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Survey on ultrasonic imaging of complex-shaped structures
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Abstract; Complex-shaped structures are commonly seen in industry, and they are high-risk regions of internal defect and even failure
during manufacturing and service stages. Ultrasonic non-destructive testing is an effective method to evaluate the manufacturing quality
and in-service safety of complex-shaped structures. However, complex surface profile brings challenges to ultrasonic testing, such as
difficulties in ultrasonic coupling, surface-conformal scan control, ultrasound incidence and reception, and complex wave propagation
behavior. This paper summarizes main research progresses in this field from several aspects, including ultrasonic coupling strategies,
transducers, surface conformal scan strategies, surface profile reconstruction, imaging algorithms, and the coupling effects between
complex-shaped surface profile and ultrasonic properties of materials. Finally, an outlook on future research trends in ultrasonic imaging
of complex-shaped structures is provided, including the testing of three-dimensional structures with ultra-complex irregular surfaces, two-
dimensional array transducers of high flexibility, and the improvement of ultrasonic imaging algorithms that consider both macro/micro
structures and the ultrasonic properties of materials.
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Fig. 1 Ultrasonic testing of large curvature corner parts
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Fig.2 Ultrasonic scan over planar and complex-shaped

structures
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Fig.3 Variation of ultrasound amplitude with incidence angle'*’
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Fig.5 Typical ultrasonic coupling methods!® '
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Fig. 6 Ultrasonic transducers for complex-shaped structure

. - [20, 27-28]
nspection

UTSBAEA SRk 7 B e O i DR 52 2 TR 1 254
R SAERS (A7 A0 1R B 3R P A
FRL P T T L SRS W AR R I S i WOR i, SRR
T A RGeS IR R UR LS T ENH AR A
BRI T2, AR AE 45 ey 3 i o) B — 8 51 o0 L A
v MORH TR AG T A I 25 i g i B, HOHAT RS A
URNTE N R SOt i e R NN R ey GVl Rl
R MR AL (H T IR B A R AR L
W 5, (S T T o7 8 M N, T DGV Je od 3 i 7 e SR
FEBFE R, a6 I , o T 92 B R ) AR 7 e
BETE A4 , A BT S8 B e T Fi B G =2 ) FH i i

PER I — AR RAERE S | [ ST AR X AT [ A s
DAFRAS Z G2 7S I o 8 25 T (2808, v IR T WP 4 g
PR G MR, AT HE— P B T R S B M R RE
I3, PN B SR TR R T R 2 R VA S R Y
e Wi E IR N ELi [ | et E R L2
PEREB 4B 5 T0 0 F T = 4 25 gt 260 17 () 1) S5, 12 [ CEA
TP T RV AR 5 [ P e R B, P T A R T
(IR s T SE I IR 1 AR P A (0 A8 1k, R4
S R o T A 0 ) A A A v R R T e R
FEPC HAT, AR R TR F 0 S A Bk (BOSS k)
FRGE A 25 K AL BRI . Hu 2517 BF & 2 2 B
P "R My, T A RS, F AT R A
I 8 P 4 R RS A A PR A T 25 ol gt R, TGk 36 AT K
R R 00 LR TR F B, ek e B % AR R
7 HARRIFRIE X, hn2 H3E A 25 5 | v s)
Pragas H AT AR Z N

4  RERARES

R P A ) PR DR YRR A DB T 4 B AR AE A
A2 7% TR TG 45 R4 ) 0 20 SR T e RE A IR, I IR &
SRR ST R B SR 1) RS R 2 Ty e i AT TR
KrghtRm 4 b, e 7 pros, TREPTZRAA
TR B b B S A B A AT ARSI AR TN T Y 4
RE A% 7 0L AR B2 R PEME TR IE , 75 3 1 o 72 b 4
Zy R BUE5 AR FRE 1 B, 5% i) a5 B R T 2R R R
WA . YRS A BRI, B FAAE S e
PAIHRR A, b T 50 5 R R A 4 B e A AR S R
WA e 2, N T8 S A RORARE . X T L AT 1
et [ A Y T, AT a3 DG JC R R TR 1T A e A
T SC P B A% 5 A 45 R = ) R R A B TE A
ot 3@ 3 4> Al R A SCPE e A, S I T A A R
S, Olympus 22 & 11 [m) 4 T B4 51) 46 B8 4% 46 U 455 #A
Yt 07K R i fa L mT LS G A 4 AR B
FAh DARAERS 2 S 4%, IR TR I e Re 2 5 50 M 2 E Y
AR B LA AN ] 52405 # o DR e R A 55 0 f 3R
[ GESS ORI

Ty N THRAE AN L B2 m B A A A%, 2 B
P B2 MILAHUET 2he 5 LE B O 8 22 M b B T 2 2 LT Y A B
PRFHE o ER, BB PRy 5 2 MR AR A 5 4 2 i
ERAE R E TR AL g R B B AR B R B A
(7] B S22 Fsf 3081 5 400 B 2% E 45 4 B 00 B A B 0 2 PR IR
FEAEIENER ki - I N1 RN < | K+ W NS e |
U, BT AT 1 B AR LR A 22 i AL D © 2
BRI A | 5 75 R 3R e 4 A B A AR, R
AR



