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Abstract

This study explores the vibration attenuation capabilities of three-dimensional metamaterial periodic structures, leveraging the properties of auxetic structures and phononic crystals in forming bandgaps. While most conventional periodic structures exhibit vibration attenuation within limited, fixed frequency ranges, achieving tunable bandgaps remains a significant challenge. In this work, a novel three-dimensional auxetic re-entrant cubic periodic structure is proposed. The bandgap characteristics of this structure were analysed with and without internal resonators. Furthermore, the bandgap was examined with respect to the re-entrant angle (θ), revealing that both the position and width of the phononic bandgap can be adjusted by modifying the re-entrant angle. Our findings show that as the re-entrant angle is increased, the frequency at which the stopbands start decreases. To achieve real-time bandgap tunability, external compression deformation was applied, causing the unit cell to compress in both directions. This compression alters the angle of the re-entrant structure, which in turn changes the frequencies and modes of the bandgap, demonstrating a viable pathway to programmable control over elastic wave behaviour. The 3D auxetic structure can be utilised as a programmable vibration isolation device for a number of purposes, including wave filtering, waveguiding, and micro-vibration attenuation in precision engineering and aerospace systems.
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1 Introduction
Vibration mitigation or isolation is crucial across a vast array of engineering disciplines—whether it’s stabilizing heavy industrial machinery, enhancing vehicle performance, safeguarding civil structures, or ensuring the precision of instruments aboard spacecraft. Traditionally, passive vibration isolation methods primarily rely on springs and dampers to adjust the resonant frequency and reduce vibration transmission [1,2]. High-performance dampers, such as viscous fluid [3–5] or visco-elastic composite dampers [6,7], are a crucial part of the isolator design in passive systems to form the absorber structures to dissipate vibration energy [8]. However, these designs and structures have many limitations such as low performance at low frequencies, temperature and strain dependency [9] etc., prompting research to create alternative passive vibration isolators based on quasi-zero-stiffness mechanism[10–14] as well as metamaterials [15–17].
Recent advancements have demonstrated the potential of mechanical metamaterials and phononic crystals for vibration isolation and control due to their exceptional ability to attenuate vibrations across a broad frequency range [18]. Just as photonic crystals control the propagation of light waves and phononic crystals control the propagation of sound waves, elastic waves can also be manipulated by structuring materials in a periodic manner to create band gaps and control wave propagation [19–23]. This proves particularly useful in engineering applications where the control of mechanical vibrations or seismic waves is important, such as in vibration isolation [17,24,25], wave guiding [26], or the development of new materials with tailored multi-functional properties [27,28]. These metamaterials and phononic crystals are typically formed by arranging materials with different acoustic or elastic properties in a periodic pattern, such as alternating layers of materials with varying densities or elastic properties. By precisely controlling the geometry [22] and composition of these structures [21], phononic crystals can exhibit interesting and useful elastic wave phenomena, such as the ability to manipulate the direction, speed, and attenuation of elastic waves by blocking certain frequencies or wavelengths from propagation through the material (elastic band gaps), or guiding sound waves along specific pathways.
On the other hand, auxetic metamaterials present very interesting features such as improved mechanical properties originating from negative Poisson’s ratio, such as shear or indentation resistance, energy absorption capacity, fracture toughness, and the ability to control elastic wave propagation [29–33]. It is therefore very interesting to study the combination of such properties to obtain a metamaterial endowed with controllable phononic bandgaps to be tailored or enhanced during its functioning [19]. Moreover, the innovative additive manufacturing (3D-printing) processes, have provided the unprecedented manufacturing freedom for the fabrication of intricate parts and geometries [34].
