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Abstract

Smart metallic structures (SMS) with embedded sensors are gaining significant interest as they enable real-time sens-
ing and structural monitoring in mission-critical applications. However, integrating sensors directly into metallic materi-
als remains challenging due to the extreme thermal loads and metallurgical incompatibilities inherent to metal additive
manufacturing (MAM). To address this gap, this study introduces a convergent manufacturing pathway that integrates
wirearc additive manufacturing (WAAM), subtractive machining, ceramic sensor shielding, and cold spray metallization to
realize smart metallic structures with fully embedded sensing capabilities. The developed sensor encapsulation approach,
combining ceramic shielding with cold spray metallization, enables seamless WAAM deposition over the sensor regions
and allows the embedding of commercial off-the-shelf (COTS) sensors in structural aluminum alloy beams (Al-5356),
resulting in fully functional smart beams. Unlike prior studies that typically demonstrate a single sensing modality with
single-sensor embedding, this work integrates a dense multi layer and multi modal sensor network featuring multiple sen-
sor configurations within a standard bending beam footprint (180 mm x 20 mm x 13 mm). This represents a significant
advancement in both sensor density and integration fidelity for MAM. Comprehensive thermal and mechanical experi-
ments confirm that the embedded sensors remain fully functional and accurate throughout testing. The temperature sensors
(RTDs) capture both steady-state and transient thermal responses with less than 2.2% error, while the strain gauges provide
high-fidelity measurements with deviations below 2.5%. Furthermore, the fabricated smart beams exhibit a mechanical
debit of less than 11% under static bending and less than 20% under dynamic bending relative to baseline beams without
embedded sensors, while maintaining full structural and sensing integrity. This work establishes a convergent manufac-
turing pathway that enables reliable sensor embedding under the demanding conditions of MAM and marks a significant
step toward next-generation SMS.
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Abbreviations
Al Aluminum

ASTM  American Society for Testing and Materials
CNC Computer numerical control
COTS Commercial off-the-shelf

CS Cold spray

FPCB Flexible printed circuit board
MAM Metal additive manufacturing
PZT Piezoelectric transducer

RTD Resistance temperature detector
SEM Scanning electron microscope

SG Strain gauge

SHM Structural health monitoring
SMS Smart metallic structure

SW Spot weld

TC Thermocouple

WAAM  Wire arc additive manufacturing

1 Introduction

Smart structures are structural components integrated with
sensors that enable continuous monitoring of structural
health, environmental conditions, and operating states [1].
These systems facilitate real-time data acquisition and
analysis, thereby enhancing safety, performance, and reli-
ability [2—4]. In recent years, growing interest in embedding
sensors within metallic components has driven the develop-
ment of smart metallic structures (SMS) [5, 6], which have
found broad applicability across aerospace [7], defense [8],
automotive [9], robotics [10], and energy systems [11]. This
interest is driven by several key factors: (i) metals dominate
load-bearing structures in safety-critical systems [12]; (ii)
there is a need for in-situ sensing within metallic compo-
nents operating under demanding conditions [13]; and (iii)
there is growing demand for high-fidelity, non-destructive
structural monitoring without compromising mechanical
integrity or functionality [14].

In this context, metal additive manufacturing (MAM)
technologies offer a promising pathway for realizing SMS
by enabling the fabrication of structures with enhanced
design freedom and precise process control. Owing to these
capabilities, MAM technologies facilitate the integration
of sensors within metallic components during fabrication,
enabling precise sensor placement, multi-material archi-
tectures, and tailored microstructures. Hence, MAM-based
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approaches have emerged as a promising platform for pro-
ducing next-generation SMS with enhanced functional-
ity, robustness, and scalability [15]. Over the last decade,
several MAM techniques have been proposed to integrate
sensors into metallic structures [16]. These approaches pri-
marily include powder bed fusion (PBF) [17-19], directed
energy deposition (DED) [13, 20, 21], and ultrasonic addi-
tive manufacturing (UAM) [22-24], each offering distinct
advantages in terms of sensor embedding strategies, mate-
rial compatibility, and process integration. Collectively,
these efforts have significantly advanced the development
of additively manufactured SMS. A recent review by Rah-
man et al. [16] summarizes the state-of-the-art in SMS with
embedded sensing.

