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Abstract

:

A novel re-entrant honeycomb metamaterial based on 3D-printing technology is proposed by introducing chiral structures into diamond honeycomb metamaterial (DHM), named chiral-diamond-combined honeycomb metamaterial (CDCHM), and has been further optimized using the assembly idea. Compared with the traditional DHM, the CDCHM has better performance in static and vibration isolation. The static and vibration properties of the DHM and CDCHM are investigated by experiments and simulations. The results show that the CDCHM has a higher load-carrying capacity than that of the DHM. In addition, the vibration isolation optimal design schemes of the DHM and CDCHM are examined by experiments and simulations. It is found that the vibration suppression of the CDCHM is also improved greatly. In particular, the optimization approach with metal pins and particle damping achieves a wider bandgap in the low-frequency region, which can strengthen the suppression of low-frequency vibrations. And the introduction of particle damping can not only design the frequency of the bandgap via the alteration of the dosage, but also enhance the damping of the main structure. This work presents a new design idea for metamaterials, which provides a reference for the collaborative design of the static and vibration properties of composite metamaterials.
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1. Introduction


Metamaterials are artificial new materials with a periodic lattice arrangement, and their material properties can be artificially interfered with and adjusted through microstructural design to obtain supernatural properties that cannot be obtained in nature, such as negative stiffness [1,2,3,4,5,6], negative thermal expansion [7,8,9] and a zero Poisson or negative Poisson ratio [10,11,12,13,14,15,16]. Due to the above excellent properties, metamaterials have been highly used in the domains of mechanics [17,18,19,20], acoustics [21,22,23,24], electromagnetism [25,26,27], etc.



The mechanical properties directly affect the service life and application range of the metamaterials, and many scholars have studied the mechanical properties of metamaterials. Wang et al. [28] explored the elastic properties of a metamaterial composed of returnable hexagonal cells in two orthogonal directions. Davood et al. [29] adopted the finite element method (FEM) to study the elastic properties of chiral, antichiral and hierarchical honeycomb metamaterials. Wu et al. [30] proposed an innovative hierarchical antitetrachiral metamaterial which exhibited great tunability in the elastic modulus and Poisson’s ratio. He et al. [31] designed a novel returnable honeycomb metamaterial based on the idea of “replacing straight with curved”, and used a multi-island genetic algorithm to optimize the parameters of the metamaterial and improve its mechanical properties. With the wide application of metamaterials in various fields, some complex projects have put forward the requirements of multifunctions that cannot be met by common metamaterials. These requirements led to the research on metamaterials with composite configurations by many scholars. In the work by Novaka et al. [32], a composite metamaterial with an expanded cellular structure and silicon material was presented, and its mechanical properties were investigated under quasistatic and quasidynamic compression conditions. The findings revealed that the presented composite metamaterial exhibited better performance in stiffness and energy absorption than that of the metamaterial made of a single material. Quan et al. [33] designed and prepared a composite metamaterial made of a continuous fiber-reinforced thermoplastic composite (CFRTPC) and pure polylactic acid (PLA), and evaluated its mechanical properties using experimental and simulation methods. It was found that the stiffness of the designed composite metamaterial increased compared with that of the pure PLA metamaterial. Chronopoulos et al. [34] proposed a honeycomb metamaterial, adding negative stiffness elements on the inclusions. The range of the negative stiffness of the metamaterial was widened by adding negative stiffness elements appropriately, and the mechanical properties and vibration-suppression properties were improved. These works indicate that the metamaterials with a composite configuration and multimaterial provide a useful design method to meet the multifunction requirements.



