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ABSTRACT: In dry-coupled ultrasonic thickness measurement, thick rubber layers introduce high-amplitude par-
asitic echoes that obscure defect signals and degrade thickness accuracy. Existing methods struggle to resolve
overlap-ping echoes under variable coupling conditions and non-stationary noise. This study proposes a novel dual-
criterion framework integrating energy contribution and statistical impulsivity metrics to isolate specimen re-flections
from coupling-layer interference. By decomposing A-scan signals into Intrinsic Mode Functions (IMFs), the framework
employs energy contribution thresholds (>85%) and kurtosis indices (>3) to autonomously select IMFs containing valid
specimen echoes. Hybrid time-frequency thresholding further suppresses interference through amplitude filtering and
spectral focusing. Experimental results demonstrate the framework’s robustness, achieving 92.3% thickness accuracy
for 5 mm steel specimens with 5 mm rubber coupling, outperforming conventional methods by up to 18.7%. The dual-
criterion approach reduces operator dependency by 37% and maintains AT < 0.03 mm under surface roughness up to
6.3 um, offering a practical solution for industrial nondestructive testing with thick dry-coupled interfaces.

KEYWORDS: Empirical mode decomposition; complete ensemble EMD with adaptive noise (CEEMDAN);
dry-coupled ultrasonic testing; thickness measurement; signal interference suppression

1 Introduction

Ultrasonic testing (UT) technology, widely utilized as a defect detection method, has found applications
across diverse fields, including aerospace [1], advanced manufacturing [2], medicine, and petrochemical
industries [3-6]. Especially, dry-coupled ultrasonic testing has emerged as a critical solution for indus-
trial applications requiring non-destructive evaluation under challenging conditions [7,8], particularly
in high-temperature environments or on surfaces with significant roughness. In comparison with liquid
coupling [9,10], dry-coupled ultrasonic testing does not pose the risk of contaminating testing objects with
the fluid medium while still effectively transferring acoustic energy using a flexible polymer, such as a
silicone rubber [8]. The rubber layer provides the acoustic impedance to achieve a transduction between
the piezoelectric transducers and the metal specimen. It allows for the effective transmission of ultrasound,
but once the thickness of the rubber coupling reaches a sufficient size, it will always generate a permanent
reflection within the coupling layer, which appears to be shown as intense echoes in an A-scan signal. These
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spurious reflections exhibit temporal overlap with genuine specimen echoes and amplitude interference
exceeding 50% of the defect signal magnitude, severely compromising thickness calculation accuracy.

The classic echo extraction techniques are inherently restricted in removing rubber-layer-induced
echoes. The time domain thresholding suffers from the inability to fully differentiate one overlapped echo
when the coupling conditions change. The frequency domain filtering inevitably distorts phase information
for the time-of-flight measurement crucial for thickness determination, due to phase distortion even for per-
fect impulse response filters [11-13]. Alternative signal processing techniques, including short-time Fourier
transform (STFT), wavelet transform, and variational mode decomposition (VMD), have also been applied
in ultrasonic signal analysis. These approaches exhibit certain advantages in spectral localization and multi-
resolution decomposition; however, they inherently depend on pre-defined basis functions or optimization
constraints. As a result, their performance is highly sensitive to parameter selection and operator expertise,
often leading to signal distortion or the omission of characteristic features when parameters are not optimally
chosen. VMD in particular provides strong decomposition capability but requires iterative optimization with
high computational cost, which reduces its practicality for scenarios demanding real-time or near real-time
signal analysis. In contrast, empirical mode decomposition (EMD) and its advanced variants offer adaptive
decomposition without prior basis assumptions, thereby preserving phase integrity while enabling reliable
feature extraction from non-stationary signals [14,15]. Importantly, these methods are computationally
efficient and can be implemented with minimal operator intervention, which is critical for integration into
portable ultrasonic testing devices where automation and reproducibility are prioritized. Considering these
requirements, this study focuses on EMD-based variants rather than VMD or wavelet-based techniques
[16-19], aiming to provide a balanced solution between accuracy, adaptability, and computational efficiency
for dry-coupled ultrasonic applications [20,21]. Recent advances in structural health monitoring increasingly
emphasize the integration of machine learning and deep learning frameworks, which enable automated
feature interpretation and decision-making beyond traditional signal processing. Reviews have shown
that deep neural networks and hybrid artificial intelligence (AI) models enhance damage detection and
classification, while optimization-driven approaches, such as reptile search algorithm-optimized neural
networks, improve robustness under complex structural conditions [22]. Hybrid AI-metaheuristic strategies
have thus emerged as adaptive and scalable solutions that often outperform conventional statistical methods
in practical structural health monitoring (SHM) scenarios. While such intelligent models are powerful, they
often require extensive training data and computational resources, which may limit their applicability in
portable ultrasonic devices. Against this backdrop, our study focuses on EMD-based adaptive decomposition
as a lightweight yet effective solution that balances accuracy, interpretability, and computational efficiency.

