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Abstract: This study presents an acoustic emission (AE) monitoring strategy based on MEMS (Micro-
Electro-Mechanical Systems) sensors applied to 3D-printed structures. AE data were analyzed using the b-
value method to track damage development and Natural Time (NT) analysis to identify the onset of
critical conditions. A comparison with a commercial piezoelectric sensor revealed similar performance,
with both sensors detecting a reduction in the b-value preceding failure. MEMS sensors demonstrated an
enhanced capacity to capture high-frequency signals. These results underline the potential of MEMS
sensors as cost-effective tools for structural health monitoring in additive manufacturing contexts.
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1. INTRODUCTION

Acoustic Emission (AE) is a sensitive non-destructive technique used to detect internal
structural changes such as crack initiation and propagation. Conventional AE systems utilize
piezoelectric sensors due to their precision and robustness, but their size and cost limit their use
in embedded or distributed systems. MEMS sensors, in contrast, offer low-cost, miniaturized
alternatives suitable for scalable monitoring applications [1,2]. Despite promising advantages,
MEMS sensors are still under exploration for AE applications, requiring validation against
established commercial devices [2,3]. This work evaluates MEMS sensors in a comparative
experimental framework, using 3D-printed polymer specimens subjected to three-point bending
tests. Both a commercial piezoelectric sensor and a MEMS sensor were used to capture AE
signals. The AE signals were analyzed by using the b-value, commonly used in seismology [4] to
identify damage evolution, and Natural Time analysis to detect criticality conditions.

2. AE DATA ANALYSIS

The b-value analysis in Acoustic Emission (AE) originates from seismological studies,
particularly the Gutenberg-Richter law [4], which describes the statistical relationship between
the magnitude of events and their cumulative frequency. Adapted for AE monitoring, the b-value
represents the slope in the log-log plot between AE signal amplitude and the cumulative number
of events [6,7], the law can be expressed as follows:

N(=A)=7A7" (1)

Where N(>A) is the cumulative number of AE events with amplitude > A, { is a normalization
constant, Ais the amplitude of the AE signal and b is the b-value, which reflects damage state.
This parameter is considered a universal law, independent of system scale, as discussed by
Shiotani et al. (1994). According to Aki (1967) and Carpinteri et al. (2009), the b-value is
associated with the fractal dimension D of the crack distribution region, via the expression D =
2b, in early damage stages, AE events are typically generated by microcracks distributed in three
dimensions (D = 3 — b = 1.5), which results in many low-amplitude signals. As damage evolves,
the events become more localized, forming clusters that lead to macrocrack formation. In this
final stage, damage concentrates on a surface (D = 2 — b = 1.0), corresponding to a higher
proportion of large-amplitude events. Thus, a progressive decrease in the b-value indicates
damage localization and acts as a precursor to structural failure. In this study, the b-value was
dynamically computed using a moving window approach, allowing temporal tracking of
localized damage development. Figure 1(a) illustrates the typical variation of the b-value during
the damage process. Monitoring how the b-value changes over time provides insight into when
and where damage localization begins within the structure.

2.2 Natural Time Analysis

The analysis in the natural time domain allows identifying critical states in complex systems
[11]. More specific, the natural time y, of the & -th event is defined as the normalized occurrence

of that event, obtained by dividing it by the total number of considered events, N, thatis y =k/N

(see Figure 1(b)). Simultaneously, natural time y, serves as an index for the timing of the 4 -th
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event. It inherently falls within the range of (0,1) [12]. Let O, represents a quantity proportional
to the energy of the individual % -th event, with its normalized energy expressed as
P, =0, / ZnNzl O, . Therefore, in natural time analysis, the evolution of the pair (y,,p,) is
considered, as showed in Figure 1(b) [12].
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Figure 1: (a) The b-value evolution in experimental test [10] and, (b) Natural time in the context of acoustic emission
time series.

Using the sequence of pairs (y, pk), two key order parameters are evaluated:
(1) Natural Time Variance (k1):

k= A — 02 = S (5 - (i ipe) @

This parameter identifies the proximity of the system to a critical state.
According to Varotsos et al., the system is said to be near criticality when: ki1 — 0.070.

(2) Average Spectral Distance (D): To evaluate the spectral deviation from a theoretical
reference, the power spectrum I1(w) is calculated.

2

3)

Where w=27p ( ¢<(0,0.5) standing for the frequency in natural time) and the ideal

.k
M) = |Zhe pee'™

normalized power spectrum,

18 6COS W 12sinw
4)

H(O))ideal=ﬁ— coz 53

Ifw— 0, (3) simplifies to 11(®),,, ~1-0.07° . When I1(®) approaches I1(w)., , from below,

the critical state is indicated. Finally, according to Varotsos [11, 12], the dynamical system is
defined as in a critical state if:
1) The variance x,, when descending from above, approaches 0.070;

2) The “average” distance (D) becomes smaller than 107,

In summary, the NT framework complements b-value analysis by offering enhanced
sensitivity to precursory patterns and identifying critical points before macroscopic failure
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occurs. Together, both methods provide a robust and predictive diagnostic tool
for structural health monitoring.