Recently, auxetic metamaterial lattices especially those with re-entrant geometric construction have received widespread interest because of their improved mechanical properties and tuneable auxeticity compared to other conventional honeycomb structures [35]. Chen et al. [36] explored the interplay between Poisson’s ratios and the elastic wave propagation occurring within an auxetic lattice metamaterials and demonstrated Bandgap tunability for vibration attenuation using an external mechanical stimulus. D’Alessandro et al. [33] propose a 3D simple cubic, single-phase Phononic crystal structure endowed with ultra-wide complete bandgaps whose tunability could be achieve by exploiting the negative Poisson’s ratio of its unit cells. Tao et al. [37] designed an acoustic metamaterial plate based on the negative Poisson’s ratio structure (NP-AMP) which achieved lower frequency and wider bandgap compared with traditional positive Poisson’s ratio structures, and demonstrated that the bandgap range can be manipulated by the auxetic behaviour. In a study by Fei et al. [38], the bandgap tunability of a 3D anti-chiral auxetic metamaterial subjected to quasi-static loading was investigated. The results show that by applying rational tensile or compression force, the Poisson’s ratio of the designed metamaterial can be changed from 0.45 to 0.35 with different cell parameters which in turn widened or narrowed the bandgap. Wei et al. [39] employ shape memory polymer (SMP) with special thermomechanical property to design a chiral auxetic metamaterial with tuneable band gap function which could be adjusted in real time by external stimuli (mechanical loadings, temperature field). Kheybari et al. [40] propose an anisotropic auxetic metamaterial that can attenuate both elastic vibrations and airborne sound waves simultaneously and in all directions and demonstrated that the attenuation frequency ranges (Bandgaps) for both acoustic and elastic waves can be tuned by applying an external quasi-static load to the metamaterial structure. Qi et al. [41] presented a re-entrant and anti-chiral hybrid meta structures realized through rational distributions of rubber coated mass for wave attenuation. The study investigated the relationship between the geometrical parameters, local resonant inclusions schemes and wave attenuation performances of the proposed re-entrant and anti-chiral hybrid metamaterials.
However, in the studies highlighted, the periodic structure is either 2D or 3D with limited or no-load bearing capacity. In addition, the designed periodic structures can only have an attenuation within a fixed frequency range and adjustment of the bandgap has become a concern as seen in the studies of Elmadih et al. [17] and An et al. [23]. Motivated by these results, this research investigates the attenuation performance of a novel 3D auxetic re-entrant cubic periodic structure produced using additive manufacturing (AM) processes. The cubic unit cell’s design was influenced by its enhanced stability, greater stiffness and strength (structural rigidity), easy tunability as well as the ability to incorporate internal resonators. The vibration attenuation of the novel 3D auxetic re-entrant cubic periodic structure and the resulting effect of adding resonators on the attenuation performance of the structure was studied. In addition, the tunability of the bandgap frequencies by exploiting its auxetic behaviour through external mechanical stimulus, in this case uniaxial compression deformation was investigated. By using uniaxial compression, this phenomenon suggests that the new 3D auxetic re-entrant structure can be configured to suppress vibration over a wide frequency range. Thus, when the auxeticity and bandgap characteristics are properly combined, a 3D single-phase periodic structure with tunability of elastic wave attenuation can be realized. The 3D auxetic structure can be used as a programmable vibration isolation device in various applications such as micro vibration attenuation in aerospace and precision engineering, as well as wave filtering and wave guiding. The work is organized as follows: the mechanical design of the 3D auxetic re-entrant lattice, wave propagation and the bandgap formation mechanism are discussed in Section 2. Section 3 discusses the finite element analysis while Section 4 highlights the experimental procedure. The results highlighting on effect of adding resonators and tunability of the bandgap by systematic parameter analysis is discussed in Section 5, while conclusions are made in Section 6.
2 Design and material
2.1 Geometry of the unit cell
The proposed novel 3D re-entrant lattice structure is consisting of unit cell made up of interconnected 2D re-entrant structures as depicted in Figure 1a, compared with the conventional re-entrant 2D structure in Figure 1b, alongside with the auxetic metamaterials lattice generated from tessellating the unit cell periodically in 3 dimensions as shown in Figure 1c. The proposed structure of the unit cell can be completely defined by the following parameters: the side length of the cubic unit cell a, the angle of the inclined strut θ, the length of the inclined strut b, and the thickness of the strut t. The length of the inclined strut b is given by
[image: equation](1)
The metamaterial lattice structure is generated by tessellating the unit cell periodically in 3D in x, y and z directions. The unit cell was modelled with a side length a =  20 mm, re-entrant angle θ =  60°, and the strut thickness t = 2 mm. When an external compressive force is applied on the two sides of the unit cell, it deforms in both directions with negative Poisson’s ratio referred to as auxetic behaviour.
	[image: thumbnail]	Fig. 1 3D re-entrant auxetic structure: (a) structure of the unit cell, (b) 2D conventional re-entrant structure, (c) 3-dimensional periodic structure.



