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Abstract

Vibration-based condition monitoring of beam-like metallic components requires vibration
modes that are both sensitive to damage and consistent across different damage locations
and severities. This study evaluates the damage sensitivity of the first eight bending-mode
frequencies measured from 19 aluminum-alloy 6063 cantilever beams instrumented with
magnetoelastic vibration sensors. The examined configurations comprised one undamaged
reference beam and 18 damaged beams combining 6 six crack-like defect locations with
three defect depths. Normalized absolute frequency shifts were used to determine the
mean sensitivity of each mode, its response to increasing defect depth, and the consistency
of this response across the examined locations. The combined modal response increased
progressively with defect depth, although the magnitude of the change depended on the
selected mode and defect location. Mode f; exhibited the highest mean sensitivity (1.234%),
comparable to f5 and f4, and a monotonic-consistency ratio of C; = 1, indicating an increasing
response with defect depth at all six locations. Modes f, and f, also demonstrated complete
monotonic consistency but lower overall sensitivity, whereas f5; showed comparatively
high sensitivity with greater dependence on defect location. Mode fg presented the lowest
sensitivity and consistency. The results show that high sensitivity does not guarantee
consistent depth-dependent behavior (f5), so both criteria are needed to prioritize modes.
Prioritizing modes that combine high sensitivity with consistent depth-dependent behavior
may simplify the processing of modal information in laboratory studies of beam-like metallic
components. Because the specimens were idealized beams with a single machined defect,
validation on independent specimens, realistic damage, and operational and environmental
conditions is required before diagnostic thresholds or practical monitoring applications can
be considered.

Keywords: condition monitoring; modal analysis; magnetoelastic sensors; modal sensitivity;
aluminum beams; structural health monitoring

1. Introduction

The safe and reliable operation of engineering structures and components is essential to
the performance and sustainability of modern industrial systems. Throughout their service
life, structural components are exposed to mechanical loading, environmental influences,
material degradation, and other factors that may progressively compromise their integrity
and functional performance [1]. If such deterioration is not identified at an early stage, it
may result in increased maintenance requirements, unexpected downtime, reduced service
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life, and, in severe cases, structural failure. For this reason, the effective assessment of struc-
tural condition has become an important element of maintenance and asset-management
strategies across a wide range of industrial applications [2]. Consequently, the develop-
ment of monitoring approaches capable of identifying changes in structural condition in a
reliable, practical, and timely manner is of considerable importance for supporting safer
operation, more efficient maintenance planning, and improved utilization of engineering
assets [3]. Within this broader context, structural health monitoring (SHM) has emerged
as a systematic framework for assessing structural condition through the acquisition, pro-
cessing, and interpretation of measured response data over time [4-7]. By complementing
conventional inspection and non-destructive 38 evaluation procedures, SHM can enable
more frequent or continuous observation of structural behavior and provide information for
damage detection, condition assessment, and maintenance-related decision making [8,9].
Advances in sensing technologies, wireless communication, data-acquisition systems, and
intelligent monitoring architectures have further expanded the capabilities of SHM, facili-
tating distributed, remote, and increasingly automated monitoring of engineering struc-
tures [10-12]. Nevertheless, the practical effectiveness of an SHM system depends not only
on the availability of sensing technologies [13], but also on appropriate sensor selection,
measurement quality, deployment conditions, data management, and the ability to extract
reliable condition-sensitive information from the acquired signals [14]. Within this broad
monitoring framework, vibration-based approaches have become one of the principal means
of evaluating structural condition through changes in measured dynamic response.

Among the different strategies employed within SHM, vibration-based approaches
have been widely investigated because the dynamic response of a structure is directly re-
lated to its underlying physical and mechanical properties [15-17]. Several comprehensive
reviews have classified vibration-based condition-assessment methods according to the
measured dynamic characteristics and the intended level of damage identification [18-21].
The presence of damage, particularly when associated with a local reduction in stiffness,
can modify the vibration characteristics of a structural system and thereby produce changes
in measurable dynamic features. Consequently, modal parameters such as natural fre-
quencies, mode shapes, and damping ratios, as well as frequency response functions, have
been extensively explored as damage-sensitive quantities for structural condition assess-
ment [22,23]. Their extraction may be performed under controlled excitation or from
measured structural responses under operational and ambient conditions, extending the
applicability of vibration-based monitoring from laboratory investigations to in-service
structures [24,25]. However, the interpretation of modal changes in practical applications
remains challenging because the identified dynamic characteristics may also be influenced
by environmental and operational variability, measurement noise, and uncertainties asso-
ciated with modal-parameter estimation [24,26]. The selection of dynamic features that
are sufficiently sensitive to structural changes while remaining suitable for reliable inter-
pretation is therefore an important consideration in the development of vibration-based
condition-monitoring strategies.

