

  materials-16-04605




materials-16-04605







Materials 2023, 16(13), 4605; doi:10.3390/ma16134605




Article



Analysis of Vibration-Damping Characteristics and Parameter Optimization of Cylindrical Cavity Double-Plate Phononic Crystal



Chunsheng Song 1, Qi Yang 1, Xuechun Xiong 1, Rui Yin 1, Bo Jia 1, Yaru Liang 1 and Haining Fang 2,*





1



School of Mechanical and Electrical Engineering, Wuhan University of Technology, Wuhan 430070, China;






2



School of Management, Wuhan University of Technology, Wuhan 430070, China









*



Correspondence: fanghaining@whut.edu.cn







Academic Editor: Philippe Colomban



Received: 27 April 2023 / Revised: 9 June 2023 / Accepted: 21 June 2023 / Published: 26 June 2023



Abstract

:

For the application of low-frequency vibration damping in industry, a cylindrical cavity double-layer plate-type local resonance phononic crystal structure is proposed to solve low-frequency vibration in mechanical equipment. Initially, using COMSOL 5.4 software, the bending wave band gap is calculated in conjunction with elastic dynamics theory and the BOLOCH theorem to be 127–384 Hz. Then the mechanism of bending wave gap is analyzed by combining element mode shape and an equivalent model. Subsequently, the bending vibration transmission characteristics of the crystal plate are explained, and the vibration-damping characteristics are illustrated in combination with the time–frequency domain. An experimental system is constructed to verify the vibration-damping properties of crystal plates; the experimental results and simulation results are verified with each other. Finally, the element structural parameters are optimized using the RSM. Fifty-four sets of experiments are designed based on six structural factors and three levels, and the expressions between the bending wave band gap and six structural factors are obtained. Combining the particle swarm algorithm, the optimization is performed with the band gap width as the target. This method is shown to be more accurate than the commonly used interior point method. The structure of cylindrical-cavity-type phononic crystal and the parameter optimization method proposed in this paper provide a certain reference for the design of local-resonance-type phononic crystal.
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1. Introduction


Recently, science and technology have experienced rapid progress, and the machinery industry has also grown by leaps and bounds. However, mechanical vibration has remained a significant problem in the operation of mechanical equipment. Excessive vibration can disrupt equipment operation, causing noise hazards. Low-frequency mechanical vibration exists in many engineering applications, such as ships, buildings, and large equipment, and it is closely related to people’s lives. Mechanical vibration not only reduces the safety of equipment operation but also poses hidden risks to people’s property and life safety [1,2,3,4]. There are two common methods of vibration reduction—isolation and absorption—which work based on different modes of action. Phononic crystal structures are further expanded on the basis of traditional periodic structures and are new methods and concepts for achieving vibration and noise suppression [5,6]. The elastic wave band gap formed by the phononic crystal structure exhibits good suppression and attenuation effects on vibrations in the frequency band [7,8].



The band gaps of phononic crystals can be divided into Bragg-scattering-type and local-resonance-type [9,10]. The range of the Bragg-type band gap is closely related to the size of its geometric structure, making it impractical to obtain a low-frequency band gap suitable for engineering applications in small structural sizes. The characteristics of the local-resonance-type can compensate for this disadvantage. By reasonably designing structures, lower-frequency range band gaps can be obtained to cope with vibration and noise reduction problems in industry [11,12,13]. There are many structures for local-resonance-type phononic crystal, among which convex phononic crystals have been proven to generate low-frequency band gaps as a typical example [14,15,16,17,18,19,20,21,22]. Ravanbod M [23] designed a cross-shaped light scattering structure based on a square lattice metamaterial, and the results showed that it produced multiple broadband gaps. LI et al. [24] designed a single-sided periodic ring resonant radial localized resonant phononic crystal structure, which has better vibration reduction performance compared to traditional industrial boards. Liu H et al. [25] designed various helical phononic crystal structures and completed structural optimization. Due to their excellent vibration reduction performance, phononic crystal structures have been developed into vibration reduction and sound insulation components for using in engineering scenarios and equipment [26], including transportation [27,28], shipbuilding and ocean engineering [29,30], aerospace [31], and other fields in which phononic crystal structures can play a crucial role. In the field of emerging materials, phononic crystals and their related research were carried out, and an ultra-sensitive gas sensor was made using phononic crystals [32]. In addition, research on combining phononic crystals with carbon fiber materials has also yielded some achievements [33,34].



The band gap range of the phononic crystal structure is closely linked to its unitary parameters. To better understand this relationship and facilitate the optimization of structural parameters, scholars commonly employ response surface methodology (RSM) analysis to examine the connection between variables and band gaps, but optimization using the interior point method tends to be trapped in a local optimum solution [35,36,37]. Furthermore, some researchers have used alternative approaches to optimize phononic crystal structures. Zhang BQ et al. [38] trained phononic crystal structure models using neural networks, while Chen LY et al. [39] utilized genetic algorithms to optimize parameters.