2.2 Bandgap enhancement by adding internal resonators
This section presents the consequences of adding local resonators for the variations of the bandgap of the 3D periodic structure. In metamaterials, bandgaps are often formed by Bragg scattering or local resonance, and the properties of the bandgap zones produced by these two methods differ greatly [42]. The addition of resonators alters the dispersion relations of the phononic crystal, which describes how wave frequency relates to wave vector. This alteration can lead to the emergence of new bandgaps or modify existing ones [43,44]. Using the simplified spring mass model, the 3D cubic structure was analysed as a periodic structure with a finite number of unit cells. The added internal resonators are composed of two struts, each with a diameter of d, connected to one side of a rectangular mass that is attached to the cubic lattice and has dimensions of e × f × g, as shown in Figure 2b.
Assuming all the resonators have an equivalent mass m2 and stiffness k2, while the cubic structure has mass m1 and stiffness k1, as depicted in Figure 2b, then the free vibration equation (no damping) of the jth cubic unit cell can be expressed [42] as
[image: equation](2)
[image: equation](3)
Re-writing in Matrix form
[image: equation](4)
The harmonic solution for displacement of the jth unit cell is given based on Bloch theorem as
[image: equation](5)
where
a = length of the unit cell
q = wave number
ω = angular frequency
A = displacement amplitude
i = imaginary unit
[image: equation](6)
Then,
[image: equation](7)
Thus [image: equation] when ω>ωo, meff <0, (i.e negative), we can also see that meff depends on both masses m1 and m2 and the frequencies ω and ω0 (mass and frequency).
From the lump mass, since the unit cell is a homogenous material, the effective stiffness keff is given as
[image: equation](8)
By taking equation (5), and considering second derivatives, we arrive at
[image: equation](9)
Substituting (9) into (4),
[image: equation](10)
where eiqa+e−iqa = 2 cos(qa)
[image: equation](11)
This will give
[image: equation](12)
[image: equation](13)
	[image: thumbnail]	Fig. 2 3D cubic auxetic structure with internal resonators: (a) cubic unit cell topology, (b) section view of the unit cell, (c) periodic lattice structure. (d) Schematic diagram of the simplified spring-mass model of the cubic re-entrant unit cell with external mass m1, internal resonators mass m2, external axial stiffness k1 and internal axial stiffness k2. (e) Schematic diagram of the periodic lattice with a number of unit cells.



