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Fig. 1. Phyical model of a metamaterial beam structure car-

ring two periodic arrays of local resonators.
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Fig. 2. Single-order coupling bandgap of metamaterial beam
structure carring single-frequency local resonators: (a) The
first order coupling bandgap; (b) the second order coupling
bandgap.
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Fig. 3. Double-order coupling bandgap of the metamaterial
beam structure: (a) Designed bandgap before improvement;

(b) designed bandgap after improvement.
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Fig. 4. Schemetic of unit cells of three metamaterial beams
used for comparison of bandgaps: (a) Metamaterial beam
carring single-frequency local resonators with the first or-
der coupling bandgap (n = 1); (b) metamaterial beam car-
ring single-frequency local resonators with the second order
coupling bandgap (n = 2); (¢) metamaterial beam carring
two single-frequency local resonators with the double-order
coupling bandgap.

F 2 PEHEEEHBRETS BU LA R AT

SEPRAAT AT . (B BB & 4R 1)

Table 2.  Comparison of bandgaps achieved by

design of single-order coupling bandgap and double-

order coupling bandgap (the added resonator mass

ratio is ¥ = 1).

P AR HERES BRERES XA

BIHEE Wh(n =1) WH(n=2) WK
s fi/Hz  108.300 130.190  120.970
WIFIE £,/ He 226,531 230.890  229.121
s ho/Hz  230.881 542.630  231.051
HFHR 0/ He 355171 923.548  265.621
wsepn f/Hz 922,821 924.158  595.631
WPIHE £,/ He  955.951 1341.580  923.168
$airpr fi/Hez — — 923.848
HFHEE g/ Hy — — 1288.140
iﬁi G 1.1656 1.4458 1.5177
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Fig. 5. Comparison of bandgaps of metamaterial beams carring two single-frequency local resonators following different design meth-

ods: (a) Comparison of double-order coupling bandgaps obtained by present design and two resonance bandgaps obtained by con-

ventional deep-subwavelenght design; (b) two cases of resonance bandgaps obtained by conventional deep-subwavelenght design of

double-resonators with close resonance frequencies.
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Fig. 6. Influence of mass ratio of two resonators on the
double-order coupling bandgaps and the corresponding op-
timal bandgap behavior: (a) The effect on the bandgap fre-
quency range and the sum of normalized bandgap width
(the total added mass ratio is limited to v = 1); (b) the
double-order coupled bandgap characteristics correspond-

ing to the optimal mass distribution ratio.
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Fig. 7. Tuning of double-order coupling bandgaps by design
of added mass ratio of double resonators 3: (a) The influ-
ence of mass distribution ratio 8 on XG for different given
total added mass ratio; (b) the relationship between the op-
timal mass allocation ratio 3, and the given total added

mass ratio 7.
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Fig. 8. Double-order coupling bandgaps: (a) Plot of band-
gap properties with non-dimensional frequency; (b) compar-
ison of bandgap properties of two different metamaterial

beams carring two single-frequency local resonators.
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Table 3. Parameters of two metamaterial beams carry-

ing double arrays of local resonators.

h/mm a/m N V2
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Fig. 9. Effects of damping on double-order coupling bandgaps: (a) Effects of damping of the first resonator (damping exists only in

the first resonator); (b) effects of damping of the second resonator (damping exists only in the second resonator); (c) effects of

damping of the two resonators; (d) effects of the damping of the host beam.
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Fig. 10. Schematic of vibration analysis model of a finite metamaterial beam carrying N periodic double-resonators.
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Fig. 11. Schematic of vibration analysis model of a finite metamaterial beam carrying N periodic single-frequency local resonators:

(a) Attaching only local resonator 1; (b) attaching only local resonator 2.
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Fig. 12. Vibration properties of a double-resonator metama-
terial beam containing 6 unit cells: (a) Comparison of vibra-
tion transmissibility predicted by spectral element method
and finite element method (the shaded area represents the-
oretically predicted bandgap regions); (b) deformation of
the host beam under forced vibration at several frequencies

selected in panel (a).
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Fig. 13. Comparison of vibration attenuation properties of a
double-resonator metamaterial beam and two single-reson-
ator metamaterial beams (N = 6, ag = 0).
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Table 5. Parameters of single local resonators.
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Fig. 14. Influence of structural length (characterized by
number of unit cells) and resonator damping on the vibra-
tion reduction properties of finite double-resonator metama-
terial beam: (a) Influence of structural length; (b) influence

of resonator damping.
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Fig. 15. A realizable metamaterial beam with “rubber-copper” resonators and its vibration attenuation performance: (a) Schematic
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tion properties calculated by spectral element method and finite element method.
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Table 6.  Properties of materials used for resonators.
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Table 7.  Parameters of local resonators made by

rubber and copper layers.
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Double-order coupling bandgap design of metamaterial beams
and broadband vibration reduction properties”
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Abstract

Local-resonance bandgap and Bragg bandgap can coexist in a metamaterial beam, and their coupling effect
can be used to realize ultra-wide bandgap, which has great potential applications in the field of wide-band
vibration reduction. Previous studies usually considered the single-order coupling between the local-resonance
bandgap and Bragg bandgap in metamaterial beams with a single array of local resonators, which can only
achieve the single-order ultra-wide coupling bandgap and cannot meet the wide-band vibration reduction
requirements of double/multiple target frequency bands. In this paper, metamaterial beams with double arrays
of local resonators are considered, and the regulation design and analysis of double-order coupling of local-
resonance and Bragg bandgaps are carried out based on an analytical model of bending wave dispersion
relation. Moreover, the vibration reduction characteristics of the double-frequency-resonator metamaterial
beams with double-order coupling bandgaps are studied by using spectral element method and the finite
element method. The main conclusions are as follows.

1) A design method is proposed for realizing double-order coupling wide bandgap in a metamaterial beam
with double arrays of local resonators. By using this method, the resonance frequencies of the local resonators
can be quickly designed on conditions that host beam parameters, lattice constant and added mass ratio of the
local resonators are given.

2) The double-order coupling bandgaps in a metamaterial beam carrying double arrays of local resonators
are compared with the single-order coupling bandgaps in metamaterial beams with a single array of local
resonators. It is found that through proper design, the total normalized width of the double-order coupling
bandgap can be much broader than that of the single-order coupling bandgap, so the double-order coupling
bandgap is more beneficial to wide-band vibration reduction.

3) It is found that for a given total added mass ratio of the double arrays of local resonators, it is necessary
to optimize the mass distribution ratio of the double resonators to maximize the total normalized width of
double-order coupling bandgap. An approximate formula for designing the optimal mass distribution ratio of the
double resonators is further established.

4) The spectral element method is used to study the vibration reduction characteristics of the metamaterial
beams carrying double arrays of local resonators designed based on double-order bandgap coupling. The
accuracy of the spectral element method is verified by comparing with the finite element method. The results
show that significant vibration reduction can be achieved in two wide frequency bands corresponding to the
double-order coupling bandgaps. The influences of number of unit cells and resonator damping on the vibration
reduction characteristics of the metamaterial beam are further analyzed. It is shown that the increase of number
of unit cells can enhance the vibration reduction performance in the bandgap, and the increase of resonator
damping can effectively broaden the vibration reduction frequency band.

Keywords: metamaterial beam, flexural wave bandgap, coupled bandgap, broadband vibration reduction
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