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ABSTRACT 

This study presents a novel structural health monitoring (SHM) architecture for self- 
aware structures based on hybrid manufacturing for fabricating multifunctional metal- 
lic components with subsurface-embedded piezoelectric (PZT) sensors, enabling au- 
tonomous SHM capabilities. The developed methodology integrates Wire Arc Addi- 
tive Manufacturing (WAAM), subtractive machining, and Cold Spray Additive Manu- 
facturing (CSAM) to seamlessly embed commercial off-the-shelf PZT sensors within 
aluminum structures (Al-5356) while preserving structural integrity. The embedded 
sensors are protected by ceramic thermal barriers and metallized surfaces, facilitating 
process resumption for complex geometries. The experimental validation is based on 
acousto-ultrasonic guided wave (GW) propagation analysis under controlled mechani- 
cal loading (0-100 MPa) and thermal cycling (ambient to 100oC). Active-sensing con- 
figurations utilizing pitch-catch methodologies demonstrate equivalent performance to 
surface-mounted sensors, with capacitance-based electromechanical impedance signa- 
tures confirming sensor functionality. The fabricated self-sensing structures exhibit real- 
time diagnostic capabilities for detecting operational (static load) and environmental 
(temperature) state changes, demonstrating particular advantages for applications where 
surface-mounted sensors are impractical due to coating requirements or environmental 
protection constraints. This hybrid manufacturing framework establishes a foundation 
for next-generation intelligent metallic structures with integrated SHM functionality. 

 
INTRODUCTION 

Structural health monitoring (SHM) methodologies have evolved significantly across 
diverse engineering applications, transitioning from periodic inspection protocols to con- 
tinuous real-time assessment frameworks for detecting structural degradation throughout 
operational lifecycles. However, conventional SHM architectures predominantly rely on 
externally mounted sensor arrays, which exhibit fundamental limitations under harsh 
environmental conditions and demonstrate reduced sensitivity for detecting subsurface 
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damage initiation during early-stage failure progression [1–3]. These constraints become
particularly important in applications involving high-temperature exposure, corrosive
environments, or surface coating requirements that preclude external sensor mounting.

The paradigm of “self-aware structures” addresses these technological gaps by in-
tegrating sensing capabilities directly within structural components through advanced
manufacturing techniques, enabling autonomous condition assessment without exter-
nal sensor dependencies [4]. This approach facilitates the development of intelligent
structural systems capable of real-time health monitoring while maintaining structural
performance characteristics and operational reliability. Among various embedded sens-
ing modalities, piezoelectric transducers, particularly lead zirconate titanate (PZT) ele-
ments, demonstrate exceptional capabilities for advanced SHM applications due to their
inherent dual-functionality as both actuators and sensors [5]. PZT-based systems offer
several distinct advantages: (i) high electromechanical coupling efficiency enabling bidi-
rectional energy conversion between mechanical strain and electrical signals for in-situ
monitoring applications [6]; (ii) enhanced environmental sensitivity for detecting oper-
ational parameter variations including temperature fluctuations and mechanical loading
conditions [7]; and (iii) compact form factors with minimal weight penalties, facilitat-
ing integration into load-bearing metallic structures without compromising structural
integrity [8]. When positioned within critical structural regions, embedded PZT sensors
enable continuous monitoring of dynamic structural response characteristics, provid-
ing autonomous damage detection capabilities through guided wave propagation analy-
sis [3,9]. Despite significant technological promise, seamless integration of PZT sensors
within metallic components presents substantial manufacturing challenges, particularly
regarding preservation of host structure mechanical properties and sensor protection un-
der operational conditions.