The intrinsic adaptability of Empirical Mode Decomposition (EMD) to non-linear and non-stationary
signals offers a theoretical foundation for decoupling overlapping ultra-sonic echoes [23]. By decompos-
ing signals into basis-free intrinsic mode functions, EMD inherently preserves phase coherence while
segregating spectral components—a capability validated in prior studies isolating low-frequency coupling-
layer reverberations below 2 MHz from high-frequency specimen reflections above 3 MHz. However,
industrial adoption of EMD variants remains constrained by persistent mode mixing in thick rubber layers
exceeding 5 mm, where viscoelastic attenuation diminishes spectral disparity, and by operator dependence in
manual intrinsic mode function selection [24-26]. Our CEEMDAN based system proposal overcomes these
limitations by adopting a random noise injection and choosing the scaling factor proportional [27-30] to
the residual energy that yielded a 37% per cent quicker convergence over ensemble empirical mode decom-
position and able to limit mode mixing with a mode orthogonality index over 0.8. Further automation is
enabled through dual-criterion intrinsic mode function selection combining energy contribution thresholds
of at least 85 percent and a kurtosis index greater than 3.
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Despite the progress achieved by previous studies, several unresolved issues remain that motivate this
research. The main research gaps and the specific contributions of this work are summarized below.

Research Gap:

o Existing time-domain and frequency-domain echo extraction methods are limited in their ability
to suppress overlapping echoes caused by thick dry-coupled rubber layers, often resulting in phase
distortion or incomplete signal recovery.

o Alternative techniques such as STFT, wavelet transform, and VMD depend heavily on pre-defined basis
functions and parameter tuning, which reduces their robustness and reproducibility.

« Conventional EMD-based methods suffer from mode mixing when applied to thick coupling layers,
particularly when viscoelastic attenuation reduces spectral disparity.

o Few studies have systematically evaluated decomposition methods under challenging conditions such
as surface roughness, high environmental noise, and variable coupling thicknesses.

o  Current approaches typically require significant operator intervention and provide limited practical
guidelines for coupling layer design in industrial applications.

Contributions of This Study:

o Proposes a CEEMDAN-based adaptive decomposition framework that alleviates mode mixing and
preserves phase coherence for accurate echo separation.

o Introduces a dual-criterion IMF selection method combining energy contribution ratio and kurtosis
index, enabling autonomous extraction of specimen echoes and reducing operator dependency.

o Develops a hybrid time-frequency thresholding strategy to enhance robustness against overlapping
echoes and high-noise environments.

o Demonstrates experimentally that the proposed method achieves AT < 0.03 mm across specimens
of varying thicknesses and roughness levels, outperforming conventional EMD/Ensemble EMD
(EEMD) approaches.

o Provides practical engineering guidelines for dry-coupled ultrasonic testing, including maintaining
rubber layer thickness <5 mm when using 5 MHz transducers to ensure measurement reliability.

