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Abstract: 11 

 12 

Vibration suppression remains a persistent challenge in engineering applications. Elastic 13 

metasurfaces have emerged as a promising solution, yet many existing designs rely on slotting 14 

and narrow-band structures, which compromise structural integrity and limit practical uses. In 15 

this work, a surface mounted phased gradient curved metasurface (PGCM) is designed based 16 

on the generalized Snell's law and the theory of total internal reflection for broadband Lamb 17 

waves suppression. By adjusting the height of the curved beam, the phase of transmitted Lamb 18 

waves can be modulated over a 2π range. The dimensions of the cell structure are optimized 19 

through theoretical analysis and numerical simulation. The broadband wave suppression 20 

capabilities of the PGCM are thoroughly investigated and experimentally validated. Compared 21 

to existing metasurface designs, the PGCM effectively suppresses both normal incident Lamb 22 

waves and omnidirectional incident waves. Simulations show a maximum wave suppression 23 

of 39.72 dB for normal incidence and 21.34 dB for omnidirectional incidence, with a robust 24 

bandwidth effect under both conditions. Experimental results verify the wave suppression 25 

performance and bandwidth effect. The structure is simple, cost-effective, and suitable for 26 

surface mounting. This work provides an innovative solution for acoustic wave suppression. 27 
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vibration control  29 
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1. Introduction 31 

Vibration suppression is important for maintaining the stability and reliability of high-32 

precision equipment [1]. Traditional vibration control systems often rely on specialized 33 

damping devices [2-7] and additional equipment, which significantly increase the overall size 34 

and mass of the structure, compromising system performance. Artificial periodic structures, 35 

such as metamaterials [7-10] and phononic crystals [11-14], typically achieve vibration control 36 

through local resonance absorption. However, their relatively large size limits their application 37 

in industries like aerospace and automotive manufacturing. 38 

The introduction of acoustic metasurfaces [16] has revolutionized the field. The acoustic 39 

metasurfaces have attracted widespread attention for their lightweight design, flexibility, and 40 

precise directional control [17-25]. The acoustic metasurfaces have enabled remarkable 41 

acoustic phenomena such as acoustic focusing [20,21], absorption [22,23], and asymmetric 42 

transmission [24,25]. Similarly, elastic metasurfaces hold significant research value in the 43 

study of elastic waves. For vibration control, elastic metasurfaces offer more efficient and 44 

flexible solutions [26-29]. It surpasses traditional vibration suppression methods by 45 

overcoming wavelength-scale limitations. For example, Zhu et al. [30-32] introduced total 46 

internal reflection metasurfaces, demonstrating that they act as hard barriers to acoustic waves 47 

at specific frequencies, achieving significant vibration isolation. However, these designs often 48 

involve embedding complex internal structures in substrates, compromising structural stiffness 49 

and limiting their use in load-bearing applications. Similarly, Cao et al. [27] proposed a 50 

metasurface for vibration reduction and sound absorption that required grooves in the host 51 

structure, creating beam-like elements of varying lengths. Such methods typically involve 52 

modifications like holes, grooves [33-44] or nested in the substrate [35,40-41] to achieve phase 53 

modulation, which damages structural integrity, increases manufacturing complexity, and 54 

limits practical applications. To maintain structural integrity, Yang et al. [45] developed a 55 

curved beam metasurface to regulate Lamb waves. However, this design lacked experimental 56 

validation. Other researchers have manipulated flexural waves by adding vertical pillars to 57 

plates [29,46-51]. For instance, Cao et al. [29,50,51] introduced elastic metasurfaces with 58 