2.3 Bandgap tunability
The stiffness of the re-entrant structure is influence by its geometry including the re-entrant angle. Thus, the stiffness depends on how the structure deforms under load and can be modelled as the function of the re-entrant angle, young modulus, struts length and thickness as
[image: equation](14)
Substituting b from equation (1), we have
[image: equation](15)
The bandgap frequencies are determined by the natural frequency of the unit cell, which depends on the effective stiffness and mass
[image: equation](16)
3 Numerical simulations
In this study, the dynamic behaviour of the proposed periodic structure is described as a typical phononic crystal using dispersion analysis performed over the unit cell using Bloch’s periodic boundary conditions. The software COMSOL 6.0 was used for the FE simulation. The model is solved by eigenfrequency analysis to calculate the dispersion curves and consequent bandgaps of the structure by applying Bloch-Floquet periodic conditions to all the edges of the unit cell. The frequency is normalized to a non-dimensional frequency (fn) defined as the ratio between the product of the frequency f and the unit cell dimension a, and the sound velocity in the material given as fn=fa/v, and the sound velocity in the material expressed as the square root of the ratio of the young modulus and the density of the material.
The dispersion curves were constructed to explore the bandgap properties of the re-entrant 3D cubic structure where the normalized frequency (fn) is plotted against the wave vector along the path of the irreducible Brillouin zone of the unit cell from 「-X-M-「-R-X-M-R as shown in Figure 3. In addition, vibration modal analysis is conducted to understand the formation mechanisms of these bandgaps.
The bandgap property of the structure can be tuned by changing the values of t/a as well as θ. The accuracy of the numerical dispersion curves was verified by calculating the transmission loss spectrum of elastic waves in the vertical direction of a finite periodic structure made up of 5 × 4 × 3 unit cells (Fig. 1c). Displacement excitation is applied to the bottom side of the structure along the vertical direction, and the displacement response is measured at the top. Periodic boundary conditions are imposed with two perfectly matched layers (PMLs) placed at both ends to prevent energy reflection and ensure the accuracy of the calculations [37]. The transmissibility ratio in terms of acceleration levels (T) is expressed as
[image: equation](17)
where, Aout and Ain are the amplitudes of the measured output and input acceleration signals, respectively.
The dispersion curves of unit cell with strut thickness t=1.5, unit cell size a = 20 mm and the re-entrant angle of 55 degrees alongside the responding frequency response spectrum indicates the presence of stopbands as shown in Figure 4. It can be seen from the figure that a nearly complete bandgap occurs at low normalized frequency of 0.01, while additional two complete bandgaps are observed at normalised frequencies of 0.03 and 0.035. The transmission response spectrum of the periodic structure is basically consistent with the bandgap frequency in the corresponding dispersion diagram with minor deviations as shown in Figure 4b. The results show that the novel 3D cubic re-entrant structure can attenuate elastic waves at low frequency.
	[image: thumbnail]	Fig. 3 The path of the wave vector along the Irreducible Brillouin zone of the unit cell.



	[image: thumbnail]	Fig. 4 Dispersion diagram and transmissibility of the novel 3D cubic re-entrant structure (a). Dispersion diagram of a unit cell with a strut thickness to unit cell size ratio (t/a) =0.075 and 55 degrees re-entrant angle. (b) Vibration transmissibility for the 3D cubic lattice structure with 5 × 4 × 3 unit cells configuration.



4 Experimental procedure
A representative sample of the 3D cubic lattice metamaterial’s structure with unit cell dimensions of 10, 15, 20, and 30 mm was fabricated using an additive manufacturing process using PA12 polymer material. The material properties for PA12 can be found in Table 1. A dynamic experiment was conducted to demonstrate vibration transmissibility of the fabricated 3D auxetic metamaterial structure. An experimental setup was assembled, comprising a broadband vibration shaker, and dedicated signal generation and acquisition units. The samples were tested using the experimental setup presented in Figure 5. A mechanical vibration shaker was employed to excite the metamaterial lattice structure with an input signal over a frequency range of 20 Hz−5 kHz. The metamaterial samples were adhesively affixed on one side to a connector which was in turn bolted through a stinger to the mechanical shaker. An acceleration sensors were attached on the top and the bottom surfaces of the metamaterials structure to acquire the input and output signals respectively [45]. The metamaterial samples were then suspended using piano strings to approximate free-free boundary conditions, this approach of suspending the tested structures has been discussed and proved effective in various researches [17,19,46,47]. The acceleration sensors were then connected to the signal acquisition module. A white noise signal was generated by a signal generator and then amplified by a power amplifier. The acceleration data within the tested frequency range were obtained through the acceleration sensor.
	[image: thumbnail]	Fig. 5 Experimental platform to measure the vibration transmissibility.



Table 1 
Properties of the PLA 12 polymer.

