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Abstract: Due to the good direction sensing characteristic of piezoelectric fiber to Lamb wave, the piezoelectric fiber sensor, which is
similar to the strain rosette, is adopted to achieve the detection of the Lamb wave propagation direction. Aiming at commonly used 4
structure configurations of 45°-rectangular, 135°-rectangular, 60°-delta and 120°-delta, the theoretical, simulation and experiment
studies are conducted to find out the influences of various piezoelectric fiber sensor configurations on the identification accuracy of Lamb
wave propagation direction in this paper. According to the piezoelectric equation and attenuation characteristic of Lamb wave propagation,
the sensing response equation of piezoelectric fiber to Ay mode Lamb wave under narrowband excitation is theoretically derived. The error
function of the response amplitudes of three piezoelectric fibers is defined and used to estimate the Lamb wave propagation direction. The
ANSYS software was adopted to conduct the piezoelectric coupling simulation analysis and obtain the response signals of different
piezoelectric fiber sensors, and corresponding experiment tests were carried out. The matching pursuit algorithm was applied to perform
the signal decomposition and extract the response amplitudes. The Lamb wave propagation directions were identified according to the error
function and the response signals. The simulation and experiment results are compared, the causes of simulation and experiment errors
are discussed. The analysis results show that the identification errors of the Lamb wave direction detection for four different configurations

of the piezoelectric fiber depend on the length of the piezoelectric fiber, configuration angle, excitation frequency, the adhesion condition
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of the piezoelectric fiber, and etc. In terms of overall error, the 135°-rectangular configuration is the best, the error is less than 4% ; the

60°-delta configuration is slightly better than the 45°-rectangular configuration, its error is less than 8% ; due to the large size, the 120°-

delta configuration presents the largest error. This study could provide a theoretical basis for piezoelectric fiber sensor structure design.

Keywords : piezoelectric fiber sensor; Lamb wave propagation direction; configuration; piezoelectric coupling; error source

0 3

T

Lamb iz HAG %55 5 55 78 | X Bk B BURR S A 34, )iz
IS R T BUAR 26 45 4 e s . H AT JE T Lamb
PR AL f R WS DU 7 1 R 2 56 T AT I [, SR TR 5
PRE§A I 2% , A AL EXE LAVERG AR A, 25 55 T Lamb 1 3]
TS S ] P9 55 ) et 5 i 0y i ok B . AR A U 1% R 3
W, A 1 R PR B Lamb 4% 46 75 1) 5 32 0 248 J7 1]
A, BEIE B R 2 AN HA R4 32042 J7 6] 46 I BE
BT AL IR 2s , 3R 15 19 Lamb 3 4% 45 77 1] (4 AH 22 &5 B
P E Y B, BT Lamb 05 16 SRAE 1945 4535 51
T3 Ry AT SRR , AT DATE T4 52 2% R
WS AN NE AR vaE alll I8

H i Lamb 3¢ 7 [0 4% 2% 8% 22 R F 2 AL BLAS 467 45
W, HEAALREITE AL AE YR 2F et 4% 28R v T 1 75
K, L ICHEL TS B B % L 25 4 52 G B} macro-
fiber composites, MFC) /""" 4 4> J& 715 (1 1 HL 41 4 ( metal -
core piezoelectric fibers, MPF) [12-13] L UL R AL 5 AR T e,
R RURRLERSE T S MFC ik B 5 ELRE A RO ok,
A5 SR 0 A8 I [l ) £ 13 2% 5 MPF il 2571 TR X, ¥
DLRAS U 3 A8 58 B IE Fe B ) RO AR X, 20 748
Tt A ARSI RS, A R4
F) BRIl BRI o AR TR i S0 2o A S B0 B IE
T HHLEFYEXT Lamb 3 B 4509 75 1) ) 7 48 14, - A3
B 45 A0 BB A4 B T Lamb 7 TR
Yin SRR T R ORI 3 A BB PR A A
TR PZT #3805 32 ORI 15 5 00 3038 B[R] (9 25 (k3
B Lamb WALREIT ], FIRMFSE P AR AR S50 T ER
JH 120°F0 60° = fE L K 45° H AT B, B BT HA
W Lamb 377 6] 35 FE47 b %€ 7 1) A 2800 FERA 7, 1%
KRR FEA [F) A5 B 25 K9 % Lamb % 77 1] 12 51 45 R
AU