46 % & L F ¥

a5k

VR, RS 35  dic  6f7 P ) A0 42 0 o P G D R R
ST EERRAR %5 ] e MR S e BE e, G
I BSF fe A R T ) Bk 252 S5 TR ]GV T8 [R) B BT A5 B T 4% A
ST MNP AT o IR AR I R R PR e B
SIHGLRE f B B AT SR A AR © AR AR
T PB4 ST RIS R AN K B 5 4 1 3R )z
EXF T TUARD AR A Oy 5 23 sl 80 T ity o3 A2 AR R Y 45 4
M IO AR S R BOR B 2E . A AR A R R
A ok L Y R O IR/ 22 WA A 3R B[] % 4 R P I o
R/ s vk E R TR R BRI 2 I 2 2 il
JHAE TR ZEPE R 5 HE 7 B e 2% A0 2R T A (surface-
adaptive uLtrasound, SAUL) £ R, HR 48 45 I oo il 37 4 Uk
)] 42 3 TET B 55T [ 92 =2 1) §% I [0 2 -5 L A 7 2 T 4
JE 48 e S B SRR T B S0 Il S AR B ] e G
A THI 4 B AR 325 0 D W T (D7), T TR
PRRIIFE AR B, HIJOH 15 Bh 2 [ i HUARCE 74 75 e g
i A T 2 5 WA 3 T T L, A R M A R T
[ 21 48 B kv FH 7728 JUART R A 52 Zpe U T 45 A8 A6 00 17 2 37%
PEAGE P R B i O 7 R DL RS 3
AR WO A, AT AT A b A B O e Bk B C B0k
B B AN S R AU T A4 O N R A A A R
PRI R A

i 3 ] 158 R bicor J
() ZEHBHWE (o) BERTRE

() NILFH

(a) Manual operation (b) Multi-freedom  (c) Surface-adaptive
robotic arm ultrasound

7 SRR

Fig. 7 Typical surface-conformal scan methods!* **’

5 EFFEBRHER

PRSI RIS 25 K49 1) 3 THD 48 BG4 4 42 o
R R TR SCHER R . AT B =R U R
FEBR R 77 2 A — R EAE A I B 45 H 19 CAD it 1A
4% (R 2 B BIC R AR AL, T ELIE iR RS R A
FEREX A AR () S5 4 , 25 5 32 0 0 3 3 0 7™ 2R L
iR 2E, 3 ISR FIHOLRE A BUH FHLAEPLAS L
LA B T R R A R BT, 07 1 A B R
P, T LG 270 ek R TRIOHE B2 e, (EL 0 R e 2

e AR I RS T A AR R SRR R T SR 2 2%
TR T PR M 2R 8 o B AT A L 5 — T RO
) TR G, 5 3 A AR 0 0 5 T R S PR A T R
RN, F A 40 T 2 G AR BT TR X TR R 45
o HEAL 5 A5 — RS Fu e B B T 5 R I
Gy R, S =N se e B A AR I R 58 A B
S8 IR 2 Y T A 50 T A - P S ke s o P SRR T, A
P 8 7 o (5, FH— A4 4 5 2 T e P R RS
DA R 41l 412 07 558 B R U AN [R) D 1 A% 42 1) P AR
5 R PRI P IR ARG T G 45 A 3 TR DAY S o )
W AE =, AT B AL AR R e RE A E S5
Ak R AR B 12 S B A T D7 R A T DX o P
B, MG rp ] 32 0 R A A0 B/ Bk 4 4 B T g AR
BRI HE— 25 T P e A PR s AR A R
TR [ 95 £ 9 o T o o s 2 Zp AR T 0 5, o2 P 4
il I B i A PR A B2 Y PR W), 7 D0 3% DL 3 L
VW RNk N RS NS PN EETTTIR TS VN
5P 2 T AR P I i B 2R [ T A4 WAL, A X DL A o 57)
HeRE e AN [RIA7 B AL M T B 21, PR I afl L) 5 o A
R R S
(K/-':/)( 1+1) & H*

MRMRMRCTE o[ Che

Transducer array ¢, E
G tﬂ'\w 1
(a) P AR R BRI (b) FUSCRTIAR IR 5 75 A4 T R b
(a) Schematic of surface (b) Comparison between real surface profile and
reconstruction with ultrasound  the one extracted from ultrasonic imaging results

B8 L AR 2T B

Fig. 8 Complex surface profile reconstruction

with ultrasound "’

6 MGBE*x

TR HR R SR AN T T4 B R 7 RS A9 A
MT5E , FOARE — A ST 1A A B Bk A JC A
AR ISR T W N AER VNSRS R N Rl LR N
SURIA 50 TARIRZS S EUH R ok, A it
T G S P ) Xt P e e 1) B AGL I T 3, o 8 )
SRS 7 0 E A A R T Sk R R A S R
T8 B B2 A I8 0 TR PR T A, 2 T 94 (502 T 2 T 1)
PR A A5 R, I 2 P8 RO SR AR R B AR,
T TS5 RS R A - 2 T AT 4 T AL 02 Bk
R, B AT 4 1) B R Y AL R | 2R B0 S A6 T
I Gl o P AR AR AE A IO SR | S R 22 K H 5 i
HBR AR

o7 JH 3R P SR HEA T A DN B i P AR 0 R A A



% 6 1 R 45 2 52 7R TR TRI 23 Ry 7 GRS DM T 7 47

ROFBe . W PR /KR 5 5 P e R A 2 1 i B TR
YRS IDIREE 3o D BL Sl SR Sl il s o s e £
— MR B A RRMERRIC R T LM R A, YT
FRE A BT I S 2 U T 45 R I ST AT S S B R [
T S 018 8 75 4 6 A O A B 7 A 2 e, PR OROTJE 1 52
PR SR A5 (H 2R 45 o o 78 2 R I T T A 7 Tl A2
FRIE A R 2 288 75 45 e e 1, RT3 o 90 50 &% B T Y
DRl A0 3R ] S5 A 7 3R DD o B R A B S L A
R 412 5 2 58 28 SR B T AN () 5 1) A S35 R S S3F 114) 7 A
5 ARG B PR {5 5 i Ak BB Ak S B A TR 0
HERRENR,