2 Basic Principle

The basic premise of dry-coupled ultrasonic thickness measurement is accurate measurement of the
time-of-flight (ToF) of the initial ultrasonic pulse to the backwall echo of the specimen reflected from the
sample. As depicted in Fig. 1, with a thick rubber coupling layer used, the ultrasonic signal experiences
multiple reflections inside the viscoelastic material, producing parasitic echoes that interfere with the actual
reflections from the tested material in the time domain. Interference components vary their frequency char-
acteristics according to the rubber damping characteristics, which dissipate higher frequencies’ components
more than lower frequencies’ ones, and this causes the frequency-dependence of the viscoelastic rubber
to dissipate the coupling-layer echoes more than the specimen reflections because the second one keeps
more part of the spectrum. The original EMD and its variations utilized this difference in frequency content
to decompose the mixed signal adaptively as the orthogonal Intrinsic Mode Functions (IMFs) that isolate
the coupling layer artifact into low-order IMFs while the specimen feature remains in higher-order IMFs.
Orthogonality among IMFs provides nearly orthogonal energy coupling between interference and defect
signal, so the ToF can be successfully extracted through reconstruction of the corresponding modes in an
accurate manner.
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Figure 1: A-scan echo contains genuine reflections

The experimental platform is illustrated in Fig. 2. Dual-element transducers with varying center
frequencies were utilized, coupled to the steel specimen through a 5 mm silicone rubber layer. An ultrasonic
pulser-receiver module integrated with proprietary inspection software generated excitation pulses and
captured A-scan echo signals. Frequency-dependent attenuation was equivalently characterized via spectral
ratio analysis between reference and rubber-interposed signals, enabling quantitative evaluation of energy
loss across the coupling layer.
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Figure 2: Dry coupled ultrasonic testing platform

Time-of-flight (ToF) measurement accuracy is com-promised by rubber-layer-induced reverberations
exhibiting frequency-dependent attenuation (Fig. 3). CEEMDAN exploits frequency disparity between low-
frequency coupling artifacts and high-frequency specimen echoes, decomposing signals into orthogonal
IMFs with energy overlap below 9%.
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Figure 3: Frequency-dependent attenuation of 5 mm rubber layer

3 Methodology
3.1 Algorithmic Principles of EMD, EEMD, and CEEMDAN

The Empirical Mode Decomposition (EMD) operates through an iterative sifting process that adaptively
decomposes nonlinear and non-stationary signals into a finite set of Intrinsic Mode Functions (IMFs).
Starting with the original signal x(¢), the algorithm identifies local extrema to construct upper and lower
envelopes. The mean of these envelopes is iteratively subtracted from the signal until the resulting component
satisfies the IMF criteria: symmetry about zero mean and equivalence in the number of extrema and
zero-crossings. The residual signal r (t) = x (t) — > IMF;(t) is then recursively processed until it becomes
monotonic or contains no meaningful oscillations. While effective for many applications, EMD’s fixed sifting
process is prone to mode mixing—a phenomenon where different frequency components are erroneously
grouped into the same IMF, particularly in signals with intermittent interference.

To address this limitation, Ensemble EMD (EEMD) introduces controlled Gaussian white noise into
the original signal. By generating multiple realizations of the noise-augmented signal x (¢) = x (t) + ng(t)
(where n,(t) has a predefined signal-to-noise ratio, typically 20 dB), EEMD performs parallel EMD
decompositions and averages the resultant IMFs across all realizations. This ensemble averaging suppresses
mode mixing by leveraging the statistical properties of noise to perturb extrema distributions. However,
EEMD?’s reliance on a large number of iterations (typically 50-100) increases computational complexity,
making it less practical for real-time applications.

The Complete Ensemble EMD with Adaptive Noise (CEEMDAN) optimizes this framework through
adaptive noise injection at each decomposition stage. The flowchart of the CEEMDAN algorithm is illustrated
in Fig. 4.

Unlike EEMD, which applies uniform noise levels across all iterations, CEEMDAN dynamically scales
the injected noise el((i) according to the residual signal’s energy at the i-th stage. The recursive formulation
for extracting the i-th IMF is:

1 .
IMF, = S EMD(ri + (-1)7 €y o)
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where K denotes the ensemble size, r;_; represents the residual signal from the previous decomposition stage,
and g alternates between 0 and 1 to invert noise polarity. This adaptive noise injection minimizes residual
artifacts while reducing the required ensemble iterations, achieving superior mode separation with 37.9%
faster processing than EEMD.
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Figure 4: CEEMDAN algorithm flow

Before performing CEEMDAN decomposition, it is crucial to carefully select the number of Gaussian
white noise realizations, the noise amplitude (NSTD), and the maximum allowable number of filtering
iterations, based on practical considerations. In the study referenced in [31], similar signals were examined,
and the following parameter values were chosen: i = 100, NSTD = 0.2. Typically, the number of noise
realizations is set to infinity, while the maximum number of filtering iterations was assigned a value of 1000
in this study.

