£V S i 1§ B Vol. 40 No. 4
2025 4 8 A JOURNAL OF EXPERIMENTAL MECHANICS Aug. 2025

XEHS:1001-4888(2025)04-0387-11

P S 4 4 5 R B 45 14 53
B IR H 5

1 2 1y ; 21
ﬁ%ﬁl ’ )%/?5 ’ )}?j]% ’ JEJ/T}lI:l(ﬁ’ IK/?}%WE
(1 dbmtke T 2B, dEat 1008715 2. RZEFE T 240 MR Bl 5 TR B, R KSE 523808;
3LVLFR R EAR TR Jy2g24 B, TLIREL 212013)

WE. LY REALASLEE SR E BRPFREEFER 22X E, ELEMF
AAFwnetr @, Bl KR 0ARANK ELE M ERIR D0 8, Bok T & A R B3Ik 3045 4 5
LM ERENT R, I EL LB T 2L, AR EELSLENEHIFRRIHF
Mo AR ik, B A AR AEE e R MK 2 A7 @A S MR LM P A
g Hem, RS HAFG R o e kTR EREAARGET A EPAEZ RSN, RE. 8
Ao FERESTFEELRG R ERES,EN T RETMESGLERET SEHM R K
FRERE ALAARBEEMQERDEESHRE, REAXRBT AN RETRESRILEY
T AT B AN RBATRAG RN 7k, BT HAEMETTRIE, ZRAVIZ T ERA AN
Ao ) e T AS AT B2 6 AT

KW : SHRGEM,; BRKRD; KEE; B IRA

FESES: TB302.5 XHEARERS: A DOI: 10. 7520/1001-4888-24-175

0 5lm

I L R AE S R Al | LU NIRRT LR e b T B A W A i A I S
AE » F A5 52 T8 | B8 PRI 23 A K A5 AU A 21 1) BT et g 4 R e 8 AN [R] L mT L3 A 9 K S O
LR Je N AL B MR SR AR L 5 A G B T e R TR A L L B I S A D AT E i 1k
A BT R 06 P B B A W B D0 H. R, 6 B e B A5 M Y BIF T T A P 7 R A R B 2
P P R B R R A R AR T T ORI L T T A ST A B g A e B Y
HA AR D T I SIS SR PR X 45 K 8l 2 R O T2 5 WX I S L I R 45 R Y T A G I AT B

TEHE TR S RS P B AR I v X S A S A D AR R R E Y G B, AR, A
W SJ S 14 J) PR P T B A A Ry el T A A o AR LR AT B AT 5T . FE AR SRR PR S 4T 05 T LOU S5
S ERRGE T RSO )R B B AR SNAT A s CHEN S50 X JUAT AR 2t 51 ke 1 52 A 4 Rk i [ I8 005 25 4 11y
FEL IR S IEAT T SEALRT T CUT WS T 42 i sl B IR 5 M 7 oh i 2060 R i g A i . 76 3 3
R D7 T, C AT BT ST T8 S B 2 B BT T e I A R T B B AR R AR BRI S

» WREBH: 2024-11-19; fEE B HI: 2025-01-04
H2mB: BXARPB#ILEIH (12102092, 12232001, 11702118)
BEMEE: R A964—) &0, #8 AE TR, 3220 A5 90 50 A g 2% JCH0 R T 42 AR L ARSI SE . Email: lizheng @ pku.
edu. cn

JEE 1989 —) I3 BRI AL A= R0, 32 B2 DA S 0 [ 0K ) 2 LB 2 A5 A TE A W R SF B SE . Email: zhoujie@dgut. edu. cn



388 Lo h (2025 4F) 55 40 &

e M B B BT JE AR B AL A B T A S S A L ESX R vk 2 T I Y SR AN T S
U B AN % 52 P 2 5 T S8 05 45 A8 v I S Dl AR R TS U A R TR AR F Y A R GRS T AR DN U vk Y
HAilr

F T 5 B I S AR I S 18 DR % 2 L i A P e A% 9% o DAL IS A% 8 1) P A N 7 3k e L U] S S IR T
MR R . AR EZ TR S 5 T4 20 0 A I A TG A AR v E R T A R I S AR A A3 T TS R I T
SR o 1t PR IS0 45 4 1) S 2% T RV 403 6 70 22 e 3 8T 00 B R 0 s 3 /. LT 465 R R T ) B
715 Teager BT 5T T AHZE G 1Y J5 2 R AG M i B e e 45 4 v (R 453405 1% 7 6 k) 17 I e 5 AN o 2
PRI SZ MR AHDZBEAR T X /N 10 RS . LU G859 2R FR 8 5 WE 98 T 4 Jd 5 M e S B rh Itk 1y
PG . ZHOU S50 F 4546 (1 J8 309 R0 R0 2 3 252 /0N U A8 40 v, SE BT 0k 0 e I s s 4 o
RO BRI o SRAT . bR TR0 B R P A ) A SIS AN T S M iR B e L ) S L SR
SRR SIS 2 AR R A5 5 U T 1k A A ELK BE AR, HLAS R T 1R e Lo iy Jm it £ . 7 e DA e, S
O e LD T TR0 06 s S22 5 0 o B AR AL B X R S S AR A D D YR T AR
TE R I, T S TE FU I AL 77 A2 52 2 0 U5 L35 I B T8 e 4 S5 AT Sy, 3 BOME LA I AR 5 Hh 4R
PG B o A SCEE X i B 00 45 4 v 3 U0 A% 5 1) R, >R R A8 B it 28 466 (FT, Fourier Transform) Fl 3% 22
N AR (CW T, Continuous Wavelet Transform) #1145 & )75 AP IR AE 5, LB 78 3 00 58 Ja 38 9 3 %)
P AR S R 2, Horh FT OA] USRI 5 A AU i B AR 20 A o i CWT DU ] DA (kA5 5 7 1S3l R 430 358 7 53
it