B AR PR A P 5 A AR R E g IR
BN AL BE T3 0 R B0 55 18l 9 B,
W UL R & B L 12 B # ( synthetic aperture focusing
technique, SAFT) 4% (total focusing method, TFM) |
A AT (phase coherence imaging, PCI) 0] s B AR ¥
J& T AR 5 I R A P A B R MR
TP TER S/ N T 5 H bR UG S Z 8] 4 15 39 A2
FNNFE] o T ISP M2l 75 e B A 5 4 i 3R
TETSHAT RGN R 1 00, SHI) P A B — R P B AL, T
e 5 R 7 LA 2 T SR T, A L 114 7 A R B AR S T B
JEEC A ENE S R PR e IE s =% A N SR A S VA R L
i, 1117 ELFE T 22 [ (R AR G A7 2 0 5 0% 28 T A2 Ak, PR i 5
SRS DIPLAS AR E FETTAL e . o — Py SRR 2
PEREF R TTAL B RE SR R BOR R 202X, SR 5 J8 A
PR AT A B B T AL 2 R 5 &
RGO LR fe ey, B 2R G R R AR A
R TEA B B S X TSR A A R,
WP s 8 7 B AR A A T A 5 A A8 5 1) U 254 v
LA TSR SR P O A7 A 32 2 R 7 2 B —
i W B R 25 ¥ R T 40 A 22 Ry 230 AR 1 B
VN E SRV AN DR VA 1 S vy L NE R R VA= 1)
BRER, SR J 38 S A A BB D R AN B AL AR
BB TR R G 45 A 2 1 L R R B A
FL ARG AR P 28 1 4% 3 T A% 5 7E K i/ B i e
JC 5 HAR G s Z 18] B A% 5 A FRE ], AR 4 2% 1
B P AL N T DG T 3 T8 A7 1742 Al oty 28 v A R A%
P14 2 THT P A% i B A SEBR AR e R T 7 IR —
TR A BT - UG R 26 2 1] (0 75 1 47 A2
P I 0 3 Ao I3 138 7 =X S 4R A R BT R R R
KEFER 38 3K i LR (virtual source, VS) FiAR 5
“HER 5N AREIE S |, E SORL T RO 45 R = T Y
REALA I, R 3 i S s A R B — S A N
BB dR T, UL AR B — PG 4540 N 5 UG 2 18] 1Y
P LR AR B AR A (8] AT S A 52 2% 1) U2 254 1l AR
[7a) REUEL Al g 1 B B2 45 K B AR ) L, I 75 B IR 15

FUEMAERE R IT AR M A SO E 5 YR g £
AT U, AR P i 5 A AR ] TN 532 T 4
SAMEPE R FLASCRAR AR A0 B 3 T2 B3 H AR 45 T8 5%
o FRT HCBA R it ke T B — A 4 3 R A AT Y
P07 R RO (6 T4 2 o T T 45 J= L ik 1) 1%
SIS S I B (27 R AR IR ) B 22 SR A v 7 A
P 18] 5 T 1B i 00 B 1) 52 2% o BOR RGN IR TT JF 2
M I L B g B 23, S S O T R D7 AR EE Y A
E S Wy D PR DU IERIDEVS g A 3
T R B 2 5 T AL AR S 0 R PR3 R, 5
SRR ) 22 18] (A X R 25 S Wi o

o
S 1, R Ak
M) 50 Rt ) e g SO0 ™ e HAR RIS, REah B L
oot S w‘nm,wm 8w
[\ e/ |t el T gl
i (x,2,0) 5
\d(xy. z)_ /B, z5) p— . __ Y3 [oeneio
= P ey P I j —
I 4 ="
S na
R 6 weemiwamn e o, BBl
(a) IR E5 &N (b) AL

(a) Delay and sum (b) Phase shift migration

Bif R8-SR A 0 R AR E R

(c) B s

(c) Reverse time migration

Vel O 52 2 RUTRTAS F) 4 FRUAT P 7 I A BB AR s 1)

Fig.9 Typical phased array ultrasonic imaging algorithms for

(d) 2B I

(d) Full waveform inversion

complex-shaped structures!® "%

o ZRARALIE RS MRS R M DG X B A B — &R
G TR T ) A R) B 43 A B9 U0 e, R 5 R s 3l O R
PRI B Z M BE 75 18T RUZ 4548 7 B BT 2% e ST
PripF sz, AT LB BT - MR A" HEZ
V) F) A2 8 75 A5 40 I A, o 22 SIC 4 ARG ) X 3k 1) 3R £
JRAR TS TR R RS T A A R 45 4
GG B T, 205G A 3 A ok A v A2 e A v
BB AR TR B R A A R I B B =R
6 b 7 AR U L T 37 0 R P AR B A A 00 )
# ( reverse time migration, RTM ) Fl 4= % J& I i ( full
waveform inversion, FWI) i{{% ., RTM 1% A Claerbout
PR TF] — S5O R Sy Ak | BRIV B S5 ST 2 v R R OE AR
1 7 P2 I 30 35 4% 9 17 16 B 8] R 28 ] b — B0 &
ST LATT S 38 0F 336 38 4 22 1] ) AR OGS BB B A% >
BRI PESRSE T RTM KR B8 b B 75 22 R 5 i Y
TG AR AT R I RE T, BE NS 78 43 R AN [F] 2
RUFIERE BEAR T 0988 7 15 5 5 5 20 i R g 4550, B9 |