Vibration properties are one of the most important characteristics of metamaterials, and the bandgap characteristics of metamaterials have an evident impact on the vibration-reduction effect, and have been a hot topic in recent years [35,36,37]. There are two main mechanisms of bandgap formation in metamaterials: Bragg scattering and local resonance [38]. Among them, the local resonance effect can promote the generation of a low-frequency bandgap, which can be explained by the mass–spring physics principle. In this principle, the metamaterial structure is equivalent to a “mass–spring” system, in which the natural frequencies of each order and the upper and lower bounds of the bandgap are determined by the equivalent mass and equivalent stiffness [39]. Mukherjee et al. [40] designed a new honeycomb lattice metamaterial by combining the traditional and additive material lattices, and its bandgap performed better than the traditional honeycomb metamaterial in the low-frequency region. Based on the re-entrant honeycomb metamaterials, Gao et al. [41] proposed a new type of re-entered negative Poisson’s ratio metamaterial with rings instead of connection points, and the bandgap properties of the metamaterial were analyzed and optimized according to the mode theory. Liu et al. [42] adopted the FEM to survey the band structure of a two-material triangular re-entrant honeycomb metamaterial with an adjustable thermal expansion coefficient. Ding et al. [43] proposed an isotactic chiral metamaterial with a Thomson scattering-induced bandgap, which generated a broad bandgap in the low-frequency region. Xiang et al. [44] studied the vibration performance of three-dimensional reverse-chiral auxiliary metamaterial under quasistatic conditions through experiments and simulations, and the results showed that the metamaterial had a good performance in vibration suppression. Bergamini et al. [45] introduced the concept of tacticity in spin–spin-coupled chiral phononic crystals. By aligning the centers of adjacent chiral structures in opposite directions, the nature of the coupling between the spins of the atoms in the chain was changed. Thus, it had a good vibration-suppression performance at a low frequency. These works show that low-frequency bandgaps can be achieved by reducing the local stiffness, increasing the local mass of the metamaterials or changing the arrangement of the unit structures. The superior properties of metamaterials with different structures are manifested in different aspects. Therefore, it is an innovative work to integrate two or more single-structural metamaterials to design a new metamaterial with the advantages of all single structures at the same time. In this work, we proposed a novel re-entrant honeycomb metamaterial based on the idea of assembly, which improved the load-bearing capacity of the metamaterial by introducing chiral structures into the conventional diamond structure. Moreover, circular rings were arranged at all the connecting nodes of the proposed metamaterial, and metal pins or particle damping were assembled into the rings to further optimize the overall stiffness of the metamaterial, and excellent bandgap properties in both the high- and low-frequency ranges were obtained. The bandgap properties of the metamaterials are figured by simulation method, and the influence of the design parameters (including the different sizes of the ring and pin, and the different materials of the pin) on the bandgap properties is also discussed to provide a bandgap adjustment method for meeting the different requirements in engineering applications. Meanwhile, with the different bandgaps of metamaterials generated from the above method, the vibration-suppression performance of the metamaterials was evaluated and compared by simulations and experiments, with a particular concern on the particle damping scheme. In addition, the static properties of the metamaterials, which affect the load-bearing capacity directly, are studied and validated by the combination method of the simulation and experiment.



The rest of the paper is organized as follows. Section 2 describes the geometric structure and design ideas of the novel re-entrant honeycomb metamaterials. Section 3 shows the static properties of the proposed metamaterials and discusses the influence parameters. Section 4 investigates the bandgap properties of the proposed metamaterial and explores its adjustment methods. Section 5 verifies the vibration-isolation performance of the optimized metamaterials through simulation and experiment. Conclusions are given in Section 6.




2. Geometrical Configuration of the CDCHM


In this section, the design method for the CDCHM, together with the geometric structure characteristics of the CDCHM and DHM, are explained. Moreover, the geometric parameters and assembly methods of the metamaterials with different configurations are discussed.



As shown in Figure 1a, the traditional DHM is completely connected by a straight rod, which has a very small stiffness and is easy to deform, so its carrying capacity is very weak. The DHM was improved to the CDCHM, as shown in Figure 1b, by embedding the chiral structure into the traditional configuration, and the chiral structure acted as an internal support to improve the stiffness of the metamaterial. In order to further obtain the low-frequency vibration-suppression ability, metal pins were added to the chiral structure to make a further improvement, as shown in Figure 1c, achieving the collaborative optimization of a high-load-bearing capacity and an excellent vibration-isolation performance.



When the unit cell size is small, there are the problems of high difficulty and large errors in processing and manufacturing. Moreover, when the unit size is large, the overall size of the periodically arranged metamaterial may exceed the height and width of the testing machine, which makes it difficult to conduct experiments. Therefore, considering the limitations of the machining accuracy and test equipment, and combining the number of unit cells arranged in the horizontal and vertical directions, the parameters of the CDCHM are designed using the values listed in Table 1 to ensure the accuracy and convenience of the experiments. The parameters of the CDCHM are shown in Figure 1d, where L1 is length of the entire unit, L2 denotes the distance between two adjacent circles of an embedded chiral structure, R represents inner diameter of the ring, d1 stands for the width of the wall and t is the thickness of the unit cell. The overall dimensions of the unit cell of the DHM and CDCHM are the same.