Despite significant advances, critical challenges remain,
including sensor survivability under thermal exposure dur-
ing fabrication, reliable interfacial adhesion between dissim-
ilar and inhomogenecous layers, and overall scalability [16,
25-27]. Moreover, real-world deployment of SMS requires
reliable field measurements such as temperature and strain
rather than isolated single-point sensing. This necessitates
the integration of distributed, multi modal sensor networks
capable of coupled measurements, as opposed to reliance
on a single embedded sensor. Taken together, these chal-
lenges underscore the need for innovative manufacturing
approaches that enable seamless embedding of dense, multi
modal sensor networks within metallic structures without
compromising sensing fidelity and structural integrity.

Most recently, the authors’ group has pioneered the use
of wire arc additive manufacturing (WAAM) as a primary
MAM platform for fabricating SMS with subsurface embed-
ded sensors [28, 29]. This approach enabled the embed-
ding of sensing elements beneath the metal surface skin,
facilitating the integration of distributed sensor networks.
Despite its promise, this approach relied on machining sen-
sor pockets and remained limited to subsurface embedding
rather than achieving fully embedded sensors within the
metallic structure. Bypassing sensor-cavity machining is
particularly critical for preserving mechanical integrity, as
machined cavities act as stress concentrators, especially in
architectures involving dense sensor networks. Moreover,
achieving fully embedded sensor networks requires seam-
less resumption of WAAM deposition over sensor regions,
which remains a key technical challenge.

To address these critical gaps and build on our prelimi-
nary work [28, 29], this study introduces a convergent
manufacturing pathway that integrates WAAM, subtractive
machining (surface facing), ceramic shielding, and cold
spray (CS) metallization to realize SMS with fully embed-
ded sensing capabilities. A sensor encapsulation strategy
combining ceramic shielding and CS metallization is devel-
oped, eliminating the need for sensor-cavity machining. The
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electrically conductive CS metallization on ceramic shield-
ing enables seamless resumption of WAAM deposition over
sensor-packaged regions, effectively mitigating wire-arc
instabilities. Multilayer dense sensor networks composed
of commercial off-the-shelf (COTS) temperature and strain
sensors are embedded within two distinct layers of a stan-
dard bending-beam footprint (180 mm x 20 mm x 13 mm).
Each layer incorporates a dense sensor network comprising
resistive temperature detectors (RTDs) and strain gauges
(SGs) within the standard beam footprint. To the best of
our knowledge, this is the first demonstration of multi-
layer, multimodal temperature-and-strain sensor networks
embedded within metal additively manufactured compo-
nents. Comprehensive microstructural analyses, together
with thermal and mechanical experiments, are conducted to
assess interfacial bonding, sensor integrity, sensing fidelity,
and the structural performance of the resulting smart beams.

The remainder of this manuscript is organized as shown in
Fig. 1. Section 2 introduces the proposed convergent manu-
facturing pathway for fabricating SMS. Section 3 describes
the sensor network, embedding strategy, and microstruc-
tural characterization of the resulting smart structures (i.e.,
smart beams). Section 4 presents comprehensive structural
monitoring evaluations, including thermal, mechanical, and
coupled thermo-mechanical testing. Finally, Sect. 5 dis-
cusses the potential areas for improvement, while Sect. 6
summarizes the key findings and outlines future research
directions.

2 Convergent manufacturing of smart
metallic structures

Figure 2a illustrates the developed convergent manufactur-
ing pathway for embedding functional sensors within addi-
tively manufactured metal structures. As depicted in Fig. 2a,
the pathway consists of six sequential steps: (1) robotic
WAAM to fabricate the host structure (Fig. 2b); (2) surface

preparation for sensor attachment, including machining
(facing) and sandblasting; (3) sensor integration; (4) appli-
cation of a ceramic shielding layer; (5) surface metalliza-
tion via robotic cold spray (Fig. 2¢); and (6) resumption of
WAAM deposition to realize the SMS with fully embedded
sensors. The following subsections describe each step in
detail, and Table 1 summarizes the operational settings for
each process. Representative images of each step are also
provided in the Supporting Information (Fig. S1).

2.1 (Step 1) WAAM to build the host structure

The fabrication process begins with constructing the host
metal structure (Al-5356) using WAAM, which serves as
the backbone of the proposed convergent manufacturing
pathway. WAAM was employed owing to its high depo-
sition rate, excellent metallurgical bonding, and relatively
low material waste compared to other AM processes such
as powder bed fusion and laser powder DED [30]. In addi-
tion, the use of Al-5356 alloy provides a favorable combi-
nation of strength, ductility, and corrosion resistance [31],
making it well suited for structural components in SMS
applications. To enhance deposition—substrate bonding, the
build was deposited onto an Al-6061 build plate featuring
machined surface grooves (see Fig. S2 and Video S1 in the
Supporting Information), which increased surface rough-
ness and promoted stronger metallurgical adhesion between
the first layer and the build plate.

