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ABSTRACT

This study presents a baseline-free framework for damage identification in free-free aluminum beams under
multi-point transient impact €xcitation. Theibeam responses were measured using accelerometers, and modal
parameters were extracted through<an integrated experimental, analytical, and numerical approach.
Experimental modal testing was conducted with six and nine excitation points, showing that a higher number of
excitation locations improves the accuracy-of identified mode shapes and natural frequencies. The analytical model
was developed using Euler—Bernoulli beam theory, while a finite element model was built in Abaqus and verified
against the analytical and experimental results. Several damage scenarios involving transverse cracks with
different depths and locations were simulated to evaluate the sensitivity of the proposed method. The key
contribution of this study is an improved Modal Assurance Criterion (CT-MAC) that combines mode shape
curvature with contourlet transform to obtain noise-robust features, which are then classified by a one-
dimensional convolutional neural network (1D-CNN). The proposed approach achieves 94% accuracy in detecting

crack location and severity, with strong robustness against measurement noise.
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|Introduction approaches depend on baseline data from a healthy

. . structure, which is oftenwunavailable in‘real applications
Beams have long been used in dynamic damage

analysis because of their simplicity and relevance in
structural engineering [1,2]. Free-free beams are
especially suitable for modal testing since they vibrate
without boundary constraints, making them useful for
identifying changes in natural frequencies and mode
shapes caused by damage such as cracks [3]. Crack
formation reduces stiffness and alters dynamic
characteristics, which makes vibration-based damage
detection a practical method for structural health
monitoring[4—6].However,many conventional
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such as aerospace systems. Inaddition, frequency-based
methods alone are often sensitive to noise and may not
provide accurate information abeut damage’location. For
this reason, more advanced approaches based on modal
curvature, signal processing, and machine/learning have
been proposed [7,8].Recent studies have shown that
contourlet transforms can improve damage-sensitive
feature extraction because they preserve directional
information better than wavelet transforms and reduce
noise effects more effectively [9]. Similarly, curvature-




based modal features have demonstrated strong
sensitivity to local damage. These findings motivate the
present study, which develops a baseline-free framework
combining experimental modal testing, finite element
simulation, analytical modeling, and enhanced feature
extraction.The novelty of this work lies in integrating
multi-point ‘impact excitation, improved MAC analysis,
contourlet-based curvature features, and a 1D-CNN
classifier for accurate damage identification in free-free
aluminum beams '[8,9,10]. The proposed method is
intended to overcome the limitations of baseline-
dependent, and« noise-sensitive techniques while
remaining suitable for practical SHM applications where
healthy reference data is.not available.

| Methodology

The research employs a tripartite validation approach:

Analytical: Euler—Bernoulli beamstheory is used to
define baseline dynamic properties:

Numerical: A finite element models (FEM) is
constructed in Abaqus using C3D8R elements, verified
against analytical results with <3% error.

Experimental: Impact hammer testing is performed
with 6 and 9 excitation points. The beam is suspended
using elastic cords to simulate free-free boundary
conditions.
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Figure 1. Experimental modal testing setup for the free—free Y JsCi
aluminum beam: (a) overall view of the suspended beam using elastic cords
to simulate free—free boundary conditions, (b) location of the calibrated
impact hammer and the single axis accelerometer mounted with wax at the
reference point, and (c) connection to the amplifier and data acquisition

system

|Discussion and Results

The analytical results obtained in MATLAB show
natural frequencies ranging from 89.74 Hz for the first
bending mode to 1672.52 Hz for the sixth mode. The
Abaqus results are very close to the analytical values,
with an error of less than 3%, confirming the validity of
the numerical model.Experimental results show that
using 6 excitation points leads to larger deviations,
especially in higher modes, while using 9 excitation
points improves agreement with the analytical and

numerical data. This confirms that denser spatial
excitation provides better reconstruction of modal shapes
and more accurate curvature estimation.Damage
simulations indicate that transverse cracks reduce the
natural frequencies, with reductions reaching up to 50%
for deep cracks. Higher modes are more sensitive to
damage than lower modes. However, frequency changes
alone mainly capture global stiffness loss and are not
sufficient for precise crack localization.By contrast,
modal curvature provides strong local sensitivity and
reveals peak changes near the crack position. When
combined with contourlet transform, the extracted
features become more robust against noise. The proposed
CT-MAC framework, together with the 1D-CNN
classifier, achieves 94% accuracy in identifying both
crack location and severity.The reported performance
metrics show the superiority of the proposed method:

RMSE of crack location: 6.4 mm

RMSE of crack severity: 3.7%

AUC: 0.98

These results outperform frequency-based methods
and standard MAC-based approaches. The method is also
more robust than wavelet-curvature and CNN-based
alternatives, demonstrating that contourlet-based feature
extraction is more effective for this problem.

