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Fig. 1. Unit cell of quasi-zero stiffness membrane acoustic metamaterial (QZSMAMM): (a) schematic of

unit cell; (b) xoy mid-plane view; (c) yoz mid-plane view; (d) simplified model.
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Fig. 4. Convergence check of theoretically predicted transmission loss (TL) of QZZSMAMM under the

excitation of a normally incident sound wave at 1000 Hz.
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Fig. 5. Finite element simulation model of QZSMAMM.
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acoustic metamaterial, &#X: MAMM) %5#) (Non-NS), QZSMAMM £k ¥ g& % fif
TL VEAE SR AR AR 5,  HBEE BETR BR A /)N, I A AR/ o Ak, 3R 2 il
O ZH ) 5 R Y TR AL TR AN A BIR 0 B A IO B U/ A AR AR o R TN ) U £ AR
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W /AR ZEAMR IR N 135 Hzy 193 Hz A1 195 Hzo 75 PR 70 AR 0L 1) U6 A5 A5 R 4K N
435 Hz. 325 Hz 1 270 Hz, #{EAFEAKIX A 295 Hz. 130 Hz #1 95 Hz, /440
REMRIKN 140 Hz. 195 Hz F1 175 Hz. ERSERFWY, BT IEEHE,

QZSMAMM KI5 —Fg /5 2 (AR s sk, JLHZ Y H = 3.5 mm i, J&

AHIBE B AE L 20 dB, #E— 0B T QZSMAMM B A0 5 27 BE 75 R0 .

#* 1 QZSMAMM o U ZH MM R Z 8 (Bf2: mm. T. N/m. kg/m*)
Table 1. Geometric and material parameters of QZSMAMM unit (unit: mm, T, N/m, kg/m?).

Ly Ly L ly t h B, T Prmem P mag

40 40 5.32 5.32 0.2 2.0 1.0 500 0.24 15.6

Pl 6 = 2 0F HE 235 g iA) 900 AR 400 {14 400 4% A 45 2R % Ll
Fig. 6. Comparison between theoretical model predictions and numerical simulation results
of transmission loss for three different structures.
SR S IE gk e LA T ES
Table 2. Theoretical and numerical results for peak/valley frequencies.

Peak/valley Frequency (Hz) Non-NS B,=10T, H=40mm B,=1.0T, H=3.5mm
Theory 435/297 336/143 281/86
FEM 432/295 325/130 270/95
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MR RE T BT B ZE7E 600~1000 Hz 47 5 B 3L A 8 4 () JR K]

15



B 7 LRSS« () Lsh&SHEMNIE;: (b) B,=1.0T, H=40mm; (¢) B,.=10T, H=3.5mm
Fig. 7. Resonance mode: (a) Non-NS; (b) B,=1.0 T, H=4.0 mm; (¢c) B,=1.0T, H=3.5 mm.
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SCPRMLS oM, - PR R B ORI, i B SO R 3 68 T A
R BE O E (I 9 Cad Fron ), 2 AEE B A 3 P S A, d] T
FREE L. ttoh, B9 (b) P8 L Bor, B A M AL R AR (G5

+907), KEAEBMAANE (H =3.5 mm BR4M), H = 3.5 mm {587 240 115 2%
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AN, AR -907. AHALR NS A KL, BAHMKRWSERE LTS
Ut 90 ML R R R R LT RS ZBRAEE 11 FniE ko B $ 45 26E

>
i:o

8 W FH /A IR BN S (a) EBIEHEFNIEE: (b) B,=10T, H=40mm; (¢) B,=10T, H
=3.5mm
Fig. 8. Vibration mode diagrams at sound insulation peak/ valley: (a) Non-NS; (b) B,=1.0 T, H=4.0 mm;
(©)B=10T, H=3.5mm.
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/

K9 (a) =20 RS AAEHAUR M3 (b) =N IR S5 K B A& i SR AR A2 A2 1
Fig. 9. Curves of (a) transmission loss and average velocity and (b) transmission loss and phase change for

three different structures.

B 10 45 Bk = 200 IR A M) ) S s R A R . S5 IRRWY, (ERR A AL, 4%
BURBMEEET LT, LB AR, miZgRITMNE 11 FiRfEERs
BRI RII0UEs MR, TERAEAL (H = 3.5 mm 4N, SRR ZEUNE,
SKHL T AR L aniE S, B 1T RS R BT R RIIRIE. XM T H = 3.5
mm A% 3 2 A0 S 00 R BN, fE 95 Hz MR A 4 Ak, S5 200 & i
FEIE BN AMENTEOR,  #t iy AR 7B S, XFEMEAE R 11 R E RS
P RREsE . Z8 Lk, bR A IR — I ARSI IR P 8, 1 A2 25 4 1 5 240 SR I

