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Table 1.  Material parameters.

Material p/(kgm?3) E /(10 Pa) Possion ratio
Aluminum 2700 7 0.33
Steel 7780 21.06 0.3
Epoxy resin 1150 0.435 0.38
Plumbum 11600 40.8 0.369

WE 1(c) s, 78z 7 Wi ingh g1 F et i
PR TR T 0 B LR A 2, & IR oe

F=kyz —4ko(l — /22 + dz)\/z;W’ 1)

F:z—4’y[—1]7«” (2)
(1-6)" + 22

TP TR AL, o = 12
SEIRIELL, § = 5 Bt e I LA LR 4 I

244302-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 24 (2021) 244302

(b)

A Spring 2 } F’ Y

Spring 1

(d)

1

lo

—
g
i

—
1

Y

a

L=

|

gt

—

1 HEFRIERIEILIRET P (o) 5HRE R (b) BIREHE; (o) FEIUASEL (d) HE W ST R

Fig. 1. Quasi-zero stiffness local resonance structurel®: (a) Schematic of whole structure; (b) unit cell; (c) main geometric paramet-

ers; (d) top view of quasi-zero stiffness element.
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Fig. 2. (a) Normalized reacting force and (b) equivalent stiffness plotted as functions of pre-compression of springs for v = 0.4;

(¢) normalized reacting force and (d) equivalent stiffness plotted as functions of spring stiffness ratio for § = 0.2.
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Fig. 3. Finite element model of periodic cell: (a) Finite ele-
ment model; (b) schematic diagram of lumped mechanical

system.
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Table 2. Structural parameters of the three structures.
Model a/mm h/mm ky/(N-m 1) Stiffness ratio Pre-compression m/kg
QZS 25 4 10000 0.8 0.2 0.1
MSP 25 4 10000 0 0 0.1
NOP 25 4 0 0 0 0
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versus numerical simulation.
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Fig. 5. Comparison among three different plate structures:
(a) Equivalent mass surface density and dipole vibration
mode of QZS; (b) reflection coefficient.
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Fig. 6. Sound pressure cloud diagram (unit: Pa): (a) 22.5 Hz;
(b) 90 Hz.
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Table 3.  Selected values of spring stiffness and pre-
compression in the regime of positive equivalent stiff-

ness.

Group k /(N-m!') Stiffness ratio Pre-compression

Casel 10000 0.4 0.2
Case2 10000 0.6 0.2
Case3 10000 0.8 0.2
Cased 10000 0.4 0.3
Caseb 10000 0.4 0.376

T4 MEENIEE IO G SR BE X R S8
Table 4.  Selected values of spring stiffness and pre-
compression in the regime of negative equivalent

stiffness.

Group k/(N-m

1) Stiffness ratio Pre-compression

Casel 10000 2.0 0.2
Case2 10000 3.0 0.2
Case3 10000 0.8 0.4
Case4 10000 0.8 0.8
(a) 39 Hz — =04
80 ---7=06
——y=0.8
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Transmission loss/dB

Frequency/Hz

7 IENIE X AZR R (a) BB LR (6 =
0.2); (b) Bl HE AN (v = 0.4)

Fig. 7. Comparison of transmission loss versus frequency
curves in positive equivalent stiffness zone: (a) Influence of

stiffness ratio at & = 0.2; (b) influence of pre-compression
at v=04.
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Fig. 8. Comparison of transmission loss versus frequency

curves in negative equivalent stiffness zone.
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Fig. 9. Metamaterial plate compared with mnon-oscillator
plate in both positive regime (§ = 0.2 and v = 0.8) and
negative regime (§ = 0.8 and v = 0.8) of equivalent stiff-
ness: (a) Transmission loss; (b) equivalent impedance and

reflection coefficient.
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Fig. 10. Comparison of transmission loss under different in-
cident angle.
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Fig. 11. (a) Experimental facility; (b) metamaterial plate sample; (c) sample positioned in impedance tube.
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Table 5. Mechanical parameters and local resonance frequencies of finite four-oscillator metamaterial plate.

ki/(N-m!) ky/(N-m™V Pre-compression m/g Experiment f,/Hz FEM f,/ Hz
A 35137.8 11322.1 0.2 19.14 178 176
B 35137.8 1093.16 0.2 19.14 211 210
C 35137.8 11322.1 0.2 10.17 254 242
D 35137.8 11322.1 0.02 10.17 300 289
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Fig. 12. Comparison of transmission loss between experimental measurement and numerical simulation: (a) Non-oscillator plate;

(b) four-oscillator metamaterial plate.
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Broadband low-frequency sound insulation performance of
quasi-zero stiffness local resonant acoustic metamaterial plate”

Xu Qiang-Rong!  Shen Cheng"?® Han Feng"?  Lu Tian-Jian V*
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Abstract

For realizing the effective broadband insulation of sound at low frequencies, a novel local resonant acoustic
metamaterial plate having quasi-zero stiffness is proposed. Based on the classical mass-spring local resonance
model, a metastructure is constructed by introducing additional inclined springs with negative stiffness. First,
the normalized equivalent stiffness of the quasi-zero stiffness structure is derived from the perspective of
dynamics. Then, by employing the method of equivalent medium, a sound insulation model of the
metastructure is established theoretically. For validation, numerical simulations as well as experimental
measurements are carried out. It is demonstrated that in the positive (equivalent) stiffness regime, increasing
either the stiffness ratio or pre-compression can significantly reduce the local resonance frequency of the
metastructure, which exhibits the great insulation performance around the local resonance frequency. For a
typical example, the proposed metastructure can achieve a transmission loss of 30 dB around 10 Hz. In
contrast, within the negative stiffness regime, the metastructure does not exhibit local resonance, thus avoiding

43

sound insulation valley caused by the “coincidence effect” . Compared with traditional materials or similar
metamaterials, the proposed metastructure has significant advantages in sound insulation (e.g. more than 30 dB
drop over a wide frequency band of 53— 1500 Hz). By analyzing the equivalent mass density, reflection coeffi-
cient, and acoustic impedance ratio of the metastructure, the physical mechanism behind its superior insulation
performance is further explored. The equivalent mass density changes from positive to negative and tends to
infinity at the insulation peak. The insulation peak is attributed to a nearly perfect total reflection of sound
wave caused by impedance mismatch, while the insulation valley is caused by low-frequency “coincidence effect”
originating from the local resonance band gap. The using of the quasi-zero stiffness local resonance to achieve
low-frequency broadband sound insulation overcomes the disadvantages of traditional metamaterials such as
reduced stiffness or additional mass, thus becoming vastly attractive for constructing low-frequency broad band

sound insulation structures.

Keywords: metamaterial, local resonance, quasi-zero stiffness, low frequency range, sound insulation
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