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Research on the principle and application of vortex-induced vibration control based on nonlinear energy sink

[bookmark: _GoBack]Abstract:
Traditional vortex-induced vibration control methods such as linear dampers, active control devices, etc., or cannot respond to vibration in a wider frequency range due to limited broadband control capabilities, or the system is complex and costly, and it is difficult to meet the engineering requirements under complex conditions. Vortex-induced vibration, as a typical problem in the field of fluid-solid coupling, widely exists in engineering structures such as marine risers, bridge piers, and industrial pipelines. The review aims to research the principle and application of vortex-induced vibration control based on a nonlinear energy sink. The fluid-solid coupling effect can be seen as a two-way coupling relationship, that is, the two-way coupling relationship between fluid-structure and structure-fluid.  The specific components of the R-NES system are a rigid platform and a mass ball mounted on a cylinder. When the natural frequency of the main structure is further reduced to 0.8Hz and below ( such as 0.8Hz, 0.1Hz ), the static displacement of the NES under the action of self-weight increases sharply ( 74.51m at 0.1Hz ), and the displacement-recovery force curve completely deviates from the cubic stiffness characteristic. Multi-degree-of-freedom NES ( MDOF-NES ) is composed of three series oscillators, which are coupled with the cylinder through linear springs, cubic springs and dampers. By constructing a three-dimensional two-way coupled fluid-structure interaction ( FSI ) framework and combining computational fluid dynamics ( CFD ) simulation to analyze the lateral oscillation of the system, it is confirmed that the optimized PIP structure can effectively suppress VIV. Further parameter optimization, the intelligent design based on machine learning breaks through the bottleneck of multi-parameter coupling optimization with the help of machine learning algorithm, and realizes the personalized and accurate design of NES and PIP. For the PIP structure, it is necessary to deeply analyze the flow field interference and wave-current coupling mechanism of the multi-tube array, quantify the correlation between the gap flow field and the vortex shedding, and provide a theoretical basis for structural optimization.

1. Introduction 
( 1 ) Research background and significance 
Vortex-induced vibration, as a typical problem in the field of fluid-solid coupling, widely exists in engineering structures such as marine risers, bridge piers, and industrial pipelines (Huera-Huarte, 2024; Li et al., 2022; Duranay et al., 2023). The core hazard is that the periodic fluid force caused by vortex shedding is coupled with structural resonance, which can easily lead to structural fatigue damage, shortened service life, and even safety accidents, such as excessive vortex-induced amplitude of bridges, fracture of marine risers, and pipeline leakage, which brings severe challenges to engineering safety and economic costs (Teimourian & Teimourian, 2021; Zhao et al., 2023). Traditional vortex-induced vibration control methods such as linear dampers, active control devices, etc., or cannot respond to vibration in a wider frequency range due to limited broadband control capabilities, or the system is complex and costly, and it is difficult to meet the engineering requirements under complex conditions (Yan et al., 2025; Zheng et al., 2021). Efficient and stable passive control technology breakthroughs are urgently needed. With the characteristics of targeted energy transfer ( TET ), linear energy sink ( NES ) can actively absorb and dissipate vortex-induced vibration energy through the coupling of nonlinear stiffness, damping element and main structure (Almazova et al., 2024; Gzal et al., 2023; Dutta et al., 2024). It has the advantages of simple structure, no external energy and wide frequency vibration, and has become the core research direction of vortex-induced vibration control. At present, the research on multi-degree-of-freedom NES, rotary NES, combined nonlinear damping NES and other configurations not only reveals the key laws of low linear stiffness coupling to improve the limit cycle vibration ( LCO ) suppression effect, but also emphasizes the control response ( SMR ) to strengthen energy transfer (Wang et al., 2024;Cui et al., 2024). It also breaks through the limitations of traditional linear control and provides a new path for vortex-induced vibration control under complex working conditions ( such as multi-degree-of-freedom coupling vibration and high Reynolds number flow field). 