Aiming at low-frequency vibration industrial applications, a cylindrical cavity double-layer plate phononic crystal structure is designed to address low-frequency vibration in mechanical devices. The proposed structure is analyzed for its vibration damping characteristics using a combination of finite element method and experiments. A structural parameter optimization scheme is established through RSM to obtain a relatively optimal parameter combination. Firstly, the design of the cylindrical cavity double-layer plate phononic crystal elements is presented, followed by an analysis of the band gap range and its formation mechanism. Its vibration damping performances are further verified using vibration transmission characteristic analysis. Secondly, an experimental platform is built to validate its vibration-damping performances. Finally, RSM analysis is carried out using 54 sets of orthogonal experiments to obtain the expressions between the bending wave band gap and six structural parameters. A nonlinear programming problem is constructed to obtain the maximum band gap width and corresponding structural parameters. The particle swarm algorithm is employed to deal with the nonlinear problem, resulting in the maximum band gap width and corresponding structural parameters.




2. Cylinder Cavity Double-Layer Plate Phononic Crystal


2.1. Method


In general, phononic crystal structures’ medium characteristics are described using elastic dynamics theory, and to further simplify the solution range, lattice energy theory and the BLOCH theorem are utilized. Below is a brief explanation of the theoretical methods and related formulas mentioned above.



In a homogeneous medium with linear elasticity and isotropy, by solving the three basic equations of force, displacement, and stress for a specific element in a uniform, the elastic dynamics equation can be obtained and converted into vector form:


  ρ   u  ¨  = ρ f +   λ + μ   ∇   ∇ · u   + μ   ∇   2   u  



(1)







In the equation,   u   x     is the particle displacement vector,   ∇   is a Hamiltonian operator,   ρ   is the density,   μ   and   λ   are Lamé constants, and   ω   is the circular frequency.



Since phononic crystals have spatial periodicity, lattice and band theory is used to describe the periodicity of the structure, and the basis vector is defined as:


    R   n   =   n   1     a   1   +   n   2     a   2   +   n   3     a   3    



(2)




where       a   1   ,   a   2   ,   a   3       is a set of linearly independent vectors;     n   1   ,   n   2   ,   n   3     are positive integers; and any point in the phononic crystal structure can be represented using primitive cells and basis vectors. The spatial periodicity and symmetry of phononic crystals allow for the representation of the system’s eigenfields according to the BLOCH theorem as follows:


  u   x   =   u   k , n     x     e   i k · x    



(3)







  k   is the wave vector, and the amplitude modulation function     u   k , n   ( x )   also affects the lattice vector     R   n     has translational periodicity, which satisfies:


    u   k , n     x +   R   n     =   u   k , n     x    



(4)







The BLOCH theorem indicates that the eigenfield of a phononic crystal can be expressed by a wave vector within the first Brillouin zone. Thus, by calculating the eigenfield for all wave vector values in this zone, the analysis of the system’s eigenfield can be completed, and the range of solutions can be reduced accordingly.



The finite element method is a commonly used technique for solving the energy band structure of phononic crystal structures. Initially, the whole model is discretized into small elements, and then the relationships between the displacement and stress of these elements are combined to obtain global equations and boundary constraints. Finally, numerical calculations and analyses are performed. The equilibrium equation of the structure is given as follows:


    K −   ω   2   M   U = F  



(5)







In Equation (5),   F   is load matrix,   K   is stiffness matrix, and   M   is mass matrix.



Finally, it is only necessary to introduce periodic boundary conditions so that any point in the structure satisfies the BLOCK boundary condition, namely:


  u   r + a   = u   r     e   i   k · a      



(6)







In Equation (6),   a   means the lattice constant of structure.




2.2. Structure Analysis


For low-frequency mechanical vibration, local resonance phononic crystal structures are commonly designed to obtain a large band gap width and lower initial frequency. This paper proposes a cylindrical cavity rubber layer local resonance double-layer plate phononic crystal unit structure based on relevant research on raised phononic crystals. The structural schematic is shown in Figure 1. The structure consists of two substrate plates, a scatterer, and two rubber layers. The rubber layer is treated with a cavity and is a cylindrical structure with a cylindrical cavity, while the scatterer is a solid cylinder. The upper and lower base plates are square plates.



The scattering body is a high-density metal, while the rubber layers are silicone rubber, and the substrate plate are epoxy resin, forming a “soft-hard-soft” resonance unit between the substrate plates. The structural and material parameters of the unit are presented in Table 1 and Table 2.



The cylindrical cavity rubber layer phononic crystal structure shown in Figure 1 consists of a square symmetric lattice. The structure’s periodicity is analyzed only on the XOY plane since the phononic crystal unit’s periodic arrangement forms a phononic crystal plate. The corresponding irreducible Brillouin region is shown in the shaded part of Figure 2.



The COMSOL finite element software can directly solve the band structure diagram of phononic crystals by setting periodic conditions. For the unit model in Figure 1, the corresponding boundary surfaces are selected and the Floquet periodicity condition is set. Then, the characteristic frequency is calculated and the energy band structure of the phononic crystal is acquired, as illustrated in Figure 3.



The bending wave band gap is generated by the vibration to the vertical direction. Notably, point A1 (127 Hz) corresponds to the band gap’s initiation frequency. The dominant vibration type of point A1(127 Hz) is vertical oscillation of the scatterer, while the upper and lower substrate plates remain static. Consequently, the vertical vibration generates a reaction force in the Z-direction, suppressing the transmission of bending vibration waves. The unit vibration modes of point A2 (362 Hz) and point A3 (384 Hz) are predominantly manifested as vertical vibration of the two substrate plates, while the scatterer oscillator remains stationary. The preceding reaction force on the substrate gradually decreases until it vanishes, resulting in the gradual transmission of the bending vibration wave. Notably, point A3 corresponds to the band gap’s cutoff frequency. From Figure 3, it is evident that the phononic crystal unit exhibits a bending wave band gap between 127 Hz and 384 Hz.



