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Fig. 1. Unit cell of quasi-zero stiffness membrane acoustic metamaterial (QZSMAMM): (a) Schematic of unit cell; (b) zoy mid-plane

view; (¢) yoz mid-plane view; (d) simplified model.
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Fig. 2. Schematic of the magnetic charge model for a cuboidal magnet.
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[l 4 25 MBS T TS TL WStk rysem. 45
R, B M = N = 40 HTTJ@EZIK{WELI&*&E’JEK

40

30 F

20 F
10

0

TL/dB

10 20 30 40 50
M
Kl 4 1000 Hz 7 5 A S AU T, QZSMAMM i TL i
ST IE
Fig. 4. Convergence check of theoretically predicted trans-

mission loss (TL) of QZSMAMM under the excitation of a
normally incident sound wave at 1000 Hz.
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z @50 mm
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reflected field
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QZSMAMM layer

5  QZSMAMM (¥ 47 BT
Fig. 5. Finite element simulation model of QZSMAMM.
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FHERfE, B R ERIT RO s AR I 1/8. 28
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N Kpag = —1289 N/m il K, = —1883 N/m, %
T 2.3 g7 PR B AR R AT A T A T .

80
—8— Non-NS (theory)
70 F ! - #-- Non-NS (FEM)
Jro td 325 1 —A— H=4.0 mm (theory)
60 F 2 S 336 1z -4~ H=4.0 mm (FEM)
R ! H = 3.5 mm (theory)
50 '.', H -%-- H=3.5 mm (FEM)
m Vo
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= A 435 Hz
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6 =4t B AS i B R A UL i 453 2 4 b
Fig. 6. Comparison between theoretical model predictions
and numerical simulation results of transmission loss for

three different structures.
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#1

QZSMAMM #75 JLT S 5B S8

Table 1.  Geometric and material parameters of QZSMAMM unit.
L,/mm  L/mm  [/mm [/mm ¢/mm 4/mm B/T T/(N-m) Pmem /(kg:m2) Pmag /(kg-m 2)
40 40 5.32 5.32 0.2 2.0 1.0 500 0.24 15.6
F 2 PHOAEERBEN G AR
Table 2. Theoretical and numerical results for peak/valley frequencies.
Peak/valley frequency/Hz
Non-NS B, =10T, H= 4.0 mm B,=10T, H= 3.5 mm
Theory 435/297 336/143 281/86
FEM 432/295 325/130 270/95
(a) fiks/ fits/ fits/ fits/
(10-8 m) (10-% m) (10-% m) (10-% m)
3 IN . 5
4 2 2 4
3 ‘ 0 ‘ 0 g
2 -2 -2 1
1 —4 —4 0
293.15 Hz 0 667.03 Hz 667.03 Hz 1198.5 Hz
(b) fits/ fits/ fits/ ks /
(10-% m) (10-% m) (10-% m) (10-% m)
2 I ol 5
4 2 2 4
3 ‘ 0 . 0 g
2 -2 -2 1
1 —4 —4 0
128.14 Hz 0 667.03 Hz 667.03 Hz 1197.0 Hz
(c) fits/ k% / 1%/ k% /
(105 m) (105 m) (105 m) (105 m)
o I 0 5
4 2 2 4
3 ‘ 0 ‘ 0 :;
2 -2 -2 1
1 —4 —4 0
125.47 Hz 0 667.03 Hz 667.03 Hz 1196.3 Hz

7 SRR

(a) LB ANIE; (b) B.=1.0T, H=4.0 mm; (c) B,=10T, H= 3.5 mm

Fig. 7. Resonance mode: (a) Non-NS; (b) B, =1.0 T, H= 4.0 mm; (¢) B.=1.0T, H= 3.5 mm.