( 2 ) Overview of research status 
Many scholars have carried out research on vortex-induced vibration ( VIV ) and structural vibration control for nonlinear energy sink ( NES ). Hamid Matin Nikoo and Kaiming Bi constructed a three-dimensional two-way coupling fluid-solid coupling framework. Through CFD simulation, it was confirmed that the optimized pipe-in-pipe system can significantly suppress VIV and provide an integrated scheme of thermal insulation and vibration reduction for marine engineering. Flávio D. Marques et al.analyzed the multi-degree-of-freedom NES model under different stiffness coupling scenarios. Through numerical simulation and comparison, it is shown that the reasonable design of multi-degree-of-freedom NES parameters can effectively control the amplitude, and the low linear stiffness coupling effect is better, and its performance is better than the classical I-type NES. In order to explore the necessary and sufficient conditions of the stressing system response, Chai and Li et al.derived the slow-varying dynamic flow equation. Combined with the multi-scale method and experiment, it is revealed that the stressing system response is caused by the saddle-node bifurcation of the limit cycle, and the two conditions for the stable stressing system response of the system are clarified. For the NES system with combined nonlinear damping, the slow-varying equation is derived by Zhang Yun and Kong Xianren. By using the multi-scale method and one-dimensional mapping analysis, the influence of the system response condition and the amplitude of the external excitation is clearly emphasized. Zhang Mingjie and Dong Wenxiao explored the control of vertical vibration by cubic stiffness NES. The coupling model was constructed and the nonlinear Newmark method was used. It was found that the influence of NES weight on the control performance was related to the natural frequency of the main structure, and showed different characteristics at different frequencies. Dong Yang Chen and Chao Jie Gu used the two-degree-of-freedom wake oscillator model to study the rotating NES. The results show that it has better VIV suppression effect on large mass ratio cylinders, and higher mass ratio and rotation radius can improve performance. The influence of damping parameters is related to the mass ratio of the cylinder.
2.Vortex-induced vibration and control basic theory 
( 1 ) Core characteristics of vortex-induced vibration 
Vortex-induced vibration is a typical fluid-solid coupling phenomenon caused by the interaction between fluid and elastic structure. It is widely found in marine engineering ( such as risers and jackets ), bridge engineering ( such as stay cables ) and aerospace fields (Filabi et al., 2024; Guo & Liu, 2023). Its characteristics include vortex shedding mechanism, fluid-solid coupling effect, vibration response evaluation index and so on. 
Vortex shedding is a physical process in which alternating vortices are formed due to boundary layer separation and fall off from both sides of the structure when the fluid bypasses a bluff body ( such as a cylinder or a square cylinder ). Its shape and frequency characteristics are directly controlled by Reynolds number, which is the root cause of structural vibration. The Reynolds number is a dimensionless number ( Re = ρvD / μ ) that characterizes the ratio of fluid inertia force to viscous force, and its value determines the mode and stability of vortex shedding.
The fluid-solid coupling effect can be seen as a two-way coupling relationship, that is, the two-way coupling relationship between fluid-structure and structure-fluid. 
The fluid-structure coupling refers to the periodic lateral lift ( perpendicular to the incoming flow direction ) and longitudinal resistance ( parallel to the incoming flow direction ) applied to the structure by the alternately shedding vortex. The lift is the main load driving the lateral vibration of the structure, and the resistance mainly causes the longitudinal vibration or additional damping of the structure. Structure-fluid coupling refers to the vibration of the structure under the action of vortex-induced force ( such as the lateral oscillation of the cylinder ), which will change the fluid velocity distribution on the surface and the separation position of the boundary layer, and then adjust the shedding frequency, strength and phase of the vortex. This ' reaction of structural vibration to flow field ' is the key to distinguish vortex-induced vibration from pure fluid motion.