Natural-frequency-based approaches have been investigated extensively for the de-
tection and characterization of localized damage in beam-like structures, where a crack
introduces a local reduction in stiffness that can alter the modal frequencies of the sys-
tem [27-29]. Earlier studies demonstrated that variations in natural frequencies could be
used to estimate crack location and severity through optimization-based and model-based
procedures [30-35]. Subsequent experimental investigations [36] further demonstrated the
applicability of measured modal frequencies for identifying cracks in beams with differ-
ent geometries, boundary conditions, and damage configurations [37,38]. Magnetoelastic
resonance sensors permit remote and contactless interrogation because their mechanical
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response can be detected magnetically [39]. In this context, Samourgkanidis and Kouzoudis
introduced magnetoelastic ribbons as vibration sensors with contactless magnetic readout
for measuring bending-mode frequencies in aluminum cantilever beams, demonstrating
experimentally that both crack location and crack depth influence the measured modal
response [40]. The approach was subsequently extended to the identification of transverse
cracks using the first eight bending modes of aluminum-alloy 6063 cantilever beams and a
pattern-matching procedure based on normalized modal frequencies [41]. Further investi-
gations characterized the sensing performance of magnetoelastic ribbons using the natural
frequencies of cantilever beams and demonstrated their applicability to vibration moni-
toring of rotating metallic beam-like components [42,43]. The applicability of contactless
magnetoelastic modal sensing was also broadened through the use of embedded ribbons in
additively manufactured polymer beams and through damage-monitoring studies on ce-
mentitious and concrete beams employing ribbon and microwire sensing elements [44—47].
Collectively, these studies demonstrate the potential of natural-frequency information for
damage assessment while also indicating that the magnitude of the modal response is
influenced by the particular damage configuration and the vibration mode considered.
An important characteristic of frequency-based damage assessment is that the measured
modal response depends not only on the severity of damage but also on its location and
on the vibration mode considered. For beam-like structures, a defect of a given size may
produce markedly different changes in different modes because the influence of a local
stiffness reduction depends on the deformation characteristics of each mode at the damaged
position [48,49]. Accordingly, cracks located near regions of low modal curvature may
have only a limited influence on a particular modal frequency, whereas the same damage
can produce a considerably stronger response in another mode or at another structural
location [49,50]. Increasing crack depth generally produces a greater reduction in local
stiffness and consequently larger changes in natural frequencies, although the magnitude of
this effect remains dependent on crack position and modal order [51-53]. Experimental in-
vestigations have further shown that the sensitivity of individual modal quantities can vary
substantially across damage configurations, motivating the use of information from several
modes for damage localization and severity assessment [54,55]. More recent modal-testing
studies have similarly reported different levels of responsiveness between lower and higher
modes as crack location and depth are varied [56]. These observations indicate that the
available vibration modes cannot necessarily be regarded as equally informative for damage
assessment, and that their individual sensitivity to changes in damage condition should be
considered when selecting modal information for condition-monitoring applications.
Previous studies have demonstrated that the usefulness of modal information for
damage assessment is not necessarily uniform across all available modes, leading to the
development of approaches based on modal sensitivity, feature selection, or combinations of
selected dynamic characteristics [57-61]. Selecting informative modal features may reduce
redundant information and simplify subsequent damage assessment while retaining the
characteristics most responsive to structural changes [60,62-64]. However, mode-selection
strategies have commonly emphasized response magnitude, optimization performance, or
diagnostic capability, while comparatively less attention has been directed toward jointly
considering whether a mode exhibits both a sufficiently strong damage response and a
consistent progression of that response with increasing damage severity across different
damage locations [58-61]. The present study addresses this by evaluating each of the
first eight bending modes individually using two complementary criteria: mean absolute
relative frequency shift and a monotonic-consistency ratio across six defect locations. The
measurements are those reported in [41], where they were analyzed jointly through pattern
matching; here they are re-analyzed to support a preliminary, laboratory-scale prioritization
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of modes in aluminum cantilever beams containing a single crack-like defect. The dataset
is not new; the contribution of this work is the joint sensitivity-consistency screening of
individual modes, which complements the joint pattern-matching analysis of [41] by indi-
cating which modes carry the most reliable depth-dependent information. The results are a
preliminary laboratory-scale screening, not a validated monitoring method.