1 mERBEEPRKER

SR P i B e R A R R B 2 SRR 1A md AT 2R Y . AR S A AL Bl L S A
TH AR 5 U 9 T A e A e S0 3 S AN B e S AR B T . R TR B B R e 2
e e 2 i PR ATAL  RIRT 7EAT 28 P SR 1] B2 55 o AT X T A 7 A S S0 R P 8l o B 0 X i A2 2R B g 1
AT D9 AN 300 590 2R FIA PR O RSB 0L 5 32 RS2 96 05 ik e AT AT 9
L1 mERERFREERNBERL

ASCR A BRITH M ABAQUS 15 i B e th 2540 b B B A R 1 A, TR R g 08 1X16 4
FER AP RARE ey 2 R T 1) R, A B A LA Z B B 1 Ch) Bz B ORE B 4 JEE L i

fp——16 mm—u—y
[+4 mmy

‘lmm’{v

mm

N S
L 12 mm—a N\

(b) s PR

() mi PSR (O GIVEN

D ¢ B 4
D1 c1 B1 Al
(A RFE R

Bl 1 ARRITCHEE. (SIS E T (b SFFERR; (OB (DR E
Fig.1 FEM model: (a)lattice core sandwich beam [ ; (b)lattice cell;

(c)excitation method; (d)the distribution of measuring points



5 4 W B A5 < a5 U 45 ) Jay v i sl AR 1 2 A B TE AR S TN 7 R B 5 389

PEAS R AR EL 43908 2700 kg/m® .70 GPa F1 0. 3, AR SCHE 8T & W A9 5. 5 I IE %05 5 Oh
DRy 250 kH2) V8 R B 5 A5 5 16 B Ss R85 3% 9 20 A5 4 P 2 B /i (L rb g (A 26 £ 5 0 ik 3
A A WS 5w SCES T 3 =N & 1o iz, 2l #E SAR Ho0 R B31 HotfE
Shy THT AR BAL T AN S BT, BT R /N R0, 5 mm MRIE RN I R K E N EADA 6 A ot. R
AT IR S 0. 5 ms NSRS T i R IR . 8 AN RAE S EICAN A 1(dD R RAE S AL

B.C.D {5 F2Z#hh—M i AL.B1.C1.D1 i F 55—, 7E T30 45 5 b S B8 RAE s i B i 5

mE AN HAESE R WK 3 . hETE L, 1.0 1000
W 7 £ 0 B 0 4 o DDA 3 £ 5 v 4R SO A
HRARE . FT ARG R B SR BB el -
B R (B SR A A R A R AT T 4y = a0
PR SR L f . K 3 R 15 B AT AR
AR A (FFT, Fast Fourier Transform) , 4% % e x1f)'5 % 100 200 300 400 500
FANE 4 BT R, 50O S S 1 IR % 0 A R ot

(40 B0l 2O A L, BIF A BM5 5 4 b 7 45 2
XA, BI7E 210 kHz 3] 220 kHz Z[d . MEFTF

B2 WES 1. omfie; (b))

Fig. 2 Excitation signal | : (a)time domain;

e o 5
Eﬁ L@ﬁ E/J {EZ{FI 7%%%* ’ ﬁﬁgﬁh}ﬁ Ill$° (b) frequency domain
X R E RS A S R IE TES [l
4»)(10-.10 ) ) ) ) ) x1071° ) . . x101° 4?‘10-.10 )
2r
2. 4
E _’é T EO
_4.
4
0o 1 2 3 4 5 0o 1 2 3 4 5 0 1 2 3 4 5 0o 1 2 3 4 5
I/ 10 i fel/s 10 B 1d)/s 10 I/ x107
1 B1 c1 4 D1
4. 4 4 4
2 2 i 2
£ £ £
20 2 oH i 2o
=3 =3 =3
2 -2 | 2
_4. _4 4
4
0o 1 2 3 4 5 0o 1 2 3 4 5 5 0o 1 2 3 4 5
I [a) /s x 10'4 W [a)/s x 10-4 l”’lll]/s ><10-4 I [a)/s ><10-4

B3 fHS Lt 1 ks
Fig.3 Wave signals of beam [ excited by signal [
KR T AT AR 0 45 I M VRl 5 1T TR AR T A DA T R T SN T A A S M S S kR Y
T B[] L% B ) AN R A FE R A S AL B, CWT b FT 343 80, XT3 J 7l B e 4L
SO LN B, CWT & LR