A BRTTEL AL A e /A (A58 R0 T i) 0
AR 432 Hz, 336 Hz Al 281 Hz, 238 4 %
WK N 297 Hz, 143 Hz Fil 86 Hz, 1§ /AWK IZEHIR
} 135 Hz, 193 Hz Fl 195 Hz. 4 PR ICH LAY 16 (8
HRAR KN 435 Hz, 325 Hz #1 270 Hz, 2 {8 5%
MR A 295 Hz, 130 Hz 1 95 Hz, I /455 R 224K
N 140 Hz, 195 Hz #1175 Hz. RS RFEW, 4
TR, QZSMAMM 455 — B 75 23845 5% [1)
AR has B pl, JLHE Y H = 3.5 mm B}, JEA
FIBEA AHERA 20 dB, #F—2AB T QZSMAMM
R ERATIAR it B 7 3R

MR LA B F RS 0 A TR . X2
G E R R PR 2, o R (W ) 52581
BT 41, WO R RERR 7 0 /8 B G 2. %

FA S 58 B B 7R AL Sl 11000 Hz, A0
BT LA B (0 4 S 0 5 R e/, R
FROTH H 25 than U B RS, dniEl 7 firos: o,
&l 7(a) i Non-NS HYRTIUBTELE; 18] 7(b) h B, =
1.0 T, H= 4.0 mm WETPUBMTELE; K 7(c) I B, =
1.0 T, H = 3.5 mm YRETPUBTELA. 45K E], =
2 X} B S5 A A i DU RS LA AR R, — iR
AL Ay e A - o e AR R AR LR, FOAR BRI I 6 7
FRITHEUERIL (HELR) 1440 2% I 5 — B 75 4 0 %
(H = 3.5 mm BRAI). 7 AR EET — pr 540 %
A28 A G5 RR (R) — B AR, MRS SR 1 R 31
R, FEAEE P BB RS, dE
AR RS, REEENE, B.=10THMH=
3.5 mm X I fY — [ A5 2 4R A0 6 A 4l i i (RD
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’
(a) k% /m fiFs/m 4%/ m
A 1.58x10-2 A 9.57x10°7 A193><10 8
-7
910 Cax10T
75><10 8 7X10-7 —4x10-7
—10x10-8 6x10-7 —6x10°7
—-15x10-% 5x10-7 —8x10°7
—20x10-8 4x10-7 —10x10~
—25x10-8 3x10-7 —12x10-7
—30x10-8 2x10°7 —14x10-7
—35%x10-8 (1)><10’7 —16x10-7
V¥ —3.74x10°7 V¥V —_3.6x10-23 V¥ —1.78x10-6
295 Hz 130 Hz 95 Hz
fi#s/m 1%/ m fif#s/m
A 9.86x10°8 A 8.68x10°8 A 8.69x10°8
—1x10-7 —1><10 7 _1><10 7
—9x10-7 —2x10-7 —2x10-7
—3%10-7 —3x1077 —3x10-7
_ 7 _ 7
—AxX10-7 4%10- 4x10-
_5x10-7 —5x10-7
Vv —4.72x10°7 V¥ —5.2x10°7 V¥ —5.14x107
435 Hz 325 Hz 270 Hz
B8 M/ AR (a) KHBHEFANIE; (b) B,=10T, H=4.0 mm; (c) B, = 10T, H= 3.5 mm
Fig. 8. Vibration mode diagrams at sound insulation peak/valley: (a) Non-NS; (b) B, = 1.0 T, H=4.0mm; (¢) B, =10T, H =
3.5 mm.
70 - .
N ] —8— Non-NS (TL 1 80
(a) "‘ " _:_' Nm;tN()S (average velocity) —~ S
1 H=4.0mm (TL R,
60 | " .:' A- H=40mm Eavgmge velocity) 4 20 “\\‘\- 60
" " ~¥— H=35mm (TL) i &
" ' ¥+ H=35mm (average velocity) g
50 o o 5 — T 1.0 < 40
" ' 4 S —e— Non-NS (TL) 2
" ' m . — - o
m " Ay 83 — m =®- Non-NS (phase) o
3 40 on : e S <) A~ H=4.0 mm (TL) 0 N
3 0 |I o Ny E =) -A- H=4.0 mm (phase) g
= 30 O . N Y kel 3 = H=35mm (TL) | _o9 &
v { . 100 200 300 400 500 600 IS -¥- H=3.5 mm (phase)
20 F R : H Frequency/Hz % —40
Ao ' ls =
ol X YW g —60
N A g <
FAVE B VA —80
0 - 0 1 1 1
200 400 600 800 1000 400 600 800 1000
Frequency/Hz Frequency/Hz
B9 (a) = 2% RS F Y 1% B G RS 2580 B 5 (b) =X IR 5 g 199 2 i i 2 R AH 467 28 4k

Fig. 9. Curves of (a) transmission loss and average velocity and (b) transmission loss and phase change for three different struc-

tures.