48 & L £ ¥ W

a5k

FAFHE T B A5 FfIN” F kB4 AR SO, S 2 An ]
ARG R AT, ARG BRI AG S 2 T 1 25
Y P 2RI, 23 g 2 T e 0 A 8 v P A 11
KA, — MRS A B HL A o0 T ARG Y T 48 B, =l e
BRI AT RTM (R DL AR B8 1 5
JERHS SN A IR SV S AR S 6 R RV ST R 45 A
P AR AR | SR LI T8I 7 AR AU AR A P R
Y5 S PR R 7 Rl =2 8] f) 5k 22 O F AR pR R, il ad 2
YIRS S A AR A B 2 F bR ek B /M, T
AT AEGRBE AL FEAE | BT LA AT LA 42 38 S 0S5 1
P L3 AT P R AR, 23 A 3 vl A PR RS B B LA &
BRI B FWL R 5 2 3005 3K ORS00 i K6 25
PR MRS R A AR B Be ol SEILm 2 MR 1058 42
A3tk (HAESE AR v, R0k P A A e 3T S B
AT M) T S AR R | DO NS, T LS P P R 1
TEAPAEZ R T, 5 5 T B S R AL,

7 ERBEEMPERBE

AR AP RS 4352 e B T 4 S A5 AR RN T A R S A
J5T, 383 by P AN B AL A6 D7 1) A2 A Y 249 J5 4% o) () 1 6L
FETE“HEG A 0/ ARG 540 S i 7 0] O 4 B A 4,
5283k SIS DA 5 A AR A A, BT LAIX 2% B0 T /Y
HE AR AT MERE R/, (Y P45 1 A B i 27
FRPERUAR G Ze i, 75 2R Bofg R 1 AR IR X, 3 2R I
1 M ARG AE DL  HLEESE AL F2 K ) S5 A0 1 ik £
2 1 535 ) iig 3L 42 & A 8) ( carbon fiber reinforced plastic,
CFRP) , AKXy & AL B B AT 48 52 5 MR (glass
fiber reinforced plastic, GFRP) """ | i B £F 4 2. [i1) HE 51
TR AL JIC B ) A 5 U2 SRS i R A Y A
HEFI 2 G AR A5 . 1 a4 A B 2 ALY % FRP 45
52 ZRUTH K R 2 5 55 MOREE B I 22 J2 45 R 0 v
A ) S PEAR EL SR, DR S A Y P A R BARSRILR
LT YLy 1) ASMBAESH O T A 2R Ak, 38 78 VS FE 5 v R 48
DA Bt THT 6 SR U0 o) i 2278 Ak, B2 R, 25t B R Y
5 I e P R 0 A i s ) A7 3 AR Ak, RIS R 1
BRI AR A SR 28 5 4k A T DX ) A P B T R4
b P SRR S T 67 )22 (1) 5 T I o0 A% B ) R A
A0S TR JZ P9 A AN P DUE E P 2R B T2
P77 o) M A M SR (ANTET 10 7R ) |, A AL 1 AT
g 22 R A B T 1) TR A L B I AR 0

ity EA AR R P A T SR RS I B
A BT LR 4E )5 1) 285 4l 2 1) ST a2 42 7 1) A
PP FRP 52 J% 7 2 i X e 75 15 447 9 Y
Pl /IME AN, FRP &2 A AR R R WA )2
BB Z2 0T 2 8534, T 1A 8 7 1 4 )2 B S O AT D

2 mm

N
Ig

| &
N

(b) ERERB

(b) Total focusing method imaging

S

2m

8

(a) Ultrasonic ray tracing

10 246 6152 PR AL A bR e 15
AARLER

Fig. 10  Ultrasonic ray tracing and total focusing method imaging

of multi-layered anisotropic composite corner parts-®> ®*/

R IR, I, AN R 1 S R AR LI FRP
G5 TR P ol R P P e A O SR A B
L HEIR BN o AR R AR, 1 e AU RS %
BT Z2 )2 A5 1) Stk FRP S G 4 LA 75 27 B MERTL
R HURAT R0 7 122 e G, DX Rl oA 47 47 1)
fHE B ROT , B TE ROT R BEAE 1, RTERS B
() 21475 i) (AT e AR 2 4 7 16, e 4 Jmy 52 2%l e 1
Hh AL ] SO 20 A ROt N L AL R AR O B
HRIBRTT PN 22 BEZR (181 10) o AR, fE SR HLRL 22 15T 8
WFFE IR Dijkstra A + 55 B2 R FIE'S | KAk
AU A ROT B2 A 0 B b DR 5 3 A2 21 5 B B Y
SCBRALRE B AR, B W IT C 4 ST M T B
L 00 00 A 3 55 oy A JEE P TS 52 b 45 44 Tl A1
ERUERE AT AR RN TR AR R R AR 5 i
PR

8 RBEFRE

RBRAT 14 [ A SRR 5 AT B8 0 LE 0 20 A ok
B BT X S Z R TR 23 R 7 ARG T L 4 A P R
REAT TR S P 1) | 52 A 0 i e B A L BA A R
SEPR AT PR, B IR T2 AR T ik, RRiE
T E LT 7 [l 4 SETT R AW -

1) BUAT IS8 8 M iy 52 24 R0 T = 202 M1 vl 453
i BURH S, AR Z TP A5 B 2 (BT s TR
WINSERTTI N PR LY SR N i =R T
JE&H LRI & 2250 52 2 B THIRFAE 5] 40 48 4 1] i 40