1 (= —(t—0
Wi — 2| fo [—)dt (D
a fjx ¢

a

W R /NP AR B 25 5 BN 2R B £ 0 o3 33 DR D A5 5 R RICRIL /D O R B B Sl 4R AR ek By
SEALHE sa R o 53590 0 /NI pR B RUBE TR RSP 8l 10 A SO, 26 #5652 Morlet /N T T X5 5 ) I
oy Mt A e RO ik 200

1 o
(1) = ——e!"™ e (2)
¢ A/ 37

DT 3 H AR 5 AT A5 BN R 8, (R IV 5 5 18 I AR A 23 A A 8T 5 T



390 Lo g 2 (2025 4F) 55 40 %

106 “10°6 L 10°6
610 e 1.0 6x10 i 1.0 6x10 N 1.0
\ A ' B R o
5 L 5 L 5 Ry
- ' 251 o8 o 251 o8 = R 25108
[ [ [
4 P 4 Lo 4 P
£ A 06 £ P 0.6 £ P 06 £
£ I g I 2 [ £
= 1 = [ = 1 1 0.4 =
1 1 2 1 1
] \
1 \ 0.2
\
0 -0.0 0 —0.0 0 - L= -0.0 0 —0.0
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
5% /kHz 1% /kHz 1% /[kHz 3% /kHz
106 106 «10°6
610 “ 1.0 1.0 610 " 1.0 610 " 1.0
‘I —! " T — q ‘I \ — D1
5 , v ——1EST o8 0.8 5 ;v — 1881 o3 5 ¢ v —MEST o
I\ [ 1\
4 ' 4 \ 4 P
£ 1 0.6 0.6 g ' 06 £ A 0.6
&3 \ =3 \ =3 | \
& ! 0.4 04 = ! 04 = ! ' 0.4
2 1 2 1 2 I 1
\ \ \
1 \ 0.2 0.2 1 \ 0.2 1 \ 0.2
0 0.0 0 0.0 0 0.0 0 A= 0.0
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
4% /kHz $1% /kHz $i% /kHz 1% /kHz

B4 {55 T80 R 1 iS5 m FET 4
Fig. 4 FFT results of wave signals in beam I excited by signal T

RS L TR AR S 210 kHz~220 kHz ¥975 B S 08, 1 FL R AR (S 5 B b T AR (5 55 40053 [l
AR LR A S 2 B BRI ME S A P e S R S S I A S L R AR A A S L AN B A
W S U 4R SV S U0 S il L B T RS i AL D1 R S5 SRAR X B A4k A1 B1.C1 5 7E 210 kHz~220 kHz
A A R R AR X S (S R 4 P AR R IE AR X . #E FET A CWT 45 I (5 5 78 210 kHz~
220 kHzA B 3447 4 i B WA, T S 36 v 2 A5 2t BRAR DL A B2 W8 L S B AE 1L 2 1 X AT R e s S v i
BRE AT T LMK

400

350

300

250

1% /kHz
1914 /kHz
1% /kHz

200

150

100
0

i [a)/s ’ 10-4

% /kHz

5% /kHz

1 2 3
i 8] /s <10 i} 6] /s %1074 i 8)/s %107

B5 {55 T#mmm T oS CWT 25
Fig.5 CWT results of wave signals in beam [ excited by signal |
1.2 mPEREPHRFEEEBOIRNR
FEART 3l ) ST A R I G T A AR R AT O SE R e BN 6 R . RRill A 4
TR PR ) 5 P e N B AR N 5.4 mm JEFE Y 1 mm B HL ARG I TS5 A R TR A S
W iE 5 AR5 &4 4% (RIGOL, DG1022) =4 , i 11 Ty % ik K% (Britel & Kjeer, Type KH7602) jit



54 ) W B A5 < a5 U 45 ) Jay v i sl AR 1 2 A B TE AR S TN 7 R B 5 391

R A% i 25 He v ORh 5 0, 908 49 48 =006 2 35 5 3R {X (SLDV, Polytec, PSV 500) M HEF 7E )%
T AR LR B 45 AN IR SRR S
B ROy 150 kHz. 3 J
DT 8 UR A W SR AR S T R
STE B P A F 50 kHz~ 250 kHz, 4
T ARE T 45 AN A S,
FET #4750 81 » 54N A5 5 09 45080 53 A 45 1
R A A S e 7 s, MWE 7
AT LLE L PSS AE 173 kHz T 95
WA T 2000 238 0 AN J2 S A% 5 1 oo B
(150 kHz) Jili 45 iX U I R 78 173 kHz 1

WA AL A PR 5 o S
J‘ﬁ*%qj‘b}fﬁﬁﬂ‘j 250 kHz E@ﬁ@{%%’/ﬂ\:’%ﬁ Fig. 6 Experimental setup

Bfh 100 kHz ~ 400 kHz, W &5 9% (5 5 1

FET 255 K A5 AR i SR an 1 8 Jir o s s KIE(E AL T 173 kHz &b, &l 8 ¥ 173 kHz MU I /)
THE7 iy, xR R TG 51 173 kHz B R /NIT B0, B 5 2 S5 50 v a5 B et 45 4 vh i % 15 5
WA TE R — B (173 kHz) o 3 5 B0UE BP0 25 50 2 — 800y . FRATTHE DU 3 F B0 42 V5 T 2 B e i 1 Ry
0 S I X R T ™ A R 5 1 SRl A B UE S AR AR I K A 2. 1 1 R SR e i R sl R R AT Y