In order to evaluate the damage degree and control effect of vortex-induced vibration on the structure, it is necessary to quantify the vibration response through a series of key parameters. The core indicators can be divided into two categories : ' direct response indicator ' and ' indirect hazard indicator '. The most intuitive indicator usually focuses on the lateral amplitude ( perpendicular to the direction of the incoming flow, because the lateral vibration is more intense ), and is commonly expressed as the ratio of the amplitude to the structural feature size ( A / D ) ' ( dimensionless, easy to compare different size structures ). For example, if the A / D value of the marine riser exceeds 0.1, it is necessary to be alert to the risk of fatigue. 
( 2 ) Nonlinear energy well control principle 
The nonlinear energy sink is mainly composed of a mass block, a nonlinear stiffness element ( such as a spring with cubic stiffness characteristics, whose elastic force is related to the third power of the deformation ) and a damping element ( such as a combination of nonlinear damping, combined with viscous damping, Coulomb damping and other damping forms ). These components cooperate with each other and are coupled with the main vibration structure to provide a basis for subsequent energy transfer and dissipation.
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When the main structure vibrates, NES forms a nonlinear coupling relationship with the main structure by means of its own nonlinear stiffness and damping elements. In this process, NES can accurately obtain vibration energy from the main structure. Specifically, the nonlinear stiffness enables NES to generate energy interaction with the main structure in a wide frequency range, while the damping element is responsible for dissipating the absorbed energy in the form of heat energy, so as to suppress the vibration of the main structure. Its energy response mode can be divided into emphasis response and quasi-periodic response. When the system meets certain conditions, there will be an emphasis response. At this time, NES can absorb a large amount of vibration energy from the main structure in a short time. This characteristic greatly improves the efficiency of energy dissipation and can quickly reduce the vibration amplitude of the main structure. When the parameter matching between the NES and the main structure is in a specific range, a quasi-periodic response will be generated. In the quasi-periodic response state, the energy transfer process is more continuous and stable, which can continuously absorb and dissipate energy from the main structure, further enhance the suppression effect on the vibration of the main structure, and keep the vibration of the main structure at a low level.
3.Research progress of nonlinear energy sink in vortex-induced vibration control 
( 1 ) VIV control of multi-degree-of-freedom nonlinear energy sink ( MDOF-NES ) 
Flávio D. Marques et al.analyzed the model performance in two linear stiffness coupling scenarios of low and strong, and explored the influence of parameter changes on bifurcation and limit cycle oscillation ( LCO ) through numerical simulation, and compared it with the classical type I NES. It is found that the reasonable design of the multi-degree-of-freedom nonlinear energy sink composed of three series oscillators, which are coupled with the cylinder by linear springs, cubic springs and dampers ( such as three mass blocks in series, the first mass linear spring connecting the main structure, and the rear mass cubic spring coupling ) can effectively control the amplitude.
The main structure of the multi-degree-of-freedom nonlinear energy sink consists of a single-degree-of-freedom cylinder supported by a linear suspension. The vortex shedding phenomenon is described by the van der Pol wake model and coupled with the displacement of the cylinder in the direction perpendicular to the flow direction. The passive control is realized by coupling the multi-degree-of-freedom nonlinear energy sink with the cylindrical structure. The nonlinear absorber consists of three oscillators in series, in which the first mass block is directly connected to the surface of the cylinder by a linear spring. The second mass block is connected by a pure cubic spring and an equivalent linear viscous damper to connect the first and third mass blocks. Two scenarios involving lower and stronger linear coupling stiffness are studied, and their ability to suppress persistent oscillations in a locked state is investigated. Bifurcation analysis is performed on the direct time integral of the model in each scenario. The parameters of multi-degree-of-freedom nonlinear energy sink ( MDOF-NES ) are also studied. In fact, the simulation results and bifurcation diagrams show that the appropriate multi-degree-of-freedom nonlinear energy sink ( MDOF-NES ) design can eliminate the subcritical behavior and reduce the amplitude of the limit cycle oscillation ( LCO ).
