e Mk M

CHE AR BV Vol. 45 No. 11
2024 411 A Chinese Journal of Scientific Instrument Nov. 2024

DOLI: 10. 19650/j. cnki. cjsi. J2413046

ETEFEMAN&EMMNGE S ZEIE Lamb iKBERE"

EEERE A K WK OB
(LR MR R E T it 5 R G TR JEET 1001915 2. P ESTERMAIF B JEAET 100029)
T8 AR E T AU A RS I (R TE R P £ g Ah e v | 15 G0 TC 230 15 52 o R i iz RS o e LA S A sl .
75U R BB 2835 4 JE 2454 VB MR B 3k e i (5 B B M N AT =, 23838 FAAE 4T DR SRl R R0R  BE 5 B IR R
FRRUBOMERT , 32— R 3L 7 S AR (3 R A B AR , 0k Lamb 4500 26 497 80 3K BHL L 7 98 4 38 18 (1]
PG . 30 BUE R B A RS A 80 5 i BRYE R, AR5 38 4 S0 56 S0 E 5B PR i i 3 . WFOR Sl T =l A Sram s,
RN T B A AR IR ORAIE T 155 A 0 ks, BENS W 2 3P & R S M B AR 7oK . X —WIFS by ik e 22 300 1 7 O 1
B ER I Il BRI T — B LA S
KR A Lamb I ; 724 MR 2308805 5 5 Ll
RE4 %S TB34 TN92 THI140 SCERARIRAD: A E RirEZER S EREE: 510.5

Crosstalk suppression and multi-channel Lamb wave
communication based on acoustic metamaterials

Hua Jiadong',Cui Chun',Lin Jing',Zhang Han’

(1. School of Reliability and Systems Engineering, Beihang University, Beijing 100191, China;
2. National Institute of Metrology, Beijing 100029, China)

Abstract: Sensor arrays are commonly used for condition monitoring in mechanical equipment. However, traditional wireless
communication faces challenges in closed metal enclosures due to electromagnetic shielding, making effective transmission difficult.
Ultrasonic waves, capable of penetrating metal structures, show significant potential as carriers for information transmission. While multi-
channel synchronous transmission can enhance communication efficiency, signal crosstalk remains a pressing issue. To address this, this
paper proposes a crosstalk suppression technique based on acoustic metamaterials. By utilizing the bandgap effect of Lamb wave
dispersion curves, the method blocks the propagation of sound waves between channels. The metamaterial structure is designed through
numerical simulation to determine the bandgap range, and experiments are conducted to verify the effectiveness of crosstalk suppression.
The study successfully achieves independent communication across three channels, significantly reduces inter-channel crosstalk, and
ensures high decoding accuracy, there by meeting the communication requirements in closed metal structures. This research provides a
novel and effective solution to the crosstalk issue in multi-channel ultrasonic communication.
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Fig. 1 Schematic diagram of multichannel Lamb

wave communication system

1.2 BETHRESBHEREREHED

AR AR G0 32 B AL A U A R AL B A
(ASK) S HEEE (frequency shift keying, FSK) FIAH#% 4
¥ (phase shift keying, PSK) J& % WA VE HI SR 0 . 78 £
Lamb U385 R G, 11T Lamb JALHE & B8 & 0/
FIE AR E o ASK PRI A 15 S IR kA% i
T HERIME R WAL T IR AR AR U A R A
FREYZEAE T REGS SC B sl . W], ASK B 8%
AT A B IR A i ik A S B WA A R
(R B R E (BB 5 T i 1) e i 7 YA AR ELUL I
PR A ASK #8753 , R Toneburst {55 #EAT I .,
Toneburst {55 b(¢) N i) gt 05 a[ N A1 6l 25
RATARIR N

b(t) = |:l - cos(zzﬁ

) :|sin(21Tft) (1)

a[N] =[a,,a,,*,a,, " ,ay.,] a, € {1,0} (2)
(1) = b(1) * 2 [a.8(t - nn.T)]
0O<t<(N-DnT (3)

A Toneburst 2V T % PGB n A IE L, Ho0

W R T=1/f;3(3) 3B ASK J1l  Toneburst {5

B R R BUE T B B B T 0, = 1

ERDS PR VA= W8
TR W Z R T 45 R IR iy A 2258 1850 15 R4

(1) B R RIS, B T AR DX 5 i 38 1 4 51

FIER LA , A3 18 3 W% et R AR Y Lamb P15 %

ORI T4 H BB . LASE ¢ ANl S 6], #2055

PR B S RS 2T R R
ri(e) =s,(t) *h () =[b(r) *h(1)] *

20: la,8(t —nn,T)] (4)
R(w)=S(w)H(w) (5)
H H () 5 A0 18 75 A% 7 R 5 n 18 8

PRI
PAES r(e) B—RINBIE S b(1) * (1) L

ik, WIE BAR T B i T B 0 A S TRIME, R I
AR T FE T B S 8% 08 153 R R A S AR, R
Wi 2 r () AR AL B b () * h(t), IF
R A T 153 19 3 IS 200 5 467 1 G B 177 1 o B A2
B AN E R 4507,

S L 0 i AR R OB AE T O S A L A
AL R R AT RE R R R S . BT ES (1)
JEb(1) *h(t) RYEBINBY R A, A SRR
d(t) =b(t) *h(t), BiLHE ¢ 8 P A S Toneburst
155 b (1) FEREEARXS N AL AR5 R AR d (1), #F—
A G d(e) (055 [B) BE S ] S0 A% Sk H 8 D RS
{H At SR GHECFAE S« 17 R 0™ [ B[] ] B — 2, A
I, P D AT RN