2. Materials and Methods

The investigated dataset consisted of 19 aluminum-alloy 6063 cantilever beams: one
undamaged reference beam and 18 beams containing a single crack-like defect. Each beam
had a total length of 400 mm, including a free length of 350 mm and a clamped length of
50 mm. The cross-section had a width of 30.25 mm and a thickness of 8.18 mm. The nominal
density and elastic modulus of the material were 2.69 g/cm? and 68.3 GPa, respectively. All
specimens were manufactured to the same nominal dimensions using CNC machining. The
damaged beams represented combinations of six defect locations and three defect depths.

The defects were positioned at distances of 50, 100, 150, 200, 250, and 300 mm from
the clamped end. At each location, depths of 1, 2, and 3 mm were examined, resulting
in 18 damage configurations. The defects had a nominal width of 1 mm and a V-shaped
termination and were used as controlled representations of localized damage in beam-like
metallic components (Figure 1). The bending-mode frequencies were measured using
two Metglas 2826MB3 magnetoelastic ribbons as vibration sensors (Conway, SC, USA).
Each ribbon was 100 mm long, 6 mm wide, and approximately 29 ym thick, and both
were attached near the free end of the beam. During the measurements, one end of each
beam was clamped between appropriately shaped plates using a CARVER hydraulic press
(Carver, Inc., Wabash, IN, USA). The beam was excited by a mechanical stimulator driven
by a Keithley 3390 50 MHz arbitrary waveform generator (Keithley Instruments, Cleveland,
OH, USA) through a MAC 2.2 stereo power amplifier (Alto Professional, Cumberland, R,
USA) and was then left to vibrate freely (The experimental setup is described in detail
in [41]). The resulting deformation of the magnetoelastic ribbons produced variations
in their magnetization, which induced a voltage in a nearby pickup coil. The pickup-
coil signal was transferred to a computer through the microphone input of a sound card.
Each signal was recorded for 10 s at a sampling frequency of 48 kHz. The corresponding
frequency spectra were obtained using the fast Fourier transform in MATLAB R2021b
(MathWorks, Natick, MA, USA) software, providing a frequency resolution of 0.1 Hz. The
first eight identifiable bending-mode frequencies, denoted by f,—fg, were extracted within
the frequency range from 0 to 9 kHz. The modal-frequency measurements analyzed in
the present study were obtained during the experimental work described in [41] and are
summarized in Table 1. The specimens were idealized laboratory beams, each containing
a single machined crack-like defect, measured in a laboratory setting with one end fixed.
The study therefore does not address operational loads, temperature variations, changes in
connection conditions, external vibration sources, or other environmental variables. The
undamaged beam was used as the reference condition. The normalized frequency shift in
mode i for damage configuration j was calculated as

Af, (%) = fig 7 Jii 100 (1)
i0

where f; ; is the frequency of mode i for the undamaged beam and f;; is the corresponding

frequency for damaged configuration j. Positive values represent frequency reductions
relative to the undamaged condition, whereas negative values represent frequency increases.
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To assess the magnitude of the modal response independently of its direction, the absolute

relative frequency shift was used as the sensitivity indicator:

i = 18

5;

CD
1V,

(2)

Figure 1. Schematic of the cantilever beam showing the fixed end, six defect positions, and Metglas

ribbons. The inset illustrates the defect geometry ((V,,) = 1 mm, (V,) = 0.5 mm, and CD =1, 2, and

3 mm), while the bottom-left image shows the actual beam specimens (Adapted from [41]).

Table 1. Beam configurations and measured bending-mode frequencies. U00 denotes the undamaged
reference specimen; x denotes the defect distance from the clamped end, and a denotes the defect
depth. Each frequency is the mean of five repeated measurements of the same clamped beam.