5 Results and discussion
5.1 Parametric studies
Figure 6 depicts the dispersion curves of multiple cubic re-entrant auxetic structures with different unit cell sizes (a) and constant t=1.5 mm, resulting in varying t/a ratios. Figures 6a–6d show the dispersion curves and bandgap of a unit cell with strut thickness to cell size ratios of 0.15, 0.1, 0.075, and 0.05, respectively. At 0.15 ratio, two narrow bandgaps with different bandwidths are visible at normalised frequencies of 0.32 and 0.41. In contrast, when the thickness of the strut to unit cell size ratio decreases to 0.1, 0.075, and 0.05 (Figs. 6c and 6d), we can observe a shift in the bandgap location to lower normalised frequencies as well as the widening of the start and stop of the bandgap. The ratio provides an indication of an increase in the solid volume fraction (though not directly). A higher ratio generally means a greater proportion of the unit cell is solid material, affecting the overall density and mechanical properties of the material. Larger unit cells (lower ratio of t/a) can support a greater number of modes. In comparison, smaller unit cells (higher ratio of t/a) may exhibit higher stiffness and density, influencing bandgap formation at higher frequencies
To further investigate the bandgap properties of the cubic re-entrant structure, the effects of unit cell size at constant strut thickness to unit cell size ratio t/a (t/a = 0.1 at 1/10, 1.5/15, 2/20, and 3/30) on the width and position of the bandgap were investigated and presented in Figures 7a–7d . From the figures, we can observe that as the unit cell size increases, one of the two narrow stopbands in the 10 mm unit cell at 0.11 and 0.12 enlarges and forming a single stopband at the normalized frequency of 0.12. The stopband continues to enlarge as the unit cell sizes increases from 10 mm through 30 mm. This demonstrates that Bragg scattering is the dominant mechanism for bandgap formation, as the lattice’s periodicity, dictated by cell size, causes Bragg scattering of elastic waves. The size of the unit cell determines the effective wavelengths of elastic waves that can be manipulated. Smaller unit cells tend to create bandgaps at higher frequencies, while larger cells can facilitate bandgaps at lower frequencies [48,49]. The cell size affects how different elastic wave modes in longitudinal and transverse are couple with one another which in turn, affects the width and position of the bandgaps.
	[image: thumbnail]	Fig. 6 Dispersion diagrams of unit cell with varying struts thicknesses to unit cell size ratio (t/a) and fixed re-entrant angle θ. Figures (a)–(d) correspond to the dispersion curves of t/a=0.15, 0.1, 0.075 and 0.05 respectively.



	[image: thumbnail]	Fig. 7 Dispersion diagrams of unit cell with varying unit cell size and fixed struts thicknesses to unit cell size ratio of t/a=0.1 and fixed re-entrant angle θ. Figures 7a–7d correspond to the dispersion curves a= 10, 15, 20 and 30 mm respectively.



5.2 Effect of adding resonating mass on the bandgap
Compared with the dispersion diagrams of the auxetic cubic unit cell without internal resonators, Figure 8 presents the dispersion relation and the band structures of the unit cell with added internal resonators. In contrast, Figure 9 shows the mode shapes at the start and end of the second stopband. It is impressive to observe that adding resonating mass has a drastic impact on the frequency and depth of the bandgap width. It can be seen that the stopbands shift to lower frequencies and creating more bandgaps. Figure 8a corresponds to the dispersion diagram for the 10 mm unit cell which recorded two complete bandgaps that start at normalized frequency of 0.096 and 0.12 and end at 0.112 and 0.127 respectively. However, when unit cell size is increased, the first stopband frequency decreases to normalized frequency of 0.075 while the second stopband disappeared completely. The dispersion diagram for 20 mm and 30 mm unit cells indicates a further decrease in the stopband frequency with enhanced bandgaps in terms of low frequency and bandwidth compared to the periodic lattice without the resonators. The local resonance of the mass blocks is responsible for the formation of the bandgaps. The vibration modes shapes at the start and end of the second stopband corresponding to strut thickness to unit cell size ratio (t/a)=0.05, 0.075, 0.1 and 0.15 respectively are shown in Figure 9. The modes mainly show the bending deformation of the beams and struts holding the internal resonators as well as the movement of the resonators.
The bandgap properties of the 3D cubic periodic lattice structures were verified by calculating the transmission loss spectrum of the elastic waves in the z-direction of the periodic structure made up 5 × 4 × 3 unit cells and is experimentally tested by method describe in Figure 5. The transmission spectrums are presented in Figure 10. Figure 10a represents the transmission spectrum of unit cell size a =10 mm, it can be observed that there is no large attenuation in the transmission spectrum within the tested frequency as the first complete stopband occurred between normalized frequency 0.095 and 0.11. However, we can observe low attenuation at normalized frequency of 0.02 which is as a result of partial bandgap at that frequency region. Figures 10b–10d represent the transmission spectra for 15, 20 and 30 mm unit cell respectively. It can be observed that the start and end of the bandgap region of the experimental transmissibility response exhibits the same general trend as the simulation, with attenuation zones appearing in similar frequency ranges.
However, the measured band gaps are shallower and less distinct, and the resonance peaks are more damped compared to the sharp features predicted numerically. These discrepancies can be attributed to the non-ideal boundary conditions that arise from approximating free-free boundary conditions, which involve suspending the structure with a piano string, as described in Section 4 as observed in related studied [47,50]. Additionally, the shaker is connected to the sample via a stinger glued to its surface, which introduces additional compliance and modes; consequently, the force transmitted to the lattice is not uniform, as was assumed in the simulation. Moreover, the dynamics of the shaker and stinger assembly, along with the force-driven excitation used in the experiment, differ from the displacement-driven boundary conditions assumed in the simulation. This mismatch could lead to discrepancies in the measured transmissibility. Furthermore, damping in the real system is more significant and complicated due to factors such as material hysteresis, joint friction, and adhesive losses, compared to the simplified loss model employed in COMSOL [51]. This increased damping results in reduced peak amplitudes and partially fills the band gaps as can be observed in the Figure 10.
	[image: thumbnail]	Fig. 8 Dispersion diagrams of unit cell with internal resonators. Figures 8a–8d correspond to the dispersion curves of unit cells a=10, 15, 20 and 30 mm.