In addition, a simplified model of the spring mass system is used to describe the three modes of vibration described above. For the mode of point A1, the matrix remains stationary and is simplified as mass   M  , the scattering body is simplified as mass   m  , and the rubber layer is simplified as stiffness   k  . The simplified model is shown in Figure 4a. At this point, the system characteristic frequency is    2 k / m   , which corresponds to the initial frequency and point A1. For the modes of points A2 and A3, the simplified model is shown in Figure 4b; the scatterer remains stationary; and the two substrates, rubber layers, and scatterers form two identical simplified models. At these two points, the system’s characteristic frequency is    k / M   , which corresponds to the cutoff frequency. This indicates that the bending wave band gap is determined by the physical properties of substrate plates, scatterers, and rubber layers.



Keeping the dimension of the phononic crystal structure as a constant, the control variable method was used to analyze the effect of each parameter on the bending wave band gap separately. Set the value of   a ∈ { 50 , 52.5 , 55 , 57.5 , 60 }  ,   e ∈ { 2 , 2.5 , 3 , 3.5 , 4 , 4.5 , 5 }  ,     r   1   ∈ { 20 , 21 , 22 , 23 , 24 , 25 }  ,     r   2   ∈ { 8 , 9 , 10 , 11 , 12 }  ,     h   1   ∈ { 24 , 25 , 26 , 27 , 28 }  ,     h   2   ∈ { 3 , 3.5 , 4 , 4.5 , 5 }  , the unit is mm. The effect of each parameter on the band gap of the bending wave is shown in Figure 5.



From Figure 5, an increase in the radius cylindrical cavity     r   2     and the height of the rubber layer     h   2     will reduce the stiffness of the rubber layer, and an increase in scatterer height     h   1     will reduce the mass of scatterer. Then, the initial frequency of the bending wave band gap will be reduced. A decrease in the lattice constants   a   and the substrate thickness   e   will reduce the mass of substrate plate. Then, the cutoff frequency of the bending wave gap will increase.




2.3. Vibration Transmission Characteristics of Phononic Crystal Plates


Vibration transmission characteristics are important indicators for evaluating vibration reduction performance. Arranging the phononic crystal unit structure in Figure 1 with a finite number of periods, as depicted in Figure 6, the number of permutations in both the X and Y directions is 8, and the geometric size of the phononic crystal plate is 440 mm × 440 mm × 40 mm.



Figure 6 illustrates that one point (22.5 mm, 22.5 mm, 40 mm) is set as the excitation end, and another point (417.5 mm, 417.5 mm, 0) is set as the response end. The vertical point load excitation signal is applied, and the vertical acceleration signals at the excitation end and response end are extracted.



Vibration transmission loss is one of the important indicators for evaluating vibration reduction performance, defined as:


  T L = 20   l o g   10         ω   i n       ω   o u t        



(7)







In Equation (7),     ω   i n     and     ω   o u t     represent the acceleration amplitude at the excitation and response points, respectively. Frequency domain simulation is performed on the system, and the bending wave vibration transmission curve of the crystal plate is depicted in Figure 7. It shows that the phononic crystal plate exhibits an excellent inhibitory effect on vibrations in the 128 Hz to 362 Hz range, which is in agreement with the calculated band gap range of 127 Hz to 384 Hz.



Four characteristic frequency points, H1 (75 Hz), H2 (200 Hz), H3 (300 Hz), and H4 (400 Hz), are set up inside and outside the band gap. Figure 7b–e clearly indicates that bending vibration can be transmitted at the H1 and H4 frequency points outside the band gap, while bending vibration waves are well suppressed at the H2 and H3 frequency points inside the band gap. To further demonstrate the difference of bending vibration transmission at the inside and outside of the band gap, the excitation frequencies were set to four frequencies(H1–H4), and the phononic crystal plate was subjected to single-frequency excitation to obtain the curves of the acceleration values at the excitation and response points as a function of time, as shown in Figure 8. The corresponding input and output amplitude attenuation under H1~H4 excitation are −7.82 dB, −46.24dB, −40.86 dB, and −2.61 dB, respectively. The amplitude attenuation corresponding to the H2 and H3 frequencies located within the band gap is significantly greater than that of H1 and H4 outside the band gap.





3. Experimental Analysis of Vibration Transmission Characteristics


To verify the correctness of the simulation analysis, the experimental piece was fabricated by machining the phononic crystal plate structure, as illustrated in Figure 9.