Subsequently, the WAAM process was carried out using
the robotic system shown in Fig. 2b, enabling precise con-
trol over deposition [32, 33]. The wire was fed into the torch
at a rate of 0.17 m/s, while the torch traversed at 4 mm/s
(Table 1). The host build (length: 240 mm, width: 70 mm,
height: 18 mm) was fabricated in three WAAM layers,
each comprising 20 beads with 3 mm layer-hatch spac-
ing (see Video S1, Supporting Information). To promote
in-layer surface flatness and geometric uniformity, adja-
cent WAAM beads were deposited using a conventional
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Fig. 1 Schematic overview of the workflow and overall structure of the present work
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WAAM setup and ¢ Cold spray setup

bidirectional back-and-forth strategy. Following deposition,
high-pressure compressed air was used to clean the surface
and remove spatter and other contaminants before the next
processing step.

2.2 (Step 2) Surface preparation

Following deposition of the host structure, surface facing
was performed via CNC milling to remove weld-induced
roughness and produce a uniform, flat surface for subse-
quent sensor attachment. The facing operation was con-
ducted off-line using a three-axis CNC milling machine
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(HAAS, Model: TM-2). After the initial WAAM build, the
part was removed from the WAAM cell and transferred to
the CNC machine for surface finishing. Notably, machin-
ing was used solely for surface facing of the WAAM-built
layer to facilitate sensor attachment on a smooth surface,
and no sensor-cavity machining was performed. Sandblast-
ing with 64-grit aluminum oxide medium was applied to the
as-machined surface at the 12 mm x 6 mm sensor loca-
tions, using an aluminum mask to create micro-roughness
for improved sensor bonding (see Step 2 in Fig. S1, Sup-
porting Information).
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Table 1 Operational settings for each process

Fabrication Parameter Settings
Process
Step 1 Material Aluminum alloy
WAAM for (Al-5356)
host structure  Wire feed rate 400 inch/min (~
0.17 m/s)
Torch speed 4 mm/s
Number of weld beads 20
Bead (hatch) distance 6 mm
Arc-on temperature 140-150 °C
Step 2 Cutting tool 3.175 mm ball end mill
Surface . Spindle speed 4,000 rpm
preparation Feed rate 2 inch/min (~50.8 mm/
min)
Sandblasting 64-grit aluminum oxide
Step 3 RTD SW voltage/current 170 V /20 kA
Sensor SG SW voltage/current 130 V/35kA

integration

Bonding agent
Oven curing temperature

M-Bond 610 adhesive
175°Cfor 1 h+

300 °Cfor2h
Step 4 Air-curing humidity 40-50%
Ceramic Air-curing time 24h
shielding
Step 5 Material Mixture of Al, Al2O3
Cold spray ,and Zn
metallization  Gas temperature 400 °C
Gas pressure 6 bar (0.6 MPa)
Nozzle traverse speed 20 mm/s
Nozzle stand-off distance 25 mm
Step 6 - Same as Step 1
WAAM
resumption

2.3 (Step 3) Sensor integration

In this work, commercial off-the-shelf (COTS) sensors
were employed, including strain gauges (SGs, Omega, SGT-
2/350-XY43) and resistance temperature detectors (RTDs,
Omega, SRTD-F3100), which were used as procured. Fig-
ure 3a shows both sensor types along with their respective
footprints. The RTDs used in this study have an operating
temperature range of —50 to 500 °C [34], making them
inherently compatible with the subsequent manufacturing
steps. In contrast, the selected SGs have a lower operating
range of -75-200 °C [35], which is below the peak tempera-
tures encountered during WAAM over-deposition. Hence,
ceramic encapsulation is necessary to thermally protect the
SGs during processing. Although high-temperature SGs
(e.g., free-filament and spot-weldable metal-backed gauges)
are commercially available, these sensors are typically
larger in footprint and require complex installation proce-
dures (e.g., spot welding, specialized surface preparation,
high-temperature bonding). Consequently, their integration
into compact embedded sensing architecture is challenging,
particularly for the dense multilayer sensor network targeted

in this study. As such, the thin-film COTS SGs (see Fig.
3a) were selected to minimize encapsulation volume while
achieving the desired sensing and structural performance,
as well as enabling high sensor density within the standard
bending beam geometry.