6 100 40
5 80 30
g £ £ &
=N = 60 P g
3 S & £20
) 40
10
1 20
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
% /kHz $i % /kHz $1% /kHz 3% /kHz
(@FFTZ (D)FFTE 11 By i (@FFTAIR (DFFTERE B A
BT B 150 kHz (800 5 5 1 52 B 2% P8 LD BiR 250 kHz M 5 5 (9 55 0 2
()FFT 4558, (b)FFT 45514 4 (a)FFT 455 ; (b FFT 4551 8 A

Fig. 7 Experimental results by the excitation signal Fig. 8 Experimental results by the excitation signal

with central frequency of 150 kHz: with central frequency of 250 kHz:

(a)all FFT results; (b)sum of all FFT results (a)all FFT results; (b)sum of all FFT results

2 RBEFRE K R & R R

2.1 APBEREMBIIRS

ST R B S B R B R Ll ABAQUS SRR A T B 1T T % 1 4E 200 kHz~250 kHz(#)
BRI, 25 R BN, — RIVEE A RS IR B AE T 7E 214 kHz~220 kHz, 9z g5 3035 Jy 41 4 e i A
IRRIRLE R A A A A, R 1 MORIR SR SN 9 TR L 214 kHz b BB AT R g8 1 25 il A A L T
220 kHz &b RSy 0l ) fr R RS . O T RS SRR R 2l R A5 B SRR AT RS 43 BT L R A
200 kHz~300 kHz ¥R sh A& M4 R i IR sh LS W& 10 i . SR PR 7E 214 kHz 1 220 kHz &b
AR S (& 10 Ca) AR 10(h)) 53 T #E R 9 i i 28 — S0, 7 IR v 1) I 2 RS 387 2 i MR S AT 28 Iy
PR BN A 25 AL BSR4 P S S R ORI E — 2, LR RJE L FE 214 kHz A1 220 kHz (1)
BTN T U S AT S s B L ARAR S L (AT S 0% DA 5 i PR R R A T R AT AR e A R e R
SN T AR B 2 45 R AR I A 5 AR TP FEMT AR L IR AR b, FRATTTE BB FE R 10 (o) et AT A



392 Lo h (2025 4F) 55 40 %

1E 263 kHz Ab 77722 i IR sh AL 25 . 17 263 kHz £ SRS 5 1 ARG E N B R8O (HIE 4 A 5
ABEAE 5 TP R BT 9 263 kHz WA, 3 2 W A P S e AT 0 14 il 1) 437 1 A6 285 T X T Al 2 90 £
5 A AT A 7 S A T DR D A AT 2R A Al o 7 R R SRR AT 2R e A AR R R L IR EL 2 2 U
T A7 A 50 A T A A 5 BT AR P B 5 7 33 4 v TSI R AR A IR AR O

(b)

9 FTMIRSKSE . (214 kHz; (b)220 kHz
Fig. 9 Vibration modes of beam [ : (a)214 kHz; (b)220 kHz

(a) () (c)

10 BMEAAREIEA : (2214 kHz; (b)220 kHz; (0)263 kHz
Fig. 10 Vibration modes of unit cell: (a)214 kHz; (b)220 kHz; (¢)263 kHz

N T 2 B I AT 2R Al i 7 1 A A X T

1.0 1000
ol — B W B TR AT 5% 3 4 5.5 R T
05 — g . -
N IR 10 E B35 55 o0 % 4 0 220 KHz,
= 00 2 275 kHz F1 300 kHz, 343l iy 44 4 8l 15 5
400
05 I AT IV, A5 5 B 43 88k 19 45 A 18 11 o
200 R PR EE R, X 3 A ES A
"% 1 2 % 100 200 300 400 500 210 kHz~220 kHz {35 3R 20 4y, (H I8 (5 Fr
B [al/s <100 % /kHz —
@ (o)t AT
HAb A ST . ABAQUS 43
BT R AR S 10 IR IV A i A3 A 3 A7 PR T RS S 00 LR IV B4R R By w
Fig. 11 Time and frequency domains ASBFIN U (= B FET M CWT 4%

of signal Il Il and IV SN 12 FOR. B 12 oA S R

220 kHz T A48 50 « i A5 5 11300 9 I 45 5 7E 220 kHz AbAT S KA R 06 45 5 T 9 15 5
16 220 kHz b WA m e, 4 B E S 1 1/3.H CWT 45 58 BoR Wk 15 54 0 m WAE Y 250 kHz~
350 kHzMY MR A 4y . X NSRS 1T A9 00K 41 50 78 250 kHz~ 350 kHz £ 5 I (F 12(b)
FFT 455 B B AR Z) s /Wi il 55 IV i g5 5 L8 /11 (o il 5 % 220 kHz i EAR /N, {1
12 TR EAE S 7E 220 kHz Ab7 B B AR R 06 L X B B2 0B T 220 kHz A9 PR sh 28 %t ik 15 5 k2
) FEH M, 250 kHz~350 kHz WG B IE TR E S IV 3R 04 . /12 45 R %W, 220 kHz
F18 B 1) o s RS X % 1 A ) T B ke B 2 AR BRSO 15 45 bz e o e AE AR /D L A RT E