Sy IV LR (EAENIUESE S

10 = ZH %6F {0 225 HA 10) A i 458 % A0 558 20 o T T 1t 2

Fig. 10. Transmission loss and equivalent mass surface density curves of three different structures.
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Bl 11 B/ S E R B (A2 Pa) (a) TEBh&HGARIE: (b) B,=10T, H=4.0mm; (c)
B,=10T, H=3.5mm
Fig. 11. Sound pressure cloud diagram at sound insulation peak/ valley (unit: Pa): (a) Non-NS; (b) B,=1.0
T, H=4.0mm; (c)B,=1.0T, H=3.5mm.
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XN 6 Fasiss— (H = 3.5 mm BRAb) M ZREREAMME. B mi i KT me,

B Kt b g, 00 oo BEEBESUIIE Knas MK, X AN, Y HEK,

m, oK OK g

mag

X+Y N, AR o T REERE, B —FR R A SEAR LR R A R IR
WS, ABLT QZSMAMM KRS i BUR . sAh, il (28) W&,
8 R NI B K, R R, Wb SR A E T A I SR SR L £ I8 R
)RR Ho C55— I SRRETRIBR, 0 BT &5 440 1) — I B2 25 A3 9 2 R TR) Bt D A H

CHS I SRR TRI B, nF LT 45 K 0 AR 87 AR AUy 2 I (R D B>, 4 ol A 45 55 —
BE 75 5 VAR N T . BEIE BRI Hi < H <Ho I, —BrBSHR A o84S, I8
PSR R T . Ml , —BSE R, BRA A ES R RERT, WNE 6 B,

=1.0T, H=3.5 mm H55 %,

m,

m,

Kl 12 QZSMAMM ) 5 355 - Jofy 2 28 R A% 7Y
Fig. 12. Spring-Mass Equivalent Model of QZSMAMM.
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AR IR I A IR TR I AR s SE AR, AT o A o 9 AR K HL I e I E AR e
Hi < H <Ho HIg/N, S50 — BB Ak, 28— b A A 15 2K 0E 52 T HLks =
REOK, B AR AR 5 T A R SRR o R R A OE T R RS A AR AL, A

ﬁﬁ%ﬁo

140

—— =50mm
- H=4.0 mm
o0 =37 mm
H=3.6 mm
100 -4 [[=35mm
-¥-- H=34 mm
g0 F —— =292 mm

TL (dB)

200 400 600 800 1000
Frequency (Hz)

B 13 Fl R MOEE ERFFAE (B=1.0T), 5B R R A2 4L

Fig. 13. Variation of transmission loss with magnetic gap fixed at B,=1.0 T.
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14 () TTfif =0, fRHHRHENS M 0 KI2AL: (b) AN 6=30 , fLiiiRBEAS A
o M2 4L
Fig. 14. (a) Variation of transmission loss with incidence angle at ¢ =0"; (b) Variation of transmission loss
with azimuth at =30".
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Al G ARG A AR S — 5 T, I R B A WL NI B, AT R ARG A AR 1 [R] B
i 55 — 8 (H P A A AR A s . Besh, B 14 (b) Sl Bk =
ol T 950 ke N ) A6 0 B T R R A . A5 IR AR, AH T AR G I R A AR
QZSMAMM £ W (i A5 %2 b 10 46 280 Jo 6 T 8 B W X B &, 5 6 P e AL 1 A AH W
o Gib, METASGHK MAMM 458, AKCHEHE QZSMAMM A 5 AR E

7 YD B 7 R

=l

=

15 () =Fh LU H A (I: MAMM, [I: QZSMAMM); (b) = T35 1) & 305 =1
FEXTEL (I: MAMM, 1I: QZSMAMM)

Fig. 15. (a) Comparison of transmission loss curves among three working conditions (/: MAMM, II:
QZSMAMM); (b) comparison of equivalent mass surface density curves among three working conditions
(I: MAMM, II: QZSMAMM).

3 =M R L 0 S5 4 2 50 B bR AR

Table 3. Structural parameters and target frequencies for three different operating conditions.

Configuration T (N/m) Kinag (N/m) f(Hz)
A 1 400 0 386
i 500 -670 386
B 1 200 0 274
i 400 -1300 274
C 1 50 0 138
1 200 -970 138

4 SCIGIHE
4.1 S5 %
SEIG o B R A R N R L, JERE £ = 0.025 mm, 9% Ly = Ly = 40 mm;

JIT FHAE SR FH A S I 44 8E 3D ATENTIT AR, ELA2 N 98.6 mm, I 16 (b) Jios;
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e R o L g s LR AA, EAR ra=re=rc =3 mm, JEJ¥ 11 =1.68 mm, F|RHLIEE
£ B-=0378T, MXTHESHE N 1.023. HARMEZHILEK 4. LT LBHIE NRE,

Rl 1 Ca) o onai il s s AR, Hls e B2 =110, WK 16 fios.
R 4 LI REAF K AH MRS 5L

Table 4. Material parameters of experimental samples.