3.2 Dual-Criterion IMF Selection

The separation of coupling-layer interference from specimen echoes relies on a dual-criterion frame-
work that combines energy contribution and statistical properties of the IMFs. The energy contribution ratio
(ECR) quantifies the significance of each IMF relative to the total signal energy. Calculated as:

I ION

x 100% (2)
S ()

J
This metric prioritizes IMFs that collectively account for at least 85% of the total energy. Such IMFs

typically encapsulate the core features of the signal, including both coupling-layer reverberations and
specimen reflections.
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Complementing the energy criterion, the kurtosis index (KI) evaluates the impulsivity of each IMF’s
amplitude distribution. Defined as:

1 yN ) —u)
KI, = NZt—l (I]Vii] (t) ["J) 3)
]

where y; and o; are the mean and standard deviation of IMF;, the KI discriminates between Gaussian-
distributed noise (KI;~3) and impulse-like specimen echoes (KI; >3). IMFs exhibiting leptokurtic
distributions (K1; > 3) are prioritized, as they are more likely to contain valid backwall reflections.

A dynamic threshold 6 = 0.7ECR; + 0.3KI; integrates these metrics to optimize IMF selection. The
coefficient factors of the two parameters in the formula were determined through comparative experimental
experience, and different combinations were tested. The parameters used in this study, including the
weighting factors of energy contribution ratio (ECR) and kurtosis index (KI), as well as the retention
threshold 6 > 0.65, were determined through experimental calibration across multiple specimens and
coupling conditions. These empirically validated settings consistently achieved reliable separation of spec-
imen echoes from coupling-layer reverberations while minimizing error variation. By weighting energy
contribution more heavily (70%) than kurtosis (30%), the threshold adaptively balances signal fidelity and
noise suppression across varying coupling conditions. IMFs exceeding 6 > 0.65 are retained for subsequent
processing, ensuring robust isolation of specimen-related features while mitigating operator bias inherent in
manual IMF selection.

3.3 Hybrid Time-Frequency Thresholding

To further refine the selected IMFs and enhance the accuracy of time-of-flight (ToF) determination,
a hybrid thresholding strategy integrates both temporal and spectral characteristics of the decomposed
signals. The first stage applies a time-domain amplitude threshold to eliminate low-energy noise components.
Specifically, points within an IMF are retained only if their absolute amplitude exceeds 0.4V ,, where 0.4V,
represents the peak-to-peak voltage of the original A-scan signal. This criterion effectively suppresses random
noise and minor reverberations while preserving high-amplitude echoes associated with the specimen’s
backwall reflection.

Subsequently, a frequency-domain bandwidth constraint is imposed to isolate spectral components
aligned with the transducer’s operational characteristics. The centroid frequency f,, calculated through
Hilbert-Huang spectral analysis of the thresholded IMFs, serves as the central reference. Signals are filtered
within the band f. £ 1.5 M Hz, corresponding to the nominal bandwidth of the 5 MHz transducer. This step
removes out-of-band interference caused by coupling-layer reverberations, which predominantly occupy
lower frequencies due to the rubber’s viscoelastic attenuation properties.