3 

 

cylindrical resonators to control flexural waves through interference. Yet, the large number of 59 

resonators increased complexity, and their broadband effects remained unexplored. Overall, 60 

the existing studies on elastic metasurfaces for vibration suppression often fail to balance the 61 

structural integrity with vibration suppression performance. 62 

In view of the existing limitations, this study demonstrates a surface mounted phased 63 

gradient curved metasurface (PGCM) structure based on periodic curved beam structures 64 

which can delay the phase of transmitted Lamb waves. By leveraging this principle, we design 65 

a curved beam metasurface that suppresses acoustic waves from omnidirectional incident 66 

waves based on the theory of total internal reflection (TIR). By modulating the full 2π phase 67 

range of transmitted Lamb waves through adjustable beam heights, this design improves the 68 

adaptability to practical environmental conditions compared to the conventional curved beam 69 

periodic structures. Without compromising the host structure, the gaps in adjacent cells 70 

minimize the coupling effects, enhancing the acoustic suppression performance. The proposed 71 

metasurface offers a promising solution for practical engineering applications, with potential 72 

use in fields such as aerospace, machinery manufacturing, and the automotive industry. For 73 

instance, in the machinery manufacturing sector, computerized numerical control (CNC) 74 

machines require effective vibration isolation to ensure high machining accuracy and safe, 75 

stable operation. 76 

In this paper, we investigate the broadband vibration suppression performance of the 77 

proposed acoustic metasurface structure through numerical simulation and validate its 78 

performance experimentally. The remainder of this paper is organized as follows: Section 2 79 

introduces the theory and the design of the metasurface and its vibration suppression 80 

performance. Section 3 presents experimental validation of the PGCM’s vibration suppression 81 

effectiveness and the reliability of the proposed model. Finally, Section 4 concludes the paper. 82 

2. Design and Simulation 83 

2.1 Theory 84 

Zhu et al. [30–32] demonstrated that metasurfaces can achieve critical angle conditions 85 

like the phenomenon of total internal reflection. This occurs when a wave travels between two 86 
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media with differing refractive indices, and the incident angle exceeds the critical angle, 87 

resulting in the complete reflection of the incident wave without any refraction. Similarly, a 88 

metasurface can be designed to control incident waves wi so that they can be mostly reflected 89 

without substantial refraction as shown in Fig.1. 90 

The Generalized Snell's law is shown in Eq. (1),  91 

ntsin θt - nisin θi  = 
λ𝑝dφ

2πdy
 (1) 

where nt , ni are the refractive indices of the refracting medium and the incident medium 92 

respectively. When the thin plate materials of the incident space and the refraction space are 93 

both aluminum alloy, nt = ni = n = 1.2. θt, θi are the refraction angle and the incident angle, 94 

respectively, λ𝑝  is the wavelength of the Lamb waves in the plate at the corresponding 95 

frequency f, φ is the phase of the transmitted waves, dφ/dy is the phase gradient along the y 96 

direction. 97 

When the above equation has no real solution, the total internal reflection occurs. As 98 

-1< sin θt＜1, -1＜ sin θi＜1, the equation has no real solutions when λ𝑝dφ/(2πndy)≥2. Thus, 99 

the critical angle condition for the metasurface to achieve total internal reflection is 100 

λ𝑝dφ/(2πndy) = 2.  101 

The phase gradient at the critical angle condition is therefore dφ/dy = 4πn/λ𝑝. Under this 102 

critical angle condition, the phase at different positions along y is a linear function of the y 103 

value. Thus, the total width of the unit L in the 2π period is L = 4πdy/dφ = λ𝑝/(2n). 104 

 105 

 106 

Fig.1. Illustrative metasurface design based on total internal reflection. 107 
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2.2 Cell structure  108 

The proposed cell structure of the curved beam metasurface is shown in Fig.2(b). The 109 

curved structure is designed according to the equation zi(x) = hi(1-cosπx/1.7a), where x∈110 

(0,3.4a), a is a constant, i is the cell number, and hi is the half height of the cell structure i. 111 

 112 

Fig.2. Numerical simulation model diagram for quantitative evaluation of flexural waves passing through 113 

functional cell (a). The locally enlarged subgraphs (b) and (c). Cell structure (b) and top view of the 114 

support structure. 115 

Fig.2(a) shows the finite element model for a cell structure. The structural mechanics 116 

physics is selected in the multi-physics simulation software COMSOL for simulation. The 117 

material properties of the thin plate and designed metasurface structure are shown in Table 1. 118 