Table 1. Comparison of the Obtained Results

STAR STAR

Mode = Mode Analytical =~ Software = Software

(‘Shape = Type Abaqus Solution 6 °
) Points) Points)

1" Bending = 87.872 89.79 94.79 78.53
.2 / 'Bending 24258 24633 | 18531 = 205.65
3 Bendilg 47676 48518 46117 = 40168
4 _Bendig 78307 80211 63504 64300

5¢° Bending 118510 119824 — —

6  Bending{ 166090  1673.48 — —

IConclusions

This research.introduces acomprehensive framework
for dynamic sensitivity| analysis and damage
identification in free—free aluminum beams, integrating
analytical, numerical, and experimental:methods with an
enhanced modal assurance criterion (CT-MAC). Key
conclusions affirm the tripartite validation: analytical
Euler—Bernoulli models and Abaqus simulations align
with <3%frequency error, while experiments 'with 9
excitation points minimize discrepancies in higher modes
compared to 6 points, underscoring the need for‘dense
sampling in modal extraction. The enhanced<CT-MAC,
combining contourlet-transformed curvatures with 1D
CNN, achieves 94% accuracy, RMSE of7"6.4 mm
(location) and 3.7% (depth), and AUC=0.98,
outperforming traditional frequency-based (77% location
improvement), standard MAC (68% depth), and wavelet



methods. Baseline-free operation eliminates healthy data
needs, enhancing applicability in aerospace.
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Figure 2. Percentage reduction inithe natural v Js.
frequencies of thesix bending modes.in the presence of
a transverse crack with various depths (5% to 50%b).

Noise robustness up to 5% and low false positives
(6%) validate practical utility. Statistical confidence
intervals mm for location indicate superior stability.

Table 2. Statistical Evaluation_of the Performance of
Different Methods

RMSE of Mean RMSE of
Method Crac_k Absolute Star)da}rd Crac_k
Location Error Deviation Severity
(mm) ()

FC 28.3 22.7 9.4 14.6
MAC+MLP 19.7 15.3 6.1 9.2
WC+CNN 12.4 9.6 43 6.2 ‘
IMAC+CT 6.4 48 2.1 31 /

Compared to studies on cantilever or fixed beams,
this free—free focus addresses unique challenges like
rigid mode exclusion. Innovations include directional
feature extraction via contourlets over wavelets and CNN
integration for nonlinear patterns. Future extensions
could include multi-damage or real-time monitoring.
Overall, this framework advances SHM by providing
precise, robust damage detection, reducing errors by 68-
77% versus baselines, and enabling early intervention in
critical structures.

Table 2. Performance Comparison of Different
Damage-Detection Methods

Damage Detection Baseline Noise Crack Crack

Method Data Robustn | Locatio = Severity
Required ess n RMSE RMSE

(mm) (%)

Natural Frequency Yes Low 28.3 14.6

Change

Modal Curvature Yes Moderat 17.9 9.8

e
Wavelet Curvature Yes Moderate 12.4 6.2
to High
Improved MAC No High 6.4 3.1

with Proposed
Contourlet
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Figure 1. Experimental modal testing setup for the free—free aluminum.beam:.(a) overall view of the |
suspended beam using elastic cords to simulate free—free boundary'conditions, (b) location of the

calibrated impact hammer and the single axis accelerometer mounted with wax at thesreference point,
.and (c) connection to the amplifier and data acquisition system

95Ul 515810 5 30 ol b 15T Jsgd (oogminsgll 5ol (g0 Jute gjlwooly —F

S oy o s 5 sl 53 (snesls (55l 5 3 g crseiant] 8 Sl i oo s by
g 00,8 smLi:..ilAﬂ ages b gl 13 dwaie .0l syl ugSLI S38le 5 50 380 dgaze sl Jow S golpainn |
Sy balyd ol Jlosl diged (Bly Slasein (ool o JB2 5 Gl o rd « Sk Jsoe Jold pgeiogl] oolsl Sl s>
Sl 0gd S el loge Julow 1o Cdo slasge 590 5 B s S (silwooly (goue & ygots ol clo < > SIS ol 1ol
el s 30,5 ol gimsis (gloslall 51 ooliisl b omslie (goits sice «_Julons 5 oilas| (slasge zl itaal s 31 Liale
o9 e L olite slooga S 5 (g (slalS 3 b plot Ty e ol il