This joint operation of the two thresholding steps makes it possible to reliably extract echoes even from
large interferences. Due to a joint processing both in the time and in the frequency domains (time-domain
amplitude selection with frequency-domain spectral focusing) the proposed method suppresses errors due
to spurious peak detections that normally appear in the presence of overlapped echoes. The last phase of the
ToF extraction is then performed using the cross correlation based peak detection of the thresholded IMFs
where the preserved phase of the filtered signals is retained. As this single algorithm effectively takes into
account both thin and thick dry-coupled issues’ temporal overlapping and spectrality aliasing, it does not
make assumptions on the coupled system but works independently of the previous modeling assumptions
on coupled interactions.
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4 Experimental Results and Discussion
4.1 Mode Separation Efficacy

The decomposition performance of CEEMDAN was rigorously evaluated against EMD and EEMD
through the mode orthogonality index (OI), a metric quantifying the energy overlap between adjacent
IMFs. For a 10 mm steel specimen coupled with a 5 mm rubber layer, CEEMDAN achieved an OI of 0.88,
significantly outperforming EEMD (0.82) and EMD (0.75). The OI of other experiments is shown in Table 1.

Table 1: OI comparison table for all experiments

EMD EEMD CEEMDAN

5mm 075 0.82 0.88
10 mm  0.82 0.87 0.90
I5mm 0.78 0.83 0.86
20mm  0.65 0.79 0.82

Our experiments demonstrate that this relation becomes nonlinear, because for very thin specimens,
multiple reflections introduce signal overlapping that degrades the independence of IMFs and provides
an intermediate OI value. At moderate thicknesses, where time-of-flight intervals between echoes are
well-defined, EMD achieves optimal performance with OI peaking at 0.65-0.82 due to clearer frequency
separation between coupling-layer reverberations and specimen reflections. However, for thick specimens,
significant high-frequency attenuation and prolonged signal propagation degrade the signal-to-noise ratio
(SNR). This exacerbates mode mixing in EMD, causing OI to drop sharply.

Alternatively, the adaptive noise injection strategy of CEEMDAN essentially avoids these drawbacks.
For thick bars, CEEMDAN can still retain an OI > 0.8 by adding noises to distort extrema distributions and
reduce the extent of energy overlap among IMFs. For example, with a steel bar of 20 mm, rubber of 5 mm
(coupling), EMD cannot separate the overlapped modes, but CEEMDAN exhibits OI = 0.88. The robustness
here is thanks to the fact that the high frequency echo of specimen and the low frequency interference are
separated out by the CEEMDAN, no matter what thickness of specimen.

This superiority stems from CEEMDAN’s adaptive noise injection mechanism, which disrupts extrema
symmetry more effectively than static sifting processes. I'ig. 5 illustrates the IMF distributions of a representa-
tive A-scan signal, where CEEMDAN isolates coupling-layer reverberations from high-frequency specimen
echoes with minimal mode mixing. In contrast, EMD exhibits substantial overlap between IMF2 and IMF3,
leading to ambiguous feature extraction.
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Figure 5: The IMF distributions of a representative A-scan signal

4.2 Thickness Measurement Accuracy

Absolute thickness errors (AT) were analyzed in the range of parts under test from 5 to 20 mm. For a
5 mm Unit under test, CEEMDAN achieved AT = 0.012 mm, surpassing EEMD (AT = 0.018 mm) and EMD
(AT = 0.029 mm). To further assess the robustness of the proposed framework under noisy measurement
conditions, additional laboratory experiments were conducted with controlled environmental and structural
disturbances. Specifically, broadband acoustic noise was introduced into the testing environment to emulate
high-noise factory settings, while artificial rust layers were applied to the specimen surface to mimic scatter-
ing sources commonly encountered in corroded pipelines. These simulated conditions enabled systematic
evaluation of the algorithm’s resistance to both environmental and structural interference. Results indicated
that the proposed method consistently maintained thickness error AT < 0.03 mm, demonstrating satisfactory
performance even under adverse noise scenarios. The absolute thickness errors of other experiments are
shown in Table 2. CEEMDAN maintained AT < 0.03 mm up to 20 mm, whereas EMD errors exceeded
0.045 mm under identical conditions. This trend correlates with the rubber’s viscoelastic damping, which
attenuates high-frequency components critical for resolving thin specimens.
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Table 2: Absolute thickness error table

Thickness (mm) EMD (AT, mm) EEMD (AT, mm) CEEMDAN (AT, mm)

5mm 0.029 + 0.003 0.018 + 0.003 0.012 + 0.002
10 mm 0.034 £ 0.004 0.025 + 0.003 0.019 + 0.002
15 mm 0.037 + 0.004 0.030 + 0.004 0.024 + 0.002
20 mm 0.045 + 0.005 0.033 + 0.005 0.029 + 0.004

Notes: Data represent mean + standard deviation (Test times n = 10).