125.471 Hz), R — P REBS T IH L. TR
BB IIH R, R RIS T, HOZ R
PRI AE— RS T, HFE ARG SO k. —
B = BTSSR SO RS, R ot s e JLF-JE
B, RGN X L TCsE M, = 2H %) HRZ5 44 1 — i
=B AR R, HAEE RO AR AR S, HA g
LRI SRR, B = S AN R ARk

FAPERE. DURRAS Ay MR- T a SRR, RS N
J5 T PR SR BE T, 50 P B AR DO AR 2
WA e R 3 S, T 7 A s B ) R A, T
TERRA M I EEs R A HARE RS, 16
VOB EARBES R T, BT B IAR B A A
JIN, T A %o L A A ELAE AT 2 AN
0= % FRZ5 48] 1) DU YRS S 3 TP AHAE, P LA

BT A 27 6001000 Hz SR BEEAR T A1
Rk — 2L o AT B A AE S — B 7 W A AR TR Y
R, SR A BR TR, Bl T = 4 X A 2544
TESRS— R g /A b AR s 82X (I 8), LA B e fie
PR AR 1] -2 B RN AR A2 4k (] 9). & 8 IR, #E
B A AL (H = 3.5 mm BR4N), Z—Hrii SRy
M, e - o i e B R AR b A Jo i B AR
MR EIAHIR B, RS AR 1] - 34 B2 SR B A KAE (A
l’é‘l 9(a) Frzw), SEI ) JE [ 28 SRR S KR A B
= 3.5 mm MYRFH AL, VAR T it R A R
ff%ﬁ {8 HSP 245 3k 5 T8 2] A R AL AH EE i 488
N, BOH RS AR B R IRSE T, AH S, TERR S g4,
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2, T B T SRS AR R 0 (e S Py ] - 22
JE R (WA 9(a) Bz, A2 5 7 1 75 kS
JARTE, M T A R R A . BeAh, K 9(b) B
AR AE AL 7, B P AR AL K A2 978 (3K +90°),
b AN (H = 3.5 mm [f{4h), H= 3.5 mm
AR P A RH 2 I8 B /0N, ABAT I —90° . ARALRIR
B R LRI 0], FARGCR IS e LT 2
55, £90° AR RE R LT 2 gt IR
FIEE (K 11) PIEERESE.

B 10 25 0 T b = 2H 0] B 235 4 i 44 A% 5 e T
L. BRI, TR BRI AL A S i T
BT ICT5, SEB T A A RS, T A R T
K11 s i T = G B BGE; AR B, TR S A
Ab (H = 3.5 mm BRAL), 5585050 5 % B %
ST A PILTAE S, A 11 Fﬁﬂ?%fﬂ}iz@

ATFSEIIRIE. XN F H = 3.5 mm AL HIH I

70 100
' o= Non-NS (TL)
\ 480 —~
60 T
' 160 =]
50 {40 X
=
g 40 120 2
Z 0 z
= 9]
o
e 30 {-20 2
g
20 b \/ 1-40 =
I
" 1-60 %
10!
i {1-80 H
0 . . . . —100
200 400 600 800 1000
Frequency/Hz
B 10 = 4 HEGh 0 11 A4 S o0 A5 0T e i 7 B ol 2k

Fig. 10. Transmission loss and equivalent mass surface

density curves of three different structures.
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(a) LB REHNIEE; (b) B.=1.0T, H=4.0 mm; (c) B,= 10T, H= 3.5 mm

Fig. 11. Sound pressure cloud diagram at sound insulation peak/valley (unit: Pa): (a) Non-NS; (b) B, = 1.0 T, H = 4.0 mm; (¢) B, =