ARSCERXS NARAE” H DL 45° HATE (135° HAIE .
60° = K 120° =L 5 4 et iE 2, g e Ay
FLANSE I ST AN R R B 21 4 A 5 258 JE 2% Lamb i 4%
7 1 PUIRS FE 52 e o AR H 5 BN Lamb 35154
TEUCRAE , BRIS HE S 28 i B T s L 2T 4E X Lamb 3R
R N TR SR 3 MR e H 41 4P I i 2 Fnadk A7 e
—Ab I 3 AR 2F YR DR 25 R BOR HE AT 3 0 A8 Ty 1)
it FFRE R ARG 07 EL 5B RS2 30 AR AN [R] e v

LTAEATEA5H T B9 Lamb 300 S {5 5, 38 1o D el BR 5
LA RS A HEBCL PR . ASCGHR T A
YA S AT AT 1) R EEIFIIE T 4 R R
FL T2 A B 2 R Xt 7 1) PR 3RS BE A B2 0, AT DAy s HL £
AL RGBT R T — A BRI

1 Lamb Kf£#&7 EEIRA G %

1.1 [EEFHEIT Lamb i & Bl

T A, Bi3X Lamb 38 093 48, X &5 44 40 S04 495 1
B H N ARG A RN . AR SC R A, A
3 Lamb JHEATHFGY . B HL 2T 2 BRAE EEACR H
BIAEARFRZR WA 1 Ca) Jrs , A A6 7 In] oy He HL 1 4 K R
X 7)o R H 47 4 R 4 MRk 45 76 2 1 A 2h I 1)
R N 1(h) iR, 2 )5 A bR 2 09 oS A 67 T iR 45
F AT L, 2 X Lamb A% 4% 77 1) 5 5 B 27 4K
I IR 0, KRG L AR, R AT A T AR R
SESTEE 7 = W S

Q= j:LEd_zSEXX"ITr‘ZdX/l = EdBTFrXZ/ZJ':LngX (1)

b E DGR AR SRR A s dyy IR W B o0
LT YRR BETT 1) B AL 738 v, AL O T AL AP AR AT
1:38

(a) JRERA IR F

(a) Local coordinate system

K1 AR RS

Fig.1 The coordinate systems

OESTEYTF

(b) Global coordinate system

Ko IR L T AE R L 7, O AR

C, =e33q'rr2/l (2)
e ey AL AER A AL

ARG D) F(2) , He AL 2T ZE i iz L 55500

V=0/C, = Ed, / e X (3)

% [EF Lamb A% 46 1o 2 A A4 484 A BEL 2 DR T LAn]



156 S/ L x ¥ M

Fal1E

W, Ay AR Lamb P FERR A 5 R A RLRS AT 11

_ BL sinhaz 2ab sinhbz
(coshah B2+ b2 )

X
coshbh
e—A-,,(x'—,,,>+i(klr,w, ») (4)
AP B R ERERACr, R IR A ok, AR B
TR RE, S8 a M1 b £k MK (5) PR,

a) 0)2 211'

/ /72

72 b = k _72, k = (5)
(&3 Cp

S kA S R RO K 0 I e, %ﬂcr/\”J
RGNk A U8 I
Lamb % A, BASTENR R h LN 6, =0, 6, A]
UER:

&,y ‘ = E)xX' ‘ =h =
BV — (tanhah - T ~tanhbh o H =)+ =)
(6)
VPR AR &, 53 2 R B 2R 4 Ry R Al e, H3RA
XN