D=1[d(t), d(t — At), d(t — 2At), ---, d(t -
NA) | (6)

Hor, N AR & S — 3 ) B 1) 5 8

FAES MBS r () IR FI D J5 i 3818
B 53 S5 f R Al LAROR O

o1
malnjllr-l)all?f)\llalll (7)

Horb A N IRACTE P A IE AL S8, a S R SR A 1Y
AR Sl AR AR R e e B B, N T
B ELY SR B 0, K T BE I R B0 17, a5 %
Sitp VA R RSO3 4 15 5 i S P 2 8 ] o
fHE,

2 BEAESHESH

2.1 wEEMEIZT

T 2238 18 Lamb %38 45 b $E AS SCE S
BT BRARN B T R A ) (4 B TT 2 A O 5 0 FLT AR
RO ()l B Rl T R AL 4R (Tocal resonance, LR)
HLH, Y Lamb Y5005 52 00 38 B 45 04 1A 00032 B, 7 35 G
DA xR, B Lamb 357 550 51 4 23 53 A5 26 A7 L 1Y
IR T AR B, A BR800 BE 8 B 1k 47 2 A
T L PN B P AL A R I ) 5 S T A RS ), T LA
A AR 0 38 T8 ) 9 75 I TP, I S B 22 8 G A ik ST
Wi,

H4 3D AT B R R MRS W 7E 4 e 254 |, DAk s
Lamb i AEREREVE IR BI/ME S R ROCR . B3ty
> B b SR 2o b Ak o S P R L ART 25 4, 4100 o A 488
300 {75 30 3 () P P JEAE BT . BT ERT s N
B2 (a) AR, b AT REEE T PA6 N &F Je B (% B .
1 010 kg/m’ , ¥ [R5 .6 585 MPa, JAFALL (0. 4) , HiZEH#y
AR (JEERE by ) FBIRE (AR . d, 0 o h) RA G, RS I



144 & L £ ¥ W

TEJEPEN hy B4 @5 (AR SCRE AR AR b, ASCEEH]
A R AR T LT T S A A R B B
1 2(a) iy LT JL AT 2 8O0 R 28 d = 5 mm,
hy=1 mmAl h, =2 mm , AHHF 5380 525028 B A AR & B
K SE AT Lamb P AEARHEE

PAGJEB %

Bloch-Floquet
L&A

(b) IR TEARA

(b) Finite element model

(a) Z4E55H

(a) Three-dimensional structure

2 HIARE A

Fig.2 Metamaterial unit cell structure

N TS BEAEAR S E b 5 Lamb P AEHE R 2 18] 49
X F AR ] COMSOL Multiphysics £ BRICH A AT A
FROCEUAETTE . B 2(b) BR T S i A FRoeR R & =
Bloch-Floquet R &M, M Bloch-Floquet Ul S U
AT LA 3 BN SR B e AR e H A S5 T T AR A
PRI, DFE R XA 2 (b) HA L IX
T TX J7 1) 3 2% AT S 80Uk 0, O A& BB b
B ARRAE A %, 15 B A [R] B A A o B A 000 — B AR i 42

B3 R TSR EE h(7.8.9 mm) (4 & IO R 447
BorAii, 4 h=7 mm W, 47 B AL T 83 ~ 89 kHz;
h=8 mm B} AR T 73 ~80 kHz;A=9 mm B}, B T
65~70 kHz, S5FFH B ARLHT B3 FE O+ P Fb A
Ak ) e Pl s B L Bt T R IR o B A 348, 8 4 ek
BT BRIAMIRAT T B sl DRI, 8 ot 1R T A o A
AT LASE [] 3 54 B 04 030 23R 50 1B, ] DA fofi oy B 7 = 33 1
R ARG, A B R AR BHESRR BN, 24 i
FEN 8 mm B, P BRAE T 73 ~ 80 kHz, ¥ I BE A% FH 7 18 15
RGP 78 kHz 2RI A, 1 A7 2000 i 52 4, 32
PAEZ BB UIR =Yg 8
2.2 LN MRS HT

X BT A AT RS B 1 2 40 B, n] LASS IR BRAL
P F R BRI EIE . BEHC R =8 mm [ HA T A4,
P T A5 10x T S PRICHE BRSO BERETY | [ 4 (a) 45 HH
TER R SO R BRI S5 R R AR B R BE B A R
25K 45 mm Ak, T 72 AR [RASCR Y Lamb #1055, 15
FLdRE R N B UE R SR TR AR
TR TE 643 28 3k B R R X Sk BV AT | LA 72 0 ) P 8 4
Ak 4 Ja DX IS BRAAONE I8 A I LA X 3 A
A BRI AN, FERR A P R E TR

H 456
140 .o.. .' . K o. ..o
. . c. .0 . d
120 i O .
N R W”"”"”" ,,,,, %}Kﬁ
TOS0f e e,
% . .o o. .
% 60 .o .0‘ "o. o ®
o o
4o ° K .
L L
sc8? o
20 o .
" e
100 200 300 400 500 600
FH/(rad-m ™)
(@) h=7mm

S /kHz
3

0 cnsoe*® . , . . : .