For the nonlinear stiffness, for the multi-degree-of-freedom nonlinear energy sink ( MDOF-NES ) with low linear stiffness coupling, the increase of this parameter always has a positive effect on the limit cycle oscillation ( LCO ) amplitude of the damped cylinder. However, for the strong coupling configuration, this phenomenon is not observed because the ability of the multi-degree-of-freedom nonlinear energy sink to control the oscillation of the cylindrical limit cycle will deteriorate after reaching the critical value. It is also observed that the nonlinear stiffness has no significant effect on the stability and synchronization frequency of the cylindrical limit cycle oscillation. Nevertheless, the use of weak stiffness coupling seems to be more effective. The multi-degree-of-freedom nonlinear energy sink ( MDOF-NES ) synthesized by weak stiffness coupling configuration has better attenuation performance of limit cycle oscillation ( LCO ) in the initial stage of locking. 
( 2 ) Research on VIV control of rotational nonlinear energy sink ( Rotational NES ) 
In order to study how to control vortex-induced vibration, DongYangChen and ChaoJieGu et al.used a two-degree-of-freedom van der Pol wake oscillator model to study the dynamic characteristics of a rigid cylinder connected to a rotating nonlinear energy sink. The model is used to consider the coupled transverse and longitudinal flow vibrations. Therefore, the wake oscillator coupling equation is established, and then the fluid-cylinder-NES coupling system is established. 
The specific components of the R-NES system are a rigid platform and a mass ball mounted on a cylinder. The mass ball can rotate around the cylindrical axis with a constant radius r, and the energy is dissipated by a linear viscous damper. The total mass of the NES-cylinder system is M. Although the fluid is not in direct contact with the R-NES, the energy in the flow can be transferred to the NES through the cylinder. According to the physical model, the structural control equation of R-NES is established. According to the control equation, the mathematical model of vortex-induced vibration with NES can be obtained. The parameters related to R-NES are : rotation angle θ, dimensionless mass parameter β, dimensionless damping parameter ξ and dimensionless rotation radius parameter r.
When exploring the dynamic characteristics of cylinders with different mass ratios under the action of R-NES, it is found that the suppression effect of R-NES on the vortex-induced vibration of large mass ratio cylinders is better than that of low mass ratio cylinders. The effects of different parameters of R-NES on vortex-induced vibration response were also systematically studied. The results show that the VIV inhibition effect of R-NES on large mass ratio cylinder is significantly better than that of small mass ratio cylinder. Increasing the mass parameters ( 0.05-0.2 ) and rotation radius parameters ( 0.1-0.5 ) of R-NES can improve the suppression performance, while the influence of damping parameters is complex and related to the mass ratio of the cylinder. Finally, the optimal damping parameters are 0.001-0.002 and the optimal mass ratio is 0.008. In addition, R-NES achieves energy redistribution ( from cross-flow to longitudinal flow ) through targeted energy transfer ( TET ), and reduces the column resistance under excitation, which provides an optimization direction for VIV control of columnar structures with different mass ratios.
( 3 ) Research on VIV control of combined nonlinear damping and cubic stiffness NES 
In order to explore the control performance of cubic stiffness nonlinear energy sink ( NES ) on vertical vibration of structures, Zhang Mingjie and Dong Wenxiao constructed a dynamic model of single-degree-of-freedom oscillator coupled with NES. The nonlinear Newmark numerical integration method is used to study the performance difference of NES in vertical vibration and horizontal vibration control under different natural frequencies and external excitation frequencies of the main structure. 
When the natural frequency of the main structure is in the high frequency range ( such as 5Hz, 3Hz ), the static displacement of NES under the action of self-weight is very small ( such as the static displacement is only 0.08m at 5Hz ), and the displacement-restoring force curve near the static equilibrium position still approximately maintains the cubic stiffness characteristic, and the change of the dynamic characteristics of NES caused by self-weight can be neglected.
