not effectively translate into forward propulsion. From the perspectives of swimming efficiency and stability, φ = 2π is the optimal choice for the multi-joint self-propelled robotic fish.





4.2. Energy Harvesting Model and Power in Waves


In the energy-harvesting mode, the relative rotation of adjacent links under the action of waves drives the motor at the joint to generate electrical energy. However, the driving moment of the motor exists in the form of a resistance moment for the robotic fish. The introduction of different damping coefficients (β) is essential in studying the impact of the PTO system on energy harvesting. To observe the relationship between the power and damping coefficient, a logarithmic analysis of the damping coefficient is employed. The damping coefficients in this study are 5, 10, 20, 40, 80, 160, and 320, with corresponding logarithms of 0.699, 1, 1.301, 1.602, 1.903, 2.204, and 2.505.



The energy harvested by the multi-joint robotic fish is directly related to the rotational angular velocity of its links. To clearly reflect the relationship between the angular velocity, link position, and damping coefficient, the root mean square of the angular velocity is used to represent the angular velocity of each link of the multi-joint robotic fish. The difference in angular velocity between adjacent links is also treated using the same method as follows:


      θ  ˙   ^  =    1   k     ∑  i = 1   k            θ  ˙    i   2     



(29)




where       θ  ˙   ^    is the root mean square of the angular velocity, k is the total number of steps, and       θ   i    ˙    is the angular velocity of the link at step i.



Figure 16 illustrates the variation in the angular velocity of the links and the difference in angular velocity between adjacent links along the multi-joint robotic fish, from the head to the tail, under different damping coefficients. With an increase in the damping coefficient, the resisting moment that the robotic fish must counteract to rotate at the same angle also increases. Consequently, under constant wave loading, the angular velocity of each link decreases, as shown in Figure 16a. The wave first contacts the head of the robotic fish, and its energy is absorbed by the fish during propagation, resulting in significantly higher angular velocities at the head joints compared to the tail joints. The variation in the difference in angular velocity between adjacent links, from the head to the tail of the robotic fish, under different damping coefficients is depicted in Figure 16b. The difference in angular velocity between adjacent joints exhibits first an increasing trend and then decreases from the head to the tail of the fish. For lower damping coefficients (β = 5–40 Nms/rad), the peak occurs at the third joint, whereas for higher damping coefficients (β = 80–320 Nms/rad), the peak shifts to the fourth joint. With the increase in the damping coefficient, the difference in the angular velocity between adjacent joints at each joint decreases, and this is consistent with the results shown in Figure 16a.



The relationship between the average harvested power and the damping coefficient of the PTO system is shown in Figure 17. It can be observed that the harvested power exhibits an initially increasing trend that then decreases. The logarithm of the damping coefficient corresponding to the peak of the average harvested power is 1.903 Nms/rad, with the associated damping coefficient being 80 Nms/rad. Combining Equations (24) and (26) with the information from Figure 16, it can be observed that when the damping coefficient is small, the larger relative rotation angles between the links result in smaller torques driving the motor’s rotation, resulting in lower harvested power. Conversely, when the damping coefficient is too large, although the resistance moment is high, the relative motion between the joints is minimal, also resulting in similarly low harvested power. The damping coefficient must be set to an appropriate value for the torque and motion of the links to achieve balance and maximize energy harvesting. Therefore, based on the aforementioned analysis, the most suitable damping coefficient for energy harvesting in the robotic fish is determined to be 80 Nms/rad. The energy-harvesting efficiency for the optimal damping coefficient is calculated to be 0.163, indicating that 16.3% of the wave energy can be converted into electrical energy to drive the self-propelled robotic fish in the wave environment studied. This efficiency analysis provides a reference for the design of self-sufficient robotic fish.



Figure 18 illustrates the time history of the surge, heave, and pitch of the multi-joint robotic fish in waves. The left shows the case in which the damping coefficient is β = 0 Nms/rad (a–c), whereas the right is the scenario in which the damping coefficient is β = 80 Nms/rad (d–f). As shown in Figure 18a, in the absence of damping, the surge exhibits oscillatory behavior, with greater amplitudes in the positive direction than in the negative direction, resulting in the overall forward movement of the robotic fish. However, with a damping coefficient of 80 Nms/rad, the motion is unidirectional in the positive direction, without any motion in the negative direction, as shown in Figure 18d. Figure 19b,e show the heave with and without damping, respectively. In the absence of damping, the heaving amplitudes of each link are similar; however, when the damping coefficient is 80 Nms/rad, the amplitudes of all links are relatively similar, except for links 1 and 2, and there are phase differences between different positions of the links. The pitches of the links with and without damping are shown in Figure 19c,f. In the absence of damping, although the pitch of each link exhibits periodic variations, it does not strictly follow a sinusoidal curve due to the influence of inter-joint interaction forces. However, with damping, the pitch follows a sinusoidal pattern. The pitching amplitude gradually decreases from the head to the fourth link, while the pitching amplitudes of other links are approximately equal.