100 200 300 400 500 600

P/ (rad-m ™)
(b) h=8 mm
Y S X
° o o o L
1201 pocossd:
L .
100 ° .

. o . .
I N
E an'u‘. ............................. .L-ﬁﬁﬂggg
@ 60 ooy R

° '. o ', I
4() beneSoge 9° o o
o.' * °, ..o
Ll
20 gox?, °
d
O o
100 200 300 400 500 600
¥/ (rad-m ™)
(¢)h=9 mm

3 AN [l et M P B o A
Fig.3 Bandgap distribution map of unit cells with
different heights

T DX IO W A R R, DAk 0 S B, AR TR
R RIS [R5 56 19 LE 5% 38l (9136 78 kHz 7 B 3 [l
P93 50 1100 kHz 7E47 BB ISR ) | SR AL A A A
P R A5 23R T U 2 7 [) 4 T P9 A0 % 0 25 500 7 i)
N, BRI b A B R P il AR 25 1 7 A B 3 R A
PHX I, B 5T MR 23 7 R PR SR

B4 (b) & T 455 R0 25 K 78 K [6) 4 R (50,78,
100 kHz) & 09 45 &4 Ny 7 285 . 4 il 50 Al
100 kHz [ gPE I BRI IR, B0 45 A i 357 1 30 T B S 199 g
Jrma R 5 2448 78 kHz Sl 85 4% A i A H I
AR, 45 R, A BR A B S I AT DL OE F Al O
A AR DX I 2k 6 A% % i A B P ) 0B R G g A A o
FUERE . (EA5 T8 B 00 2, 4300 £ v 25 H 9 R 880



5511 40

FEAEAR S R T A AR B P ] 5 2038 Lamb 338 15 145

JE ARSI AY , Bloch-Floquet 31 5L 25 4R U T R
TCFRA™ BT 5 R AE) B 1% 68 A ), 78 S B 1 R o D i
JE o, ARSCEEFE T 24 0T, v DO AT PR PR 0 i 4
) B A58 I 4 ) I 3 30 TG IR A M L 25 4, (R 25 TR B
R T BT o B S B o A X 3 B o, P81 e T
T 10 A PATTHS

TN

2555
ﬁ)ﬁ *:“‘g:&f\i; -\

-
-

IS ik 7

(a) P ELHERY

(a) Simulation model

50 kHz CHFBsish)

78 kHz CFFRRM)D

Wi L A 52 3
B2 400 )

REZE 1]
(b) JRE 77 RE 45 R
(b) Stress response result
B4 BEAEh 122 0 AR K )25
Fig.4 Transient dynamics analysis simulation model

and stress result

2.3 ZHWEHMHERIE

FEAB M R 25 40 0 5 B BRI A 98 2k 2 1, i — 2
TERE T e A 45 0 1) 0 B35, WF 508 A4 R AR R [ X
SOGT 75 P AL 052 PG XS Lamb % 58 5t 19 32 368K
B 5K SR INE 5 (a) iR, Hoh PZT#2 7 F48 MR Y
IR, AR B TR, A A B AR, PZT#4
1 PZTHO S THRMR YT M, Bk FE b 78 PZT#2 ik
JE I 10 JE I 78 kHz 1E5% Lamb P40 , Lamb %1% 1%
JE T B A I S (a) Fis . IWEIHATLLE
AT DX 3 U 5 1E R ) DY R RO )
X IR Lamb U 9 20 07 & 32 1) 7 B 0 (400 i, 2% B3 75 %
R 2 AR X UG B A T Kidsm, dE—4 R 4E
PZT#4 ,PZT#6 Ab 1 B IE HE47 22 £ 70 Bt , FLA S8 A5 55 4n
B 5(h) Fian, b T 5 Wi X)L, PZT#4 F1 PZT#6 H2 K1Y
BB M SE & B FRR . Bl xh t ol DL ) PZT#
6 Ab1Y Lamb U % P fie KR AE 29 8 PZT#4 Ab f5z K0 (H
B 4 4%, BB IE T R A4 RL X T 7 Dk AR 0 0

LkAREE

AR X 45 SR N4

500
0.8
375
= 0.6
£
=250
g
iR 0.4
125
02

375
TAEmMESE  KE/mm
KB

(a) Lamb¥¥ ¥ 3 43 4

(a) Lamb wave field distribution

&4 /mm

0‘20 02 04 06 08 10 12 14 16 18 20
15 []/ms
(b) PZTHARIPZT#6 B3 B IR H
(b) Comparison of received signals between PZT#4 and PZT#6

K5 Mt BROG T BAs A

Fig.5 Finite element simulation results of plate structure

3 RIEFAR

3.1 RERE

B 6(a) R T A FE IR0 1) A% Je i B 4 Rl A oy
NEE, B AP 200 mm x 200 mm X 2 mm f
BRA A A IR 1 T R AR R AR I T IR 200 mm
X 59 mm [ PA6 JE e R} IR IF 2 ARG AR, AUH
FLERSI ., RAHER 8 mm JE)F 0.5 mm i 6 > PZT
FEIRERA N 3 X R BTl . 5 2.3 RO,
PZT#1 #2 F#3 15 Ry & L RAS A0 B T AR AR A, #E B
%% 20 mm; PZT#4 #5 F#6 VE KM L AR, A & T4
WA, BB 1 2% 20 mm; B4 R 5T - 420k PZT 22 W) B9 BE
B0 160 mm, RIS BT R R SR IR o B A
BT AR ISR AR 2535 4 B AL B 5 . Ik
AL Tektronix AFG 31022 I8 % & 2% | Aigtek ATA-
4012 Jilt K 2% F1 Tektronix MDO3104 7= 3 2%, ti &l 6 (b)
FiR
3.2 B RREEIRIE