X

a

Specimen (mm) (mm) Bending Modes (Hz)
f1 f2 f3 f4 f5 fé f7 18

uoo - - 54.1 337.7 943.2 1840.9  3026.2 44935  6226.0  8205.3
D050-1 50 1 53.8 337.7 943.8 1837.3 3014.3 4471.7  6205.7  8199.5
D050-2 2 52.7 336.7 944.1 1829.3 2981.5  4433.9 6173.8 8186.8
D050-3 3 50.9 335.1 944.0 18104  2919.7  4371.7  6120.8 8168.2
D100-1 100 1 53.9 337.8 940.1 1838.1 3025.7 44747 62027  8207.4
D100-2 2 53.4 337.2 930.9 1831.1 3026.0 4436.1 6151.6 8203.3
D100-3 3 52.5 336.4 916.6 1817.4  3025.0 4384.0 61003  8197.8
D150-1 150 1 53.9 336.2 943.7 1839.3 3028.2  4494.6 6216.0 8207.6
D150-2 2 53.7 333.0 940.7 1825.9 2999.1 4487.7 6186.1 8206.0
D150-3 3 53.2 326.6 936.6 1805.7 29599 44755 60384  8202.8
D200-1 200 1 54.0 335.6 941.5 1837.7 30184 44925 6208.3 8207.1
D200-2 2 53.9 331.8 938.9 1827.3 29925 44929 6162.2 8204.0
D200-3 3 53.7 324.1 931.6 1811.1 2948.6  4483.9 6019.0 8198.0
D250-1 250 1 54.0 336.2 935.8 1835.0 3030.2  4478.0 6204.1 8224.8
D250-2 2 54.0 3344 923.9 1823.5 3027.6 44425 6175.7  8213.2
D250-3 3 54.0 330.3 901.1 1806.7  3029.5 4386.1 6042.1  8191.3
D300-1 300 1 54.0 337.8 942.8 1836.8 30159 44727 62219  8230.6
D300-2 2 54.1 337.5 938.9 1818.3 29740  4420.7 6181.9 8182.5
D300-3 3 54.1 336.6 930.5 1785.0 28482  4329.2 6074.8 8161.6

18 damage configurations. The overall sensitivity of mode i was expressed as

_ 1 18
Si = EX;‘ Si,j
j=

For each bending mode, the mean absolute frequency shift was calculated across the

(3)
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The modes were ranked according to their mean absolute frequency shifts, with higher
values indicating a stronger overall response to the examined damage configurations. The
influence of damage severity was subsequently examined by grouping the configurations
according to defect depth. For this analysis, S;; 4 denotes the absolute frequency shift in
mode i at defect location £ and defect depth d. The mean response of mode i at depth d,
averaged across the six defect locations, was calculated as:

_ 18
Sia= EZ Si1a d€{1,2,3} mm (4)
=

To evaluate the overall relationship between defect depth and modal response, the
combined sensitivity at each depth was calculated by averaging the absolute shifts across
all eight modes and six locations:

_ 1 8 6
Sq = @Z Y Sita (5)
i=1 I=1
The consistency of the depth-dependent response was evaluated separately for every mode
and defect location. The response of mode i at location £ was classified as monotonic when:

Si,],lmm < Si,l,Z mm < Si,l,S mm (6)

For each mode, the monotonic-consistency ratio was calculated as
C=— (7)

where n; is the number of defect locations satisfying the monotonic condition and six is
the total number of examined locations. A value of C; = 1 therefore indicates that the
absolute frequency shift increased monotonically with defect depth at all six locations.
Mean sensitivity and monotonic consistency were interpreted jointly, rather than combined
into a weighted index, to distinguish modes showing strong overall responses from modes
that followed increasing damage severity more consistently.

All calculations were performed using formula-based spreadsheet analysis. The fre-
quency values listed in Table 1 were analyzed without exclusion, imputation, or additional
numerical modification.

Each beam was measured five times in a single clamping, without re-clamping between
measurements, and the frequencies listed in Table 1 are the mean values of these five
measurements. The repeatability error of the measurements was below 1 Hz. Relative to
the frequency of each mode, this corresponds to approximately 1.8% for f;, 0.3% for £,, 0.1%
for f3, and below 0.06% for f,—fg, so that the relative uncertainty is largest for the lowest
modes, whose frequency shifts are the smallest. This error does not include variability
associated with re-clamping, sensor attachment, or differences between specimens, since
each damage configuration was represented by a single specimen that was clamped once and
compared with a single undamaged reference beam, without paired pre-damage baselines.
The analysis was therefore descriptive and focused on relative frequency changes, sensitivity
ranking, depth-dependent behavior, and response consistency. Consequently, no inferential
statistical tests, confidence intervals, diagnostic thresholds, or claims concerning damage-
classification accuracy were applied. To examine the influence of the repeatability error
on the consistency ratio, C; was also recalculated with two additional criteria: a lenient
criterion, in which a decrease in less than 1 Hz in the absolute frequency shift between
successive depths was not counted as a violation of Equation (6), and a strict criterion, in
which the absolute frequency shift was required to increase by at least 1 Hz from 1 to 2 mm
and from 2 to 3 mm.