Figure 19 shows the velocity field of a multi-joint robotic fish in a full cycle. In the absence of damping between the joints, the robotic fish deforms freely with the undulation of the waves, and the velocity field on the body is consistent with the surrounding fluid velocity. Due to the smaller length of the robotic fish compared to the wavelength, the velocity vectors are unbalanced in the horizontal direction, while fluid particles spiral forward along the direction of wave propagation, resulting in the horizontal oscillatory motion of the robotic fish. The velocity vectors on both sides of the robotic fish are similar in magnitude and exhibit no significant decay, resulting in near-identical amplitudes of motion at each joint in the vertical direction. For the same wave environment, when the damping coefficient between the joints is 80 Nms/rad, it can be clearly observed that the velocity vector on the right side of the robotic fish experiences significant attenuation compared to the left side. As the wave propagates to the right, the wave peak causes the head of the robotic fish to undergo larger vertical displacement. At the same time, the energy of the wave is harvested by the joints, reducing the wave height, and the vertical displacement and rotation angle of the tail link are also correspondingly reduced, showing an overall fluctuating motion.




4.3. Feasibility Analysis of Energy Self-Sufficiency


According to Section 4.1, it can be determined that the undulation frequency is the primary variable affecting the swimming efficiency, followed by the amplitude, and the phase is the third key variable. For the robotic fish studied in this work, its energy harvesting capability primarily relies on the surrounding wave environment. Therefore, efficient energy utilization during swimming is crucial in achieving energy self-sufficiency. Studies have demonstrated that reducing both the undulation frequency and amplitude while maintaining a complete body wavelength can lead to a balance between swimming efficiency and stability. Therefore, we select an amplitude coefficient of a = 0.0625, frequency of f = 0.5Hz, and phase of φ = 2π as undulation parameters for verification. The simulated forward velocity and lateral velocity of the robotic fish are shown in Figure 20. Under these motion parameters, although it takes six undulation cycles to reach the cruising speed, the swimming velocity reaches 0.6 m/s, with a lateral velocity of only 0.05 m/s. The average energy and swimming efficiency of the multi-joint robotic fish during swimming are shown in Table 1. It can be observed that the average energy cost is 23.3 W, with the majority of the energy being converted into kinetic energy for the forward motion of the robotic fish, while only a small fraction of the energy is dissipated in the surrounding flow field, resulting in swimming efficiency as high as 0.75.



The power harvested by the multi-joint robotic fish is 4 W in a wave environment with a wave height of 0.1 m and a wavelength of 3 m. Combining Figure 20 and Table 1, it can be calculated that the energy harvested by the robotic fish floating in the wave environment studied for 24 h is sufficient to support its swimming for 4.12 h, covering a distance of 8899 m. Importantly, the wave height examined in this study is only 0.1 m, which reflects Level 1 sea conditions. As the wave height increases, power harvesting can be further improved. The study demonstrates the enormous potential for underwater robots to achieve energy self-sufficiency through wave energy harvesting.





5. Conclusions


In this study, the energy costs and the energy harvesting of multi-joint robotic fish are numerically simulated using a coupled DualSPHysics and Chrono method. The relationship between different undulation parameters and swimming performance is studied, such as motion speeds, energy costs, and swimming efficiency, and the influence of the PTO system on energy harvesting is examined. Additionally, a high-efficiency swimming mode is proposed, and its energy self-sufficiency performance is evaluated in conjunction with the energy-harvesting capability. The main conclusions are as follows.



	
Inspired by the locomotion of eels, the thrust of multi-joint robotic fish primarily arises from the reactive force of the jet flow generated by tail oscillations. The undulation parameters, namely, the amplitude, frequency, and phase, of the robotic fish are crucial factors influencing the strength of the jet flow, and they strongly affect the velocity, energy costs, and swimming efficiency of the fish. It is observed that the frequency is the primary variable affecting both the energy costs and efficiency, followed by the amplitude and phase. Although low frequencies and amplitudes, along with phase adjustments to maintain a complete wavelength, could effectively reduce energy costs and promote body stability, there is a compromise in the forward speed.