SR A R A BRI SR AR LG 45N 0 kHz
ZOEAIAR 200 kHz FFLERT ] 1 ms (9L PRI A (S S1E 0
R RS Tektronix AFG 31022 % IE & A4 #8577 4=
JF2: Aigtek ATA-4012 R ERHOK , #0015 5 HH Tektronix
MDO3104 7R g R 1D 5%, RN K 5 MHz, i 55



146 e

= PZT1 PZT4
=
ol &
=| |
SlE
=]
OOOOOOOOOOC :))
30—%‘-“‘ RZI2 PZT5
o
Rel
B
=
Bz PZT6
— 160 mm =
(a) B ARIRES B ARG R
(a) Schematic diagram of test specimen. sensors. and metamaterial layout
- - 1

(b) RE B &
(b) Experimental equipment
K6 alufE

Fig. 6 Experimental setup

SR 10 000 I RAE S, PZT#H1 #2 F1#3 4RI
WSS, BB B PZT#4 #5 Fl#6 Y R 4 B 5
5 R 9 A Lamb 55, BRI R T
I8 A5, 4 T ok, X R 4 2 i I b i 38 (5 5l 1
Morlet /[N AR $6e A5 31 Bp A3 3 47 B0 43043 A, DA 36 JiE 8
AL B BRI

WAHE S AR AN & 7 BEoR, B 7 4T S AR
K PZT#1 ~ PZT#4 PZTH2 ~ PZT#4 PZTH#3 ~ PZT#4 L),
K PZT#2 ~PZT#6 Y Lamb P55 B, K 7(a) Al
PLE HE 515 0~200 kHz 57 HH Ak 58 8 (0 A4 g 1
G3AT AT LB 0 O I Sk R S A
FIX 8 04 B2 W AF 5 B BB A5 0 B G AE B T
& 7(b) ~(d) o] LB B F H B 7E 60 ~80 kHz i il H
BT RELENT, 505 B A B AR — B, 1
Sh, BT PZT#3 ~ PZT#4 fL M BEAR G 2L T AN AR IX
Wt uE R A RE R £, WL 7 (¢) BY B =47 PR L
B 7(b) F(d) B,
3.3 BB HIHEISREIE

R T A 56 UE R AR T 3 A R A et S
Oy BIFE SRR 1 ANRE 2 PEAT X FEERAIE , Hoh iR 13
AN E 2 (R A ST AR, R 2 KA E AR,
{550 ASK J7 20l (6 <07 A 17 2Ry 32 o7 B4l
REMLGRES , A SCAYBEHLRAS AT ; Signall=[10010 1 1
0011011111010000010010101],Signal2
=[11010011110000001100111010100

05 1.0 15 ) 05 1.0 15
I} [)/ms
(a) PZT#1 - PZT#4

I} [)/ms
(b) PZT#2 - PZTH#4

1.0
0.8
0.6
0.4 3
0.2

05 10 15 20
i &) /ms
() PZT#3 - PZT#4

7 50 Lamb 155 09/ e A

Fig.7 Time-frequency spectrum of received Lamb wave

05 10 15 20
i &) /ms
(d) PZTH2 - PZTH6

signals using wavelet transform

110],Signal3=[101011100110010100111
0110011000 1], Zid ASK JAHIE, difis 17 #
il 78 kHz 3 JEIA T 5 1E 5% 0% , 4 07 Ao 18 il I TE
TR 0, 5 il FE b, K 1 J5 1Y Signall | Signal2 F1
Signal3 VE A BN AT 5 73 0l [F] 5} g A PZT#1  PZT#2
PZT#3 , [A]i PZT#4 PZT#S F1 PZT#6 T4, 523 3 4~
N7 E I R R AR AE S BTk NI S T A i
O3l AT B R A — S REEAN T 0~ 1, %
1B, /NTBE ) RE R 0, KT BB A R Eh 1, 50
T EHI GRS AR &8 SR 1 PZTH#4 R R AR
{55 Jmigas B, o /R T 3 Al Il 7 A B/ AR A B

= \ ‘ \
£ i
= oA
=
-1
0 04 08 12 I6 2
B} ) /ms
(a) FHIBE5
(a) Time domain signal
pu
=
ilios I I
o
0 TQ ? 2? ? ? ?n?o? r\? T C‘)
8 16 24 32
IH—{LES[E]
(b) MR RGER

(b) Sparse representation result

P8 i 1(PZT#I ~ PZTHA) BRI S S SRR 44
Fig. 8 Received time domain signal and sparse representation

result for channel 1 (PZT#1~PZT#4)



5511 40

FEAEAR S R T A AR B P ] 5 2038 Lamb 338 15 147

(80001 BH00BR0RABROO0R000XAVANRLBOR

JA—fLi i)
[10010110011011111010000010010101

4 8 12 16 20 24 28 32

VA—LIEAE

(=)
(=) w
-
[ 1
Fx
—x
——1o

—

0.