Current embedded sensor integration approaches face critical limitations in achieving
robust sensor protection while maintaining manufacturing process continuity for com-
plex geometries. Furthermore, most embedded sensor fabrication techniques cannot ac-
commodate process resumption for additive manufacturing operations, limiting their ap-
plicability to simple geometric configurations. Therefore, this investigation presents a
novel hybrid manufacturing framework that systematically addresses these limitations
through the development self-aware metallic structures with subsurface-embedded com-
mercial off-the-shelf (COTS) PZT sensors. The methodology integrates Wire Arc Addi-
tive Manufacturing (WAAM), precision subtractive machining, and Cold Spray Additive
Manufacturing (CSAM) to achieve seamless sensor integration while preserving both
structural performance and sensor functionality.

The fabricated self-aware structures undergo comprehensive experimental validation
through controlled mechanical loading protocols (0-100 MPa stress range) and thermal
cycling assessments (ambient to 100oC temperature range) to quantify sensor perfor-
mance under representative operational conditions. Active-sensing configurations uti-
lizing pitch-catch guided wave methodologies enable systematic evaluation of sensor
responsiveness and diagnostic capability. Non-parametric signal analysis techniques
provide quantitative assessment of structural state awareness capabilities, with particular
emphasis on stress-dependent and temperature-dependent signal characteristics. This re-
search establishes a foundation for next-generation intelligent metallic structures with in-
tegrated SHM functionality, demonstrating particular advantages for applications where
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Figure 1. (a) Design of the self-aware structures with subsurface embedded sensors; (b)
COTS PZT sensors bonded within the sub-surface cavities of the beam; (c) Representa-
tive image of the fabricated beam with embedded PZTs.

conventional surface-mounted sensors are impractical due to environmental constraints,
coating requirements, or geometric limitations.
FABRICATION OF SELF-AWARE STRUCTURES

The self-aware structural system integrates two commercial off-the-shelf piezoelec-
tric transducers (Acellent Technologies, SMLSSOP4NR) through a novel hybrid manu-
facturing approach combining additive, subtractive, and surface modification processes,
as shown in Figure 1a. The fabrication methodology implements five sequential stages:
1. Wire Arc Additive Manufacturing: Host beam fabrication using Al-5356 alloy
2. Precision machining: Subsurface sensor cavity formation
3. Sensor integration: Adhesive bonding within machined cavities
4. Ceramic protection: Thermal barrier deposition for environmental shielding
5. Surface metallization: Cold Spray Additive Manufacturing (CSAM) for process
continuity

The host beam structure (180 mm × 20 mm × 13 mm) is fabricated using Al-5356
alloy WAAM with Cold Metal Transfer (CMT) welding technology, enabling controlled
material deposition at reduced thermal input. A 6-axis robotic manipulator (Yaskawa)
executes the layered deposition strategy with 20 sequential weld beads and 6 mm hatch
spacing, as detailed in the sensor-integrated manufacturing cell [10]. Critical process
parameters are systematically controlled per Table 1 specifications. Sensor housing cav-
ities are precision-machined 1.5 mm below the upper surface using CNC operations
with a 3.175 mm ball end mill (Figure 1a-b). Controlled spindle speed (4,000 rpm)
and feed rate (50.8 mm/min) minimize thermal effects while achieving required surface
finish. PZT transducers are integrated using high-performance epoxy adhesive (Loctite
EA9394 Aero), selected for superior temperature resistance and mechanical properties
under dynamic loading.

A ceramic thermal barrier is deposited over the sensor assembly, providing protec-
tion against high-temperature exposure, oxidation, and moisture infiltration while elimi-
nating stress concentrations. Surface metallization utilizes CSAM technology, which is
a low-temperature process capable of producing dense metallic coatings without melt-
ing the feedstock powders [11]. CSAM is used to deposit aluminum-rich powder feed-
stock onto the surface of the ceramic layer, creating a homogeneous metal surface. The
corresponding CSAM parameters are provided in Table 1. The integrated hybrid man-
ufacturing framework demonstrates flexibility through systematic process control and



validation protocols, ensuring dimensional accuracy, optimal material properties, and
preserved sensor operational capabilities throughout the fabrication sequence.