https://doi.org/10.3390/industries1020013


https://doi.org/10.3390/industries1020013

Industries 2026, 1,13

7 of 15

3. Results and Discussion

The mean absolute relative frequency shifts differed among the eight bending modes,
as shown in Figure 2. The mean modal sensitivity ranged from 0.150% to 1.234%. Mode
f; exhibited the highest mean absolute shift of 1.234%, followed by f5 and f,, with corre-
sponding values of 1.154% and 1.059%, respectively. Mode f; ranked fourth with a mean
shift of 1.027%. Modes {,, f,, and f; presented similar intermediate responses of 0.967%,
0.954%, and 0.929%, respectively. In contrast, fg exhibited a markedly lower mean sensitivity
of 0.150%, clearly separating it from the other modes. Indeed, the sensitivities of modes
f; through f, were confined to a relatively narrow interval between 0.929% and 1.234%,
whereas the response of fg was substantially lower. Based on the mean absolute frequency
shift, the resulting sensitivity order was f; > f5 > f; > f; > f, > f, > f3 > fg: Given the relative
measurement uncertainty reported in Section 2, the positions of the lowest modes in this
ranking, particularly f;, are the least certain. This ranking indicates that the contribution
of the individual bending modes to the overall damage response was not uniform. Since
each value represents an average across all 18 damage configurations, the ranking should
be interpreted as a measure of overall modal sensitivity, averaged over the examined defect
locations and depths, rather than sensitivity to a particular defect location or depth, and
it depends on the position of the defects relative to the modal curvature of each mode. In
18 of the 144 mode—configuration values of Table 1 (12.5%), the damaged beam showed a
higher frequency than the undamaged beam, corresponding to negative Af in Equation (1);
three further values were unchanged. These increases occurred for fg (7 values), f; and
f5 (4 each), f, (2) and f (1), and never for £, f, and f,. They were below 1 Hz for f, and
f;, between 1.1 and 4.0 Hz for f5 and f;, and up to 25.3 Hz for fg, mostly at 1 mm, where
the defect-induced shifts are small. A small mass reduction at low-curvature positions can
slightly raise the frequency, but the larger increases, found mainly for fg, are more likely
related to specimen-to-specimen variability, clamping, and sensor installation, which were
not quantified.

1.6 T T T T T T T T

1.4 4 E

1.234

=

N
1
-
I
z
1

Mean modal sensitivity S, (%)
o
[+
1
1

1.059

-
o
1
1<
£
o
o
o
S
1

o
()]
1
1

0.2 0.150 A

Bending mode

Figure 2. Mean absolute relative frequency shift in each bending mode across the 18 damage configurations.

To check their influence, the sensitivity was recalculated by counting increases as
zero and by averaging the signed shifts. The ranking f, > f; > fg > f; > f, > f, > {3 > f5
was identical in both cases, and the difference between f, and {5 increased from 0.08 to
0.10-0.12 percentage points. The consistency ratios of f;—f, were also unchanged, whereas
Cg would increase to 1 for signed shifts, because the increases in fg at 1 mm turn into
reductions at 3 mm. The low priority of f5 therefore rests on its low sensitivity.

Figure 3 presents the mean absolute relative frequency shift in each bending mode
at the three defect depths, averaged across the six defect locations. For modes f;—f;, the
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mean response increased progressively as the defect depth increased from 1 to 3 mm. When
averaged across all modes and locations, the combined modal sensitivity increased from
0.234% at 1 mm to 0.749% at 2 mm and 1.820% at 3 mm. Thus, within the examined config-
urations, deeper defects generally produced larger deviations from the modal frequencies
of the undamaged beam. This trend is consistent with the greater disturbance of the local
bending stiffness caused by an increase in defect depth. The depth-resolved results also
show that the most responsive mode varied with defect depth. Mode f; presented the nu-
merically highest mean sensitivity at 1 mm, with a value of 0.308%, whereas f¢ produced the
highest response at 2 mm, reaching 0.917%. At 3 mm, f; exhibited the largest mean shift of
2.571%, followed by f5 at 2.384%. Therefore, although f, had the highest overall sensitivity in
Figure 2, it was not the most responsive mode at every defect depth. Its overall ranking was
influenced particularly by its pronounced response to the deepest defects. Mode fg behaved
differently from the remaining modes, presenting mean shifts in only 0.115%, 0.108%, and
0.228% at depths of 1, 2, and 3 mm, respectively. Its response remained comparatively small
across all three depths, supporting the low overall sensitivity observed in Figure 2. These
findings demonstrate that modal sensitivity depends on defect depth and that an overall
sensitivity ranking alone does not fully describe the behavior of each mode. Nevertheless,
because the values in Figure 3 were averaged across the six defect locations, location-specific
monotonicity cannot be established from this figure and is examined separately using the
monotonic-consistency ratio.

T T T T T
jf [ o (2 o [ 1
f8 E

Bending mode
G
1

T T T
0.0 0.5 1.0 1.5 20 25 3.0
Mean modal sensitivity S, ; (%)

Figure 3. Mean absolute relative frequency shift in each bending mode at defect depths of 1, 2, and
3 mm, averaged across the six defect locations.