3. EXPERIMENTAL PROCEDURE

Flexural tests were conducted on two 3D-printed acrylonitrile butadiene styrene (ABS)
samples using a Shimadzu AGS-X universal testing machine with a 5 kN load capacity [9]. Tests
followed a three-point bending configuration under displacement control at 0.5 mm/min. The
samples, designed in SolidWorks and processed with Creality Slicer, measured 120 x 50 x 30
mm and were printed with a Creality Klc printer. The printing parameters included a 0.4 mm
nozzle, 1.75 mm filament, 0.2 mm layer thickness, 0.4 mm line width, 35% infill (line pattern),
nozzle speed of 50 mm/s, 240°C hot-end temperature, and 105°C bed temperature. Both
specimens shared the same print orientation. Two independent systems were used to acquire AE
signals. The commercial setup employed a piezoelectric sensor (PCB model 352C03), connected
to a Briiel & Kjer PHOTON+ system, operating at 24.8 kHz. The MEMS-based system used an
ADXL1002BCPZ uniaxial accelerometer with a 100 kHz sampling rate. Signal conditioning
included a first-order RC filter (R = 63 QQ, C = 100 nF), an MCP3201 ADC, and a Raspberry Pi 4
microcontroller with SPI communication and DMA acquisition. Data was visualized in real time
using custom software developed in Python (SonusTrack) shown in Figure 2 (a) and Figure 2 (b).
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Figure 2: (a) Main screen of the software developed for real-time data acquisition, and (b) Complete setup for
MEMS accelerometer data acquisition.

4. RESULTS
4.1 Global Mechanical Response

The mechanical behavior of both printed ABS specimens during the three-point bending tests
revealed a consistent response pattern. Figure 3(a) presents the force versus vertical displacement
curves, while Figure 3(b) shows the final fracture configurations for both samples.
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Figure 3: (a) The force versus vertical displacement curves, (b) The final fracture configurations for both samples
(S1) and (S2).

Both curves exhibit distinct points of instability corresponding to abrupt stiffness losses at
approximately 0.5 mm and 1.91 mm of vertical displacement. These discontinuities are indicative
of delamination or crack nucleation between printed layers—particularly near the notched
regions, where stress concentration is naturally higher. Sample 1 failed primarily due to interlayer
delamination initiated at the outermost region beneath the loading point. This mode of failure
suggests poor interfacial adhesion in this localized zone. In contrast, Sample 2 presented a
different behavior: a stable crack propagation originated at the notch and extended toward the
upper layer of the specimen, leading to a more gradual post-peak softening. This suggests that the
internal filament structure contributed to a more distributed energy dissipation mechanism.
Despite these differences in fracture progression, the global load-bearing capacity and stiffness
were comparable, highlighting good repeatability in the printing and testing process.

4.2 Acoustic Emission Analysis and Sensor Comparison

The AE activity during the bending test of Sample 1 was captured using both the PCB
piezoelectric sensor and the MEMS-based system. The data were synchronized using normalized
time (t/t*) for comparative analysis. Figure 4(a) shows the cumulative number of AE events
detected by each sensor, along with the normalized AE amplitude and the applied load. The event
accumulation trends are similar between both systems, although the MEMS sensor captured a
broader amplitude range, including high-energy bursts that were not visible in the PCB dataset.
This highlights the MEMS sensor's greater sensitivity to energetic fracture events.
Figure 4(b) presents a direct comparison of AE waveforms captured by both sensors at
approximately t/t* = 0.19. The MEMS signal exhibits denser oscillations and higher frequency
components, while the PCB signal appears smoother and more attenuated. The Faster Fourier
Transform analysis included in the same figure confirms the wider bandwidth of the MEMS
sensor, which recorded significant energy above 9 kHz. This spectral resolution is particularly
useful for identifying rapid energy release mechanisms during crack propagation. The evolution
of the b-value over time is plotted in Figure 4(c). Both sensors show a similar trend: initially low
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b-values rise to approximately 1.25 at mid-test, followed by a decline toward the end of the
experiment. This pattern reflects the transition from dispersed microcracking to localized
macrocrack formation, reinforcing the capability of both sensor types to track damage evolution
using statistical AE parameters.
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Figure 4: Comparison of the PCB and MEMS sensors: (a) accumulated number of AE signals with the normalized
(on the right-hand scale): load, and AE-signal amplitudes (in log scale for the PCB sensor); (b) Signal and FFT
comparison; (c¢) b-value.

Natural Time (NT) analysis was also performed using AE signals with energy estimated as
A'®. The MEMS-based NT parameters revealed criticality conditions—x«: nearing 0.070 and D
below 102>—occurring between t/t* = 0.35 and 0.48 shown in Figure 5(b). For the PCB sensor,
these conditions were observed later, between t/t* = 0.5 and 0.9 shown in Figure 5(a). These
findings suggest that the MEMS sensor provided earlier indications of damage localization and
impending failure, demonstrating its potential for real-time structural health diagnostics.
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Figure 5: Comparison of the PCB and MEMS sensors: (a) PCB NT analysis considering Q=A'3; (b) MEMS NT
analysis considering Q=A'",

5. CONCLUSIONS

This study validated the use of MEMS-based AE monitoring in 3D-printed structures through
comparative analysis with a commercial sensor. The b-value and Natural Time approaches
confirmed the ability of MEMS sensors to track damage evolution and detect critical conditions.
MEMS sensors captured high-frequency, high-energy events effectively, offering a cost-effective
and scalable alternative for structural health monitoring.
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