EXPERIMENTAL EVALUATION

The fabricated self-aware structure undergoes systematic performance assessment
through three controlled experimental protocols: (i) static loading evaluation; (ii) quasi-
static loading assessment; and (iii) transient thermal characterization. Guided wave
(GW) signals are acquired synchronously with corresponding environmental and oper-
ational conditions (EOC) to quantify sensor responsiveness and diagnostic capabilities.
Signal variations are analyzed relative to stress and temperature parameters using estab-
lished damage identification (DI) methodologies.

Static and Quasi-Static Loading Evaluation

The sample beam is subjected to three-point-bending configuration for the static and
quasi-static loading tests with maximum stress calculated as:

σf = 3PL/2bd2, (1)

where the support length L is 120 mm, the beam width b is 20 mm, and the beam depth
d is 13 mm. The universal test machine controls stress based on load cell feedback,
integrated with a NI PXIe 6393 data acquisition system for synchronized stress-GW
measurements (sampling rate of 3.3 MS/s; Figure 2a). The universal test machine is
integrated with the NI PXIe data acquisition system as illustrated in Figure 2a, where an

Table 1. Fabrication parameters for the self-aware metal structure.

Fabrication
Process

Parameter Value (unit)

Step-1
WAAM

Material Aluminum (Al-5356)

Wire feed rate 400 inch/min (∼ 0.17 m/s)

Torch speed 4 mm/sec

Number of weld beads 20

Beads (hatch) distance 6 mm

Step-2
Machining

Cutting tool 3.175 mm ball end mill

Spindle speed 4,000 rpm

Feed rate 2 inch/min (∼ 50.8 mm/min)

Step-3
Surface

metallization

Material Mixture of Al, Al2O3, and Zn

Gas temperature 400 °C

Gas pressure 6 bar (0.6 MPa)

Nozzle transverse speed 20 mm/sec

Nozzle stand-off distance 25 mm
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Figure 2. (a) GW data under quasi-static load is acquired using PXIe system synchro-
nized with the Instron universal test machine that acquires corresponding load condition.
(b) GW data collection under varying temperature uses an additional TC module syn-
chronized to the GW acquisition task.

analog output is used to trigger the acquisition of GW data. Actuation signals are 5-peak
tone bursts (5-cycle Hanning-filtered sine wave) generated at several center frequencies
(fc = {100 : 50 : 500} kHz) and amplified from 0.4 Vp−p to 16 Vp−p using a signal
conditioner (PCB 483C41) in voltage mode. Then, the response of the other PZT is
conditioned and amplified by another 483C41 module in charge mode. In the static
loading case, multiple data sets were collected per center frequency, while the stress
was kept constant. In the quasi-static loading case, while quasi-static testing implements
stress ramping from 1-100 MPa at 1 MPa/min with data collection at 3 MPa increments.
Figure 2c shows the detailed data acquisition process, and the experimental parameters
are shown in Table 2.

Transient Thermal Evaluation

In the transient thermal test, the beam was subjected to an arbitrary increasing tem-

Table 2. Summary of experimental details.

Test Trigger event Center frequency (fc) Burst per fc

Static σf = {0 : 10 : 100} MPa {100 : 50 : 500} kHz 40

Quasi-static σf = {1 : 3 : 99} MPa {100 : 50 : 500} kHz 20

Thermal ∆t = 50 s {100 : 50 : 500} kHz 40



perature profile in an environmental chamber. The actual chamber temperature is mea-
sured by 4 type-E thermocouples and the average is plotted in Figure 2d. In order to
accurately associate environmental temperature with GW data for subsequent analy-
sis, temperature measurement on NI-9211 and GW measurement on PXIe-6396 were
synchronized by a 0.020 Hz external counter output from another manually controlled
PXIe-6396 module. When a GW acquisition subroutine is triggered, similarly, a number
of GW bursts and responses were acquired for each center frequency as the temperature
varies with the corresponding temperature value.