The joint representation of mean modal sensitivity and monotonic consistency in
Figure 4 provides a more complete comparison of the eight bending modes. Mode f;,
occupied the upper-right region of the graph, combining the highest mean sensitivity of
1.234% with a monotonic-consistency ratio of C; = 1. This indicates that f, combined the
highest mean response, which was comparable to those of f5 and f,, with increasing absolute
frequency shifts with defect depth at all six examined locations. Within the present dataset,
f; can therefore be regarded as the most balanced candidate for prioritization in a vibration-
based monitoring strategy. Modes f, and f, also achieved complete monotonic consistency,
with C, = C; = 1, although their mean sensitivities were lower, at 0.954% and 0.967%,
respectively. These modes were less responsive overall than f, but followed increasing
defect depth consistently and may therefore provide complementary information when
monitoring damage progression. In contrast, f5 exhibited a relatively high mean sensitivity
of 1.154% but a lower consistency ratio of C5 = 0.667, corresponding to monotonic behavior at
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four of the six locations. Its position in Figure 4 demonstrates that a high average frequency
shift does not necessarily imply a consistent response across different defect locations.

1'2 T T T T T T

f, fa fs
|

=
o
1

f3 f1 fs
el ] ]

=
(o]
1
]

Monotonic-consistency ratio C;
o o
» o
1 1
1 1

o
N
1
-
o
1

0.0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12 14

Mean modal sensitivity S, (%)

Figure 4. Joint representation of the mean modal sensitivity and monotonic-consistency ratio for the
eight bending modes. A value of C; = 1 indicates a monotonic increase in the absolute frequency shift
with defect depth at all six examined locations.

Modes f;, {5, and fg occupied an intermediate region of the graph. Each mode presented
a consistency ratio of C; = C; = C¢ = 0.833, corresponding to monotonic responses at five
of the six defect locations, while maintaining moderate-to-high mean sensitivities. Mode fg
was clearly separated from the remaining modes, combining the lowest mean sensitivity
of 0.150% with the lowest consistency ratio of Cg = 0.167, which results mainly from its
frequency increases at 1 and 2 mm. This indicates that fg provided limited information
regarding the examined defect configurations and their depth-dependent progression.
Table 2 shows the consistency ratios obtained with a lenient and a strict criterion that
account for the measurement error of about 1 Hz. In the lenient criterion, a decrease in less
than 1 Hz in the absolute frequency shift between successive depths was not counted as a
violation of Equation (6), since differences in this size are within the measurement error.
Under this criterion, modes f;, f,, f5, {4, f; and f;, were monotonic at all six locations (C; = 1).
For £, f; and £;, the single non-monotonic location identified by Equation (6) therefore
corresponds to a deviation within the measurement error, and their ratio of 0.833 cannot
be distinguished from complete consistency. Mode f5 increased to C5 = 0.833, because its
deviation at 100 mm (0.3 Hz) was within the error, whereas its deviation at 250 mm (shifts
of 4.0, 1.4 and 3.3 Hz) exceeded it. Mode fg increased to Cg = 0.500 but remained the lowest,
since its deviations at 150, 250 and 300 mm were larger than 1 Hz. In the strict criterion,
a location was classified as monotonic only if the absolute frequency shift increased by at
least 1 Hz from 1 to 2 mm and from 2 to 3 mm, so that every increase was larger than the
measurement error. Modes f, and f; retained C; = 1, indicating that their depth-dependent
increase was clearly resolved at all six locations. Modes f; and f; (C; = 0.833), f5 (C5 = 0.667)
and fg (Cg = 0.167) were unchanged from Equation (6). Mode f, decreased to 0.667, because
its shifts at 100 and 300 mm were small (0.1-1.3 Hz) and its increases between successive
depths were below 1 Hz. Mode f; decreased to 0.167, since its frequency shifts (0.0-3.2 Hz)
were comparable to the measurement error, and its depth dependence could not be reliably
resolved. These results indicate that the prioritization of f; and the low ranking of fg are
not caused by the repeatability error of the measurements, although variability due to
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clamping, sensor attachment, and differences between specimens was not quantified and
may be larger.

Table 2. Monotonic-consistency ratio C; of each bending mode, calculated with Equation (6), with a
lenient criterion (decreases below 1 Hz tolerated) and with a strict criterion (increases of at least 1 Hz
required between successive depths).