' C3D8R
2 Eigen Frequency Extraction



Sglite (slatemdse § (e Culud woyo 0 10) chlise glagas b (oo slos 5 ol ol (6525l VY- (i onl o
N (s P (rdge S 45 235 el laigSa bS5 giledae wd il Seiletn O g0 15 Jsb 5
5 ek G ulS B 5 oad plil Jloge Jlow ool il jo ln 0pd pSate ojle Jloge galy ;0 (S yody o]
WL o Jloge Glirebl Jlns 0ozl (2Ll g (higel (ol (lie cosls aegors (nl s S gl Pl Bl lasgs JSs
23 oo eSS 1y & ysuls has (e

9,399 Il Jos Coro U ol aslie (025 Jloge alejl slaosls 5 (Jelow Jo b lal @l 5 soue Jelow gl
Sy B ol 50 iy 5 sl slagy L & by je gl Jow (s liel 5l ey 00,5 (25l 550 Ll (3lwosly <o
285 8 osliiul 3gpe (it (srdge sS4 S Jloge sl 094 5 Lage S8 oanle Sl il 2 Conlas (o) 2
5 s3> ) o it Bledbl Jloge slil Lol cwl dg0me ladge 51 5 crmes LuilS 3 iy az 5145 ol s o el o)
S oo Byl djeilsTh 4Bl vaugs Jloge liedsl Lo (golpiian by, Caddae ;o (guldS iE aS aes e &l S 5 ol

4

ODB: Job-1.0db  Abaqus/Standard 2024 Tl May 27 22:59:44flBn Standar
Step: Step-1
z x Mode 1: Value = -3.73197€-05 Freq = 0.0000  (cfélee/time)

09T 515805 50 sogmongll 1d (G o 9 i w;ﬂi

Figure 2. Geometric definition and meshing.of the aluminum beam in Abaqus software.l
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.Table 1. Natural frequencies obtained from MATLAB programming
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Figure 3. First to sixth bending mode shapes of the intact beam, extracted from the analytical solution in MATLAB and
normalized with respect to the maximum displacement
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Figure 4. Circle-fitting diagram based on the'output data from STAR software.l
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.10-2 Frequency Response Function (Measured Peaks)
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Figure 5. Variations of receptance within the frequency range of 0 to 1600.|
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Table 2. Dynamic parameters obtained from the-experimental six-point test in STAR software.
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Table 3. Dynamic parameters obtained from the experimental nine-point test in STAR software.

(3 )2l o w20 (o1l yo (5 )l 3 g0 0,lod
V- Y-y YFIAY h
VY i DY/FA

VY VY FOA YAIDY )
V-4 VA YYY/EY
T 5 Y- 050 Y

! baseline-free



VY - 1OY
V/-YF </
Ve AR
ATERIA <I\Y

Y& Iva

£ V/PA v
DO ITY
FEY/- 0 i

s CI Few,\ e )1 plﬁ 3y ng315 gt

030 LS il LU Sy 525 bl 1 1 dals g 36 S5 5l

Table 4. Phase and amplitude deviations based on excitation at different points.
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Figure 6. Frequency response function (FRF) diagram based on the excitation points extracted from |
STAR software.
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Figure 9. Phase variation diagram as a function of frequency in STAR software for the six excit
points extracted from the software.
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Figure 10. Frequency response function (FRF) of the beam excited in STAR software for the six |
excitation points extracted from the software.
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Figure 11. Nyquist diagram for different excitation points extracted from STAR software]
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The first through sixth bending mode shapes of the intact beam, extracted from the modal .Figure 12
testing, are/presented.in.
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Figure 13. First to ninth bending mode shapes of the intact beam extracted from the modal testing.|
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Figure 14. Primary bending mode shapes extracted from the modal testing under nine excitation points.|