% 6 1

R 45 2 52 7R TR TRI 23 Ry 7 GRS DM T 7 49

SHE LI bR AR HERE SRR T ST AR R A
RIS X 2% S I 4 M AR O Ak, i o 2R A B
X GBI CT AR BEATRN ol T3 b1 i i 2 L — 48 =
B ) 77 SO = A SR A B LU i i i fE R B =
AN ST, A7 2~ TR 225 K ) P G [T, 245 5 SO A I
ARSI P I, ] R OR R AR 7 41 A/ 5
MERE | S B i A v AL R B e 2 R B A i
SRR TESE NI o X T LRGN — 2 57 0 25 K B AR 1) 1
O TR B2l P R AT P CT R B E U A
I AR e SR A P HES) IR A T R T
PR P 88 e I 91 0 LI T K T R B A 45 4, - e RE
AT | R IE T AT e REAS ST IRl H i, LS B
FNAN RV TT A, 5 B 5 B i 57 T 205 4 1) = 248 2 )
BENLHUN B | SR i 5 B A P J2= AT A 0305 S B s 73
PR el =GR, (RIZTRE R R TR

2) THESENE B P R R R S P AR
BB 2 — SRR LRI G 5 SR R T A DL 3, 7T A
DR B8 Il 1 52 7 28 TR 45 g AR 0 el 2, 7 Tl G 30 403
WRA AR R K AT S, AT, Tl PG 4
V1R B TR FH SR R 27 4 BE A AT DA — HEZR R R 1 O 2, 22
PEARTE BE I A S 2 2 AR BB it , 365 P 14 28 T 28 7 e
SRR BRIk, AR AT ik — 2005 2 PR 2 i P AR
) SEREBCTHROR | KR THT 1] — 2 S 10 45 K 1) v 1 e
1o R YRR B P e

3) TAEFOA T A, 3200 0 A A AR, R
SRR AT A2 A FRUTT 19 520 7 B Ml R G 25 4 A AR T
A R R, WA/ REGFEL SR B3
T B RS R YL SR 2 R, A EL 3 i i A A P S A%
S, N TREE R LR o 52 2% | X% R R TR T PR 2R AN sk A
o2 O IR RN LR 22 | 7 AR e/ R 22, B
M ARG ZIIRE YR KT U DT ) A R
WAL IR S5 T %/ ML 5 K A A 1 B P 2 R P 0 A o
HEFE AL A7 9 19 52w ML, A B 1 s S o P AR

Tl Zs e RTE H 4 2R = Ak, = 28 H AT
JE PRGN AU 1 B SR A RV R A S S R 2
PR SRS P e RE A | REE S 1 ) | A2 e R T 4
JE R RS A A TRV R 5 R A M LR
TR, ASSCE AE X H AT E R A IF 5 2 R A G B 1
ARHETREE . e, N9 W e BUA BOR 9 R4t
A5 i R A 52 2 R TR — 24 S5 P 45 A P G 0 e A R
Y1, Forb s S YRR ) P RE A R R AR R AR Y
TET 7 G T Sl 473 Y BOR R 2L A o, A, B

P SR I 2 IRE U RS R R T 1) R

WG 75 T TR/ SOV A5 R R 6 19 B 52 A P 2 R P o

P A REAT R S AT A R b e AR B R T L

Bt

S 3k

[ 1] My, B8, BmE. ARk hA e s s

R AR[T]. MET AR, 2011(7) : 80-84.
HE F CH, WANG ZH, SHI L J. Ulirasonic testing
technique for the inspection of defects in the corner of
composites [ ] ]. Journal of Materials Engineering,
2011(7) ; 80-84.

[ 2] BULLINGE O, SCHNARS U, SCHULTING D, et al.
Laminographic inspection of large carbon fibre composite
aircraft-structures at Airbus[ C]. 19th World Conference
on Non-Destructive Testing, 2016.204-213.

[3] SANIE J, WANG B Y, HUANG X. Information
transmission through solids using ultrasound [ C]. IEEE
International Ultrasonics Symposium, 2018;1322-1331.

[4] LIUF F, LIU S P, ZHOU ZH G, et al. Detailed
characterisation and evaluation of composite stiffener R-
zones based on mono-pulse ultrasonic reflection
behavior[ J]. Ultrasonics, 2022, 124. 106732.

[5] LIWT,ZHOU ZH G, LI'Y. Inspection of butt welds for
complex surface parts using ultrasonic phased array[ J].
Ultrasonics, 2019, 96. 75-82.

[ 6] SIMONETTI F, FOX M. Experimental methods for
ultrasonic testing of complex-shaped parts encased in
ice[J]. NDT & E International, 2019, 103. 1-11.

[7] SIMONETTI F.
components[ ] ]. NDT & E International, 2023, 137,
102835.

[ 8] RAUE, GRAUVOGL E, MANZKE H, et al. Ultrasonic

Cryo-ultrasonic  testing of curved

phased array testing of complex aircraft structures[ C ].
9th European Conference on Non-Destructive Testing,
2006:2900-2916.

[ 9] HUNTER A J, DRINKWATER B W, WILCOX P D.
Autofocusing ultrasonic imagery for non-destructive testing
and evaluation of specimens with complicated geomet-
ries[J]. NDT & E International, 2010, 43(2) : 78-85.

[10] Zbdn, HWE, M. fizs ZAHIF R DX
PRSI EREL )], AASHIE R, 2019, 62(14)
67-175.

LUO ZH B, CAO H Q, LIN L. Progress in study of



50 i & % ¥ a5k
phased array ultrasonic testing on CFRP radii in ances[ J]. Mechanical Systems and Signal Processing,
aerospace component [ J ]. Aeronautical Manufacturing 2024, 208 110999.