Mode (@ 1 Hz Tolerance Steps > 1 Hz
f1 0.833 1.000 0.167
2 1.000 1.000 0.667
f3 0.833 1.000 0.833
f4 1.000 1.000 1.000
f5 0.667 0.833 0.667
f6 0.833 1.000 0.833
f7 1.000 1.000 1.000
f8 0.167 0.500 0.167

The mean sensitivities of f; (1.234%), f5 (1.154%) and f; (1.059%) are close, and the
difference between f; and f5 is only 0.08 percentage points. Two checks were performed
to evaluate whether this difference is meaningful. First, to test whether it could be caused
by the measurement error alone, independent normally distributed random errors with a
standard deviation of 1 Hz were added to every mean frequency in Table 1, including that
of the undamaged beam, and the mean sensitivities were recalculated. This was repeated
for 20,000 realizations. The difference between the mean sensitivities of f, and f5 remained
positive in the 95% interval of 0.03-0.12 percentage points, indicating that it exceeds the
repeatability error of the measurements. Second, the dependence of the ranking on the
defect configurations was examined.

Mode f; exceeded f5 in only 10 of the 18 configurations: it was larger at 100 and 250 mm
and smaller at 50 and 300 mm at all three depths, with mixed results at 150 and 200 mm.
Excluding either the 100 mm or the 250 mm location reversed the order of the two modes,
and excluding the 3 mm defects made fg the most sensitive mode. Excluding any single
location left f; in first or second place and fg in last place, and at individual locations £,
ranked between second and fourth. Its position therefore results from a response that
varies little between locations (location-mean sensitivity of 0.95-1.55%, compared with
0.02-2.65% for f5) and not from being the most sensitive mode at any location. The mean
sensitivities of f5, fg and f; should therefore be regarded as comparable, and the present
data do not establish the superiority of f; in terms of sensitivity alone. The preference for f,
rests on the combination of this high sensitivity with C; = 1 under Equation (6) and under
both the lenient and strict criteria. Modes f5 and f; did not combine high sensitivity with
this consistency (Cs = 0.667-0.833 and C4 = 0.833-1.000), and f, and f, had lower mean
sensitivities. Unlike mode-selection approaches that rely on optimization or identification
performance [57-61] and the reduced-parameter method of [65], the proposed screening
uses only measured frequencies and two interpretable criteria, and it resolves the response
by defect location, so it can be applied as a low-cost pre-screening step before more elaborate
methods. A quantitative comparison with those approaches would require mode shapes or
numerical models and independent data, and is left for future work.

The mode- and location-dependent response can be interpreted in terms of modal
curvature. An defect reduces the local bending stiffness, and the resulting decrease in the
natural frequency of a given mode depends on the bending strain energy stored at the
defect position, which is governed by the local curvature of the mode shape [48,49]. The
curvature of the bending modes of a cantilever beam is largest near the clamped end and
alternates along the beam, with the number of curvature maxima and nodes increasing
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with the mode order. A defect located near a curvature maximum therefore produces a
large frequency shift, whereas a defect located near a curvature node produces a very small
one, even in a high-order mode. This explains why the most responsive mode changed with
defect location and depth (Figure 3), and why modes such as f5 showed large shifts at some
locations and almost none at others, as at 100 and 250 mm (Table 1). The same mechanism
is consistent with the consistency results. Where the curvature of a mode at the defect
position is low, the frequency shifts are small and comparable to the measurement error,
so their progression with defect depth cannot be resolved and the monotonic condition of
Equation (6) may not be satisfied. This is the likely origin of the non-monotonic behavior
of f5 at 100 and 250 mm. In contrast, f;, produced shifts of at least 100 Hz at 3 mm at all
six locations, which is consistent with none of the examined locations being close to a
curvature node of this mode and with its C; = 1. Similarly, the low response of fg, with
shifts not exceeding 44 Hz at 3 mm, is consistent with the examined locations lying in
low-curvature regions of this mode. Since mode shapes were not measured in this study;,
these interpretations are consistent with the data but are not proven by them. They also
indicate that the sensitivity and consistency rankings depend on the position of the defects
relative to the curvature of each mode, and should not be extended to other defect locations
without verification.