JA—LIE{E

(=}

A—ALR} A
(a) &1, PZT#1 -PZTH#4
(a) Channel 1, PZT#1 -PZT#4

l711010011110000X01100111>(10100110

(o)

i,

4 8 20 24 28 32
A4 ]
[11010011110000001100111010100110

r (o} o

Wit
i, Pt pz1ss |

(b) Channel 2, PZT#2 -PZT#5
[1010011000804X8X00008108104110008

JA— L tE

(=}

JA— AL iEE

f=1

o NIRRT

[10101110011001010011101100110001

.0 T EHE% x}jﬁ ﬂj [x TTj
4 8 12 E_Ewrﬂ 20 24 28 32

(c) {BI¥3, PZT#3 -PZT#6
(c) Channel 3, PZT#3-PZT#6

Bl O A/ A B A RHALE A A5 (55 R 45 R X L

Fig.9 Comparison of communication signal recognition results

—

JA— i

with and without the metamaterial specimen in the setup

FEAPRHE B0 T RS ERS b, 189 B di X ey BRI
IPNFRAR A B A B AR B 25 SR W] LUR B, 7
A E AR SR b E R S AR R AL, S B
R B SRAGE B ERIRZE Ol EROR . 2 T
A TR ELEO R AR b GE3E 1.2 F13 KRBT M IX 53
o 1, S G R e 8, il 2 [ Z 2P
AR A5 5 T8, fe A B AT RHMEOL T, IR REAE 5

DU B R U

FYGLERR W A B AR A R S AR 1,3
1O N EREASEE R 2 TR EHSY 2 R TS R
Sz KA B R R AR L, P B = LR i S 1
£ VI I R K /S P O = G Y SR G R S
b AR AT AR AT RLREL R T IR A AR T LA
f9 Lamb A4 |8 6 7 A [ 338 2 8] 5 5 A 2 TR,
MTORIIE 138 5 P s B2, S B 20l T8 ) 45 | e B A
ALk,

4 St

4.1 HEBKEN FREBEREHZIND T

FORSEE A R IGAIE 7 SO Y 2208 T AR R G
(A RO R AR o A R — 28 X AN R o By — ok
15 15 FEAT M A 45 2R 9 0T BE 2 A, 40 2 1 I 3
X FAE R U B R B R e, DL GE 1 AT
B, R ASK 7 AT 4 %, 23551 I 1 16 LA 64 L
14 B AL 20 B A A A R, B BE LA G T 3 4
TIORGOS 1= P R L R S DN AR N (AN
3 A TR T A, I i R SR A S AT A i )
fifp 5 15 S A

il B 45 L (X e An 1 10 BT 7R, AT RLE 3, 8O Y
16 {37 2 5 75 P31 ol 2 o 0 A v 9 A0 3 D A
TE T B Y 2 B 1 BE R A5 S IR B AR BE AR, A 5 Bk
AN Bl A 2 1 R S B 64 4%, TR HE A R
WA R, 384 ) 2 2 R T O B 22 B9 Lamb 3¢
BT Z AR ELZ 0, 5607 i i 23 A R A B A0 T Y

JA—ALI ]
(a) 167415
(a) 16-bit encoding

'r° 98 888 gz&b °0) °J>ol> oIg

JH— B[R]
(b) 3241 5wt
(b) 32-bit encoding



148 % L FR ¥ K Fa5%
1 001 011 00W® 1018 6 1
1
]
=
ileo's T"__T_T_T" _________ T
o
DD a—a-aoad M —O0O0® OO0 DD 0 i T T TI T T T
8 16 24 32 40 8 56 64 4 8 ‘ 12 16
Y — Al 1) JH— Akl ]
(c) 64hL4mHY (a) RAT E AR

(c) 64-bit encoding
Bl 10 AN[R) g K BEE AR 1R -5 RO AR AR 25
Fig. 10 Decoding and recognition results of communication

signals with different encoding lengths

RUE Ik, Bf7e 64 (g IE 5L T, 5 5R BEg 4%
= BB 0" 1 5E I, RUTEMEAERZ
iR, RGEAR A B 5 BN AER R, B, B
SR B {5 BN RA A 52 H e S Hh Y
LA RGEHRI T AT EENELIRBIEE T,

4.2 AERIREHHBESHEE DT

R T ERRIESCE T 2388815 R AEA F 2K T
PR3 I B BT SCHR ISP AR A R A 4 A R IRh e A 4
BHE R e BHE B e # R, Foh BB A BS54
G 2 700 MPa, JARAHE 0. 42, % % 1 300 kg/m’ , A%
VR REARAEAS RGN 11 iR 6 3 S bR K 45
(BB 120 K5 7R A5 T I, J0 45 18 25 (B] R 43 B 3 A-383E
DITETE 1/ B, EiE 2 3 M T, B8
SYMTITE 1 FEAR B ERTE S TR AR R
SIMERGE . 76 PZT#1 AbJits inBEHLA B 16 07 — 3 i 4
(55, PZT#2 F1 PZT#3 Abjiti i [a) A2 R i+ e 15 5
(Signall=[1001011001101111],Signal2=[11
010011110000007,Signal3=[1010111001
1001017]), KijaR4E PZT#A KRGS S5 EFT 40 B
AbFE, FRAEE RN 12 FiR B 12 (a) h A A B AR
X I AR A5 5 T 12 (b)) Ay A A A I X N 1 A A
0L, T LA E  fE KA SR ARG LT,
SRR IR AL, HA S 1014 15 A7 B0 T 4R R
I A E AR Z S, <07 R 17 22 1814 3 M Y FLBR | fiE