3. Static Properties of the Proposed Metamaterials


In this section, the static properties of the metamaterials mentioned above are investigated via simulation and experiment. Firstly, the material parameters and experimental equipment are described. Subsequently, the static compression simulations of the CDCHM and DHM are conducted. Then, the static compression experiments of the CDCHM and DHM are carried out, and the influence of the design parameters on the static properties of the CDCHM is further investigated, which provides a reference for the optimization of the metamaterials.



3.1. Analysis of Static Properties of the Proposed Metamaterials


In order to systematically study the static properties of the CDCHM, static compression tests were performed on the metamaterials using both experimental and simulation methods. The DHM and CDCHM used in the experiment were made by a company named WENEXT (Shenzhen, China) using 3D-printing technology; the original material is plastic. The printed DHM and CDCHM specimens had the same dimensions of 375.79 × 450.95 × 20.00 mm, and the masses of the DHM, CDCHM and CDCHM with copper pins were 0.809 kg, 0.943 kg and 2.02 kg, respectively. Figure 2 represents the simulation and experimental specimens; the blue blocks at the top and bottom ends of the structure are aluminum strips which serve as compression contact surfaces to apply pressure and fix the constraints. The blue circular filling in the ring represents the metal pin. The material properties are listed in Table 2.



The 2D model shown in Figure 2 was constructed using ABAQUS 2018 to simulate the static compression of the metamaterials. The wall thickness of the CDCHM is 1.2 mm. In order to guarantee the simulation precision and to reduce the computational burden, the maximum size of the finite element is 0.3 mm. A fixed constraint was applied to the bottom aluminum strip, and the load force F, shown in Figure 2, was applied to the center of the upper aluminum strip for the simulation.



The static compression tests of the mentioned metamaterials were carried out by the Instron Legend 2367 universal testing machine, shown as Figure 3a, and the experiments were conducted under the same loading conditions with the above simulation settings. The compression displacement gradually increased from 0 until it stopped when the specimen failed.



Figure 3b represents the stress–strain curves obtained from the static compression experiment and simulation of the DHM. The two results have the same trend and high consistency, and the morphology of the simulated and experimental specimens is highly similar under the same deformation degree, shown by pictures A–C in Figure 3b. The results indicate that the simulation method is reliable.



The results of the static compression simulations and experiments of the CDCHM and CDCHM with the metal pins are shown in Figure 3c,d. It can be seen from Figure 3b–d that the stress–strain curves of the metamaterials vary approximately linearly at the initial compression stage. When the structures have been deformed by 2%, the deformation stress corresponding to the DHM is 5.06 KPa, and that corresponding to the CDCHM is 40.11 KPa, which clearly demonstrates that the load-carrying capacity of the CDCHM has been significantly increased by approximately 800%, and the mass is only increased by about 16.6%. However, the load-bearing capacity of the CDCHM with the metal pins is barely enhanced based on the CDCHM, owing to the deformation of the CDCHM mainly being concentrated in the part with the connecting rods.




3.2. Analysis of the Influence of Design Parameters


It has been confirmed in the previous sections that the static properties of the CDCHM are superior to the DHM. In the following section, the effects of the design parameters (including the ring size, the radius of the metal pin and the material of the pin) on the statics of the CDCHM are investigated.



Figure 4a–c show the static compression simulation results of the CDCHM with different ring radii, different metal pin sizes and different metal pin materials, respectively. Due to the characteristics of the specimen structure, the static compression process is roughly divided into two parts. The stress curve of the first half shows a linear trend, while the curve shows a nonlinear trend when the compression reaches a certain degree. The deformations of the samples under different loads can be seen in Figure 4a–c, respectively. With the increase in the radius of the ring, the slope of the stress curve increases gradually, which indicates that the increase in the radius improves the stiffness of the metamaterial. Figure 4c shows that changing the material of the metal pin has little effect on the static properties of the CDCHM. From Figure 4d, it can be seen that, with the introduction of the ring structure, the stiffness of the CDCHM is greatly enhanced compared with the DHM, the metal pins can further enhance the stiffness of the metamaterials and, when the strain is larger than a threshold, the stiffness of the metamaterials is quasizero.