54 ) W B A5 < a5 U 45 ) Jay v i sl AR 1 2 A B TE AR S TN 7 R B 5 393

AR IR AE AR AR AR = P AT B IR AT L & R S R BN . B2, SRk
AT AR A Bk ) 7 A 25 R U AR 5 AR U TP 23 A1 Y R R R

-6 -6
6><10 10 6><1O 1.0 400
\ — A1 \ —— Bl
5 \ -—f=8u 08 5 |\ -—fES1 o8 oS0
4 1 4 HE N N
£ 1 06 £ 1R 06 = T
3 1 =3 h } 5%
= ! 04 E g 04 &
2 ' 2 ! ' 200
\ I \
1 \ 0.2 1 \ 02 150
\ L \
\ \
0 00 0 0.0 100
0 100 200 300 400 500 0 100 200 300 400 500 o 1 2 3 4 5
Hi# /kHz % /kHz B 1e/s <1074
(QIERS LOESES
<108 6
6,<10 - 10 6><1O " 1.0 400
[ W) | I v B1 350
5 | ¥--fESmos 5 | ¥--fESmo0s
\ '
4 ] \ 06 4 ] 1 06 ~ 300 N
g I \ .6 £ | \ .6 T T
=3 [ \ =3 1 ' —f 250 'f
E I \ 4 E | \
. \ 0. ) \ 045, 0
\ \
1 0.2 \ 02 150
1 ' \ 1 \
0 ! Lo 00 0 Lo 00 100
0 100 200 300 400 500 0 100 200 300 400 500 o 1 2 3 4 5
% kHz Hi % /KHz o s 07
() {5 SR
106 -6
6,.10 ~ 10 6><1O ~ 1.0 400
jA— Al 12— Bl
5 -\ . {581V g 5 1L 58SV g
1o\ ’ [ ’
4 ' \ 4 ] \ N
£ o 06 £ o 0.6 T
=3 ! \ =3 ! \ 5
= ! ! 04 E ! ! 04
2 ! \ 2 1 \
] \ I \
] \ 0.2 ] \ 0.2
L \ i \
\ - \
0 0 0 0.0
0 100 200 300 400 500 0 100 200 300 400 500
i# /kHz 5% /kHz

©f5 SIVIILEH

B 12 AFEAE ST A AL R Bl S3EE S FFT M CWT 4558, (E5 11 (WES; (OfF5N
Fig. 12 FFT and CWT results of point Al and Bl excited by: (a)signal Tl ; (b)signal Il ; (¢)signal IV
2.2 REFZEHHESE SR EEN I
ARSCHE— ST T A RIS M B S B IAE S s, AR YR R 0 IR 2 R, RAEAE 3 Rl R S AR
Ao BRIV ) LA L AR S S il AR A ARSI A8 T 0 ) R R

GI /
f1 = /in 7EA ’ fz = /Quz -, f% = ku:s g (3)
P J e

Hop £ G=1,2,3) 20 B0 F B B AR LG 55 25 R0 i S S I R A AR5 E RN G 43 331 Sk 2 b sk 1 i
PERS R BY UIB s 1, R T Ry R8T A BRI R A MR s T N B s B s o WM R ER B sk, (=12,
D EFHE BB R R CRKE BSHBSERRA L, XIS R, il TR R AR E W A,
L TE T A R o (X A S ) S G A 3 B R A R LA S B R AR 1 PR IE e, o [ B0, S 2 AR
SER R AL

ARG 2.1 BOZ5I8 . PR U T 42 0% ity o) 7 e B 285 2 D 15 5 E Ml v 43 A1 1) 2 250 ) [ 3%, e 0 4
F1%) ity o) o7 PR RS S A B A 5 A e 0 67 AT T LA e R 4 e S AT S Y R A i A b R 5 e e
SO P8 Bt 1) P R A2 A0 6, AT 552 W0 T AR DB A5 5 A0 30 08 PR 62 . B R I 22 T CIRT 1) v e et 1 i e A
M 70 GPa Jil/NE] 35 GPa, $ & el Ji e e o BRI R I, MO AT AL T £, 2 EH
B, S A AR AR R TR 4 1/ 2, DULAT 24 A el 1) 7 ASE A5 000 356 17 AR 8 R A 1/4/2, B 220 kHz f& 2=
156 kHz, XF%3 11 F Apo0 A% 150 kHz (9 5.5 JRDUT % W& 09 1B 5% 15 5 (G5 VO il 94 8 A1
Bl W5 S #4T FFT M CWT, &5 50 & 13 s .

TEE 13 ), S G 45 7E 150 kHz~160 kHz, fie i WA 4 B AE 156 kHz; £ B 13(b) i L 5 5



394 Lo g 2 (2025 4F) 55 40 %

-5
10 10 10 400
—_ Al L — Bl
-—28v o8 § n - —58v g 0
4 Y < 300
06 £ 1 06 =
=3 ' s 250
= 1 =
04 E, . 04,
1
0.2 1 ] 1 0.2 150
[ f i
o= 00 0=t 0.0
0 100 200 300 400 500 0 100 200 300 400 500 0 1 2 3 4 5
5% /kHz 5% /kHz I+ 1) /s <10
(a)FFT45

(b)CWTHE
B3 B IAES S Vil P fi o (OFFT 4524 (hHCWT 454
Fig. 13 FFT and CWT results of beam [l excited by signal V at points: (a)FFT results; (b)CWT results