As the natural frequency of the main structure decreases ( such as from 3Hz to 1Hz ), the static displacement caused by the self-weight of NES increases significantly ( the static displacement reaches 0.61m at 1Hz ). The static equilibrium position deviates from the initial cubic stiffness assumption, and the displacement-stiffness curve shows obvious asymmetric characteristics, which leads to the differentiation between the dynamic response of NES in vertical vibration control and the horizontal vibration scene. Taking the natural frequency of 1Hz as an example, the relative difference of the displacement calculation results of the main structure under the two working conditions increases sharply to 68.5 %. The core reason for this difference is that the static displacement in the vertical scene changes the nonlinear coupling relationship between NES and the main structure, and the energy transfer efficiency decreases, while the horizontal scene has no such effect. This conclusion suggests that for low-frequency structures with natural frequencies in this interval, such as railway viaducts and steel structure corridors, it is necessary to optimize NES parameters ( such as adjusting stiffness and damping ), and horizontal vibration control schemes cannot be directly applied.
When the natural frequency of the main structure is further reduced to 0.8Hz and below ( such as 0.8Hz, 0.1Hz ), the static displacement of the NES under the action of self-weight increases sharply ( 74.51m at 0.1Hz ), and the displacement-recovery force curve completely deviates from the cubic stiffness characteristic. In turn, it exhibits a linear characteristic similar to a tuned mass damper ( TMD ). At this time, the NES achieves vibration control through linear stiffness and damping, rather than relying on nonlinear targeted energy transfer. The data show that when the natural frequency is 0.8 Hz, the relative displacement difference between the main structure of NES and TMD under condition 1 ( vertical control ) does not exceed 4.1 %, indicating that the control effects of the two are highly similar. This law is applicable to ultra-low frequency structures such as long-span bridges and offshore platforms, which means that in such scenarios, cubic stiffness NES can be used as an alternative to TMD, but it is necessary to pay attention to the problem that its static displacement is much larger than that of TMD ( e.g., the static displacement of NES is 4.59 m at 0.4 Hz ).
( 4 ) Study on the stressed response ( SMR ) of nonlinear energy sinks 
It is emphasized that the control response means that when the NES and the excited main structure meet the specific parameter matching conditions, the NES no longer absorbs the energy of the main structure only through the ' smooth small amplitude vibration ', but enters the ' large amplitude and intermittent vibration ' state. The vibration energy of the main structure is transferred to the NES quickly, unidirectionally and irreversibly, and then dissipated efficiently through the damping element of the NES, so that the vibration amplitude of the main structure is significantly reduced in a short time, and this control effect is far more than the conventional response of the NES ( such as small amplitude periodic vibration ). 
In order to explore the necessary and sufficient conditions for the appearance of the emphasis response in the essential nonlinear energy well system under harmonic excitation, Chai Kai and Li Shuang carried out relevant research. The slow-varying dynamic flow equation of the system under primary resonance is derived by using the complex variable averaging method, and the separation of fast flow and slow-varying manifold is realized by combining the multi-scale method. The slow-varying manifold and global bifurcation characteristics of the system under different parameters are obtained, and then the necessary and sufficient conditions for the nonlinear energy well system to show the emphasis response are revealed. By building an analog circuit and conducting experiments, the simulation and experimental results show that the emphasis control response is caused by the saddle-node bifurcation of the limit cycle in the slow-varying dynamic flow of the coupled system.
The stability of the system needs to meet two conditions : one is that the response of the nonlinear energy well system exceeds the extreme point on the slow invariant manifold and is not attracted by a branch of the slow invariant manifold ; the second is to form a continuous jump loop without falling into a local loop. 
Zhang Yunfa and Kong Xianren et al.describe the theoretical model of the nonlinear energy sink system with combined nonlinear damping, and use the complex variable averaging method to derive the system motion equation to obtain the slow-varying equation. Then, the multi-scale method is used to expand the stress response analysis of the slow-varying equation, and the slow invariant manifold and phase trajectory of the system are studied to clearly emphasize the condition basis for the occurrence of the stress response. With the help of one-dimensional mapping analysis system, the influence of external excitation amplitude on the value interval of frequency detuning coefficient in the presence of emphasis response is revealed.