4. Vibration Properties of the Proposed Metamaterials


When the elastic wave propagates in a periodic structure, bandgaps are generated within the frequency range where the wave vectors are attenuated, while wave vectors outside the bandgap are permitted to propagate, leading to vibration filtering characteristics. The bandgap plays an important role for the vibration properties of metamaterials, and the bandgap properties of the proposed metamaterial are examined in this section. Firstly, the propagation mechanism of the elastic waves in the metamaterials is described, and Bloch’s theorem is adopted to solve the band structure of the metamaterials. Afterwards, the bandgap characteristics of the DHM and CDCHM are analyzed, and the influence of the design parameters is further discussed.



Based on the equations of the elastic dynamics, the transfer of elastic waves in a 2D structure is expressed as [46]:


  ∇   λ  r  + 2 G  r      ∇ u   − ∇ ×   G  r  ∇ × u   = ρ  u ¨   



(1)




in which u represents the displacement vector; r denotes the position vector;  ∇  stands for the Hamiltonian differential operator; ρ is the mass density; λ and G stand for Lame’ constants.



According to the Bloch theorem, the displacements of all discrete nodes in a unit cell after setting periodic boundary conditions should satisfy the following expressions:


  u   r , k   = u  r   e  i   k r − ω t      



(2)






  u   r + R   = u  r   



(3)




where k stands for the wave vector; u denotes the displacement vector; R indicates the lattice vector; ω represents the angular frequency.



According to Equations (2) and (3), the eigenvalue equation of the local resonant unit cell after the limit of the periodic boundary conditions is derived as follows:


    K −  ω 2  M   U = 0  



(4)




in which K stands for the stiffness matrix, M is the mass matrix and U represents the displacement vector of the nodes.



4.1. Bandgap Characteristics


The bandgap properties of the metamaterials are figured by the multiphysics software COMSOL 6.0. The structures of the unit cells are shown in Figure 5a and the irreducible Brillouin region boundary (O→M→Γ→O) is defined in Figure 5b. A series of characteristic frequencies are determined corresponding to the propagation of the wave vector k, and the band structures of the metamaterials are achieved for further analysis.



Figure 6 shows the elastic wave dispersion curves of the DHM, CDCHM and CDCHM with the metal pins. There is a one-to-one correspondence between the scanning parameters 0→1→2→3 and O→M→Γ→O in the irreducible Brillouin region in Figure 6. The dispersion curves suggest that the DHM only has two narrow bandgaps within the range under 10,000 Hz, and its lowest bandgap is nearby at 4100 Hz, which indicates that the DHM has poor vibration-suppression performance at low frequencies. A1–A4 in Figure 7 illustrate the vibration modes corresponding to the marked frequencies in Figure 6b; we have noticed that the mode deformation is the global deformation of the cell, and changing the global mode deformation to the local mode deformation is an effective method to generate a local resonance bandgap.



As explained in Figure 6c,d, with a chiral structure assembled into the diamond honeycomb structure, the bandgap properties of the CDCHM are greatly improved compared with the original DHM. The first bandgap of the CDCHM is nearby at 2700 Hz, which means that the modified metamaterial shows a better vibration-suppression effect at low frequencies. Moreover, the inferior limited frequency of the second bandgap of the CDCHM declines from about 9200 Hz to 5000 Hz, along with a wider bandwidth, and the third and fourth bandgaps are generated, and especially the width of the fourth bandgap is very wide, which is from 6187 Hz to 8584 Hz. According to A1–A4 and B1–B4, it is found that the node stiffness of the metamaterial is improved with the introduction of a chiral structure, and the local mode deformations of the cell are generated, which provide better bandgap properties. The metal pins further enhanced the local resonance and generated bandgaps in the lower-frequency range, as shown in Figure 6e,f. The corresponding modes are shown in Figure 7C1–C6.



In order to further analyze the vibration-isolation performance of the metamaterials, the concept of vibration transmission loss (VTL) is introduced to evaluate the vibration-suppression ability, which can be expressed as:


  VTL = 20 × lg (    a 0     a i    )  



(5)




where a0 and ai represent the acceleration amplitudes of the output and input of the metamaterials, respectively.



The VTL simulation results of the metamaterials mentioned above are shown in Figure 6g. We found that the attenuation part of the VTL is in a good correspondence with the bandgap obtained by the COMSOL simulation (highlighted by corresponding colors in the background), so the effectiveness of the two simulation methods can be mutually verified. According to the above analysis, it can be inferred that the ring structure is a key factor affecting the generation of bandgaps, and changing the ring size of the CDCHM may obtain different bandgap characteristics.