ST 51380 0 35 30 aliows Jo 31 Jool> ol —F-0

u,....:lSJB o Sl 0 r:l;u‘ 0539 wlS)s 6L“°}l€ 5o d,u}flj )|)5| ey as J‘b},c u**-’Lﬁ)i )| W) C‘ JC | G’L"’ 4 dx>gl L
oylod 50 53 o (555 o5l LulS 3 VL oS Sl Bl o DsIB 2,5 4 (sl 6L 5] 36w ol b
ool o el sl 10 S5 9 55 oad (5ot sas (slasge S5 5 Cenl 35,0155+ 18 Jokeo 7

s 13800 5 5 5 ol ol sl ol Y
Table 5. Parameters obtained from the beam analysisin ABAQUS software.

s (5 8 srar S 5 so IS5

o ~ VS o

e : B A

bl 5 y Y

i v \ ¥

i \IY Y
S Vo s

et VAIAVY b 4V 4
i YEY/0A '

o YVEIVE "

JEOR UV e YAY[-Y 0 -
i v/ " o
. A< IAD Wy
et VYAD/ W
roes V5518 ¥

ew‘ oals UL.M.: ‘)).u 6L®w15)5 GALQ.’ l.&bé}.o Ji..u U')‘ as g_v‘ LY) =L>9; l) ‘..mosa uLmJ ‘) QSMJ}M Lgl.@és.n Jiw VO J&m
g o3 ity oSt 5 009 58S g3 oo S 3 T30l



9T Jolos 5 ol il ol 5 e U Jgl (e slogn 5]

Figure 15. First to sixth bending mode shapes of thedntact beam extracted from the ABAQUS analysis.l

ol o0 (g5lwannds —O-0

Sty 5 58 Cnlnd 00,5 00 B0 Gos b (0050 I 5) amslisyl 1T+ il (acieits gz la 0 Shes 25 sl
e GRS b 285 ol el sgame ool i, b F5 T A (5t oS3l 5 (o s 5 i
Llasl gels 6,8 JL50IL o5 cue gamaw o Gl oolaiisl 5,50 sl yladl 05 (uSaie Siw jddy (cded St
Jelo g 0 Jlasl od g g0 Sl3T-0lil (6550 Ll o iogy S5 o e e ) (oo g e ese 0 Sl ol ;5 e
YO 50 Gos b slos 5 sl silwand @mls jl plaaised 7 Joaz .23, e loage @S0 5 o uils 8 gl 5inl (6l o5ug 5l
i 2alS B ool plosl usSLT 50 YAl drwss sgame yledl o5, b S 5 (o5kudde a8 o plis 1) il sla S ;o ao )0
odls ools Hlis pladiged ( Solw glp bl ] Oglae alizes slo e gl Guil )3 Ol @98 iloand 385 xdge
a ] oyl sl (10 B) jiiery LsalS S 10+ Gar sl Lol ol ibate S slal 5 glin(l) 5l ieS) oS Dl
el ool g5l Joe o
o, VYWl S el Wil )8 s saias ylis gl a5 sas e plis 1) cal ool jlaws esSL] Judsig s £ Jsos
SalS ol ol bl § il )3 ial38l b ol cpl osims yLis a5 abl oo pI0 de 4 bogrpe uilS 3 ralS cpptios il oo
S Gasls bl Gaeseis sl s by (g0 JS5 i 9 (5,3 20l5) Jloge Slied Gl eedliss G ity
Jelow g &l goue ¢ dudow o oy sles S, 5l edlcasoas bl (o cpl o el & jeilS L a8l sgeen JIosal loe sl
53l 55515 i 5 (o Sligebl e sy S0 s sl lS ) Jlsgn sl iy sl L) 3505 8 o
Ll sl pis @l

1 C3D8R
2 XFEM



9T 31 o il 045 ol 5o a3 5 ol ]
Table 6. Results of the analysis of six bending modes of the damaged beam extracted from ABAQUS.
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Figure 16. First to sixth bending mode shapes of the damagedbeam (mid-span crack with 50% depth) |
extracted from the ABAQUS analysis.
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Table 7. Modal assurance criterion (MAC) values between the experimental results (nine excitation points), numerical
results, and analytical results for the six bending modes.
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Figure 17. Modal assurance criterion (MAC) values between the experimental results (nine excitation |
points), numerical results, and analytical results for the six bending modes.
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Table 8. Comparison of the accuracy in.detecting the location and severity of a transverse crack using the proposed improved
Modal Assurance Criterion (MAC) based on the/Contourlet Transform and conventional methods, evaluated over 120
simulated damage scenarios in ABAQUS and:wvalidated using nine-point experimental data with up to 5% Gaussian noise.