Technology, 2019, 62(14) . 67-75. [21] GUO SHF, CHEN SH T, ZHANG L, et al. Direct-write
[11] JEUNE L L, ROBERT S, DUMAS P, et al. Adaptive piezoelectric ultrasonic transducers for pipe structural

ultrasonic imaging with the total focusing method for health monitoring[ J]. NDT & E International, 2019,

inspection of complex components immersed in 107 102131.

water[ C]. Qnde Conference, 2015. [22] GUO SH F, CHEN SH T, ZHANG L, et al. Design and
[12] CHIMENTI D E. Review of air-coupled ultrasonic fabrication of direct-write  piezoelectric  ultrasonic

materials characterization [ J ]. Ultrasonics, 2014, transducers for determining yielding of aluminum

54(7) . 1804-1816. alloy[ J]. NDT & E International, 2018, 98. 186-194.
[13] HILLGER W, OSTER R, SCHULLER J, et al [23] SRUmUE, ZEntim, 4R, 5. M S 1R B s 1 fd i

Automated air-coupled ultrasonic technique for the WA IR S R 1], PRsh k528, 2020,

inspection of the EC145 tail hoom[ C]. 4th International 40(3) ; 427-436, 620.

Symposium on NDT in Aerospace, 2012.275-287. GUO SH F, LI Y H, LI ZH, et al. The status and
[14] VANDENRIJT J F, LANGUY F, THIZY C, et al. Laser prospects of flexible transducers in ultrasonic waves-based

ultrasound flexible system for non-contact inspection of structural health monitoring [ J ]. Journal of Vibration,

medium size and complex shaped composite structures Measurement & Diagnosis, 2020, 40 (3). 427- 436,

made of carbon fiber reinforced polymer [ J ]. 620.

Proceedings, 2018, 2(8) : 455. [24] CHATILLON S, CATTIAUX G, SERRE M, et al.
[15] PEICX, YID CH, LIU T H, et al. Fully noncontact Ulirasonic non-destructive testing of pieces of complex

measurement of inner cracks in thick specimen with fiber- geometry with a flexible phased array transducer [ J].

phased-array laser ultrasonic technique [ J]. NDT & E Ultrasonics, 2000, 38(1/8): 131-134.

International , 2020, 113, 102273. [25] PHOENIX I S L. Wraplt offers new way to test curved
[16] LIN L, CAO H Q, LUO ZH B. Characterization and composites[ Z]. Warrington, UK, 2013.

optimization of acoustic field for curved array probe[ J]. [26] TOULLELAN G, CASULA O, ABITTAN E, et al.

Acoustical Physics, 2020, 66(5) : 469-476. Application of a 3D smart flexible phased - array to
[17] HABERMEHL J, LAMARRE A. Ultrasonic phased array piping inspection [ C]. Proceedings of the 34th Annual

tools for composite inspection during maintenance and Review of Progress in Quantitative Nondestructive

manufacturing [ C ]. Proceedings of the 17th World Evaluation, 2008 ;794-800.

Conference on Nondestructive Testing, 2008 :653-658. [27] HU H J, ZHU X, WANG CH H, et al. Stretchable
[18] BOYCHUK A S, GENERALOV A S, STEPANOV A. ultrasonic transducer arrays for three-dimensional imaging

Nondestructive testing of FRP by using phased array on complex surfaces [ J]. Science Advances, 2018,

ultrasonic technology [ C]. Proceedings of the 12th 4(3): aar3979.

International Conference of the Slovenian Society for Non- [28] k&AM, 6, HIET, & 8B4 R XH#E

Destructive Testing, 2013. FAREE R SE8 [ T]. db M as Al K K%,
[19] RENDY, YINYG, LICHY, et al. Recent advances 2013, 39(5) : 688-692.

in flexible ultrasonic transducers: From materials ZHANG D M, YU G, ZHOU ZH G, et al. Ultrasonic

optimization to imaging applications[ J]. Micromachines, phased array inspection for the corner of composite

2023, 14. 14010126. components [ J ]. Journal of Beijing University of
[20] LI'Y H, YAO ZH J, JIANG CH, et al. Investigation on Aeronautics and Astronautics, 2013, 39(5) . 688-692.

local monitoring paradigms of in-situ conformally [29] XU C G. Robotic nondestructive testing technology[ J ].

fabricated piezopolymer coating-based array transducers:

Ultrasonic bulk waves and local ultrasonic reson-

[30]

Soudage et Techniques Connexes, 2022,454.45.
ZHAO ZH C, XU T R, LI Y, et al. Profile and



55 6 W EOUIR 55« 52 2 AU T 2851 0 75 ARG DU 5 3 e 51
thickness  constrained  adaptive  localization  for [40] TIAN J X, CHEN ZH H, LU CH, et al. Phase
manufacturing curved thin-walled parts based on on- coherence weighted ultrasound total focusing method
machine measurement [ J]. The International Journal of towards the improved imaging of CFRP defects [ J].
Advanced Manufacturing Technology, 2020, 110(1/2) . Composites Communications, 2023, 43 101736.
113-123. [41]7 CHANG JJ, CHEN Z H, HUANG Y Q, et al. Flexible

[31] LUZX, XUCH G, XIAO D G, et al. Nondestructive ultrasonic array for breast-cancer diagnosis based on a
testing method for curved surfaces based on the multi- self-shape-estimation algorithm [ J]. Ultrasonics, 2020,
gaussian beam model [ J]. Journal of Nondestructive 108 106199.

Evaluation, 2015, 34(4) . 39. [42] WESTON M, MUDGE P, DAVIS C, PEYTON A. Time

[32] Zite, 2Ok, JhEM, %. CFRP B44J L4tk efficient auto-focussing algorithms for ultrasonic inspec-
FRMEFAEGERI[]. PUA TR, 2022, tion of dual-layered media using full matrix capture[ J].
58(20) . 312-318. NDT & E International, 2012, 47(4) : 43-50.