( 5 ) Research progress of pipe-in-pipe ( PIP ) structure in vortex-induced vibration control 
Hamid Matin Nikoo and Kaiming Bi constructed a three-dimensional two-way coupled fluid-solid coupling ( FSI ) framework, and simulated and analyzed the lateral oscillation of the system by computational fluid dynamics ( CFD ). It is concluded that the optimized pipe-in-pipe system can significantly suppress vortex-induced vibration ( VIV ), which provides an integrated scheme with both thermal insulation and vibration reduction functions for vibration control of marine engineering structures. 
In order to verify that the vibration amplitude of the cylinder under the action of vortex-induced vibration ( VIV ) will increase significantly in a specific reduced velocity range. Hamid Matin Nikoo and Kaiming Bi performed numerical simulations in the velocity range of 4 to 7 only near the synchronous region, taking into account four reduced velocities, which are 3.7,4.2,4.9 and 6.8, respectively. The response of the improved PIP system under vortex-induced vibration is calculated. For comparison, the corresponding results of a single tube are also calculated. It should be noted that for the traditional PIP design, the inner tube and the outer tube vibrate almost synchronously, which means that the response of the single tube is almost the same as that of the traditional PIP system.
With the help of the three-dimensional numerical model, the three-dimensional vortex shape around the cylinder can be clearly captured, and then the three-dimensional wave flow field characteristics of the single-tube PIP system and the optimized PIP system can be obtained. It can be seen that compared with the single-tube structure, the optimized PIP system can change the distribution state of the wake vortex street : at the initial stage, the wake topology of the traditional PIP system and the optimized PIP system is not much different, but over time, the difference between the two wake modes gradually becomes significant. 
5.Summarization of research status and future prospects 
( 1 ) Comparison and analysis of different vortex-induced vibration control technologies 
Multi-degree-of-freedom NES ( MDOF-NES ) is composed of three series oscillators, which are coupled with the cylinder through linear springs, cubic springs and dampers. The research shows that the reasonable design of its parameters can effectively control the amplitude, and the control effect of the low linear stiffness coupling scheme is better, and the mass block has a significant effect on the stability, amplitude and synchronization frequency range of the limit cycle vibration ( LCO ), and the performance is better than that of the classical type I NES.
Rotary NES ( R-NES ) : For VIV control of rigid cylinders, the suppression effect of large mass ratio cylinders is better than that of low mass ratio cylinders ; higher mass ratio and rotation radius can improve its control performance, and the influence of damping parameters needs to be considered in combination with the mass ratio of the cylinder. 
NES with combined nonlinear damping : The equation of motion of the system is derived by the complex variable averaging method and combined with the multi-scale analysis. The condition basis of the occurrence of the emphasis response is clarified, and the influence of the external excitation amplitude on the value interval of the frequency detuning coefficient in the presence of the emphasis response is revealed.
Cubic stiffness NES : Vertical vibration control of focused structures, whose control performance is closely related to the natural frequency of the main structure. When the natural frequency of the main structure is ≥ 3Hz, the influence of self-weight can be neglected, and the control effect of vertical and horizontal vibration is consistent. When the natural frequency is less than 0.8Hz, it shows the characteristics similar to the tuned mass damper ( TMD ) near the static equilibrium position, and the static vertical displacement caused by its own weight is greater than that of TMD under different natural frequencies. 
In addition, the study also clarifies the necessary and sufficient conditions for the stable emphasis response of the NES system : caused by the saddle-node bifurcation of the limit cycle in the slow-varying dynamic flow of the coupled system, it is necessary to meet the two conditions of ' the response exceeds the extreme point of the slow invariant manifold and is not attracted by a branch ' and ' the formation of a continuous jump loop does not fall into a local cycle ', and the emphasis response can further strengthen the energy transfer and improve the vibration suppression efficiency.