Young’s modulus

Density (kg/m?) (GPa) Poisson ratio
Membrane 1200 1.8 0.38
Magnets 7594 200 0.29
Epoxy resin 1150 4.35 0.38

a) BUE L R/, TRHEYE THEDN 120 mm BETESEES: K 16 (a).

b) EME R LA AL, MK R FE R BUR S, AR KT, RE
RS S5 AE TR b, IS S A BR 4, JFAE OIS SEER: B 16 (b)),

c) R [ AE TR R Bk N B 1 MRAE ) — e, R B A A LR AR AR e HEAMESE, IR R
FCUG I T HEZE, SR ek Y IR AL b A RE R, o P A ALK A L R B A A 1
16 (¢,

e, R BEDERARE T PUE PR AT d st kMt B 16 (d)s

Kl 16 QZSMAMM Tl st fe: (a) REANEETK J7; (b)) K rhCo G HCA WA Bk A 5K 0 RG22 T
SCHERESR: (o) WRINAMEEIMEER: (d) Ketedh & T RHE
Fig. 16. Schematic of the preparation process of QZSMAMM unit: (a) applying membrane tension; (b)

tension membrane with a magnet applied to the center is bonded to the support frame; (c) adding peripheral
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magnets; (d) test sample positioned in impedance tube.
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MR, K T S0 25 AT X LG, FRREIE M 28 R WA, DUBR IR B IR
R R

R 4.1 W MRS S L, Gl S50 A7 5 SO AT 3 1 38 5 Tk
JIR/NA T =210 N/m, H TL fhZexf b an & 17 fros. w0, SERRI7 5K TL 04
A0 2R WA, SR T B T 7 RO IE AR, R WTZ TSk T T

I 5 50 2 B A R D R 7 R

P 17 SRR PR S 5K 7 A i R0 B
Fig. 17. Comparison between experimentally measured and numerically predicted transmission loss versus

frequency curves.
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Fig. 18. Schematic of transmission loss experimental setup.
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19 A& A 2% 1 S5 B 55 B AL b
Fig. 19. Comparison between experimentally measured and numerically predicted
transmission loss versus frequency curves.
R 5 LY ANBEAE LU/ 25 AR

Table 5. Experimentally measured and numerically predicted peak/valley frequencies.

Peak/valley T=210 N/m T=210 N/m T=210 N/m =210 N/m
Frequency(Hz) di=4.0 mm d>=3.8 mm d3=3.5mm
Experiment 286/208 268/140 262/118 259/104
FEM 286/211 264/178 259/167 251/158
5 &%

AR SR — Al B AT B AR R R R R R S AR, RTINSk 1
FEA RS T bR A B, IR I8 AT IR o 0 FONSE 38 I Bl i VA B e 1 28 T
RIAERRTE, XS A HLEEREAT 1o Atie . LT

(1) BESNIE E B S REBRAI LT RS  RATRIRR . SRR AL s BEAS A7 9%, Hefk
SRR, B RT AR50 5 5 B/ INE TR B, B BE A KB A S I

(2) FEHRAE — RS IR I BB ik (TL) AR, HE-ER
FRAARSN, A A 7]~ 24 Bk B AR OB HL A R i LN %, A LT 48
Obs BT RE NI, T BRI R A PRSI R, SRR R I A BN IR E
TL AHEKIESETE, BB S

(3) TL VEESRAL, - SR IRSD, RS A [~ 2 38 D % HL A R
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Low-frequency sound insulation performance of novel membrane
acoustic metamaterial with dynamic negative stiffness’

.
Xu Qiang-rong"”? Zhu Yang"? Lin Kang?? Shen Cheng"? ' Lu Tian-jian"? '

1) (State Key Laboratory of Mechanics and Control of Mechanical Structures,

Nanjing University of Aeronautics and Astronautics, Nanjing 210016, PR China)
2) (MIIT Key Laboratory of Multifunctional Lightweight Materials and Structures,

Nanjing University of Aeronautics and Astronautics, Nanjing 210016, PR China)
Abstract

For improving the low-frequency sound insulation properties of membrane/plate
structures, a new quasi-zero stiffness membrane acoustic metamaterial with dynamic
magnetic negative stiffness is proposed. Upon applying the equivalent magnetic charge theory
to derive the dynamic magnetic negative stiffness, a theoretical model of proposed
metamaterial with finite dimensions is established based on the Galerkin method. Through a
combination of theoretical analysis, numerical simulation and experimental measurement, the
low-frequency (1-1000 Hz) sound insulation performance of the metamaterial is investigated
from several perspectives, including structural modality, vibration mode, average velocity,
phase curve, equivalent mass density, and equivalent spring-mass dynamics model. Results
show that, at a certain initial membrane tension, decreasing the magnetic gap or increasing the
residual flux density can increase the dynamic magnetic negative stiffness. This in turn leads
to decreased peak frequency and enlarged bandwidth of sound insulation, thus achieving
effective low-frequency sound insulation over a wide frequency band. Further, when the
magnetic gap is larger than the second critical magnetic gap and smaller than the first critical
magnetic gap, the first-order modal resonance of the metamaterial disappears, and the
corresponding value of sound insulation valley increases significantly, thus demonstrating
superior sound insulation effect with wide frequency band. The proposed method of using
dynamic magnetic negative stiffness to improve low-frequency sound insulation valleys due
to modal resonance provides useful theoretical guidance for designing membrane/plate type

low-frequency sound insulation metamaterials.

Keywords: membrane-type acoustic metamaterial, tunable acoustic insulation, magnetic negative stiffness,

low frequency broadband
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