LUOZH B, LI F L, SU H M, et al. Surface adaptive [43] SUTCLIFFE M, WESTON M, CHARLTON P, et al.
ultrasonic testing on defects in CFRP radii[ J]. Journal of Full matrix capture with time-efficient auto-focusing of
Mechanical Engineering, 2022, 58(20) ; 312-318. unknown geometry through dual-layered media [ J].

[33] ROBERT S, CASULA O, ROY O, et al. Real-time Insight:  Non-Destructive  Testing and  Condition
nondestructive testing of composite aeronautical structures Monitoring, 2013, 55(6) : 297-301,307.
with a self-adaptive ultrasonic technique [ J]. Measure- [44] SUTCLIFFE M, WESTON M, DUTTON B, et al. Real-
ment Science and Technology, 2013, 24(7) . 074011. time full matrix capture with auto-focussing of known

[34] XU N, ZHOU ZH G. Numerical simulation and geometry through dual layered media[ C]. 51st Annual
experiment for inspection of corner-shaped components Conference of the British Institute of Non-Destructive
using ultrasonic phased array [ J]. NDT & E Testing, 2012,2012.177-184.

International, 2014, 63 28-34. [45] WANG J, ZHOU ZH G, YANG G P, et al. Virtual

[35] CHEN]J, XIAO J, LISEVYCH D, et al. Laser-induced source total focusing method for crack detection in
full-matrix  ultrasonic  imaging of complex-shaped complex curved structure [ J]. NDT & E International,
objects[ J]. IEEE Transactions on Ultrasonics, Ferroelec- 2023, 140. 1-13.
trics, and Frequency Control, 2019, 66(9) : 1514-1520. [46] BR3E, BAKE:, AR, A5 BT H00UE A Sl #0 00) X

[36] ZHANG Y J, ZHANG F Y, ZHANG W, et al. Laser- BB A R R A AR ()], AR
induced ultrasound imaging of multi metal laminate with iz, 2019, 40(6) ; 48-55.
complex interface[ J]. Materials & Design, 2023, 232; CHEN Y, MAO Q Q, SHI W Z, et al. Frequency
112095. domain synthetic aperture focusing technique for irregular

[37] YANG HJ, LIJ, TIAN X X, et al. Parameter inversion two-layered medium based on visual source[ J]. Chinese
and target localization in layered media containing solids Journal of Scientific Instrument, 2019, 40(6) . 48-55.
based on acoustic ray tracing method[J]. Measurement, [47] HOYLE E, SUTCLIFFE M, CHARLTON P, et al.
2023, 213 112719. Virtual source aperture imaging with auto-focusing of

[38] YANGHJ, LIJ, WUD L, et al. Imaging a defect in unknown complex geometry through dual layered
layered media with different shaped interfaces using media[ J]. NDT & E International, 2018, 98 55-62.
reverse time migration without velocity model known a  [48] SHIH R C, CHANG Y F, CHANG C H, et al
priori[ J]. Ultrasonics, 2022, 124; 106750. Ultrasonic synthetic aperture focusing using the root-

[39] MALKIN R E, FRANKLIN A C, BEVAN RL T, et al. mean-square velocity [ J ]. Journal of Nondestructive
Surface reconstruction accuracy using ultrasonic arrays: Evaluation, 2014, 33(1) . 12-22.

Application to non-destructive testing [ J]. NDT & E [49] WHZEMR, EFEM, BN, % TR K

International , 2018, 96 26-34.

B AR RERRT]. ERERYR, 2016,



52 & f A & ¥ M 45k
37(2) : 365-370. waveform inversion imaging of the human brain[ J]. NPJ
HU H W, WANG Z X, PENG L X, et al. Immersion Digital Medicine, 2020, 3(1): 28.
ultrasonic imaging using the synthetic aperture focusing — [60] Z U, Tk, BiEZS | & CFRP B 4L Z5H X AH
technique based on the root mean square velocity [ J]. BRI R S G ERE)]. EAM el
Chinese Journal of Scientific Instrument, 2016, 37(2) 2, 2021, 38(11) : 3672-3681.
365-370. LUO ZH B, ZHANG S, QIAN H K, et al. Modelling

[50] HU H W, JEONG H. An efficient ultrasonic SAFT and wave propagation behavior of phased array ultrasonic
imaging for pulse-echo immersion testing[ J]. Journal of testing on carbon fiber reinforced plastics components
the Korean Society for Nondestructive Testing, 2017, with complex geometry [ J]. Acta Materiae Compositae
37(2) . 84-90. Sinica, 2021, 38(11): 3672-3681.

[51] RAOJ, WANG J L, KOLLMANNSBERGER S, et al. [61] LINL, CAO H Q, LUO ZH B. Total focusing method
Point cloud-based elastic reverse time migration for imaging of multidirectional CFRP laminate with model-
ultrasonic imaging of components with vertical sur- based time delay correction[ J]. NDT & E International ,
faces[J]. Mechanical Systems and Signal Processing, 2018, 97; 51-58.

2022, 163 108144. [62] YANG H J, YANG L, YANG Z Y, et al. Ultrasonic

[52] HE J, RAO J, FLEMING J D, et al. Numerical detection methods for mechanical characterization and
ultrasonic full waveform inversion ( FWI) for complex damage diagnosis of advanced composite materials; A
structures in coupled 2D solid/fluid media [ J]. Smart review[ J]. Composite Structures, 2023, 324. 117554.
Materials and Structures, 2021, 30(8) ; 085044. [63] LIUFF, ZHOU ZH G, LIU S P, et al. Characterisation

[53] LUKOMSKI T. Full-matrix capture with phased shift of composite skin-stiffener bonding interface and fine-
migration for flaw detection in layered objects with defect evaluation using mono-pulse ultrasonic detec-
complex geometry[ J]. Ultrasonics, 2016, 70 241-247. tion[ J]. NDT & E International, 2022, 131; 102681.