4.2. Analysis of the Influence of Design Parameters


It can be concluded from the research in the previous section that the improved way of introducing the chiral structure and adding metal pins effectively optimizes the bandgap characteristics of the DHM. The effects of the structural design parameters on the vibration characteristics of the metamaterials are discussed in this section.



4.2.1. The Influence of Ring Size of Chiral Structure


Figure 8 draws the bandgap properties of the CDCHM with different sizes of rings. As the ring radius of the chiral structure increases from 4 mm to 6 mm, with a resolution of 1 mm, the lower limiting frequency of the bandgap of the metamaterial at a low frequency gradually decreases, the upper limiting frequency of the bandgap gradually increases, resulting in the width increase in the bandgaps. Figure 8e plots the influence of the rings of different sizes on the vibration modes of the first bandgap. It can be observed that the first bandgap of the CDCHM is mainly caused by the deformation of the rod. With the increase in the ring radius, the coupling between the ring and rod is deepened, and the lower bandgap gradually moves to the low frequency. This means that the larger the ring radius, the stronger the vibration-suppression ability of the metamaterial at low frequencies (2000–3000 Hz). Since the size of the chiral ring is limited by the external diamond structure, the maximum radius of the ring is 8 mm, and the lower limit of the first gap of the CDCHM is reduced to 1700 Hz in this ring size, which further proves the universality of the above conclusion.




4.2.2. The Influence of Metal Pin Size


As indicated from Figure 6e,f, the change in the structure mass distribution will affect the bandgap characteristics. Figure 9 depicts the bandgap distributions of the CDCHM inserted with metal pins of different sizes, and the material of the pins is copper. The introduction of copper pins produces local resonance effect between the ring and the copper pins. With the increase in the radius of the copper pins, the local mass of the CDCHM increases, and the local resonance effect is gradually enhanced, resulting in the improvement of the bandgap properties of the CDCHM in the range under 10,000 Hz. Among them, the lower limiting frequency of the first bandgap is reduced to about 1800 Hz, and the width of the first bandgap increases obviously. The proportion of all bandgaps at 1–10,000 Hz increased from about 45.4% to 64.2%. Moreover, when the radius is increased to 8 mm, the proportion of all bandgaps reaches about 71%, and the lower limit of the first bandgap frequency is 1247 Hz, which indicates that increasing the size of the added metal pin is of great benefit to improve the vibration-suppression ability of the metamaterial without changing the overall structure size.




4.2.3. The Influence of Pin Material


Through the structure modal analysis, it can be seen that changing the density of the CDCHM metal pins can realize the adjustment of the bandgaps. Figure 10 shows the bandgap characteristics of the CDCHM with metal pins of the same size and different materials (aluminum, copper and tungsten). It can be seen from the vibration modes that determine the first bandgap of the CDCHM with metal pins of different materials depicted in Figure 10e that the introduction of the metal pins produces a local resonance effect between the ring and the metal pins. As the metal pin is successively made of aluminum, copper and tungsten, the density gradually increases, and the CDCHM opens a new bandgap in the low-frequency region below 2000 Hz, which will bring better low-frequency vibration-suppression ability to the CDCHM. On the other hand, the distributed bandgaps in the case of adding low-density metal pins gradually concentrates to form a new bandgap with a wider width after the density increases, especially when the metal pin is made of tungsten due to a significant increase in the density, and the frequency band from 6000 Hz to 10,000 Hz can be almost fully covered by the bandgaps. As the density of the pins increases, the first bandgap gradually moves to the low frequency, and the bandgap width increases from 174 Hz to 219 Hz.



According to the above analysis, the bandgap properties of the metamaterial can be regulated by adopting metal pins made of different materials. It offers a reference for the optimal design of metamaterials so as to meet the requirements of the different vibration absorption frequencies in applications.






5. Experimental Validation and Further Optimization of Vibration Properties Method


For the main structure of the proposed metamaterials, the bandgap properties can be adjusted by adopting different materials for the pins. However, the density of the metal pins is not continuous, which results in an altered discontinuity of the bandgap frequency. Furthermore, the vibration suppression in the low-frequency band has always been a concern in engineering applications; to be precise, scholars have been widely interested in the ability of metamaterials to suppress low-frequency vibrations, especially to below 2000 Hz. Unfortunately, the bandgap effect of the CDCHM is still not ideal at low frequencies after the introduction of chiral structures, and new optimization methods need to be explored in addition to adding metal pins.