Prior to attaching the sensors to the host structure, flex-
ible printed circuit board (FPCB) packaging was applied to
each sensor to provide mechanical support, protect the sens-
ing elements during handling, and facilitate reliable electri-
cal interfacing (see Fig. 3b). This packaging also improves
durability during subsequent processing steps by mitigating
strain concentrations at the sensor terminals and ensuring
stable signal transmission. The sensor electrodes were spot-
welded (UNITEK thin-line spot welder) to ensure robust
electrical connections and minimize contact resistance.
Video S2 (Supporting Information) shows the spot-weld-
ing process used for sensor—FPCB integration. Lastly, the
packaged sensors were directly bonded to the surface of the
host structure using M-Bond 610 adhesive. This adhesive
was selected for its high-temperature stability, strong shear
strength, and compatibility with both SGs and RTDs, ensur-
ing reliable adhesion during subsequent WAAM deposition
and thermal cycling [36]. To cure the adhesive, the sensor-
attached structure underwent a two-stage thermal cycle: one
hour at 175 °C followed by two hours at 300 °C.

Although the second curing stage exceeded the recom-
mended operating temperature range of the selected SGs
(i.e., -75-200 °C), this does not necessarily imply sensor
failure, as the specified range primarily refers to guaranteed
measurement fidelity rather than structural survival. Elec-
trical resistance measurements before and after curing (see
Fig. S3, Supporting Information) showed no open circuit or
abnormal resistance shift, indicating that the SGs remained
functional following both the adhesive curing process and
subsequent WAAM thermal exposure. After curing, the
specimens were allowed to cool naturally to room tempera-
ture under ambient conditions.

2.4 (Step 4) Ceramic shielding

To protect the sensors from direct thermal exposure dur-
ing WAAM deposition, a 1 mm-thick ceramic shielding
layer was applied over the sensor assemblies to serve as an
effective thermal barrier. In this context, a zirconia-based
ceramic slurry paste was applied to ensure uniform cover-
age and robust thermal insulation. The paste was deposited
onto the sensor assemblies (i.e., sensors with FPCB packag-
ing) through manual dispensing using a 17-gauge syringe,
enabling controlled placement and consistent thickness with
the aid of a masking fixture (see Step 4 in Fig. S1, Sup-
porting Information). The ceramic was applied beyond the
sensor footprint, covering a total area of 14 mm X 6 mm for
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Fig. 3 Sensor packaging and smart beam design: a Representative
images of the SG (top) and RTD (bottom) sensors with FPCB packag-
ing; b Schematic overview of sensor packaging within the metallic
structure; ¢ Smart beam design featuring two layers of sensor networks

SGs and 10 mm x 6 mm for RTDs, to ensure reliable bond-
ing across both the sand-blasted metal region of the host
structure and the sensor array. Extending the ceramic layer
in this manner improves mechanical anchoring during over-
deposition, enhances load transfer across the interface, and
prevents delamination or edge lifting that could occur if the

@ Springer

(each layer includes 4 RTDs and 3 SGs, for a total of 14 embedded sen-
sors); d Technical drawing of the beam showing the sensor layout and
its distance from the neutral axis; and e Representative images of the
fabricated beams before wiring (left) and after wiring (right)

ceramic were confined strictly to the sensor footprint. As
such, this approach eliminated the need for cavity machining
and enabled sensor embedding without introducing signifi-
cant stress concentrators. The applied ceramic layer limits
heat transfer to the embedded sensors, preventing thermal
degradation, sensor drift, or failure during subsequent metal



Progress in Additive Manufacturing

deposition. Following application, the ceramic was cured
at room temperature for 24 h, forming a green body with
sufficient mechanical strength and dimensional stability
to withstand the thermal and mechanical conditions of the
over-deposition process.

2.5 (Step 5) Cold spray metallization

For seamless resumption of WAAM deposition over the
sensor-embedded regions, a continuous electrically conduc-
tive pathway is essential to maintain arc stability and pre-
vent process interruptions. However, the ceramic shielding
layer is intrinsically insulating, necessitating the creation of
a conductive intermediary layer to support stable arc ini-
tiation and propagation. To address this requirement, CS
metallization was employed to deposit a dense, electrically
conductive thin-film coating (198 =55 pum) onto the ceramic
surface. In this step, a mixture of metallic feedstock powders
(Al + Al2O3 + Zn) was sprayed using a robotic low-pressure
CS system (Titomic D523) (Fig. 2c) to create a conformal,
mechanically robust, and electrically continuous surface.
The particle morphology and size distribution of the feed-
stock powders are provided in Fig. S4 (Supporting Informa-
tion), and the corresponding operational settings used for
CS deposition are summarized in Table 1. The metallized
layer, achieved using a single spray pass, provides sufficient
electrical conductivity for stable WAAM over-deposition
and strong mechanical anchoring for subsequent WAAM
layers, thereby facilitating uninterrupted fabrication of the
SMS. Figure 3b schematically illustrates the sensor packag-
ing configuration, highlighting the sequential arrangement
of protective, functional, and structural layers that collec-
tively ensure sensor survivability, electrical connectivity,
and seamless integration within the SMS architecture.