1.0 T, H= 3.5 mm.
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Fig. 12. Spring-mass equivalent model of QZSMAMM.

3.3 HEEFEAIEAY

WIFTITIA, HARSHORAR, 39 T 4 0 0 2%
Y e/ N (B B4 B MG R Sh A T W BE ) T S ARG 1
WL EE Xk 5 ) B IR A ) ) AT S s . DRl OREE
FIARGESEE B = 1.0 T A%, ATAH-LAHARN
R 1] BT AL Fn bt 2 i 28, sl 13 frs . 1)
B H = 3.7 mm B, 5 —Fr R )L %, %
T [a] B0 Ry 3.2 45 iy B A8 55— Il i (B PR H,. 1
B H = 2.92 mm B, 55— W88 L 5%,
R B RN R 3.2 71 U i AR I AR TR B H,.

M Hy < H Hg/NEE, BRI m i s, 56—
B 7 A AR AR B S AR DR [ IR RS B B e, A
M B 7l A2 R B i {H AR & . Hy < H <H,
H/INGF, 5090 — B BTH 2%, S — B A S
FFMFHETF ELIR 7 5 0, 20 AT T 7 (1 B
AR DRI 3 % R s i AT AR R, AT

k.

140
120 —— H =5.0 mm
H=4.0 mm
H=3.7 mm
100 H = 3.6 mm
-4 H =35 mm
m 80} =¥ H=3.4 mm
T —— H =2.92 mm
A
= 60
40
20

200 400 600 800 1000
Frequency/Hz

13 ARG B (SR (B, = 1.0 T), ek b
T ) Bt ) A2 Ak

Fig. 13. Variation of transmission loss with magnetic gap
fixed at B, = 1.0 T.
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50 f (2) —— H=4.0 mm, 50 f (b) —— H=4.0 mm,
0 = 0° (theory) @ = 0° (theory)
—A— H =4.0 mm, —— H =4.0 mm,
40 0 = 30° (theory) 40 @ = 30° (theory)
—v— H =4.0 mm, —v— H =4.0 mm,
m 30 0 = 45° (theory) m 30 ¢ = 45° (theory)
Z —— H =4.0 mm, Z —— H =4.0 mm,
g 0 = 60° (theory) E @ = 60° (theory)
20 F 20
10 | 10
0 L 1 1 ! 0 L 1 1 !
200 400 600 800 1000 200 400 600 800 1000
Frequency/Hz Frequency/Hz
14 (a) AR @ = 0°, fLEAURBEA SN 1 6 A7 1E; (b) ASAR 6 = 30°, feki bl R BEA S f o 1921k
Fig. 14. (a) Variation of transmission loss with incidence angle at ¢ = 0°; (b) variation of transmission loss with azimuth at
0 = 30°.
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Fig. 15. (a) Comparison of transmission loss curves among three working conditions (I: MAMM, II: QZSMAMM); (b) comparison of

equivalent mass surface density curves among three working conditions (I: MAMM, II: QZSMAMM).
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Table 3. Structural parameters and target frequen-
cies for three different operating conditions.
Configuration T/(N-m!) Kinag/(Nm™)  f/Hz
I 400 0 386
A
I 500 —670 386
B I 200 0 274
II 400 -1300 274
I 50 0 138
C
II 200 -970 138
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Fig. 16. Schematic of the preparation process of QZSM
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Table 4. Material parameters of experimental
samples.
Density/ Young’s Poisson
(kg'm?) modulus/GPa ratio
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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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Fig. 19. Comparison between experimentally measured and
numerically predicted transmission loss versus frequency

curves.
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Table 5. Experimentally measured and numeric-

ally predicted peak/valley frequencies.

Peak/valley frequency/Hz
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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. When the
equivalent magnetic charge theory is used to investigate the dynamic magnetic negative stiffness, a theoretical
model of proposed metamaterial with finite dimension is established based on the Galerkin method. Through a
combination of theoretical analysis, numerical simulation and experimental measurement, the low-frequency
(11000 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. The results show that at a certain initial membrane tension, the
decreasing of the magnetic gap or the increasing of the residual flux density can increase the dynamic magnetic
negative stiffness. This in turn leads the peak frequency to decrease and the bandwidth of sound insulation to
increase, 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 in a 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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