According to the modal theory and the above research on the vibration properties of the metamaterials, adding dense materials to the structure of the CDCHM can simultaneously improve the bearing capacity and vibration-suppression performance. Moreover, according to the modes of the metamaterial, it can be found that the vibration deformation of the chiral structure in the low-frequency region is mainly the local resonance based on the metal pins. Therefore, an optimization method of using particle damping to suppress the vibration of the metamaterial is proposed, and the metal tube with particle damping is introduced into the rings of the CDCHM.



In order to further explore the vibration-suppression ability of the CDCHM and the optimization approach, and verifying the effectiveness and accuracy of the COMSOL and ABAQUS simulation methods, the vibration transmission loss of the proposed metamaterials was tested on the experimental system. Figure 11 shows the experimental system. The input and output signals of the two equipped acceleration sensors were collected at a frequency of 10 kHz, and the signals were converted and transmitted to the computer by the signal converter. The shaker realized the white noise excitation signal generated from the signal generator, and the sweep frequency range was from 2 Hz to 2500 Hz. To more clearly show the trend of the test results, a Kalman filter was designed to process the experimental data.



In this section, a metal tube with particle damping is introduced into the CDCHM to achieve better vibration suppression. Firstly, the vibration characteristics of the proposed metamaterials are tested to verify the simulations. Subsequently, the vibration characteristics of the CDCHM with particle damping are investigated by the experiments.



Figure 12 represents the bandgaps (green color bars) from the simulation and the VTL based on the experiment. As indicated from Figure 12a, the first bandgap suppresses the increasing vibration. Due to the introduction of the chiral structure, the CDCHM has a narrow first bandgap at around 2700 Hz, which is similar to the effect of a dynamic vibration absorber, and the two bandgaps of the CDCHM within 5000 Hz are located near the trough of the VTL curve, as shown in Figure 12b. Figure 12c shows the experiment and simulation results of the CDCHM with the copper pins. It can be seen that the first bandgap is at the attenuation part of the VTL curve. Since the second and third bandgaps are narrow and there is a gap between them, the variation in the VTL curve is not large. Furthermore, the value of the VTL here is close to −20 dB, so it can be considered that the test and simulation correspond to each other. The fourth bandgap in Figure 12c is in the second half of the VTL curve depression, which is caused by the characteristics of the structure itself. Considering that there is a certain gap between the experimental conditions and the ideal conditions of the simulation, and combined with the above analysis, the bandgap obtained by the COMSOL and the VTL curve obtained by the experiment are consistent, so the simulation method can be considered reliable.



The vibration characteristics of the CDCHM with particle damping are tested. In order to prevent particle leakage affecting the accuracy of the results, rubber stoppers are installed at both ends of the ring. Figure 12d shows the experimental VTL results of the CDCHM with particle damping of equal mass to the metal pins. The frequencies of the resonant peaks of the two curves in the low-frequency band from 0 to 1000 Hz are almost equal, and the vibration in the range from 800 Hz to 4500 Hz is suppressed due to the particle damping, especially for the vibration from 800 Hz to 2200 Hz. In addition, the mass of the pipes with particle damping can be adjusted by the dosage of particle damping, and the frequency of the bandgap can change continuously, instead of reinstalling pins of different materials.



The VTL value in the figure attenuates obviously near 950 Hz. Compared with the experimental results of the basic CDCHM, the addition of particle damping can effectively improve the ability of the CDCHM to suppress low-frequency vibrations. At the same time, compared with the CDCHM with the metal pins, that with particle damping effectively inhibits the peak values of the VTL within 2500 Hz, which means that the interaction between damping has a better effect on the isolation of low-frequency vibrations.