Both sides of the thin plate and the major structure of the cell are set as continuous periodic 119 

boundary conditions. The displacement amplitude of the excitation is 1mm. Perfectly matched 120 

layers (PML) are set at the left and right ends to maximize the absorption of reflected energy 121 

from the thin plate. The structural dimensions are indicated in Fig.2, where a is selected as 10 122 

mm in the simulation. To reduce the coupling effect between adjacent curved beam structures 123 

in a metasurface structure, the direct contact between adjacent cell structures should be reduced 124 

as much as possible, so a gap b is set between the support structures at the two ends of the 125 

adjacent cell structures (Fig.2(c)). Considering the manufacturing accuracy, b is assigned to be 126 

1 mm.  127 

 128 
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Table 1 Material properties of the curved metasurface and plate 129 

Parameters Young modulus 

E (GPa) 

Density 

ρ (kg/m3) 

Poisson's ratio 

σ 

Values 72.4 2770 0.33 

 130 

At low frequencies, the out-of-plane displacement amplitude of the antisymmetric mode 131 

A0 is typically larger than that of other modes. Therefore, in this paper, only the A0 mode is 132 

studied. Based on the Rayleigh-Lamb equation and the equation of flexural waves, the 133 

wavelength in the thin plate with a thickness of d = 2.00 mm, λ𝑝 = 23.46 mm, when the 134 

excitation frequency f =15 kHz. 135 

According to the wave equation [52], the sound waves propagate through the curved beam 136 

zc(t) and the plate zp(t) and respectively satisfies the following equations at the interference 137 

time t: 138 

zc(t) = Asin(kcs-ωt+φ
c
) (2) 

zp(t) = Bsin(kps-ωt+φ
p
)  (3) 

The phase change of a cell is related to its curvature by φ
c
 = kcs, where 𝑘𝑐  = 2π/λc is the 139 

wave number in the beam at frequency f, λc = π2E𝑑𝑐
2
/(3ρf

2
) [53-55] is the wavelength of the 140 

beam at the frequency f. ω = 2πf is the angular frequency. dc = 2 mm is the thickness of the 141 

curved beam, E is the Young’s modulus and the ρ is the density of the curved structure. s is 142 

the wave path of the curve under the major structure. φ
p
= kp is the phase difference that the 143 

thin plate corresponds to the span of the curved beam. A and B are the amplitudes of the Lamb 144 

wave propagation through the curved beam and the thin plate respectively. The corresponding 145 

interference wave z(t) satisfies the following equation. 146 

z(t) = zc(t)+zp(t) = [Acos(kcs+φ
c
)+Bcos(kps+φ

p
)]sin(-ωt)  

              +[Asin(kcs+φ
c
)+Bsin(kps+φ

p
)]cos(-ωt)  (4) 

Let m = [Acos(kcs+φ
c
)+Bcos(kps+φ

p
)], q = [Asin(kcs+φ

c
)+Bsin(kps+φ

p
)], that is 147 
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 z(t) = √m2+q2sin(-ωt+φ
0
) (5) 

 tanφ
0
 = 

𝑞

m
=

𝑠𝑖𝑛(𝑘𝑐𝑠 + 𝜑𝑐) + (B/A)𝑠𝑖𝑛(𝑘𝑝𝑠 + 𝜑𝑝)

cos(kcs+φ
c
)+(B/A)cos(kps+φ

p
)

 
(6) 

where B/A=0.1, φ
ci

is the phase difference through the curved beam and i corresponds to 19 148 

units selected randomly in the range of 2π. Then, connect the above relationship to get the 149 

value of the corresponding si. si can also be obtained by curve integration as shown below. 150 

 si = ∫ √1+(zi
' (x))

2
dx

3.4a

0
 (7) 

where zi
' (x) is the first derivative of zi(x). Then the functional relationship about h is solved 151 

by numerical analysis software, and the hi corresponding to φ
ci

 is obtained as shown in Eq. 152 

(8).  153 

φ
ci

 = kc ∫ √1+(
πhi 

1.7a
)