As illustrated in Figure 10, the experimental system of bending vibration characteristics was built according to the structural characteristics of phononic crystal plate. The plate’s four corners were fixed and connected to the base, and an electromagnetic exciter was installed. The experimental system was composed of a base, support seat, electromagnetic actuator, BK acceleration sensors, dSPACE controller, conditioning amplifier, power amplifier, and computer. The base was fixed to the foundation, and the support seat was connected to the base and the phononic crystal plate with screws to ensure proper connection between the plate and the base. An excitation signal was defined by the computer, compiled by the computer software, and fed into the dSPACE controller, and the vibration signal was exported by internal DA conversion. The vibration signal was passed through a power amplifier, which amplifies the signal and generates a signal that drives an electromagnetic actuator. The electromagnetic actuator generates a sinusoidal sweeping excitation force in the vertical direction on the phononic crystal plate through the top bar that is fixed to it, which is equivalent to a bending wave excitation on the crystal plate. The input signal of the excitation point (220 mm, 64 mm, 0) was obtained by using acceleration sensor 1, and the output signal of the response point (27.5 mm, 412.5 mm, 40 mm) was obtained by using acceleration sensor 2. These signals were amplified by the conditioning amplifier. The conditioning amplifier inputted the signal to the dSPACE controller, converted it into a digital signal via AD conversion and inputted it to the computer for storage, then converted the time domain signal into a frequency domain signal via fast Fourier transform.



The vibration transmission characteristic curves between the excitation and response points of the phononic crystal plate were obtained through experimental testing. In addition, an identical simulation model was constructed based on the boundary conditions of the experimental conditions, and the two results are compared in Figure 11.



Figure 11 shows that the phononic crystal plate exhibits significant suppression of bending vibration when the external excitation signal frequency ranges from approximately 175 Hz to 305 Hz, creating a curved wave band gap with a transmission loss of up to 20 dB around 220 Hz. The simulated bending vibration transmission curve indicates that the crystal plate approximately formed a bending wave gap in the range from 110 Hz to 315 Hz. The experimentally measured band gap range falls within the simulation range, but its bandwidth is slightly narrower than the simulated value.



The characteristic frequencies were extracted and were 140 Hz, 225 Hz, 260 Hz, and 350 Hz inside and outside the band gap range of the bending wave experimental curve. Corresponding single-frequency excitation signals were applied, and the acceleration curves of the excitation and response points were obtained, as shown in Figure 12. The input and output amplitude attenuations for the four frequencies are 3.67 dB, 30.13 dB, 14.26 dB, and 3.16 dB, respectively. The amplitude attenuations for 225 Hz and 260 Hz within the band gap were significantly greater than those for 140 Hz and 350 Hz outside the band gap.



According to the experimental results shown in Figure 11 and the time domain curve in Figure 12, it is clear that the phononic crystal plate has a bending band gap with the vibration-damping features. However, the experimentally obtained bending wave band gap range of 175–305 Hz is slightly different from the simulated range of 110–315 Hz, which is within the simulation results. A modification was made to the simulation model, and the reasons for the discrepancy between the experiment and simulation were analyzed. Firstly, the manual bonding assembly caused the rubber layer scatterer composite oscillator to deviate from the substrate’s center, resulting in a higher initial band gap and a lower cutoff band gap. Secondly, the silicone rubber adhesive used for bonding has a higher bonding strength, resulting in a higher stiffness of the rubber layer, which was not considered in the simulation and which will cause a higher band gap range.




4. Parameter Optimization


4.1. RSM Analysis


The structural parameters of phononic crystals can impact their curved band gap range. Therefore, it is essential to further analyze how to efficiently and scientifically optimize the structural parameters to obtain a more suitable band gap range. Response surface methodology (RSM) analysis is an experimental design method that can fit the relationship and the fitted surface between each variable and the response variable. This method can effectively handle multivariate structure problems and guide structural design. Then, six structural parameters of phononic crystal element are taken as variables, keeping material parameters fixed, and the expressions between the initial and cutoff frequencies of the bending band gap and the structural parameters are fitted using RSM.



The values of   a ∈ { 50 , 55 , 60 }  ,   e ∈ { 3 , 4 , 5 }  ,     r   1   ∈ { 20 , 22 , 24 }  ,     r   2   ∈ { 8 , 10 , 12 }  ,     h   1   ∈ { 24 , 26 , 28 }  , and     h   2   ∈ { 3 , 4 , 5 }   were set; the units are millimeters. The initial and cutoff frequencies are represented by F and N, respectively, and can be expressed as functions of six structural parameters, as shown in Equations (8) and (9), respectively. To investigate the impact of these parameters on the band gap range, we designed 54 experiments using three levels for each of the six factors. All experiments were simulated using finite element software, and the resulting data were analyzed by using RSM to create the expressions between the F, N and structural parameters.


  F   x   =   β   0   +   ∑  i = 1   6          β   i   x   i   +     β   i i   x   i   2       +   ∑  i < j      β   i j       x   i   ⋅   x   j    



(8)






  N   x   =   α   0   +   ∑  i = 1   6          α   i   x   i   +     α   i i   x   i   2       +   ∑  i < j      α   i j       x   i   ⋅   x   j    



(9)







Table 3 presents the fitting characteristic values of the response value F to analyze the degree of fitting. The R-squared value is 0.9983, and the surface’s predicted value closely matches the actual data, with a fitting degree of 99.83%. Furthermore, the Adeq precision value is 93.113, significantly greater than 4, suggesting that the analysis data are sufficient and can effectively guide the design process.



The precision and credibility of the regression model can be further illustrated by using residual analysis. Figure 13 displays the internal residual plot, indicating that all data points are distributed between (−3, 3), with 92.6% of the data between (−2, 2), which suggests a normal distribution. Figure 14 represents the relationship between the predicted and true values of the initial frequency F of the bent wave band gap, revealing a high degree of overlap between the predicted and true values, which further confirms the accuracy of the regression model.