	
PTO systems with different damping coefficients affect the wave-induced motion of robotic fish by applying a resistance moment at the joints, thereby impacting the power and efficiency of energy harvesting. It is observed that determining the appropriate damping coefficient for multi-joint robotic fish is important for balancing body motion and joint resistance moment during energy harvesting, thereby maximizing the harvested energy from waves. In the wave environment in this study, the maximum power output can reach 4 W under optimal damping coefficients.



	
The energy harvesting of multi-joint robotic fish is determined by the damping coefficients and environmental factors. Therefore, the key to achieving energy self-sufficiency for multi-joint robotic fish lies in adjusting the undulation parameters to reduce energy costs and enhance swimming efficiency. Under the examined conditions of wave energy harvesting and undulation parameters, the ratio of the average energy harvested by the multi-joint robotic fish to the average energy cost is 1:5.8, demonstrating that energy self-sufficiency is feasible.



	
This research demonstrates that it is feasible for multi-joint robotic fish to achieve energy self-sufficiency in wave environments, and there is great potential for development. Additionally, it provides an effective and sustainable solution for the long-term operation of underwater robots.






In the future, the authors will investigate the energy self-sufficiency performance of multi-joint robotic fish with different shapes of links, as well as the impact of different wave environments on the energy-harvesting efficiency and power of the fish. Additionally, the conclusions of this study will be validated through experimental methods.
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Figure 1. Diagram of displacement and angle. 
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Figure 2. Vorticity field and the thrust coefficient for a pitching airfoil: (a) contour of vorticity; (b) comparison of time histories of CT.; Lu et al. 2013—[48]. 
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Figure 3. Velocity field and the time history of the rotation angle for a floating body in waves: (a) contours of velocity in the x and z directions; (b) comparison of the time histories of the rotation angle; Ren et al. [49]. 
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Figure 4. Geometric diagram of the calculation models: (a) swimming model; (b) energy-harvesting model. 
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Figure 5. Geometrical model of the robotic fish while swimming: (a) body wave at rest; (b) body wave with undulation. 
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Figure 6. Comparison of the forward velocity of the multi-joint robotic fish at different resolutions. 
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Figure 7. Comparison of surge at different resolutions. 
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Figure 8. Velocity field and contours of vorticity for one cycle of swimming: (a) t = t; (b) t = t + T/4; (c) t = t + 2T/4; (d) t = t + 3T/4. 






Figure 8. Velocity field and contours of vorticity for one cycle of swimming: (a) t = t; (b) t = t + T/4; (c) t = t + 2T/4; (d) t = t + 3T/4.
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Figure 9. Time histories of velocity variation for different amplitudes. (a) Velocity: forward velocity (solid lines) and lateral velocity (broken lines). (b) Cruising speed. 






Figure 9. Time histories of velocity variation for different amplitudes. (a) Velocity: forward velocity (solid lines) and lateral velocity (broken lines). (b) Cruising speed.



[image: Jmse 12 00701 g009]







[image: Jmse 12 00701 g010] 





Figure 10. Average energy and swimming efficiency for different amplitudes. 
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Figure 11. Time histories of velocity variation for different frequency. Forward velocity (solid lines); lateral velocity (broken lines). 
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Figure 12. Average energy and swimming efficiency for different frequencies. 
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Figure 13. Time histories of velocity variation for different phases. Forward velocity (solid lines); lateral velocity (broken lines). 
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Figure 14. Velocity field and contours of vorticity for different phases with the maximum tail amplitude. (a) φ = π; (b) φ = 1.5π; (c) φ = 2.5π; (d) φ = 3π. 
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Figure 15. Average energy and swimming efficiency for different phases. 
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Figure 16. Link angular velocities and the difference in angular velocities between adjacent links with respect to the damping coefficient: (a) link angular velocities; (b) difference in angular velocity between adjacent links. 
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Figure 17. Average harvested power for different logarithms of the damping coefficient. 
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Figure 18. Time histories of link motion with different damping coefficients. Left: β = 0 Nms/rad (a–c). Right: β = 80 Nms/rad (d–f). 
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Figure 19. Velocity field for energy harvesting model over a cycle. Left: β = 0 Nms/rad (a–d). Right: β = 80 Nms/rad (e–h). 
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Figure 20. Time history of velocity under high-swimming-efficiency parameters. 






Figure 20. Time history of velocity under high-swimming-efficiency parameters.



[image: Jmse 12 00701 g020]







 





Table 1. Average energy and swimming efficiency under high-swimming-efficiency parameters.
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	       P  ¯    t o t a l      (J/s)
	       P  ¯    m o t i o n      (J/s)
	       P  ¯    f o r w a r d m o t i o n      (J/s)
	      η   m      





	23.3
	18.7
	17.53
	0.75
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