TEIR B4 AE 150 kHz~160 kHz, X AF G R G (3) Fr 5 i i B AR 5 R S 8z iy 5 & . W
AN ST RPN RS RNl SR R RN E VAR SR TE 5 A U8

3 BT HRERNSMEREEHREHHRGIRANTTE

W H 25 R A AT 23 T BRI B 1) S 0 E A B e TS 2 ) v S SRS I T U0 2 e e A S AT A i g
R R Bl )RR A A0 238 15 | T MR A DA R I Y R A T K — R BT LAGE 4 BT S D15 S R R A3 1
A A ST . Ry B8 TR 5 TR O i B T AT R SRR I B T il gL A FI B Z (R 2 A BRI
R 05 B, 005 B KT AR A B Ry 35 GPa. i U 2 AN A5 B M AR R g R

FATXHAE S 11O T s B e s 22 I v o) 3 A% 36 E AT BE B0 SR AE s A1.B1.C1.D1 P15 5 1
FFT M CWT 258 & 14 frR. SERESME 1 MR (E 11 )M, B 14 () ik fE S B3 1E
156 kHz4b H 305 Bl 13 Ca) AH [R5 14 45 A0 G0, 1 0 o Fhy 1 D0 26 O 2 /D 19 46 47 B i o 4% 49 i 7= 2
(R o & U014 T A Ao AR U 1 s B TR, I LA A5 ) AR R T R R X (3D iE AT R AR 8 0 Ao T
I A5 R ) I TR AT A 3T (S B1 Ak 156 kHz W6 AR A% 9 B W1 0 R JHC il o, 330 W 483 40 BR OC T 9 30
B, p M I i 35405 etk il B T A 45 3t 308 22 i) 1 SR T O 26 e et o S S 5 A 461 405 1Y) R B S AR T 3k S 45
13 1 4 3 B0 e S T ) I 8 A3 1) O L PR 3 3 0 T TEDAS DA 5 T AR 28 i 4 A A T LA W 5 A e TS 1Y
gt FREAR B0, T I SE 401 05 | 58 266 4 4 45 S B WA L 33X A T 1 Dy e B I G

- =0 e al =B
O 485 K8 S e 1) 50 0 U B AR T —
J5g N
10 10 -6
610 - 1.0 10 - 10 X0 - 1.0
I — v — [ p—}
5 N\ - —fES1 08 \ - —fE81 08 5 I\ -—fES1 jos
4 1 ] 4 1
£ \ 0.6 1 06 = 1 0.6
=3 ' 3 3 1 =3 1
E ! 04 F | 04 E ! 0.4
2 ! 2 2 ! 2 '
\ \ \
\ 0.2 \ 0.2 \ 0.2
1L \ 1 1 \ 1 \

0 L 0 0 00 0 L 00 © L 0.0
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
1% /kHz i % /kHz 1% /kHz % /kHz

(a)FFT45

400

350

300

1% /kHz
1% /kHz

250

1% /kHz
% /kHz

200

150

B [i)/s <107 B [i)/s %1074

(b)CWTZ5

K14 FMAs A1.B1.C1.D1 94538 . (OOFFT 458 ; (bhHhCWT 4R

Fig. 14 Results of points A1.B1.C1,D1 in beam [[[ : (a)FFT results; (b)CWT results



54 ) W B A5 < a5 U 45 ) Jay v i sl AR 1 2 A B TE AR S TN 7 R B 5 395

JAE ) BT Hh B A A g T LS S S A U AN PR Al AT AR AR — SE R R . S A T AR U7
TEASOXE S B8 ) 458 3 AR, Ik T RS N TR A A A 5 GO, 45405 6 B S BE WK A R 5 e AR T bk R R
Aol i 445 ) v I A 5 B TR 03 A 1 DAy R (EL S B o T v s AR IR o, R IR S R S IR Z B 5
S AE T R e R A ) S A T DA T A R BN . A S R AR R R TR R A ) B
FHEN G347 52 2 AR 5 TR BBE 2 2 J5 kT LI dek b 390 52 3% B A o T8 45 g ) 8 A1 X 2 R R 495 4
5 M 0 4T ) L BT ) 2 —

4 #ig

A SCRFFE T e g vh A 5 5 W e R 4R 3 2 1A 6 36 L5 4k DL R 4638

1) 5 {ETASE 4D 1522 T 2 57 8 I 0 R s 4 T ARG P 050 0 £ 5 P A8 2 3 o ) o WA 3 U
F 37 B e T Sl AT 42 9 J) 4 3

2) e 5 I R S 75 0 S TR D 55 o A 36 068 (0 57 0 S TR 22 A ol b R k2 B
125 5 U R 1 i R

30 X W S R o T LR T A 155 A W 4 75 S0 W U 5 ol A 5 A 45 405 2 5 A . ELAR
10 A5 26 W (37 W 1 25 15 8 B — 2 0 W I 4540 0 (00 8 PR BE

S & k-

(1] EHEME, AEE, AR, 5. AEAUEEX Nomex 55 Je 2 2454 i i J5 25 il MR s ma i i3 pF5x [T, 9586 )
2, 2017, 32(4) :551-558 (GUAN Guoyang, LIU Zhichang, HU Guoping, et al. Experimental study of the effect
of aluminum panel thickness on flexural properties of nomex honeycomb sandwich structure subjected to low
velocity impact[J]. Journal of Experimental Mechanics, 2017, 32(4):551-558 (in Chinese))

[2] LEIM, WANG P, DUAN SY, et al. Novel conformal sandwich lattice structures: Design concept, fabrication
and mechanical properties[J]. Thin-Walled Structures, 2024, 199:111806.