Overall, Figure 4 demonstrates that modal sensitivity and monotonic consistency are
complementary selection criteria: their joint consideration identifies f; as the most balanced
preliminary candidate, f, and f; as supporting modes, and fg as the least informative, sug-
gesting that, subject to validation, future monitoring procedures for beam-like components
might be simplified by prioritizing selected modes rather than treating all available modes
equally. Practical implementation will also depend on sensor preparation and signal quality,
since thermal annealing and Metglas material selection have been shown to influence the
magnetic signal output of magnetoelastic ribbons [66—68]. The scope of these results is
limited by the experimental conditions. The specimens were idealized aluminum cantilever
beams with a single machined V-notch defect, one material, one geometry, and one clamping
arrangement, and the measurements were performed in a laboratory setting. The results
apply to defects located 50-300 mm from the clamped end, with depths of 1-3 mm (12-37%
of the beam thickness). A machined notch also remains open during vibration, whereas
a real fatigue crack may open and close, which can reduce its effect on the natural fre-
quencies. Operational loads, temperature variations, changes in connection and boundary
conditions, external vibration sources, multiple defects, and other environmental variables
were not considered, and each of these can alter natural frequencies independently of
damage. Neither measured mode shapes nor numerical simulations were available to verify
the frequency-change mechanism directly, and the effect of mode selection on damage-
identification performance was not evaluated, since selecting the modes and testing the
identification on the same 18 single-specimen configurations would be circular.

The prioritization reported here is therefore a preliminary screening of the measured
dataset. Its transfer to industrial components and practical monitoring requires validation
on independent specimens, other geometries and boundary conditions, realistic damage,
diagnostic thresholds, classification performance, and operating conditions [69].

The influence of environmental conditions on the magnetoelastic readout was not
evaluated systematically in this study, but some considerations follow from the sensing
material and from the experimental experience. The Metglas 2826MB3 ribbons have a
Curie temperature of 353 C [41], which sets the upper limit for their magnetic response, so
ambient temperature fluctuations, which are far below this value, are not expected to alter
the behavior of the sensor significantly. Consistently, during the present experiments, which
were performed under stable laboratory conditions, no fluctuations in the sensor readings
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were observed when the temperature changed. The conditions that are more likely to affect
the sensor are harsh ones, such as high humidity or marine environments, in which the
corrosive action of salt water can degrade the ribbon itself, so that use in such environments
would require protection of the sensor, which was not examined here. Temperature may still
influence the natural frequencies of the beam through its elastic modulus, and mechanical
noise from industrial machinery may add spectral components that overlap or mask the
modal peaks. Neither effect was evaluated in this study, and both should be tested before
the approach is applied outside the laboratory. Validation under realistic operational and
environmental conditions requires a new experimental campaign, which is beyond the
scope of this re-analysis of existing data. It is the primary objective of future work, together
with re-clamping and independent specimens.

4. Conclusions

This study examined the individual response of the first eight bending modes of
aluminume-alloy cantilever beams to a single crack-like defect at six locations and three
depths. The frequency shifts generally increased with defect depth, but their magnitude
depended strongly on the mode and on the defect location. Rather than demonstrating
mode-dependent sensitivity, which is already well established, the study contributes a joint
sensitivity-consistency screening of individual modes. This screening separated modes that
were strongly responsive from those that also followed increasing damage severity reliably:
f; combined the highest mean sensitivity, comparable to those of {5 and f,, with consistent
behavior at all six locations, f, and f, were consistent but less sensitive, f5 was sensitive but
location dependent, and fg was the least informative at the examined locations.

These findings should be interpreted with several limitations in mind. First, the
evidence comes from one specimen per configuration. The five repeated measurements
quantify only the repeatability of the measurement (below 1 Hz), whereas variability due to
re-clamping, sensor attachment, and differences between specimens was not quantified and
may be larger. Second, the differences in mean sensitivity among fs, f; and f; are small, and
they depended on which defect locations were included, so the sensitivity alone does not
establish the superiority of f;; its preference rests on the combination with its consistency.

Third, the modal-curvature interpretation indicates that both the sensitivity and the
consistency rankings are conditional on the position of the examined defects relative to
the curvature of each mode. The prioritization of f; and the low priority of fg should
therefore not be extended to other defect locations without checking the modal curvature
at the expected positions, and since mode shapes were not measured, this interpretation
is consistent with the data but not proven by them. Fourth, the consistency ratio is based
on only six locations and three depths, and the analysis was descriptive, so no inferential
statistics, diagnostic thresholds, or classification performance were established.

Finally, the specimens were idealized laboratory beams of a single material, geometry
and clamping arrangement, each with a single machined defect, which differs from a real
fatigue crack. Operational loads, temperature variations, changes in connection conditions,
external vibration sources, and multiple defects were not considered, so the results should not
be generalized to industrial components or practical monitoring. Future work should include
measurements on independent specimens with paired pre-damage baselines and repeated
clamping, other geometries and boundary conditions, a denser sampling of defect positions,
realistic and multiple damage, measured mode shapes and numerical simulations, a quanti-
tative comparison with other mode-selection approaches and of the damage-identification
performance with and without mode selection on independent data, and operational and
environmental variations, including corrosive conditions and mechanical noise, before the
proposed mode-prioritization approach is considered for monitoring applications.
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