2

[ sin (
πx

1.7a
) ]

2

dx

3.4a

0

 (8) 

hi is brought into the simulation model as shown in Fig. 2, and the simulation results of 154 

the cells corresponding to hi were obtained. Figure 3 shows the comparison between the 155 

theoretical and simulated phases for 19 cells with phases ranging from – π to π. The red dots 156 

represent the theoretical initial setting values, while the black squares correspond to the 157 

numerical simulation results. The two results exhibit a strong agreement in overall trend, 158 

though some discrepancies are present. These deviations can be attributed to two factors: (1) 159 

the influence of reflected waves and (2) the contact between adjacent structures despite the 160 

grooved cell design, leading to incomplete elimination of coupling effects 161 
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 162 

Fig.3. Comparison between theoretical analysis model and numerical simulation results. 163 

The above results show that if more precise regulation is to be achieved, numerical 164 

simulation models should be given priority for quantitative design. Fig. 4 shows the numerical 165 

simulation results of the cell structure with different h. The results show that when different h 166 

values are selected, the phase picked up at the detection position covers a range of 2π.  167 

 168 

Fig.4. The z-direction out-of-plane displacement and phase distribution corresponding to the cell 169 

structure with different h. 170 

The phase accumulation arises from the variation in wave propagation paths within the 171 

curved beam structures. Specifically, as the height of the curved beam increases, the effective 172 

propagation distance for Lamb waves also increases. This leads to a corresponding change in 173 

the transmitted wave phase, as governed by the wave equations provided in Eqs. (2) and (3). 174 

The transmitted Lamb waves from the metasurface and the base plate interfere at the structural 175 

junction. Changes in the propagation distance modify the phase of the transmitted waves, which 176 

in turn affects the phase of the resulting interference pattern. This controllable phase 177 



9 

 

modulation forms the foundation of the phase gradient design. Fig.5 shows the simulation 178 

results for 6 cell structures designed for different phases. Fig. 5(a) shows that a phase 179 

distribution with a gradient of 0.4π, i.e., −π, −0.6π, −0.2π, 0.2π, 0.6π, and π, respectively, is 180 

realized. The width of the cell structure is 𝐿′ = L/6. The corresponding h values for the 6 cells 181 

are 1.75 mm, 8.37 mm, 7.81 mm, 6.53 mm, 4.08 mm, and 2.28 mm, respectively. It is observed 182 

that the maximum height (2h) of the cell structure is 16.74 mm, while the wavelength is 23.46 183 

mm. Therefore, in the vertical direction, the structure’s thickness is less than the wavelength, 184 

indicating that it operates at a subwavelength scale. The out-of-plane (z-direction) displacement 185 

field distributions are shown in Fig. 5(b).  186 

 187 

Fig.5. (a) Phase distribution of 6 cell structures in one periodic unit. (b) Out-of-plane displacement field 188 

distribution of the functional cell at the corresponding phase position. 189 

2.3 Metasurface design and simulation 190 

By assembling the 6 cell structures as shown in Fig. 5(b), a periodic unit of phase gradient 191 

curved metasuface (PGCM) can be formed. Fig.6(c) shows the acoustic metasurface made of 192 

8 periods of the PGCM units, with total of 48 cells. Finite element simulations were conducted 193 

to evaluate the acoustic wave suppression performance of the PGCM in comparison with bare 194 

plate structure Fig.6(a) and a non-phase-gradient curved metasuface (n-PGCM) (Fig.6(b)). The 195 

n-PGCM comprises of curved metasurface cells of constant height. According to Fig.4, when 196 

h=h0=1.22 mm, the out-of-plane displacement of the transmitted waves of the cell structure is 197 

the lowest. This unit is arrayed periodically to form the n-PGCM as shown in Fig.6(b), which 198 
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is used to compare with the PGCM. The purpose of this comparison is to show whether the 199 