By constructing a three-dimensional two-way coupled fluid-structure interaction ( FSI ) framework and combining computational fluid dynamics ( CFD ) simulation to analyze the lateral oscillation of the system, it is confirmed that the optimized PIP structure can effectively suppress VIV. Its core advantage is to reduce the VIV amplitude by optimizing the flow field distribution, while retaining excellent thermal insulation performance. It provides an integrated solution of " thermal insulation + vibration reduction " for the vibration control of marine engineering structures, taking into account functional requirements and safety assurance. 
The key conclusion is that the multi-degree-of-freedom NES with low linear stiffness coupling ( MDOF-NES ), with its precise control of amplitude and LCO stability and better performance than the classical type I NES, is effective in the scene where vortex-induced vibration needs to be suppressed through nonlinear energy transfer. The PIP structure with reasonable parameters, relying on the advantages of flow field optimization mechanism and integrated function, has become the preferred scheme for both thermal insulation and vibration reduction in the field of marine engineering.
( 2 ) Existing problems and challenges 
The technical bottleneck of nonlinear energy sink ( NES ) Although NES shows multi-configuration adaptability in vortex-induced vibration ( VIV ) control, it still faces the dual challenges of control stability and synergy in complex engineering scenarios : insufficient control stability in complex flow fields : The effectiveness of current NES is mostly based on the ideal scenario verification of low Reynolds number and steady inflow, while in practical engineering, the structure is often in high Reynolds number turbulence ( such as when the marine riser encounters strong ocean current ) or unsteady flow field ( such as the bridge pier is disturbed by fluctuating wind and ship wake ). At high Reynolds number, the fluid boundary layer transitions to turbulence, and the vortex shedding mode is disordered, resulting in a nonlinear coupling ' mismatch ' between the NES and the main structure, the targeted energy transfer ( TET ) path is interrupted, and even ' energy feedback ' may occur to aggravate the vibration.
The cooperative control problem of multi-structure coupled VIV : In practical engineering, structures often exist in the form of arrays ( such as multi-risers of offshore platforms and heat exchanger bundles ). The ' vortex-induced interference effect ' of adjacent structures will change the flow conditions of downstream structures, while the existing NES studies multi-focus single-structure control. If the NES is independently configured for each structure, the downstream structure may enter the frequency locking range due to inconsistent parameters, causing the overall vibration amplification. 
( 3 ) Future research directions 
Focus on technology integration. In the future, it is necessary to promote the collaborative integration of NES and PIP structures and build a composite control system of ' broadband vibration reduction + functional integration '. The PIP structure is used to optimize the characteristics of the flow field, weaken the excitation intensity of the vortex to the main structure, and create a more stable energy transfer environment for the NES. At the same time, through the broadband vibration reduction ability of NES, the control effect attenuation of PIP in complex flow field is compensated, and the dual mechanism of ' flow field optimization-energy absorption ' is formed. 
Further parameter optimization, the intelligent design based on machine learning breaks through the bottleneck of multi-parameter coupling optimization with the help of machine learning algorithm, and realizes the personalized and accurate design of NES and PIP. Using neural network, reinforcement learning and other algorithms, a parameter optimization model is established, which can output the optimal parameter combination under different working conditions ( such as the natural frequency of the main structure, the incoming flow velocity, and the structure array form ) in real time.
Deepen the exploration of the mechanism of NES. Focusing on the core mechanism of unsteady flow and fluid-solid coupling, we strive to break through from the basic theoretical level and reveal the control mechanism in complex scenarios. For NES, we focus on the dynamic evolution of targeted energy transfer ( TET ) in unsteady flow field, clarify the influence of non-periodicity of flow field on SMR trigger conditions, and establish an energy interaction model. For the PIP structure, it is necessary to deeply analyze the flow field interference and wave-current coupling mechanism of the multi-tube array, quantify the correlation between the gap flow field and the vortex shedding, and provide a theoretical basis for structural optimization.
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