	[image: thumbnail]	Fig. 9 Mode shapes at the start and end of the second stopband corresponding to strut thickness to unit cell size ratio (t/a)=0.05, 0.075, 0.1 and 0.15 respectively.



	[image: thumbnail]	Fig. 10 Experimental results for vibration transmissibility acquired for the 3D cubic lattice structure with 5 × 4 × 3 unit cells compared with the simulation results: (a) lattice structure with unit cell dimension a = 10, t/a=0.1, (b) lattice structure with unit cell dimension a=15, t/a=0.1, (c) lattice structure with unit cell dimension a=20, t/a=0.075, (d) lattice structure with unit cell dimension a=30, t/a=0.05.



5.3 Bandgap tunability
To study the effect of the re-entrant angle (θ) and the struts thickness (t) on the evolution of the bandgaps, we choose the unit cell with the widest stopband, i.e., a=20 mm, t=1 mm, and θ=55 degree (Fig. 7c), and examine the bandgap tunability by manipulating the unit cell parameters (θ) and the struts thickness to unit cell size ratio (t/a). The re-entrant angle was varied from 50 degrees through 75 at the step of 5 degrees, while the t/a was varied from 0.05, 0.075, 0.1, and 0.15, i.e., t=1, 1.5, 2, and 3 mm, respectively, at a constant unit cell size of 20 mm. Figure 11 presents the influence of varying parameters on the start and end of the stopband frequencies on the novel 3D cubic re-entrant periodic structure. Figure 11a shows that increasing the re-entrant angle has less of an impact on the first stopband in terms of both position and bandgap width than it does on the second stopband. Additionally, we observed that when the re-entrant angle increases, the frequency at which the stopband starts decreases. However, there are no specific trends in terms of the width of the bandgap, with 55 degrees recording the widest bandgap while 60 degrees recording the lowest bandwidth. It can be concluded that designing the re-entrant cubic structure with larger angles will result in attenuation at lower frequencies compared to smaller re-entrant angles. Regarding the strut thickness to unit cell size ratio, Figure 11b shows that as the ratio increases, the bandgap position shifts to higher frequencies while also widening. As the thickness to unit cell size ratio t/a increases, the bandgap width enlarges where it is more pronounced in the second stopband while shifting to a higher frequency. This will enable a design of a tailored periodic structures with target frequency of stopband and bandwidth by manipulating the design parameters of the unit cell.
The phononic bandgap position and width can be controlled by varying the re-entrant angle of the 3D auxetic cubic structure, as we have demonstrated. Thus, the novel structure can be designed to facilitate bandgap tunability by adjusting the re-entrant angle, allowing for real-time bandgap manipulation under small deformation. We examine the dynamic tunability of these bandgaps using an external mechanical stimulus, in this case uniaxial compression deformation at different compression strains, as it is evident that these bandgaps can be mechanically adjusted by altering the angle of the re-entrant cubic structure. In the proposed novel 3D cubic re-entrant periodic structure, the tunability of the bandgap is achieved due to the compression deformation in two orthogonal directions due to the auxeticity of the unit cell. The unit cell compresses in both directions when the compressive load is applied in the Z-direction. This compression alters the angle of the re-entrant structure, consequently changing the frequencies and modes of the bandgap through either a softening or hardening effect. Figures 12 and 13 depict the bandgap’s fluctuation with varying strain values.
Figure 13 shows the continuous evolution of the bandgap as the compression strain increases for both the unit cells a=20 mm and 10 mm. Compared with the non-deformed configurations, we can observe that both the first and second bandgap gradually move upwards as the compression increases. Figures 13b and 13d further present the relative width of the bandgaps. It can be observed that the wider bandgap in both cases evolves gradually widening as compression increases. However, the narrow bandgap in the 10 mm unit cell changes dramatically. As the compression strain is applied, the bandgap widens at −0.01 and shrink all through −0.03 and then widens at −0.04. The above analysis indicates that although both changes in geometry and effective material properties can influence the bandgap formation in a structure, the both could be the main factors that influence the changes in the bandgap as the compression strain applied has significant effect on the geometry of the structure by changing its re-entrant angle.
	[image: thumbnail]	Fig. 11 Influence of the unit cell parameters on the bandgap of the periodic structure. (a) Effects of the re-entrant angle on the bandgap. (b) Effect of struts thickness to cell size ratio t/a on the evolution of the bandgap.