The relationship between the response values F, N, and the six structural parameters obtained through RSM analysis is as follows:


      F =     131.72 − 0.8237   x   1   + 7.9308   x   2   − 11.1941   x   3   + 2.8052   x   4   − 4.9466   x   5   −         26.6661   x   6   + 1.0246     x   1     2   − 0.7087     x   2     2   − 1.4826     x   3     2   − 1.3996     x   4     2   −         0.2187     x   5     2   + 2.8689   x   6   2   − 0.9763   x   1     x   2   + 0.894   x   1     x   3   + 1.0313   x   1     x   4   +         0.1238   x   1     x   5   + 2.014   x   1     x   6   + 2.03   x   2     x   3   + 0.5637   x   2     x   4   − 0.2308   x   2     x   5   −         0.919   x   2     x   6   − 1.0345   x   3     x   4   + 0.325   x   3     x   5   + 1.5776   x   3     x   6   − 0.1313   x   4     x   5   −         1.652   x   4     x   6   + 1.089   x   5     x   6        



(10)






      N =     348.05 − 22.3996   x   1   + 43.9271   x   2   − 29.3938   x   3   − 32.9388   x   4   −         1.795   x   5   − 79.3958   x   6   + 4.3354     x   1     2   − 1.1008     x   2     2   − 3.4183     x   3     2   +         5.1979     x   4     2   − 1.0796     x   5     2   + 9.1529   x   6   2   − 3.8375   x   1     x   2   + 2.6625   x   1     x   3   +         2.4894   x   1     x   4   − 0.0513   x   1     x   5   + 10.365   x   1     x   6   + 2.6588   x   2     x   3   − 3.235   x   2     x   4   +         0.0581   x   2     x   5   − 10.4625   x   2     x   6   + 1.8925   x   3     x   4   + 0.0362   x   3     x   5   +         7.155   x   3     x   6   − 0.3263   x   4     x   5   + 8.3225   x   4     x   6   + 0.4575   x   5     x   6        



(11)








4.2. PSO Method


In this article, the goal is to achieve better vibration reduction and an effective working range for the phononic crystal structure. In order to meet low-frequency damping requirements, the initial frequency is usually maintained as low as possible while also maximizing the width of band gap. Therefore, the nonlinear programming equation is constructed with the band gap width as the optimization goal, as shown below:


     a r g m i n −   F   x   − N   x       2          s . t .       − 1 ≤   x   i   ≤ 1 , i = 1 , 2 , … , 6       F   x   ≤   F   m a x         N   x   ≥   N   m i n               



(12)







Equation (12) presents a typical nonlinear optimization problem. The simplex method or the interior point method can be used to obtain a solution that satisfies the objective function. However, due to the complexity of the optimization problem, these methods may only find a local optimal solution instead of the global one. A particle swarm optimization (PSO) algorithm, an alternative method, can be used to obtain the maximum band gap width by maximizing the structural parameters. This algorithm mimics the cooperative and informative behavior of birds and has become widely popular due to its ease of implementation and minimal number of parameters required [41]. Figure 15 gives a flowchart depicting the flow of the optimization search using the PSO algorithm. To achieve better vibration reduction and an effective working range, it is desirable for the band gap width to be as wide as possible while keeping the initial frequency low to meet low-frequency vibration reduction requirements.



The maximum band gap width and its corresponding structural parameters are separately solved by using the interior point method and a PSO algorithm. The PSO algorithm is configured with 500 particles, a maximum of 3000 iterations, and dynamic inertia weight. The two inertia weights are set to 1.5 and 0.7, respectively. The inertia weight decreases linearly with the number of iterations, and the learning factors are set to 1.5 and 2.0, respectively. In both methods, the cutoff frequency parameters in the constraint condition are set to     F   m a x     = 120 Hz and     N   m i n     = 380 Hz. The fitness curve obtained by the PSO algorithm is shown in Figure 16.



Figure 16 illustrates the fitness iteration curve, which indicates that the algorithm achieves convergence after approximately 2000 iterations, with a maximum fitness of approximately 89,016.41, corresponding to a band gap width of approximately 298.3562 Hz. The results obtained via the interior point method and the PSO algorithm for the maximum band gap width and structural parameters are presented in Table 4. To validate the model’s accuracy, we modeled the combination of parameters obtained using the interior point method and PSO algorithm; the simulation verification band gap values are presented in Table 5.



From Table 4, it is evident that the PSO algorithm produced a wider band gap parameter combination compared to the interior point method. The PSO algorithm achieved a maximum band gap width of 298.3562 Hz, while the interior point method yielded a maximum band gap width of 269.4683 Hz. Therefore, the PSO algorithm’s optimization accuracy is higher than the interior point method, and it is more suitable for phononic crystal structure parameter optimization. Moreover, Table 5 indicates that the band gap range optimized by the interior point method is 110.5317 Hz–380 Hz; the band gap range computed using the finite element model is 110.56 Hz–377.85 Hz. Similarly, the range optimized with the PSO algorithm is 120 Hz–418.3562 Hz. The range computed using the finite element model is 120.72 Hz–419.64 Hz. The optimized model’s band gap is very close to that obtained using the finite element model, further proving the regression model’s accuracy and credibility.