€33 T Exx T Euy cos’0 (7)
F(6)RAK(3) , FERN LIRS v = xcosh +

ysing Fl e — e = 2isina , VB B R e 21 4 e, )

&r%juu, 197
V = iVe iurri-i) (8)
FLr AR R V R
lkc
= NkEd33cosﬁsin( 02030) /833 (9)

Hob, RN RBAN

tanhbh) (10)

2ab
N = 2B| tanhah -
E o+ b

ZEAR(6) Rk =2m/0, K(9) W5 R,

=
EdgA |t —
=—"= | Le™S(0) xe,, (11)
ey, L

'n'lcos@)

<

S(9) = cosﬁsin( (12)

A e, BREENA e, MITRIE.
—t(ll) = A, B {}i{?ﬂﬁj}ﬂ’]“ﬁ R WA, SE PR
vy FH 3 SR LT 2 A ) A8 ORI
A(t)=A,[H(t) - H(t - 2wn/w,) ] %
sin(w,t) (1 = cos(w,t/n)) (13)
K A, RBIEAE ;n AR 0 N A 0, R 270 B
AR
TN EREA 0L 8. &St Wy I

A, nm
Alw) = sinc(nj(a) + wl.)) -
® w,

n+1
smc(*(w - w, )) + 0. SSlnc( (a) - a)c) ) -
n

0. 5s1n(’(m—r(a) + 2 wr) ) +

w, n

. na n-—1

0. 551nc(f(a) - a)() ) -

w, n

0. 55inc(ﬂ(a) + 2 ; la)ﬂ) ) (14)

AR TR T T LT £ P B I e ik O TR
Al 1 Tl ) 245 5 330 Al A 3 g 396 A L o 4
Fak A R

W +2w./n Ed A r _ .
U(t) =j e MS(9) e Alw) e ™ dw
w.-20/n ey L '

(15)

F(15) W At £ 2 F e i ARG T Lamb 3577 17)
FAEE 6, R (9 BT ) SRR e A5 mT LR AR A
ZERARAL I Lamb P AL4% 7510 . MFC FAEIE R A ih T
18 i) RO A, LT 1) SRR A A 5 8 0 e 1 B A 5
FEWANTT I, 55 s v 27 i (9 % FE PR DL SCRR 15 ] i T
Lamb 3 B AT BWHURE , A SCGE i Hilbert A8 4 52 HUR B

S 4 ey 1 35 B A0 25, ) P 0% 06 {1 5 36 71F TS Hh 27
o o7 e R
= |U(t) +iH[U(t)] |, (16)

et HLUG ] % UCe) 1 Hilbert 2585,

1.2 [EMSHMERBEMEIT Lamb 575 MBS %
AL SRR £ EA 45° HA 1350 E AT |

60° = i1 K 120° = i3I 4 R, MW Hy , A SO 19

0 L T A S A 2 R

0 0° O 0°
(a) 45°H AT (b) 135°ELfTE

(a) 45°-rectangular  (b) 135°-rectangular

120°

0 0° 240°

(c) 60° =T
(c) 60°-delta

(d) 120°=f
(d) 120°-delta

2 JRALETYE 4 PSR A JR 2

Fig.2 Four different configurations of the piezoelectric fiber

PL 45 HATRATE SR E, E 3 i, X (15)
FNC16) AT, 3 AR L 21 4 v [ g H T LA S hy
wlcos(6 — «;)

f) (17)

Ui = Exnu,\cos(e - o) sin(



514

ROT 45 i 2T e B A5 XT Lamb {55 10 3R (10 2 m BIF5E 157

Rop U, JEEHR A4S Lamb 34456 7 1 47 B 1 Hi
FEMIREIEA 5 oo, S 3 MR IR HLZF A ARDGE T4 1 ML 27 4
{15 A0 B B RN R O

Lamb¥¥

Bl 3 Lamb JALHE 4 320 A8 T5 )
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