PGCM design has any effect in addition to the effect of the curved beam structure itself. PMLs 200 

are set on the left and right sides of the thin plate, and continuous periodic boundary conditions 201 

are set on the upper and lower boundaries. Continuous periodic boundary conditions are set on 202 

both sides of the main structure of PGCM at the edge.  203 

Rectangular areas of 101 mm (L) × 111 mm (W) are selected for each plate, denoted as 204 

S0, S1 and S2 as shown in Figs.6(a)-(c). The left edges of S1 and S2 are 7.5 mm away from 205 

the metasurfaces. The average out-of-plane displacement of the area is calculated for 206 

comparison.  207 

Fig. 6(d) illustrates the displacement field distribution of the bare plate under Excitation 208 

1, a line excitation source represented by the green line in Fig. 6(a). Fig. 6(e) presents the 209 

displacement field distribution of the plate with n-PGCM, while Fig.6(f) depicts the 210 

displacement field distribution of the plate with PGCM. The color bars indicating the 211 

displacement fields are adjusted to the same scale for consistency. 212 

It is evident that the displacement field transmitted through the n-PGCM is attenuated 213 

compared to that of the bare plate, which shows the vibration suppression capability of this 214 

metasurface structure. This observation also partially validates the numerical simulation 215 

accuracy of the cell structure. In contrast, Fig. 6(g) shows that the displacement amplitude of 216 

the plate with the PGCM is significantly smaller compared to Fig.6(e) and Fig.6(f), signifying 217 

that the PGCM structure, based on the total internal reflection design, achieves superior 218 

vibration suppression than the n-PGCM. Nonetheless, a small portion of the vibration is still 219 

diffracted through the gaps between the metasurface cells into the transmission space. 220 
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 221 

Fig.6. The simulation model and schematic diagram of (a) the bare plate, (b) the plate with n-PGCM, 222 

and (c) the plate with PGCM. (d)-(f) are the displacement field distributions corresponding to bare plate, 223 

plate with n-PGCM, and PGCM, respectively. 224 

To quantitatively evaluate the acoustic suppression performance of the elastic 225 

metasurfaces, the wave suppression level, Sup_lev, as defined in Eq. (9), is introduced to 226 

evaluate the Lamb wave suppression effect of the curved metasurfaces. 227 

Sup_lev = 20log(A𝑝/A𝑡) (9) 

where  Ap  and At  are the displacement amplitudes of the Lamb waves in the bare plate 228 

structure and plate structure with metasurfaces. When the value is more than 0 dB, the wave 229 

suppression effect is effective, and a larger value indicates that the wave suppression effect is 230 

better. When A𝑝/A𝑡 = 2, the wave suppression level is 6 dB, which means it has an excellent 231 

vibration suppression effect. This is used as the evaluation standard.  232 

Fig.7(a) shows the wave suppression level distribution of PGCM and n-PGCM in the 233 

range of excitation frequency from 11 to 23 kHz when the excitation is Excitation 1. The 234 

calculation effective area is still the same as shown in Figs.6(a)-(c). The yellow shaded areas 235 
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in Fig. 7(a) represent the frequency bands where the wave suppression level achieved by the 236 

PGCM exceeds 6 dB. The gray shaded area (14.7-16.2 kHz, 16.6-22.8 kHz) is the frequency 237 

band where the vibration suppression of the PGCM is higher than that of the n-PGCM, which 238 

proves that the structure designed based on the total internal reflection theory has great 239 

advantages in broadband effect. The total bandwidth is 7.7 kHz. 240 

 241 

Fig.7. (a) Suppression level distribution of normal incident waves for PGCM and n-PGCM across 242 

different excitation frequencies under Excitation 1. (b)-(d), (f)-(h), (j)-(l), and (n)-(p): Out-of-plane 243 

displacement field distributions of the three corresponding structures, bare plate, n-PGCM, PGCM at 244 