5. Conclusions


This article presents the design of a cylindrical cavity double-layer plate phononic crystal structure. Through finite element method analysis, the structure forms a bending wave band gap ranging from 127 Hz to 384 Hz. The mechanism of band gap formation is explained on the basis of vibrational modes. Furthermore, the article analyzes the vibration transmission characteristics and vibration damping performances of phononic crystal plates in both the frequency and time domains. An experimental system is constructed to verify the vibration damping performances of phononic crystal plates, and it analyzes the causes for deviation between simulation and experimental results. The article then applies RSM to obtain the response surface equations between the band gap and six structural parameters. In order to obtain the largest band gap width and lower initial frequency, the PSO algorithm is used to optimize these parameters, resulting in a band gap of 298.3562 Hz under the optimal parameter combination. The PSO algorithm outperforms the interior point method in obtaining a global optimal solution, wider band gap width, and corresponding structural parameters.







Author Contributions


Conceptualization, H.F., Q.Y. and C.S.; formal analysis, C.S. and Q.Y.; software, X.X., B.J. and Q.Y.; investigation, R.Y. and H.F.; project administration, X.X. and Y.L.; writing—original draft, Q.Y.; writing—review and editing, H.F. and C.S.; visualization, R.Y. and B.J. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (No.51879209).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kambrath, J.K.; Yoon, C.; Mathew, J.; Liu, X.; Wang, Y.; Gajanayake, C.J.; Gupta, A.K.; Yoon, Y.-J. Mitigation of resonance vibration effects in marine propulsion. IEEE Trans. Ind. Electron. 2018, 66, 6159–6169. [Google Scholar] [CrossRef]

	



Nassar, H.; Xu, X.C.; Norris, A.; Huang, G.L. Modulated phononic crystals: Non-reciprocal wave propagation and Willis materials. J. Mech. Phys. Solids 2017, 101, 10–29. [Google Scholar] [CrossRef]

	



Muhammad; Lim, C.W.; Li, J.T.H.; Zhao, Z. Lightweight architected lattice phononic crystals with broadband and multiband vibration mitigation characteristics. Extrem. Mech. Lett. 2020, 41, 100994. [Google Scholar] [CrossRef]

	



Zhang, X.H.; Qu, Z.G.; Tian, D.; Fang, Y. Acoustic characteristics of continuously graded phononic crystals. Appl. Acoust. 2019, 151, 22–29. [Google Scholar] [CrossRef]

	



Maldovan, M. Sound and heat revolutions in phononics. Nature 2013, 503, 209–217. [Google Scholar] [CrossRef]

	



Shao, H.B.; Chen, G.P.; He, H. Elastic wave localization and energy harvesting defined by piezoelectric patches on phononic crystal waveguide. Phys. Lett. A 2021, 403, 127366. [Google Scholar] [CrossRef]

	



Vasileiadis, T.; Varghese, J.; Babacic, V.; Gomis-Bresco, J.; Urrios, D.N.; Graczykowski, B. Progress and perspectives on phononic crystals. J. Appl. Phys. 2021, 129, 160901. [Google Scholar] [CrossRef]

	



Kherraz, N.; Radzienski, M.; Mazzotti, M.; Kudela, P.; Bosia, F.; Gliozzi, A.S.; Misseroni, D.; Pugno, N.; Ostachowicz, W.; Miniaci, M. Experimental full wavefield reconstruction and band diagram analysis in a single-phase phononic plate with internal. J. Sound Vib. 2021, 503, 116098. [Google Scholar] [CrossRef]

	



Kushwaha, M.S.; Halevi, P.; Dobrzynski, L.; Djafari-Rouhani, D. Acoustic band structure of periodic elastic composites. Phys. Rev. Lett. 1993, 71, 2022–2025. [Google Scholar] [CrossRef]

	



Miranda, E.J.P.; Dos Santos, J.M.C. Evanescent Bloch waves and complex band structure in magnetoelectroelastic phononic crystals. Mech. Syst. Signal Process. 2018, 112, 280–304. [Google Scholar] [CrossRef]

	



Liu, Z.Y.; Zhang, X.X.; Mao, Y.W.; Zhu, Y.Y.; Yang, Z.; Chan, C.T.; Sheng, P. Locally resonant sonic materials. Science 2000, 289, 1734–1736. [Google Scholar] [CrossRef]

	



Ma, X.F.; Li, Z.N.; Xiang, J.W.; Wang, C. Optimization of a ring-like phononic crystal structure with bonding layers for band gap. Mech. Syst. Signal Process. 2022, 173, 109059. [Google Scholar] [CrossRef]

	



Liu, H.; Shi, Z.Y.; Wang, Y.L.; Zhai, H. A band gap optimization scheme for two-dimensional locally resonant phononic crystal with square spiral rings. Phys. Lett. A 2022, 442, 128134. [Google Scholar] [CrossRef]

	



Pourabolghasem, R.; Khelif, A.; Mohammadi, S.; Eftekhar, A.S.; Adibi, A. Physics of band-gap formation and its evolution in the pillar-based phononic crystal structures. J. Appl. Phys. 2014, 116, 013514. [Google Scholar] [CrossRef]

	



Oudich, M.; Li, Y.; Assouar, B.M.; Hou, Z. A sonic band gap based on the locally resonant phononic plates with stubs. New J. Phys. 2010, 12, 083049. [Google Scholar] [CrossRef]