B A IE 22 S

Fig. 11  Schematic diagram of multichannel communication

experiment in pipelines

(a) Without the metamaterial

1t o0oo01011001T1o0 11 11

JA— 4L 8]
(b) A E AR

(b) With the metamaterial

P12 JEIE 1A E AR TS (5 AR A R L
Fig. 12 Comparison of signal decoding results for channel

1 before and after deploying the metamaterial

g 58 X o 5], 25 SRR AR A5 5 5 1
TE ] R AV AR N R AR
4.3 AEMHEHEBEEEREST

R T 2 B £ 0 3 i A R GRS R R AIAS [
LR T A IS P R EK G S 2SS LR it e &5
FAE RSB 4, A 13 B,

B3 g i 2 (5 98

Fig. 13 Schematic diagram of multichannel communication

experiment in Titanium alloy

FESZErp il FH AL A & sh LI oA R 05 3k ik, OF 7
I i TDRS I AR A T B 0B A L 2 . I AR R Bk
4 (B RAR . 109 GPa, JARA L 1 0. 34, % .4 500 kg/m”) ,
SRR I A B R A% R ) A AR I A A R ] K
I 43 B B A i S7 A9 S8 (5 3 3E , E PZT#1 AbJiti fin
REHLA B 16 47 —dE il gt {5 5, I PZT#2 Ak IR}
INAHRIZE R A 0455 (Signall=[0101101 11110
0010],Signal2=[11000010110000017), K
Joi  RAENLTAR A A nE F 35 i PZT#3 Ak B #5055, I
PEATAEAD AT, SR A A R X Bk 40 i A R IR



5511 40

FEAEAR S R T A AR B P ] 5 2038 Lamb 338 15 149

TN HRCR

P 14 JE7i 1 20 A0 3 7 A R BRI 194 A 6t o
oo SCHRE R, B0E &t A B a5 155 RS 1
TEATEREARL AT JA A B4 22 5% . R AT B AR, 20X
FE SAFAERR A R, 78 16 AL p gt 5 S P Bl T
4 (A RUN  HERR R 75% o T AEAT B AR ok
LA 3E S PR A7 5 3 90 S 3 AR £ 5 U M R K 3]
100% . SHRGSEIEMLL, Bha e BA R IR ME
ARFIRRVRAE | S50 R I 1 BT £ 8 A e 040 ol 05 A 2
AR B R, BE— AP IR T AR SCHR A E I
PORLESL PR TREN A 8 Al 471

0O® 0o®8®O0111110X0 10
1

o
Iué_ll

§05 ——y—————- -1--=--- -
m

OT[TIII 1 [ t

4 8 12 16

VA— LI )
(a) RATEEEHE

(a) Without the metamaterial
o101101111100010

AN

12 16

JA— LR
1
—o
1
1
1
1
1
1

Lt lr ][y

S

8
= i
(b) A7 B AR
(b) With the metamaterial

P 14 e ME T TR AR BB BRI 1F o AR 45 R0
Fig. 14  Comparison of signal decoding results for left channel

before and after deploying the metamaterial

A (1 ) 555 A DR 1) 24 22 30 () A0 £ B R A
LU 51T S W P R SR INLIE I (22 W P NE A 13
SO 2R R 9 08 A 5 AL BRARC | S nE R e,
T ARBIFEAR I TR TR AR 2l I R AR RS,
RSB T 3 AN A R SR . ASCHEEAS AT

1) BT st A R 2 b B R R B R fiE
A BB B A B Lamb 538 32, M T I 22 410 ) 1 3e
B {55 BRI, SC B 22 T Y [R] 20 ERf A

2) G 2 WA {5 SRR BCR AR B, S
JEE A0 vy (EL A5 A0 el RS 2 2 A1 2 7
INES P I NSV RTE) ¥ S AR (BN g T € PRI
FERPET A5 5 R TR AR AL A Y 28R RRG S

3) T B8 B P A DR T SR AN [ 3 £ 2R A A

B IIRCR AR B R 7 e i 1 HOR S

[ 1] BJy, FBRE, TR, %5 HLARZS M E R W ZE R [T ].

BUBR T ARE24 4K, 2021, 57 (16) :269-292.

FANG F, ZHENG H, WANG Y, et al. Mechanical
structural health monitoring; A review [ J]. Journal of
Mechanical Engineering, 2021, 57(16) : 269-292.

[2] XUEe»é, Bedh%, 2% . Bk DV-Hop & v S TEN

PSR I T A [ )] AR, 2022,
43(4) . 38-49.
LIU R X, DUAN ZH X, LI B. Application of improved
DV-Hop positioning algorithm in steel structure health
monitoring[ J]. Chinese Journal of Scientific Instrument,
2022,43(4) : 38-49.

3] RRRZE, BROC, R G ML RmE S E K
AL IR AR RESI [ T]. E Ao IR AR, 2023,
42(2) . 130-138.

ZHENG L J, CHEN R W, LI L Z, et al. Multipara-

meter integrated flexible sensor array on wing surface[ J ].

—

Foreign Electronic Measurement Technology, 2023,
42(2): 130-138.

47 kR, L8, oM, S AR T A SRR i = Ihh
P SRRSO BT ()], A0 -
AR, 2023, 42(1); 119-125.

ZAHNG M, JIANG J, GAO SH, et al. Research on

damage monitoring of sandwich armor composite structure

—

based on spatial filter[ J]. Foreign Electronic Measure-
ment Technology, 2023, 42(1) . 119-125.