Reference Literature DIs

In the non-parametric analysis of acquired GW data, three different DIs are employed
to evaluate the potential of the PZT-embedded beam in the SHM application. First,
Janapati et al. [12] proposed a DI that is sensitive to damage size and orientation and
agnostic to material property variation, which is formulated as:
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Baseline signal y0[t] and unknown signal yu[t] are discrete time series data with t =
1, 2, 3, ..., N . Y n

0 [t] and Y n
u [T ] are normalized baseline and unknown signals. The Qiu

correlation-based approach focuses on waveform and time-of-flight variations:
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The third DI is the standard root mean square deviation (RMSD) that quantifies the
difference between a baseline and an unknown signal:

DI =

√∑N
t=1(y0[t]− yu[t])2∑N

t=1 y
2
0[t]

(4)

RESULTS AND ANALYSIS

Acquired GW response data was preprocessed including mean removal and statisti-
cal averaging across repetitive acquisitions at identical trigger conditions. The tempo-
ral averaging process leverages the quasi-static nature of environmental and operational
condition (EOC) evolution relative to GW acquisition timeframes, yielding enhanced
signal-to-noise ratios and reduced stochastic variability. Statistical mean calculations
utilize 40 repetitive responses per center frequency for static/thermal tests and 20 re-
sponses for quasi-static evaluations, as detailed in Table 2. The average signals are plot-
ted in Figures 3-5, and their respective close-ups of indicative wave packs influenced by
stress and temperature.

Under static loading conditions, signal evolution demonstrates clear stress-dependent
characteristics. Time-of-flight reduction is observed in representative signals (Figure
3(a.2, b.2), corresponding to compressive deformation effects at the sensor embedment
locations. Signal amplitude attenuation correlates with increasing stress levels, attributed
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Figure 3. Indicative GW signals beam for increasing static load, from 0 Mpa to 100 MPa
with 10 MPa increment, at two different center frequencies: a) 100 kHz, and b) 300 kHz.
Close up of GW signals are shown, respectively, in (a.2) and (b.2). DIs are plotted for
GW signals at each stress level for (c.1) 100 kHz and (c.2) 300 kHz.

to combined effects of stress distribution variations and modified boundary conditions
throughout the loading sequence. All three DI formulations exhibit distinctive correla-
tions with applied stress variations. All DIs demonstrate monotonic sensitivity to stress
increments, while the Qiu correlation-based approach shows enhanced discrimination
capabilities at intermediate stress levels. Similar performance is observed at both center
frequencies.

Quasi-static loading reveals similar GW signal variations with enhanced temporal
resolution across the stress progression (Figure 4(a.2, b.2)). The increased sampling den-
sity provides detailed DI evolution trends compared to static loading assessments. Non-
linear DI progressions are systematically observed across all center frequencies, indicat-
ing complex stress-wave interaction mechanisms within the embedded sensor configu-
ration. The 100 kHz and 200 kHz excitation frequencies demonstrate distinct sensitivity
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Figure 4. Indicative GW signals for increasing quasi-static load from 0 MPa to 100 MPa
at two different center frequencies: a) 100 kHz and b) 200 kHz. Close up of GW signals
are shown, respectively, in (a.2) and (b.2). DIs are plotted for GW signals with respect
to stress level for (c.1) 100 kHz and (c.2) 200 kHz.

profiles, with 200 kHz signals exhibiting higher DI values. This frequency-dependent
behavior suggests optimal sensor interrogation strategies for specific operational stress
ranges, enabling adaptive monitoring protocols based on anticipated loading conditions.