	[image: thumbnail]	Fig. 12 Dispersion diagram of the unit cell a=20 mm, t=1 mm and θ=55° under different compression strain: (a) – (d) dispersion diagram at compression deformation corresponding to the nominal strain −0.01,−0.02,−0.03 and −0.05, respectively.



	[image: thumbnail]	Fig. 13 Evolution of the bandgap with nominal strain increase from 0 to −0.05. (a) Evolution of bandgap for 20 mm unit cell size. (b) Relative width of the first and second bandgaps for 20 mm unit cell. (c) Evolution of bandgap for 10 mm unit cell size. (d) Relative. width of the first and second bandgaps for 10 mm unit cell.



6 Conclusion
In this work, we investigated the vibration attenuation performance of a novel 3D cubic re-entrant auxetic lattice structure produced using an additive manufacturing process. The research demonstrates its significant potential for low-frequency vibration attenuation and its tunability to achieve a wide frequency bandgap. The research highlights how the strut thickness to unit cell size ratio (t/a) and the re-entrant angle (θ) affect the formation of bandgaps. It is noted that the bandgaps shift to lower frequencies and improve vibration attenuation with a lower ratio of the strut thickness to unit cell size (t/a) and a larger re-entrant angle. Significantly, the introduction of internal resonators has been shown to enhance bandgap characteristics, providing deeper and more numerous stopbands. Furthermore, the proposed novel 3D cubic re-entrant periodic structure exhibits tunability of the bandgap through compression deformation in two orthogonal directions due to the auxeticity of the unit cell. When the compressive load is applied in the Z-direction, the unit cell compresses in both directions. This compression alters the angle of the re-entrant structure, consequently changing the frequencies and modes of the bandgap.
The study confirms that the dynamic behaviour of the proposed periodic structures can be optimized for specific mechanical applications through systematic modifications in geometric parameters. The interaction between structural geometry and material properties will enables the creation of wide and robust bandgaps, which are primarily formed through a combination of Bragg scattering and local resonances. With valuable insights gained in this study in terms of manipulating the bandgap by changing the re-entrant angle, the tunability of these bandgaps through external stimuli–compression deformation in this case, further underscore the adaptability of these periodic structures for various engineering applications such as vibration control in aerospace to acoustic insulation in civil engineering. Further investigations on other methods of external stimulation such as temperature change, the scalability and long-term performance of these structures will be essential for their practical implementation in real-world scenarios.
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	Poisson’s ratio
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