[3] ZHANG]J] X, ZHOURF, WANG M S, et al. Dynamic response of double-layer rectangular sandwich plates with
metal foam cores subjected to blast loading[ J]. International Journal of Impact Engineering, 2018, 122:265-275.

[4] QINQ H, CHEN S J, LI K K, et al. Structural impact damage of metal honeycomb sandwich plates[]].
Composite Structures, 2020, 252:112719.

[5] YINHF, ZHANG W Z, ZHU L C, et al. Review on lattice structures for energy absorption properties[]].
Composite Structures, 2023, 304:116397.

[6] GUOHY, YUAN H, ZHANG J X, et al. Review of sandwich structures under impact loadings: Experimental,
numerical and theoretical analysis[J]. Thin-Walled Structures, 2024, 196:111541.

[7] DENGY F, NIU Y J, DU C Z. Research on low-velocity impact resistance of spherical honeycomb sandwich
structures[ ] ]. Thin-Walled Structures, 2024, 204:112310.

[81 PIERRE J, IERVOLINO F, FARAHANI R D, et al. Material extrusion additive manufacturing of
multifunctional sandwich panels with load-bearing and acoustic capabilities for aerospace applications[J]. Additive
Manufacturing, 2023, 61:103344,

[9] LIH, HUY B, CHEN]J L, et al. Lightweight meta-lattice sandwich panels for remarkable vibration mitigation:
Analytical prediction, numerical analysis and experimental validations[ J]. Composites Part A: Applied Science and
Manufacturing. 2022, 163:107218.

[10] LI H., HU Y B, HUANG H Y, et al. Broadband low-frequency vibration attenuation in 3D printed composite
meta-lattice sandwich structures[J]. Composites Part B: Engineering, 2021, 215:108772.

[11] FANHL, YANG L, SUN F F, et al. Compression and bending performances of carbon fiber reinforced lattice-
core sandwich composites[J]. Composites Part A: Applied Science and Manufacturing, 2013, 52:118-125.

(12] BB, BT . X, 55 BM 6 =4 St b SR RIE LR SR LT ). s hlEsE A,
2022, 65(14) :36-48, 57 (DUAN Shengyu, WANG Panding, LIU Chang. et al. Research progress on design,
optimization and performance characterization of additive manufactured 3D lattice structures[]J]. Aeronautical

Manufacturing Technology, 2022, 65(14):36-48, 57 (in Chinese))



396

Lo h (2025 4E) 56 40 &

(13]

[14]

[16]

[17]

[18]

[19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

LIB, LIU Y Q. TAN K T. A novel meta-lattice sandwich structure for dynamic load mitigation[J]. Journal of
Sandwich Structures & Materials, 2019, 21(6):1880-1905.

CHEN J S, SUN C T. Wave propagation in sandwich structures with resonators and periodic cores[]J]. Journal of
Sandwich Structures & Materials, 2013, 15(3):359-374.

RIRE, WK, MEN. . AR 2 S TER WOk Sh Oy R R R HR3h 5 e, 2023,
42(8):1-19 (ZHANG Wukun., TAN Yonghua, GAO Yushan, et al. Research progress on energy absorption
properties and vibration of periodic lightweight porous structures[ J]. Journal of Vibration and Shock, 2023, 42
(8):1-19 (in Chinese))

JIA M, DAI N, WANG T W, et al. A compact quasi-zero stiffness metamaterial for energy absorption and impact
protection[ J]. Thin-Walled Structures, 2024, 205:112360.

WANG X W, WEI K, TAO Y, et al. Thermal protection system integrating graded insulation materials and
multilayer ceramic matrix composite cellular sandwich panels[]J]. Composite Structures, 2019, 209:523-534.
BHANGALE R K, GANESAN N. Thermoelastic buckling and vibration behavior of a functionally graded
sandwich beam with constrained viscoelastic core[]J]. Journal of Sound and Vibration, 2006, 295(1/2):294-316.
ZHOU J, LI Z. Damage detection based on vibration for composite sandwich panels with truss core[ J]. Composite
Structures, 2019, 229:111376.

2, S, XUREE, AF. R T RS S 3 A A AT MU AR 09 R BB RN O i [T ). SEER i 4R, 2024, 39(6):
672-684 (L1 Chao, ZHOU Licheng. LIU Zejia, et al. A novel intelligent damage identification method utilizing
sensitive features extracted by moving principal component analysis[ J]. Journal of Experimental Mechanics, 2024,
39(6):672-684 (in Chinese))

XU W, ZHU W D, CAO M S, et al. A novel damage index for damage detection and localization of plate-type
structures using twist derivatives of laser-measured mode shapes[J]. Journal of Sound and Vibration, 2020, 481
115448.