	



Bilal, O.R.; Foegr, A.; Daraio, C. Observation of trampoline phenomena in 3D-printed metamaterial plates. Extreme Mech. Lett. 2018, 15, 103–107. [Google Scholar] [CrossRef]

	



Zhou, P.; Wan, S. Low frequency vibration isolation performance of the plate with periodic cylindrical oscillators. IOP Conf. Ser. Mater. Sci. Eng. 2020, 831, 012005. [Google Scholar] [CrossRef]

	



Wang, X.P.; Jiang, P.; Chen, T.N.; Zhu, J. Tuning characteristic of band gap and waveguide in a multi-stub locally resonant phononic crystal plate. AIP Adv. 2015, 5, 107141. [Google Scholar] [CrossRef]

	



Lei, L.J.; Miao, L.C.; Li, C.; Liang, X.; Wang, J. The effects of composite primitive cells on band gap property of locally resonant phononic crystal. Mod. Phys. Lett. B 2021, 35, 2150334. [Google Scholar] [CrossRef]

	



Nouri, M.B.; Moradi, M. Presentation and investigation of a new two dimensional heterostructure phononic crystal to obtain extended band gap. Phys. B 2016, 489, 28–32. [Google Scholar] [CrossRef]

	



Lu, K.; Wu, J.H.; Jing, L.; Guan, D. Flexural vibration bandgaps in local resonance beam with a novel two-degree-of-freedom local resonance system. Eur. Phys. J.-Appl. Phys. 2017, 77, 20501. [Google Scholar] [CrossRef]

	



Shen, C.M.; Huang, J.; Zhang, Z.X.; Xue, J.; Qian, D. Sandwich Plate Structure Periodically Attached by S-Shaped Oscillators for Low Frequency Ship Vibration Isolation. Materials 2023, 16, 2467. [Google Scholar] [CrossRef] [PubMed]

	



Ravanbod, M.; Ebrahimi-Nejad, S. Innovative lightweight re-entrant cross-like beam phononic crystal with perforated host for broadband vibration attenuation. Appl. Phys. A-Mater. Sci. Process. 2023, 129, 102. [Google Scholar] [CrossRef]

	



Li, Y.G.; Zhou, Q.W.; Zhu, L.; Guo, K. Hybrid radial plate-type elastic metamaterials for lowering and widening acoustic bandgaps. Int. J. Mod. Phys. B 2018, 32, 1850286. [Google Scholar] [CrossRef]

	



Yang, Z.; Nie, S.H.; Su, L.; He, X.; Liang, X.; Chu, J.; Liang, H.; Zhang, Y. Study of the low-frequency bandgap of ring-slotted spiral local resonant phononic crystal. Int. J. Mod. Phys. B 2022, 36, 29. [Google Scholar] [CrossRef]

	



Aravantinos-Zafiris, N.; Kanistras, N.; Sigalas, M.M. Acoustoelastic phononic metamaterial for isolation of sound and vibrations. J. Appl. Phys. 2021, 129, 105108. [Google Scholar] [CrossRef]

	



Cui, R.X.; Zhou, J.S.; Gong, D. Band gap and vibration reduction properties of damped rail with two-dimensional honeycomb phononic crystals. Shock Vib. 2021, 8814926. [Google Scholar] [CrossRef]

	



Zhang, B.Q.; Chen, P.H.; Cai, C.X.; Wu, X.P. Two dimensional locally resonance phononic crystals for the reduction of vibration and noise in wheel-driven bus. Acoust. Phys. 2021, 67, 175–182. [Google Scholar] [CrossRef]

	



Wu, J.H.; Sun, Y.D.; Su, M.Z.; Zhu, H. Fluid-structure interaction and band gap analysis of periodic composite liquid-filled pipe. Compos. Struct. 2023, 304, 116444. [Google Scholar] [CrossRef]

	



Ruan, Y.D.; Liang, X.; Hua, X.Y.; Zhang, C.; Xia, H.; Li, C. Isolating low-frequency vibration from power systems on a ship using spiral phononic crystals. Ocean Eng. 2021, 225, 108804. [Google Scholar] [CrossRef]

	



Han, D.H.; Zhang, G.J.; Zhao, J.B.; Yao, H. Low-frequency bandgaps and sound isolation characteristics of a novel Helmholtz-type phononic crystal. Acta Phys. Sin. 2022, 71, 114301. [Google Scholar] [CrossRef]

	



Zaki, S.E.; Basyooni, M.A. Ultra-sensitive gas sensor based fano resonance modes in periodic and fibonacci quasi-periodic Pt/PtS2 structures. Sci. Rep. 2022, 12, 9759. [Google Scholar] [CrossRef]

	



Zhang, J.G.; Xia, X.; Wen, X.L.; Zang, M.; Dou, Y. Investigations on the Band-Gap Characteristics of Variable Cross-Section Periodic Structure Support Made of Acrylonitrile-Butadiene-Styrene. Materials 2022, 15, 4308. [Google Scholar] [CrossRef]

	



Luo, Y.S.; Yang, S.X.; Lv, X.F.; Chuang, K.-C.; Liu, Y.; He, J.; Cheng, Q.-C. Identifying delamination in carbon fiber composites based on defect modes in imperfect phononic crystals. J. Appl. Phys. 2022, 131, 055109. [Google Scholar] [CrossRef]