15.9 kHz, 17.5 kHz, 18.6 kHz, and 21.6 kHz, respectively. (e), (i), (m), and (q): Out-of-plane 245 

displacement amplitude distributions along the central axis of the three structures at 15.9 kHz, 17.5 kHz, 246 

18.6 kHz, and 21.6 kHz, respectively. 247 

In the gray-shaded area, four frequency points 15.9 kHz, 17.5 kHz, 18.6 kHz, and 21.6 248 

kHz are selected. Figs.7(b)-(d), (f)-(h), (j)-(l), (n)-(p) are the surface displacement field 249 
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distributions of the three structures at these four frequencies. Control the color bar to be 250 

consistent, and it can be seen that the color of the PGCM is the lightest, and n-PGCM is not 251 

necessarily lighter than the bare plate.  252 

To more intuitively demonstrate the Lamb wave suppression effects of the n-PGCM and 253 

PGCM structures, we present the out-of-plane displacement amplitudes along the central axes 254 

of the scan areas for the three structures (indicated by the blue dashed lines L1, L2, and L3 within 255 

the scan regions in Figs. 6(a)-(c)), as shown in Figs. 7(e), (i), (m), and (q). The results indicate 256 

that the out-of-plane displacement amplitude of the PGCM is lower than that of the n-PGCM, 257 

and even lower than that of the bare plate. Among the three structures, PGCM exhibits the most 258 

effective vibration suppression, particularly at f = 18.6 kHz. As indicated by the black solid 259 

line for PGCM in Fig. 7(a), the vibration suppression effect peaks at 39.72 dB, demonstrating 260 

that PGCM not only benefits from the curved beam structure (which is also presented in the n-261 

PGCM) but also from its design based on the principles of total internal reflection. 262 

Further, this paper analyzes the vibration suppression capability of PGCM under point 263 

source excitation, that is, omnidirectional vibration excitation. Fig. 8(a) shows the wave 264 

suppression level distribution of PGCM and n-PGCM in the range of 8~27kHz when the 265 

excitation is Excitation 2, as shown by the red dots in Figs. 6(a)-(c). The calculation effective 266 

area is still the same as shown in Fig.6. The yellow shaded area in Fig. 8(a) is the frequency 267 

bandwidth where the transmitted Lamb waves suppression achieved by PGCM is greater than 268 

6dB. The gray-shaded areas (10.4-10.8 kHz, 11.2-12.5 kHz, 13.4-15.5 kHz, 16.3-27.5 kHz) are 269 

the frequency bands where the vibration suppression of the PGCM is higher than that of the n-270 

PGCM. At f = 15.3 kHz, the black solid line representing the PGCM in Fig.8(a) reaches its 271 

peak, indicating that the vibration suppression effect is the best, which is 21.34 dB. 272 

By selecting four frequency points, 11.5 kHz, 15 kHz, 19.2 kHz, and 24.3 kHz, within the 273 

gray-shaded regions, we adjusted the color bars to maintain consistency and plotted the out-of-274 

plane displacement distributions for the three structures, as shown in Figs. 8(b)-(d), (f)-(h), (j)-275 

(l), and (n)-(p). The results indicate that the PGCM structure exhibits the lightest color, 276 

demonstrating that the design based on the total internal reflection theory offers significant 277 

advantages in achieving a broadband effect for omnidirectional incident waves. Meanwhile, 278 
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the amplitudes of the out-of-plane displacement along the axes (indicated by the blue dotted 279 

lines in Figs. 6(a)-(c)) of the three structures at the corresponding frequencies are presented in 280 

Figs. 8(e), (i), (m), and (q). The results show that the out-of-plane displacement amplitude of 281 

the PGCM structure is lower than that of the n-PGCM and the bare plate.  282 

These findings demonstrate that the PGCM structure can meet more complex 283 

requirements, further validating the reliability of the design based on the total internal reflection 284 

theory. 285 

 286 

Fig.8. (a) Suppression level distribution of omnidirectional incident waves for PGCM and n-287 

PGCM across different excitation frequencies under Excitation 2. (b)-(d), (f)-(h), (j)-(l), and (n)-(p): 288 