YUE J K, HONG X B, CUI B, et al. Omni-directional wavenumber dictionary modified imaging method for
orthotropic composites damage detection using ultrasonic guided waves[]J]. Thin-Walled Structures, 2024, 205:
112419.

LIG Y, CHATTOPADHYAY A. Multi-dimensional signal processing and mode tracking approach for guided
wave based damage localization in X-COR sandwich composite[ J]. Mechanical Systems and Signal Processing,
2018, 109:134-149.

UK, WK, —FET Lamb ¥ 08 RBZ5 8105 R 9 ik [T ], 5588 J12%, 2022, 37(3):305-314 (LUO Ying,
MAO Yuxin. An intelligent structural damage identification method based on Lamb wave [ J]. Journal of
Experimental Mechanics, 2022, 37(3) :305-314 (in Chinese))

LOU J, MA L, WU L Z. Free vibration analysis of simply supported sandwich beams with lattice truss core[J].
Materials Science and Engineering: B, 2012, 177(19):1712-1716.

CHEN J N, ZHANG W, SUN M, et al. Parametric study on nonlinear vibration of composite truss core sandwich
plate with internal resonance[J]. Journal of Mechanical Science and Technology, 2016, 30(9):4133-4142.

CUI X D, ZHAO L M, WANG Z H. et al. Dynamic response of metallic lattice sandwich structures to impulsive
loading[ J]. International Journal of Impact Engineering, 2012, 43:1-5.

HOSSEINI S M H, GABBERT U. Numerical simulation of the Lamb wave propagation in honeycomb sandwich
panels: A parametric study[J]. Composite Structures, 2013, 97:189-201.

RABCZUK T, KIM ] Y, SAMANIEGO E, et al. Homogenization of sandwich structures[J]. International
Journal for Numerical Methods in Engineering, 2004, 61(7):1009-1027.

LI B, L1 Z, ZHOU ], et al. Damage localization in composite lattice truss core sandwich structures based on
vibration characteristicsJ]. Composite Structures, 2015, 126:34-51.

LU L L, SONG H W, HUANG C G. Experimental investigation of unbound nodes identification for metallic
sandwich panels with truss core[J]. Composite Structures, 2017, 163:248-256.

LU L L, SONG HW, YUAN W, et al. Baseline-free damage identification of metallic sandwich panels with truss

core based on vibration characteristics[J]. Structural Health Monitoring, 2017, 16(1) :24-38.



54 ) W B A5 < a5 U 45 ) Jay v i sl AR 1 2 A B TE AR S TN 7 R B 5 397

[33] SONG F, HUANG G L, HU G K. Online guided wave-based debonding detection in honeycomb sandwich
structures[ J]. AIAA Journal, 2012, 50(2) :284-293,

[34] SIKDAR S, BANERJEE S. Guided wave propagation in a honeycomb composite sandwich structure in presence of
a high density core[J]. Ultrasonics, 2016, 71:86-97.

(350 @A, M. JE 7w 00 2l 25 ma R i a5 M e TS 45 R B RO B g [T . I 0 % k. 2023, 40(4):873-882
(ZHAO Qian, FENG Kan. Research on damage identification of lattice sandwich structure based on high
frequency dynamic response[J]. Chinese Journal of Applied Mechanics, 2023, 40(4):873-882 (in Chinese))

[36] LIUY, LI Z, ZHANG W. Crack detection of fibre reinforced composite beams based on continuous wavelet
transform[J]. Nondestructive Testing and Evaluation, 2010, 25(1) ;25-44,

[37] MALLAT S. A wavelet tour of signal processingl M]. Amsterdam: Elsevier, 1999.

Analysis of local vibration characteristics and non-destructive
testing methods for lattice sandwich structures

YANG Meng', ZHOU Jie*, LI Zheng', FENG Kan®, CHEN Jianlin'
(1. College of Engineering, Peking University, Beijing 100871, China;

2. School of Materials Science and Engineering, Dongguan University of Technology, Dongguan 523808, Guangdong, China;

3. Faculty of Civil Engineering and Mechanics, Jiangsu University, Zhenjiang 212013, Jiangsu, China)

Abstract: Lattice sandwich structures have drawn considerable attention in engineering applications
owing to their exceptional specific strength, specific stiffness, and outstanding impact resistance.
Regarding structural dynamic performance, current research predominantly concentrates on global
vibration responses while overlooking the influence of local vibration characteristics of lattice trusses
on dynamic behavior as fundamental aspects for nondestructive evaluation techniques. This
investigation systematically examined the local vibration properties and damage detection methods for
lattice sandwich structures. Firstly, combined numerical simulations and experimental measurements
were conducted to analyze the effects of lattice trusses on guided wave propagation characteristics.
Signal processing through Fourier analysis and wavelet transform revealed distinct energy
concentrations at specific frequency peaks. Furthermore, by correlating the guided wave signals with
local resonance modes of lattice unit cells, we demonstrated that these characteristic frequency peaks
were intrinsically determined by the vibrational modal frequencies of lattice trusses, particularly their
axial compression-tension vibration modes. Based on these findings, an innovative damage
identification methodology is developed that utilizes the frequency peak shifts in wave signals for
structural integrity assessment. The proposed approach is numerically validated, with results
confirming its effectiveness in both damage detection and localization for lattice truss structures.

Keywords: lattice core sandwich structure; local vibration; wave motion; damage identification