The root-mean-square error (RMSE) is reported in millimeters for crack location and in percentage of stiffness reduction for
crack depth. (Source: Authors’ MATLAB computations).
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Figure 18. Confusion matrix for classifying damage severity (five crack-depth classes) using the |
improved Modal Assurance Criterion (MAC)based on the Contourlet Transform, showing an overall
accuracy of 94%.
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Figure 19. Receiver Operating Characteristic (ROC) curve for binary classification of damage presence |
using'the improved Modal Assurance Criterion (MAC) based on the Contourlet Transform (AUC =
0.98) under 5% Gaussian noise.
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Figure 20. Comparison of the accuracy of the proposed improved Modal.Assurance Criterion (MAC) |
based on the Contourlet Transform with conventional methods, using the root-mean-square error
(RMSE) of crack location and crack.depth.
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Figure 21. Percentage reduction in the natural frequencies of the six bending modes in the presence of a |
transverse crack with various depths (5% to 50%b).

Ui o )3 grnbs lS 3 alS sy (g95es et hayd S P Gee B8l jeote G oo cdwline VY S j0 aS jshailes

B2 o i |y el 4 Joge Comlus

T oo g gl g (ol a4

2 Bl ST pgs (cageiegl] 15 50 ol pais 5 (Saslns Julos @l sz gl oozl SO (iagh ool 5o
Slalllae 51 55k DI 30 0t Gedle 650k 5 225 Jloge StaleslligSos (o (g, a5l plojes ©)50a 45
9 c\.:.w?.: ‘C)La‘ l) w‘ AW u.:y.: d,dz}u LJ"“ )é ‘JJ)L) ;).‘o.: J‘bj,c LsLb)L\.:.a L: ‘51.“.'0 le.bua.uL{).B d..w)Ln.c > =L9}~¢ 45 wm..u
9 Bybo p pgu o sla by, (cwlal SlBLGSgamakS s> g0, sla )l dilaiadign oS 5
Sl 8 gu b dilf s eweos —1-1

2 278 Jloge Gialojl glwesls  LusSLT 53le 5 50 (go0e (g5lwannds o sy bl 4k e Ll o 5 Lol ol
e croge solod o g00e 5 Ll U iy ommabs (gl yuilS 5 BT ol Lt |y ssllas gl lssead bl 5315
ansgs gy Slazel B glagly (ol oyl o] ol St 3 CliS g go0e (g3l e Como ,SilraS wile Bl wsfo¥ 5l S
L] OJ)S p.ﬂs‘)ﬁ w]— W ws)

z=ls 9,18 oge IS0zl meiwl Cds )0 (GloaisS s il (5 S oslail § S o bl slaws aST ol eols (Lis ¢ o B i 48
olaes ol b as Jb> 1o caing (goue g dow ol & o sz BB sl lhls 5L sleoge ;o G50 aladi® L ol
S e 9 o5 Dogot @il pl Wl Suop gz iy polie 4 gwgee Hsbay Loge S 0 5 Lo S 3 v ATay b
LS o dites | Sl5T0l3T o 5 o ge cund o @l slo il



Oy Glalllao 4 Cond (5L gy Og 9 S-Sl Y4

Jles! o5 Dol gy cnl 5o S oo oty Jloge Gl jline b (ool (iS58 Dl ysd 4y s a5 Sllllae SN
SleMbl ( o rdge Dl pss 4 GYL Coles o 4y Jloge bzl pls 090 JSo sloay Jloge slizdil o 55 as Tl oals
el (2050 § Sz sS Glacm] (asds sl armlie Gl 5 am0 o0 W) S5 00 5l g8

w2l 2 1) ez 5 (eubidoniz sla Sy gl (Bl d)guils o jleslinul &d)o8lS has b Sy hosd G55l
)10 gl 50 S pglie 5 380 0 Shee Cgig 4y o oI 3 5 LIU sla Stsnl plulid jo a5 oS
Al Sgue JI1ogo (yLab! jlame iy p2i —Y'-1

o a2y 4 allg (SO 500 5 oS (o0 oS 5 loge szl w5l cal o L1 Jloge loabol jlone golening e
c el 9290 @l By, el 4 Cod GolS Slacaje 5l (S (Ss cnl ol plle ojle (slaosls 4y (55l oS Ls (ol b s