[5] EhmEbE, VT, SRR, Wb R/ i i 22 AT

AR AT D], I S AR AR, 2017, 31(12) .
1984-1990.
MA W B, SUN Y SH, ZENG ZH M. Analysis of
different size wear debris in oil by electrical capacitance
tomography[ J]. Journal of Electronic Measurement and
Instrumentation, 2017, 31(12) : 1984-1990.

[ 6] YANG D X, HU ZH, ZHAO H, et al. Through-metal-
wall power delivery and data transmission for enclosed
sensors: A review[J]. Sensors, 2015, 15(12): 31581-
31605.

[ 7] IQBAL Z, KIM K, LEE H N. A cooperative wireless
sensor network for indoor industrial monitoring[ J]. IEEE
Transactions on Industrial Informatics, 2017, 13 (2):
482-491.

[ 8] ROMERO J M, PHAM A V, GARDNER C S, et al.
Design and implementation of a wirelessly powered RFID
system enclosed inside metal containers[J]. IEEE

Journal of Radio Frequency lIdentification, 2023, 7. 573-



150 (O I a5k
581. International Seminar on Research of Information
[9] TSENG F G, BEDAIR S S, RADICE J J, et al. Technology and Intelligent Systems ( ISRITI), 2021:

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Ultrasonic lamb waves for wireless power transfer [ J ].
IEEE Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control, 2020, 67(3) . 664-670.

DUD Y, HUA J D, CUI CH, et al. Energy focusing of
broadband lamb wave by designing excitation waveforms
and elastic metamaterials[ J ]. Ulirasonics, 2024, 139.
107294.

GORGIN R, LUO Y, WU ZH J. Environmental and
effects

operational conditions on lamb wave based

structural health monitoring systems: A review[ J].
Ultrasonics, 2020, 105; 106114.

BAHOUTH R, BENMEDDOUR F, MOULIN E, et al.
Lamb wave wireless communication through healthy and
damaged channels with symmetrical and asymmetrical
steps and notches[ J]. IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, 2022, 69 (7).
2390-2399.

SUNY SH, XU Y F, LI W, et al. A Lamb waves based
simultaneous  data

ultrasonic ~ system  for  the

communication, defect inspection, and power trans-

mission[ J]. IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, 2021, 68 (10) :
3192-3203.

ABBASZADEH J, PASHCHENKO V, GEBHART M,
et al. Detachable ultrasonic data communication through
the metal plate with NFC technology [ C]. 2022 IEEE
International Ultrasonics Symposium ( IUS ), IEEE,
2022, 1234-1237.

SUGINO C, OXANDALE S, ALLAM A, et al
Experimental validation of crosstalk minimization in
metallic barriers with simultaneous ultrasonic power and
data transfer [ C]. 2021 IEEE International Ultrasonics
Symposium (1US) ,2021. 1-3.

LAWRY T J, WILT K R, ASHDOWN J D, et al. A
high-performance ultrasonic system for the simultaneous
transmission of data and power through solid metal
barriers[ J|. TEEE Transactions on Ultrasonics, Ferro-
electrics, and Frequency Control, 2013, 60 (1) . 194-
203.

TZOU N L, BHATTA D, WANG X, et al. Concurrent
multi-channel crosstalk jitter characterization using
coprime period channel stimulus[ J]. TEEE Transactions
on Circuits and Systems 1. Regular Papers, 2016,
63(6) : 859-870.

XIAO SH H, ZHANG M Y, LIU J, et al.

channel adaptive equalization method[ C].

A multi-
2021 4th

[19]

[20]

(21]

(22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

362-366.

[ STE S B N DS RN L R ERE L S5 NS R
FEAESRIR )], AR, 2005(9) + 923-927.
LIN J. Wavelet de-noising based on maximum likelihood
estimation and its application for feature extraction[]J].
Chinese Journal of Scientific Instrument, 2005(9) ; 923-
927.

MBI, ARaT, BEEAE, 55, JETAIR /DR 56
PEHOTENTE[T]. SR, 2007(6) : 1122-
1128.

MEI L L, LIN J, Jl G H, et al. Envelope extraction
method[ J].
Journal of Scientific Instrument, 2007(6) ;. 1122-1128.
TYEA, Wi, . RO MRS [) ].
B T A4, 2018, 54(13) : 1-14.

YU J J, XIE Y, PEI X. State-of-art of metamaterials
with negative poisson’s ratio[ J]. Journal of Mechanical
Engineering, 2018, 54(13) . 1-14.

JIN'Y B, PENNEC Y, BONELLO B, et al. Physics of

surface

based on phase-shifting wavelet Chinese

vibrational resonances: Pillared phononic
crystals, metamaterials, and metasurfaces [ J ]. Reports
on Progress in Physics, 2021, 84(8) : 086502.

JIANG Y Q, LIU Y L, KOU M Q, et al. Mulii-
parameter independent manipulation for flexural wave by
metasurface[ J].  International Journal of
Mechanical Sciences, 2021, 214, 106928.
SHEN Y ZH, XU Y L, LIU F, et al.

guided flexural waves and their

notched

Metasurface-

manipulations[ J ].

International Journal of Mechanical Sciences, 2023,
257 108538.
JIN Y B, WANG W, KHELIF A, et al. Elastic

metasurfaces for deep and robust subwavelength focusing

and imaging[J]. Physical Review Applied, 2021,
15(2) : 024005.