[54] JIK P, ZHAO P, ZHUO CH J, et al. Efficient phase [64] M4, MiEs, B, 55 IRFAEEZ MR
shift migration for ultrasonic full-matrix imaging of PRI S AR TR R R [)]. A MR R,
multilayer composite structures[ J]. Mechanical Systems 2023, 40(8) . 4295-4317.
and Signal Processing, 2022, 174 109114. YANG H J, YANG ZH Y, YANG L, et al. Progress in

[55] WUHT, CHEN J, YANG K J, et al. Ultrasonic array ultrasonic testing and imaging method for damage of
imaging of multilayer structures using full matrix capture carbon fiber composites [ ] ]. Acta Materiae Compositae
and extended phase shift migration [ J ]. Measurement Sinica, 2023, 40(8) ; 4295-4317.

Science and Technology, 2016, 27 045401. [65] LINL, CAO H Q, LUO ZH B. Dijkstra’s algorithm-

[56] XU W J, YUAN M D, XUAN W M, et al. Quantitative based ray tracing method for total focusing method
inspection of complex-shaped parts based on ice-coupled imaging of CFRP laminates[ J]. Composite Structures,
ultrasonic full waveform inversion technology [ J ]. 2019, 215 298-304.

Applied Sciences, 2021, 11(10) ; 4433. [66] LUO ZH B, KANG J L, CAO H Q, et al. Enhanced

[57] YANG X B, WANG K, XU Y F, et al. A reverse time ultrasonic total focusing imaging of CFRP corner with ray
migration-based multistep angular spectrum approach for theory-based homogenization technique [ J ]. Chinese
ultrasonic imaging of specimens with irregular sur- Journal of Aeronautics, 2023, 36(1) : 434-443.
faces[ J]. Ultrasonics, 2020, 108 106233. [67] LUO ZH B, ZHANG S, JIN SH J, et al. Heterogeneous

[58] JI K P, ZHAO P, ZHUO CH J, et al. Ultrasonic full- ultrasonic time-of-flight distribution in multidirectional
matrix imaging of curved-surface components [ J ]. CFRP corner and its implementation into total focusing
Mechanical Systems and Signal Processing, 2022, 181; method imaging[ J]. Composite Structures, 2022, 294,
109522. 115789.

[59] GUASCH L, AGUDO O C, TANG M X, et al. Full- [68] CAO H Q, GUO SH F, ZHANG SH X, et al. Ray



% 6 1

R 45 2 52 7R TR TRI 23 Ry 7 GRS DM T 7 53

[69]

[70]

[71]

[72]

tracing method for ultrasonic array imaging of CFRP
corner part using homogenization method[ J]. NDT & E
International , 2021, 122, 102493.

VAISERO B L, SMITH R A, TAYONG R B, et al.
Wrinkle measurement in glass-carbon hybrid laminates
comparing ultrasonic techniques: A case study [ J].
Composites Part A; Applied Science and Manufacturing,
2018, 114A . 225-240.

ZHANG H Y, REN Y, SONG J X, et al. The
wavenumber imaging of fiber waviness in hybrid glass-
carbon fiber reinforced polymer composite plates [ J].
Journal of Composite Materials, 1995, 55(30) . 4633-
4643.

LIUM L, LI Z, WANG SH Q, et al. Quantitative
characterization of out-of-plane fiber wrinkling in thick
CFRP with Double-side inverse-variance weight-synthetic
ultrasonic imaging [ J ]. Composites Part A. Applied
Science and Manufacturing, 2023, 166 107376.
JAIET, AT, SRR, S SCHER IR RS G AR
LTAERR BRI 2 RS [ ], E AR
e, 2022, 39(9) ; 4384-4392.

ZHOUZH G, ZHUTT, MATF, et al. Array ultrasonic
total-focus imaging for advanced resin matrix composite

fiber wrinkle defect arrays[ J]. Acta Materiae Compositae

Sinica, 2022, 39(9) . 4384-4392.

fEEE N

EREK 2012 4R FRE I TR 23R 152
12E 43,2020 AR T OREI TR 3RAGE 12
A, B rh BRI e S AR5 B Rl
WEFE B, EEHEFE 5 [ S P AR B
HoR,

E-mail ; hq. cao@ siat. ac. cn

Cao Huangqing received his B. Sc. degree in 2012 from Dalian
University of Technology, received his Ph. D. degree in 2020
from Dalian University of Technology. Now he is an associate
research fellow in Shenzhen Institute of Advanced Technology,
Chinese Academy of Sciences. His main research interests
include ultrasound imaging theory and technology.

FBUBUEE (3815 1) , 2013 4F T3
[ N7 R 2P BRAR I 2, BA v R B T
I BARBIFEBERTST  , FEEWFTETT 0] A
P RS TT 5 S AR P A TR S I 2%
FI s A A Ae
E-mail ; sf. guo@ siat. ac. cn

Guo Shifeng ( Corresponding author) received his Ph. D.
degree in 2013 from National University of Singapore. Now he is
a research fellow in Shenzhen Institute of Advanced Technology,
Chinese Academy of Sciences. His main research interests
include ultrasonic imaging and system, flexible ultrasonic sensors

and network,, automated ultrasonic testing.