Glp o S hslls a0l K Sl ool glasnail jleoliiul gl oSy (gglS A b Jlage sla g plesl
3yl Jlage sealadl Jas e sla oSl zlsuinl o oYL ollss a7 ol eolainl S 5 Cad § Jowe Glojed syt
ol b9y 557 5 Ll g 0,8 des b5, -F-4

e el S 2 alai A L 5 sloedlaiprizen 5 (usSLl o oadigilutnd col lag b 9, 2 soletiny ooz )lz
ol las s

E0 il alS e Lo $1F 4 S 55 lilSe sl ey po (eSilos 4

ol 0all Sgate wuo STV 4 S5 Dul o i sla>

el Cawdds [AA ply Yo 15 o Slae dasiin otie Sovie ) Corlaw g 0000 Bl o] Gud ganai b S C8s

SB35 20, 0VY B lilse e8s dizilidgng oS 5 L Jloge Gligebol jlono ¢ puilS 3 1ot 0 (e pom o sl 40 S
ROV IPLE RSV WIS S R WO

ol egoge cnl & oo las 095 51 oYL (5)lmb 55 wo 80 b g pSejluil g jea j0 (2> (s3leidan by, ol » ogdle
o i Sl (slojler Cuadl il (Joe sloo )5 sl

W g S A )

30 99250 slacalil g loiglas oaimo)lis a5 aeo oo &1l Al > (B9, b 81, 090 gy sl il )3 anlin YV IS
iyl a Wlgi oo (275 Galoj] Laalpd S5ue (el 5 soue slaby, LS ,0 aSfams calis Gheehy (al aled 5o el s
S Cogis |y Jloge cond 1 ols slassls i jlicl g 05l jonie (5,538 s

ool a5 Jl> o el 5 SGo3 goue g Judow polie 4 Sy alais A L Ll 1580s 35 51 29,5 als A Jgu 44z b
Slosge JSB Gululyy Lo ilS B (025 @l )0 a8 Coul S5 4 0¥ Lams oo (LS s inisllas YL slavge ;o slalais 7
) oz Goge 4s bgs e (slo S 18 e b ol o ol cpl (gous polie oo 5 wlul 5 1o & cilouss (o e oaiiz] Sl
25 dgliie o305 JLlod mli b (st yo 4

5 3T (soae 5 ol ol b YL (slosge (sl mlS 3 45 ols i S alai £ b oy il 51 Yol s
Sgedt ggmeme JSb 4y mls Glgrem (2l (ali8l a4 4y (g yeSojlail o Sy bl slass a5 Gloj (b (nl La)ls 4z
sl iole;] jo Jloge zlysenl cds 4 ol )] Slo gaog0 ol sy JBlas 4 p50 3 Jgl (slodge 8005 sl § il
Sl byl oo 5 SOy blas slaws 4 uuads | (Sawly Fhos

ool Cawdy go b dung lio J,.\ql
Table 9. Comparison of the Obtained Results
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Table 10. Statistical Evaluation of the Performance of Different Methods
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Table 11. Performance Comparison.of-Different Damage-Detection Methods
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ABSTRACT

This study introduces’a novel framework for damage identification in aluminum beams with free—free
boundary conditions, operating.without the need for baseline healthy data. The beam was subjected to multi-point
impact excitation, and its vibrational responseswere recorded using accelerometers. To ensure accurate extraction
of modal parameters, an integrated.approach combining experimental, analytical, and numerical methods was
employed. In the experimental phase,iimpactshammer modal testing was conducted with six and nine excitation
points, demonstrating that increasing the number of excitation locations enhances the accuracy of the identified
mode shapes and natural frequencies. The analytical model was developed based on Euler—Bernoulli beam theory,
while the numerical model was constructed in" Abaqus and.validated against the experimental results. Damage
scenarios involving transverse cracks of varying depths and positions were simulated to assess the sensitivity of
the proposed method. The main contribution of this research is;the development of an improved Modal Assurance
Criterion that leverages mode shape curvature and the contourlet transform to extract noise-robust features,
which are subsequently fed into a one-dimensional convolutional neural network. The proposed approach achieves
949% accuracy in detecting both the location and severity of cracks, outperforming conventional frequency-based
and MAC-based techniques. Moreover, it exhibits strong robustness tosmeasurement noise and demonstrates

potential for extension to aerospace and large-scale structural applications,
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