JANG S V, LEE S W, OH J H. Asymmetric elastic
metasurface for wave manipulation between different
media[ J]. Physical Review Applied, 2023, 19(2):
024036.

TIAN Y R, SHEN Y F. Selective guided wave mode
transmission enabled by
Journal of Sound and Vibration, 2020, 485 115566.
LEE J, PARK J, PARK C W,

retroreflection in multi-modal elastic wave fields[ J].

2022,

elastic  metamaterials[ J].

et al. Uni-modal

International Journal of Mechanical Sciences,
232(7): 107655.
CAOLY,ZHUY F, XU Y L, et al. Elastic bound state



5511 40

FEAEAR S R T A AR B P ] 5 2038 Lamb 338 15 151

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

in the continuum with perfect mode conversion[J].
Journal of the Mechanics and Physics of Solids, 2021,
154 104502.

LEE S W, SEUNG H M, CHOI W, et al. Broad-angle
metasurface[ J ]. Applied
Physics Letters, 2020, 117(21) : 213502.

KIM K, PARK CH I, LEE H, et al. Near-zero effective

impedance with finite phase velocity for sensing and

refractive transmodal elastic

actuation enhancement by resonator pairing[ J]. Nature
Communications, 2018, 9(1) : 5255.

KIM H J, PARK C I, KIM K, et al. Meta-ring for
enhancing emission efficiency of omnidirectional SH
waves| J]. International Journal of Mechanical Sciences,
2023, 251 108354.

MA T X, LI ZH Y, ZHANG CH,
harvesting of Rayleigh surface waves by a phononic
lens[J].
Mechanical Sciences, 2022, 227, 107435.

LEE G, PARK J, CHOI W, et al. Multiband elastic

wave energy localization for highly amplified piezoelectric

et al. Energy

crystal Luneburg International  Journal of

energy harvesting using trampoline metamaterials[ J].
Mechanical Systems and Signal Processing, 2023, 200.
110593.

CAO LY, YANG ZH CH, XU Y L, et al. Flexural wave
absorption by lossy gradient elastic
Journal of the Mechanics and Physics of Solids, 2020,
143, 104052.

DENG J, GUASCH O, MAXIT L, et al. A metamaterial

consisting of an acoustic black hole plate with local

metasurface[ J ].

resonators for broadband vibration reduction[ J]. Journal
of Sound and Vibration, 2022,526.116803.

FETE, k4. HTE 2B 56 o g R
)] I EHAR ) 2017, 40(9) : 6-9.

WANG W B, ZHOU Y J. Energy harvesting surfaces in
complex electromagnetic
Measurement Technology, 2017, 40(9) ; 6-9.
HEIFETZ A, SHRIBAK D, HUANG X, et al

Transmission of images with ultrasonic elastic shear waves

environments[ J]. Electronic

on a metallic pipe using amplitude shift keying

protocol[ J].  IEEE  Transactions on  Ultrasonics
Ferroelectrics and Frequency Control, 2020, 67 (6) .
1192-200.

PFL, FRUIE, EHEER, % BYOLEE Bk
(EAS B AR W T BE S [T ], HL 700 ik 5 A e 2 i,
2023, 37(7) :1-16.

LIANG J Y, CHENG M H, WANG H Q, et al

Research progress of adaptive threshold detection

technology for optical wireless communication[J].

Journal of Electronic Measurement and Instrumentation
2023, 37(7) : 1-16.
EEE N

AETR 2017 4T VY LA KA AR AT
T r, B AU RO A R R B B, 3
BEWFFETT 1] DAy 25 A A B M0 L 7 TG A0 A
UG RGeS FARCT B e Sias r
E-mail ; huajiadong@ buaa. edu. cn
Hua Jiadong received his Ph. D. degree
from Xi’ an Jiaotong University in 2017. He is currently an
associate professor at Beihang University. His main research
interests include structural health monitoring, ultrasonic non-
destructive testing, periodic structures, elastic wave propagation,
and related fields.
BF 2022 FF IR R AR AT
o R S A2 WS E | 8T R N 2 U )
A, EEIESE T 1] g R TG | P 2
HEE,
E-mail ; cuichun0403@ buaa. edu. cn
Cui Chun received his B. Sc. degree from

i
Beihang University in 2022. He is currently a master student at
Beihang university. His main research interests include ultrasonic
non-destructive testing and acoustic metamaterials.

PRI, 1999 45T P4 2 308 Ko ARG 1 1
AN BUR AL U S LR R 2, EE0E
FEIT 1] A LB 285 5 00 L i B 12 1 5 T
PRSI AR R AR 5 AL H A
E-mail ; linjing@ buaa. edu. cn

Lin Jing received his Ph. D. degree from
Xi'an Jiaotong University in 1999. He is currently a professor at
Beihang University. His main research interests include
machinery condition monitoring, fault diagnosis and prediction,
vibration analysis, and non-stationary signal processing.

SREE CGELAS ME ) , 2023 4F T b mifii =
PR K22 BRAT W27, B v iR
WFFE B M ERATZE 61, 25T 1) S Ak g
RN R TR I RS RS
E-mail ; zhh@ nim. ac. cn

Zhang Han ( Corresponding author) received
her Ph. D. degree from Beihang University in 2023. She is
currently an assistant researcher at the National Institute of
Metrology, China. Her main research interests include structural
ultrasonic  non-destructive

health monitoring, testing, and

vibration metrology.