6. Conclusions and Applications


6.1. Conclusions


This work presents a new re-entrant honeycomb metamaterial, and the proposed metamaterial is purposefully optimized by means of assembling metal pins and particle damping. The static and vibration-isolation properties of the metamaterial are investigated by simulations and experiments. Conclusions are as follows:




	
Compared with the DHM, the load-carrying performance of the CDCHM is improved by approximately 800%, and the mass is only increased by about 16.6%;



	
Increasing the size of the ring structure in the CDCHM can effectively enhance its static performance and vibration-isolation performance at the same time;



	
Adding metal pins to the CDCHM can realize the adjustment of the bandgaps, the larger the size or density of the metal pin and the lower the inferior limited frequency of the first bandgap; the inferior limited frequency of the first bandgap achieved in this paper is 1709 Hz, and will probably be even lower if the pins are made of a higher-density material;



	
The introduction of particle damping into the CDCHM can further improve the vibration-suppression ability of the metamaterial, and the frequency of the bandgap can be adjusted by the dosage of the particle damping.








The bandgaps of the proposed CDCHM could be designed by changing the assembly material, which provides a reference for the future metamaterial optimization design. In addition, since the focus of this work is the improvement of the carrying capacity and vibration-isolation performance, and the main application targets of the metamaterials proposed in this work are vehicles, ships and other fields that are not sensitive to mass, so equal mass is not taken as a constraint and a lightweight design is not taken into consideration. In future studies, we will improve the research on this point and further improve the design ideas and methods of metamaterial improvement.




6.2. Applications


Compared with high-frequency vibrations, low-frequency vibrations are more common in engineering applications. In this work, the load-bearing capacity and vibration-isolation performance of the traditional configuration were optimized. The load-bearing capacity of the designed metamaterials were greatly improved and the lower limit of the first bandgap of metamaterials were reduced to less than 2000 Hz. These excellent properties enable them to be well applied in the fields of vehicle shock and noise reduction, and aircraft and ship manufacturing.
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Figure 1. Structure diagrams of the (a) DHM; (b) CDCHM; (c) CDCHM with mental pins; (d) schematic diagram of the geometric parameters of the CDCHM. 
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Figure 2. Static compression test diagram. 
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Figure 3. The static compression test of the metamaterials: (a) experimental equipment; (b) the stress–strain curve of the DHM; (c) the stress–strain curve of the CDCHM; (d) the stress–strain curves of the CDCHM with the metal pins, the CDCHM and the DHM. 
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Figure 4. Comparison of static compression results: (a) different ring sizes of the CDCHM; (b) different radii of the pins of the CDCHM; (c) different materials of the CDCHM; (d) DHM, CDCHM with a ring radius of 6 mm and the CDCHM with a copper pin radius of 6 mm. 
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Figure 5. Structure diagram for bandgap analysis: (a) unit cells of the DHM, CDCHM and CDCHM with metal pins; (b) irreducible Brillouin zone of the periodic lattice. 
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Figure 6. The simulation results of the metamaterials: (a,b) the dispersion curve of the DHM; (c,d) the dispersion curve of the CDCHM; (e,f) the dispersion curve of the CDCHM with the copper pins; (g) the VTL curves and bandgaps of the metamaterials. 
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Figure 7. The vibration modes corresponding to the points in Figure 6. 
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Figure 8. The influence of the ring radius on the bandgaps: (a) structure diagram of the CDCHM; (b) R = 4 mm; (c) R = 5 mm; (d) R = 6 mm; (e) vibration mode of the first gap. 
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Figure 9. The influence of pin size on the bandgaps. (a) Structure diagram of CDCHM, (b) R = 4 mm, (c) R = 5 mm, (d) R = 6 mm; (e) vibration mode of the first gap. 
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Figure 10. The influence of materials of pins on bandgap: (a) structure diagram of the CDCHM; (b) aluminum; (c) copper; (d) tungsten; (e) vibration mode of the first gap. 
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Figure 11. The experimental system of vibration transmission loss. 
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Figure 12. Experimental VTL results of different metamaterials: (a) DHM; (b) CDCHM; (c) CDCHM with the copper pins; (d) comparison of the filtering results of the CDCHM with the metal pins and the CDCHM with particle damping. 
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Table 1. Geometric parameters of a unit cell.
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	L1 (mm)
	L2 (mm)
	R (mm)
	d1 (mm)
	t (mm)





	75.158
	40
	4
	1.2
	20










 





Table 2. Material properties.
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	Materials
	Density (kg/m3)
	Young’s Modulus (MPa)
	Poisson’s Ratio





	Plastic
	2650
	1.12 × 104
	0.42



	Aluminum
	2700
	7.10 × 104
	0.33



	Copper
	8900
	1.17 × 105
	0.33



	Tungsten
	19,350
	4.11 × 105
	0.28
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