Out-of-plane displacement field distributions of the three corresponding structures, bare plate, n-289 

PGCM, PGCM at 11.5 kHz, 15 kHz, 19.2 kHz, and 24.3 kHz, respectively. (e), (i), (m), and (q): 290 

Out-of-plane displacement amplitude distributions along the central axis of the three structures at 291 

11.5 kHz, 15 kHz, 19.2 kHz, and 24.3 kHz, respectively. 292 
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The broadband performance of the proposed structure is attributed to its non-resonant 293 

nature, which stems from the TIR-based design. Unlike locally resonant structures that exhibit 294 

strong frequency selectivity near their resonance points, the PGCM operates independently of 295 

such narrowband resonance effects. As a result, it maintains effective wave manipulation over 296 

a wide frequency range. 297 

Furthermore, the structure incorporates curved beam elements of varying sizes, which 298 

introduce diverse local resonance modes. Although the overall mechanism is non-resonant, 299 

these local resonances enhance reflection within specific frequency bands, further broadening 300 

the operational bandwidth. In addition, the PGCM is effective for Lamb wave incidence from 301 

various directions, which supports its omnidirectional and broadband reflective capabilities 302 

3. Experimental verification 303 

The cell structures of PGCM are produced by 3D printing to build an experimental 304 

platform to verify the results of the numerical simulation model. The experimental setup is 305 

shown in Fig. 9(a), and the sample layout is shown in Figs. 9 (b) and (c). Fig. 9 (d) is a partial 306 

enlargement of the periodic structure of PGCM. First, to reduce the impact of edge diffraction, 307 

10 units are manufactured compared to the 8 units set in the simulation. The manufactured cell 308 

structures are bonded one by one to the upper surface of the thin plate (500 mm (L) × 300 mm 309 

(W) × 1 mm (T)) with special glue as shown in Fig. 9(c). A piezoelectric ceramic plate (20 mm 310 

(Diameter) × 1 mm (Thickness)) is bonded on the left side of the thin plate as the excitation, as 311 

shown in Figs. 9 (b) and (c) and connected to the power amplifier (AG1020). The laser scanning 312 

vibrometer (LSV), Polytec PSV-400, excites a sine signal with f = 15 kHz and a voltage of 20 313 

V, which is then transmitted to the piezoelectric ceramic plate through the power amplifier.  314 
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 315 

Fig.9. Experimental setup and the specimen. (a) Schematic diagram of the bare plate experimental 316 

sample and the out-of-plane displacement distribution in the scanning area. (b) Schematic diagram 317 

of the thin plate experimental sample with PGCM installed and the out-of-plane displacement 318 

distribution in the scanning area. (d) A partial enlargement of a periodic structure of PGCM. 319 

The scan areas (126 mm (L)×138 mm (W), as shown in Figs. 9 (b) and (c), 320 

corresponding to the pickup area size of 8 units in the simulation) are discretized. The out-321 

of-plane displacements of all discrete points on the LSV pickup domain are analyzed by 322 

the analysis software PSV8.8 Acquisition on the PC to obtain the out-of-plane displacement 323 

distribution at the scan area, as shown in Figs. 9(b) and (c). A layer of Blu tack material is 324 

evenly pasted on the four edges of the thin plate to minimize the reflections. The color bars 325 

are controlled to be consistent. The results clearly show that the displacement distribution 326 

color of the plate with PGCM structure mounted is much lighter than that of the bare plate, 327 

which indicates that the PGCM has a good vibration suppression effect.  328 
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Subsequently, based on the bandwidth performance of the structure obtained from 329 

numerical simulations, a sine signal with a voltage of 20 V was excited using the LSV at 330 

frequencies of 8.93 kHz, 11.3 kHz, 15.5 kHz, 16.5 kHz, 20.28 kHz, 23.5 kHz, 23.66 kHz, 331 

and 24.3 kHz. The out-of-plane displacements of both the bare plate and the thin plate with 332 

the PGCM were measured at the corresponding positions within the scanning area, and the 333 

average amplitude of the out-of-plane displacement within this area was calculated. 334 