4.3 Robustness to Surface Roughness

The impact of surface roughness on measurement accuracy was evaluated for CEEMDAN and bench-
mark methods. As shown in Fig. 6. At Ra = 6.3 um, under rough surface conditions (Ra = 6.3 pum),
CEEMDAN maintains AT = 0.019 + 0.003 mm, outperforming EEMD by 45% (AT = 0.035 mm) [32] and the
conventional 6 dB method by 63% (AT = 0.052 mm) [33]. Notably, a 38% error in-crease for Ra > 5 pm using
EEMD, whereas our framework limits the degradation to 12%—a critical advantage for field applications
on corroded pipelines. In contrast, EEMD errors surged to 0.035 mm under rough surface conditions, as
scattering-induced mode aliasing corrupted IMF selection. CEEMDAN’s adaptive noise injection mitigated
this issue by perturbing extrema distributions, effectively decoupling scattering artifacts from valid echoes.
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Figure 6: Impact of surface roughness on measurement accuracy

4.4 Computational Efficiency

Processing times were benchmarked for 460-sample A-scans on an Intel i5-12400F platform. CEEM-
DAN’s computational efficiency (28.3 ms per A-scan) not only surpasses EEMD by 37.9% but also rivals
real-time requirements in industrial NDE. In contrast, 75 ms per scan for a deep learning-based PAUT
defect segmentation model [34], despite its higher hardware dependency. This efficiency gain is attributed
to CEEMDAN’s adaptive noise injection, which reduces redundant iterations by 63% compared to EEMD’s
fixed noise levels [35]. While EMD offers the lowest latency, its poor accuracy (AT > 0.04 mm) renders
it impractical for industrial applications. CEEMDAN?s efficiency gain over EEMD arises from optimized
ensemble iterations and adaptive noise scaling, which reduces redundant computations.
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4.5 Industrial Applicability and Limitations

The proposed framework demonstrated robust performance in high-noise environments, maintaining
AT < 0.03 mm. This resilience is attributed to the dual-criterion IMF selection, which filters both low-
energy noise and non-impulsive artifacts. However, limitations emerge in anisotropic materials (carbon fiber
composites), where directional wave propagation complicates mode separation. Future implementations
could integrate material-specific attenuation models to address this challenge.

4.6 Impact of Rubber Coupling Layer Thickness

To validate the critical threshold of rubber layer thickness (<5 mm) for industrial applications, experi-
ments were conducted on 10 mm steel specimens with silicone rubber coupling layers of varying thicknesses:
5,7, and 10 mm. The absolute thickness error AT and high-frequency attenuation were measured using a 5
MHz transducer. The experimental results are shown in Table 3.

Table 3: Impact of rubber layer thickness on measurement performance

Rubber thickness (mm) AT (ms) Af(MHz) High-frequency energy loss (%)

5 mm 0.017 -0.2 12.3
7 mm 0.031 -1.1 38.7
10 mm 0.048 -2.5 67.5

When the rubber thickness exceeds 7 mm, the absolute thickness error AT increases by 82%, rising from
0.017 to 0.031 mm, which surpasses the industrial tolerance threshold of AT < 0.03 mm. Concurrently, the
centroid frequency shifts downward by 1.1 MHz, indicating irreversible attenuation of spectral components
above 3 MHz—critical for resolving thin specimens.

The viscoelastic damping properties of rubber cause cumulative energy loss in high-frequency bands.
The attenuation coefficient of —0.8 dB/mm at 5 MHz results in a total attenuation of —8 dB for a 10 mm rubber
layer, reducing the transducer’s effective bandwidth to below 2 MHz. This degradation severely disrupts the
separability of coupling-layer reverberations and specimen echoes.

The experimental results confirm that rubber layers thicker than 7 mm lead to irreversible high-
frequency attenuation, violating the Nyquist criterion for echo separation. The specific mechanism includes
three points:

Thick rubber layers prolong reverberation durations to over 20 us for a 10 mm layer, causing temporal
overlap between coupling-layer noise and valid echoes.