	



Cui, J.; Zhao, Z.H.; Liu, J.W.; Hu, P.-Y.; Zhou, R.-N.; Ren, G.-X. Uncertainty analysis of mechanical dynamics by combining response surface method with signal decomposition technique. Mech. Syst. Signal Process. 2021, 158, 107570. [Google Scholar] [CrossRef]

	



Ma, X.F.; Xiang, H.; Yang, X.N.; Xiang, J. Optimal geometric parameters for a double panel structure with low frequency forbidden characteristics. Appl. Acoust. 2021, 177, 107944. [Google Scholar] [CrossRef]

	



Xiang, H.; Ma, X.F.; Xiang, J.W. Optimization for a Locally Resonant Phononic Crystal of Square Spiral with Circle Inside. IEEE Access 2019, 7, 145988–145995. [Google Scholar] [CrossRef]

	



Zhang, B.Q.; Chen, P.H.; Chen, H.Y.; Feng, T.; Cai, C.; Zhang, J. Application of phononic crystals for vibration reduction and noise reduction of wheel-driven electric buses based on neural networks. Proc. Inst. Mech. Eng. Part D J. Automob. Eng. 2021, 236, 1619–1627. [Google Scholar] [CrossRef]

	



Chen, L.Y.; Guo, Y.J.; Yi, H. Optimization study of bandgaps properties for two-dimensional chiral phononic crystals base on lightweight design. Phys. Lett. A 2021, 388, 127054. [Google Scholar] [CrossRef]

	



Zhang, Z.X.; Qian, D.H.; Zou, P. Study on Band Gap Characteristics of Phononic Crystal Double-Layer Beam Structure Attached by Multilayer Cylinder. Crystals 2023, 13, 638. [Google Scholar] [CrossRef]

	



Yu, N.; Li, Z.X.; Wu, Y.F.; Feng, R.J. Quantum-behaved particle swarm optimization-based active noise control system with timing varying path. J. Low Freq. Noise Vib. Act. Control 2021, 40, 524–539. [Google Scholar] [CrossRef]








[image: Materials 16 04605 g001 550] 





Figure 1. Phononic crystal unit structure. 
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Figure 2. Diagram of irreducible Brillouin area. 
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Figure 3. Energy band structure diagram and vibration mode (a–d). 
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Figure 4. Unit simplified model (a,b). 
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Figure 5. Influence of the parameters on the band gap of the bending wave (a–f). 
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Figure 6. Diagram of phononic crystal plate. 






Figure 6. Diagram of phononic crystal plate.



[image: Materials 16 04605 g006]







[image: Materials 16 04605 g007 550] 





Figure 7. Bending wave vibration transmission curve of Phononic crystal plate (a–e). 
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Figure 8. Acceleration curve under single frequency excitation at H1–H4 points (a–d). 
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Figure 9. Experimental piece of phononic crystal plate. 
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Figure 10. Experimental system for vibration transmission characteristics. 
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Figure 11. Experimental curve of vibration transmission characteristics. 
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Figure 12. Input and output curves under single frequency excitation (a–d). 
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Figure 13. The residual curve between the true value and the predicted value of F. 
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Figure 14. Real initial frequency and predicted value of F. 
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Figure 15. PSO-algorithm-solving structural parameters flowchart. 
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Figure 16. PSO algorithm iteration fitness. 
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Table 1. Structural parameters of unit.
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	Name
	Parameter





	Lattice constant   a  
	55 mm



	Scatter radius     r   1    
	22 mm



	Cylindrical cavity radius     r   2    
	10 mm



	Substrate thickness   e  
	3 mm



	Scatter height     h   1    
	26 mm



	Rubber layer height     h   2    
	4 mm
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Table 2. Material parameters of unit [40].
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	Component
	Material
	Density (kg/m3)
	Elastic Modulus (Mpa)
	Poisson’s Ratio





	Substrate plate
	epoxy resin
	2000
	4350
	0.368



	Rubber layer
	silastic
	1300
	0.1175
	0.469



	Scatterer
	steel
	7850
	210,000
	0.3
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Table 3. Characteristic values of the model.
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	Std. Dev
	1.22
	R-Squared
	0.9983





	Mean
	131.76
	Adj R-Squared
	0.9965



	C.V%
	0.93
	Pred R-Squared
	0.9911



	RRESS
	203.14
	Adeq Precision
	93.113
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Table 4. Optimization results obtained using two methods.
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	Interior Point Method
	PSO Method





	   a   ( m m )   
	50
	50



	     r   1     ( m m )   
	24
	24



	     r   2     ( m m )   
	12
	12



	   e   ( m m )   
	3
	3



	     h   1     ( m m )   
	28
	28



	     h   2     ( m m )   
	4.5002
	4.0984



	   F   
	110.5317 Hz
	120 Hz



	   N   
	380 Hz
	418.3562 Hz



	Band gap width
	269.4683 Hz
	298.3562 Hz
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Table 5. Optimization and verification results.






Table 5. Optimization and verification results.










	
	Optimization Model F~N (Hz)
	Simulation Verification F~N (Hz)





	Interior point method
	110.5317~380
	110.56~377.85



	PSO method
	120~418.3562
	120.72~419.64
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