Considering that the experimental structure is finite-periodic, the free boundary conditions 335 

more closely approximate the actual physical boundaries under experimental conditions. 336 

Accordingly, the boundary conditions in the numerical simulation were modified, and the 337 

resulting data were compared with the experimental measurements, as shown in Fig. 10. 338 

The results show a high level of agreement between the simulations and the experimental 339 

data, further validating the effectiveness of the simulation approach. The minor deviations 340 

observed could be attributed to the following factors: (1) reflection waves at the plate edges 341 

even with absorption layer, (2) coupling effects between adjacent unit cells, and (3) 342 

manufacturing imperfections in the structure. 343 

 344 

Fig.10. Comparison of wave suppression levels obtained by simulation and experiment. 345 

Fig. 11 illustrates the out-of-plane displacement distributions of the bare plate and the 346 

PGCM-mounted thin plate at the corresponding scan area positions for frequencies of 11.3 347 

kHz, 15.5 kHz, 23.5 kHz, and 24.3 kHz, respectively. To visually demonstrate the 348 

suppression performance of the PGCM, Figs. 11(i)-(l) present the amplitude profiles of out-349 

of-plane displacement along the same axis (black dashed lines) for both the bare plate and 350 
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the PGCM-mounted plate. The results of frequencies at 11.3 kHz, 15.5 kHz, 23.5 kHz 351 

clearly show that the displacement in the PGCM-mounted plate is significantly smaller than 352 

that in the bare plate. At 24.3 kHz, however, the displacement amplitudes along the central 353 

axis do not show a significant suppression effect for plate with PGCM, as seen in Fig. 11(l). 354 

This may be due to inconsistencies in the plate’s support conditions, which result in the 355 

maximum displacement occurring off-axis in the bare plate. Nevertheless, the displacement 356 

fields in Figs. 11(d) and 11(h) still demonstrate a clear wave suppression effect by the 357 

PGCM.  358 

This confirms the Lamb wave suppression effect of the PGCM. Moreover, the 359 

suppression observed across multiple frequencies indicates that the PGCM offers a broad 360 

suppression bandwidth, further validating the reliability of the simulation model. 361 

 362 

Fig.11. Out-of-plane displacement distributions for the bare plate and the PGCM-mounted thin 363 

plate at the same scanning area. (a-d) Displacement distributions of the bare plate at frequencies of 364 

11.3 kHz, 15.5 kHz, 23.5 kHz, and 24.3 kHz, respectively. (e-h) Displacement distributions of the 365 

PGCM-mounted thin plate at the same frequencies and positions. (i–l) Out-of-plane displacement 366 
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amplitude profiles along the central axis for both the bare plate and the PGCM-mounted plate at the 367 

corresponding four frequencies. 368 

 369 

4. Conclusions 370 

In this paper, we designed a PGCM for vibration suppression of omnidirectional incident 371 

waves based on the generalized Snell's law and the theory of total internal reflection. By 372 

adjusting the height of the curved beam, the transmitted phase of Lamb waves is modulated 373 

within a full 2π range, enabling effective phase control. The structure exhibits high flexibility, 374 

making it well-suited for complex vibration control applications. 375 

A key advantage of the design lies in the use of discrete adjacent cell structures, which 376 

preserve the integrity of the host structure while minimizing coupling effects. Numerical 377 

analysis demonstrates the broadband effectiveness of the proposed PGCM, achieving 378 

maximum vibration suppression of 39.72 dB for normal incident waves and 21.34 dB for 379 

omnidirectional waves. Furthermore, comparisons with the n-PGCM confirm superior 380 

suppression performance.  381 

Experimental tests verified both the effectiveness and reliability of the PGCM, with 382 

additional tests confirming its broadband suppression capabilities at other frequencies. The 383 

proposed design is not only simple to fabricate and cost-effective but also holds significant 384 

potential for practical applications in vibration control. 385 
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