Attenuation of frequencies above 3 MHz (Af = —2.5 MHz for 10 mm rubber) diminishes the spectral
disparity between interference and specimen signals, exacerbating mode mixing in EMD-based methods.

Despite these challenges, CEEMDAN maintains AT < 0.03 mm for 5 mm rubber by isolating inter-
ference into low-order IMFs. However, its performance degrades to AT = 0.029 mm at 10 mm rubber,
underscoring the necessity of adhering to the 5 mm thickness limit.

5 Extended Discussion

5.1 Physical Interpretation of Mode Separation

The efficacy of CEEMDAN in isolating coupling-layer interference is rooted in its adaptive noise
perturbation mechanism, which dynamically adjusts injected noise levels based on residual energy. Unlike
EEMD?’s static noise addition, CEEMDAN’s recursive formulation:
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IMF, = & i EMD (ri_l +(-1)1 eii)) (4)
K k=1

Introduces polarity-alternated noise (q € {0, 1}) at each decomposition stage. This breaks the temporal
symmetry of overlapping echoes, forcing low-frequency coupling-layer reverberations and high-frequency
specimen reflections into distinct modes. The rubber’s frequency-dependent attenuation further amplifies
this separation, as specimen echoes retain spectral content above 3 MHz, whereas coupling-layer noise is
confined to sub-2 MHz bands.

5.2 Practical Guidelines for Coupling Layer Design

For industrial applications using 5 MHz transducers, silicone rubber thickness should be limited to
<5 mm to maintain AT < 0.03 mm. Beyond 7 mm, the attenuation threshold degrades high-frequency
components irreversibly. Additionally, rubber hardness optimizes acoustic impedance matching while
minimizing reverberation duration.

6 Conclusion

This study investigated the suppression of thick rubber-layer interference in dry-coupled ultrason-ic
thickness measurement by employing CEEMDAN-based signal decomposition in combination with dual-
criterion IMF selection and hybrid time-frequency thresholding. Experimental evaluations demonstrated
that the proposed framework achieved significant improvements over conventional EMD and EEMD
approaches. For instance, CEEMDAN maintained an orthogonality index above 0.8 across varying specimen
thicknesses and coupling conditions, reducing mode mixing by up to 20% compared with EMD. In thickness
measurement, the method consistently achieved AT < 0.03 mm, representing improvements of 35%-60%
relative to EMD, with a mean error reduction of 0.017 mm for 5 mm specimens. These results confirm the
statistical robustness of the framework, as validated across re-peated trials (n = 10) with standard deviations
below 0.004 mm.

In addition to accuracy, the method demonstrated resilience under challenging conditions. With rough
surface profiles up to Ra = 6.3 um, CEEMDAN limited thickness error increases to 12%, whereas EEMD
exhibited a 38% degradation under the same conditions. Computational efficiency was also enhanced, with
CEEMDAN achieving a 37.9% reduction in processing time compared with EEMD, approaching near real-
time requirements for portable ultrasonic testing devices. Collectively, these comparative and quantitative
results substantiate the practical effectiveness of the proposed framework.

Nevertheless, several limitations must be acknowledged. First, the current validation is restricted to
laboratory experiments, and while noise and surface degradation were simulated, field demonstrations in real
industrial environments remain to be carried out. Second, the framework relies on decomposition quality,
and performance may vary when applied to anisotropic or highly attenuative materials such as composites.
Third, parameter calibration was based on empirical optimization, and although statistical consistency was
observed, further work is needed to explore adaptive or optimization-driven parameter selection strategies.

Overall, the findings establish CEEMDAN as a robust and efficient method for mitigating dry-coupled
rubber-layer interference in ultrasonic thickness measurement. Beyond enhancing measurement accuracy
and reproducibility, the study also highlights practical guidelines for coupling layer design, including
limiting rubber thickness to <5 mm for 5 MHz transducers. Future work will extend validation to diverse
industrial scenarios and investigate integration with intelligent decision-making frameworks to further
advance automation and reliability in ultrasonic nondestructive testing.
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