Thermal characterization reveals complex sensor response patterns under controlled
temperature cycling from 70 ◦C to 100 ◦C. Significant amplitude reduction is observed
across all frequency ranges (Figure 5(a.2, b.2)), with time-of-flight and wave packet
characteristics exhibiting nonlinear temperature dependencies. These variations result
from combined effects of material property changes, thermal expansion coefficients, and
temperature-dependent adhesive bonding characteristics. DI evolution during thermal
cycling demonstrates frequency-specific behaviors requiring systematic analysis. The
100 kHz DI exhibits reverse trend regions between 70-80 ◦C, while the RMSD saturates
above 80 ◦C, indicating threshold-limited sensitivity ranges. Conversely, 200 kHz exci-
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Figure 5. Indicative GW signals under ramp-and-hold thermal input at two different
center frequencies: a) 100 kHz and b) 200 kHz. Close up of signals shown, respectively,
in (a.2) and (b.2). DIs plotted at each temperature for (c.1) 100 kHz and (c.2) 200 kHz.

tation shows earlier saturation onset (around 60 ◦C) with distinct reverse region charac-
teristics from 70-100 ◦C, suggesting complex thermomechanical coupling effects within
the sensor-structure interface.

DISCUSSION

The experimental assessments encompassing static/quasi-static loading and transient
thermal characterization demonstrate the structural state awareness capabilities achieved
through the PZT-embedded beam architecture. Comparative analysis of nonparamet-
ric signal characteristics and established DI formulations confirm that embedded PZT
sensors maintain equivalent electromechanical performance to surface-mounted config-
urations. The placement flexibility of PZT sensors across material thickness, enabled
through the proposed additive manufacturing approach, facilitates future optimization



protocols for controlled excitation of selective guided wave modal characteristics.
Notably, the metallization step over the ceramic shielding during the fabrication stage

(Figure 1c) holds strong potential for fabricating functional interlayers that could be
compatible with various AM processes (e.g., WAAM, laser-directed energy deposition,
laser powder bed fusion). This feature can facilitate the seamless resumption of the AM
processes on the sensor-integrated beam, which might potentially pave the way for large-
scale smart metallic structures. It is particularly important, as many AM techniques
face challenges in achieving strong and conformal interlayers to ensure reliable bond-
ing and structural continuity during process resumption. As such, the proposed hybrid
manufacturing pathway can effectively address the relevant limitations of conventional
approaches, while preserving the interfacial integrity between the host structure and the
subsequently deposited layers.

Despite these promising results, the smart beam exhibited a moderate reduction in
both stiffness and strength compared to baseline beams. This mechanical debit is likely
attributed to the presence of the machined sensor cavities, which act as stress concentra-
tors within the structure. However, it should be noted that the mechanical debit data was
obtained from a single specimen (i.e., single data point) and therefore requires further
investigation through repeating testing and statistical analysis to ensure reproducibility
and reliability. To enhance the mechanical debit, the following strategies may be con-
sidered: (i) sensor network topology refinement; (ii) simulation-assisted thermal and
stress field estimation utilizing reduced sensor density; and (iii) manufacturing process
enhancement to minimize stress concentration effects from machined cavities.

CONCLUDING REMARKS

In this study, we presented a “Self-aware” Beam with subsurface-embedded PZT
sensors, fabricated by a novel hybrid manufacturing approach. In a host structure built
by wire-arc additive manufacturing (WAAM), PZT elements were placed in subtractive
machined cavities and then fully encapsulated by a subsequent cold-spray AM process
under the protection of ceramic fillings. The following conclusion can be drawn from
the present study that the embedded PZT elements are capable of operating in the “pitch-
catch” configuration to function as the foundation of active sensing SHM. GW signals
showed variations correlated to the evolution of stress and temperature. Additionally,
referenced DIs showed results comparable to literature applications.

In summary, this study validated the developed Smart Beam and its hybrid manu-
facturing approach as a promising framework for advanced SHM applications. These
efforts can open new aveneus for designing and development of intelligent, multifunc-
tional metal structures. Future work will focus on expanding the sensing modalities and
assessing the long-term durability of the Smart Beams under dynamic and cyclic loading
conditions to support field-ready implementation.
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