2.6 (Step 6) WAAM resumption

WAAM deposition was seamlessly resumed over the sensor-
bonded and packaged host structure to fully integrate the
sensor networks (see Fig. 3c, d) within the build. Upon com-
pleting the WAAM process, the structure underwent final
surface machining to achieve a near-net-shape beam geom-
etry, as shown in Fig. 3e (left panel). Finally, the embedded
sensors were wired out through designated routing paths
for signal acquisition and functional verification (Fig. 3e,
right panel), enabling subsequent structural testing of the
fabricated SMS. Collectively, by leveraging the convergent
manufacturing pathway developed in this work, dense sen-
sor networks of COTS strain and temperature sensors were
integrated within a WAAM-built beam, as detailed in the
following section.

3 Sensor network and embedding strategy

As illustrated in Fig. 3c, a two-layer sensor network, with
each layer comprising four RTDs and three SGs, was
embedded within an ASTM-standard bending beam [37]
(180 mm x 20 mm X 13 mm). A detailed technical drawing
of the complete sensor network layout is also provided in
Fig. S5 (Supporting Information). This multilayer, densely
distributed sensor network was selected to capture the tem-
perature and strain evolution throughout the beam rather
than relying on single-point local measurement. This design
enables higher sensing resolution and provides richer diag-
nostic capability for structural evaluation. From a manu-
facturing perspective, the sensor spacing and layout were
constrained by WAAM process considerations. To maintain
adequate thermal control between adjacent weld beads, the
minimum center-to-center spacing between embedded sen-
sors was set to no less than 15 mm. Under these constraints,
the 14-sensor layout was designed to achieve dense sensor
embedding within the available beam volume while pre-
serving manufacturability. It should be noted that the exact
number and spatial distribution of embedded sensors can be
readily adapted to meet specific experimental objectives and
process requirements. Figures S5-S6 (Supporting Informa-
tion) present the sensor network designs used for the tests
described in Sect. 4, highlighting the flexibility of the pro-
posed embedding strategy.

In all sensor-network designs, the SGs were strategically
embedded asymmetrically with respect to the neutral axis,
i.e.,, 3.5 mm away in Layer 1 and 1.5 mm away in Layer 2
(Fig. 3d and Figs. S5-S7), to assess strain sensitivity, gradi-
ent response, and measurement fidelity of embedded sen-
sors under bending-dominated loading. The RTDs were also
positioned at corresponding locations within each layer to
capture through-thickness temperature gradients and sup-
port coupled thermo-mechanical analysis of the developed
smart structure.

All sensors were first spot-welded onto the FPCB for
packaging, after which the assembled sensors were bonded
onto the pre-treated beam surface (see Video S2 in the Sup-
porting Information). This sequential approach ensured
robust electrical connections, proper alignment, and reliable
mechanical anchoring prior to ceramic shielding and subse-
quent CS metallization. In addition, the use of an FPCB pro-
vided a flexible and stable platform for routing sensor leads,
minimizing wiring clutter, and protecting junctions during
handling. This integrated packaging and bonding strategy
is essential for maintaining sensor integrity throughout the
subsequent ceramic encapsulation and metal deposition
steps.

To interface the embedded sensor network with dedicated
data acquisition modules (National Instruments NI-9216 for
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RTDs and NI-9235 for SGs), side tabs were incorporated
into the beam design to expose the FPCB leads, facilitating
electrical connections (Fig. 3d and Figure S8 (Supporting
Information). These tabs were created by off-line machining
of dedicated recesses along the beam edges after WAAM
resumption, allowing the FPCB leads to be safely routed
outward without interfering with the surrounding metal
regions (Fig. 3e, left panel, and Video S3 in the Support-
ing Information). Finally, external copper wires (28-gauge,
approximately 320 um) were soldered to the exposed tabs to
establish reliable electrical connections between the embed-
ded sensors and the data acquisition system (Fig. 3e, right
panel). This configuration provides secure access to the sen-
sor terminals while preserving the structural integrity of the
smart structure.

3.1 Microstructural characterization

To evaluate the reliability of the proposed manufacturing
pathway prior to structural evaluation, the microstructure
of the resulting deposition was examined. As shown in
Fig. 4a, two regions of interest were selected and sectioned
for cross-sectional analysis. Region A—A is oriented in the
transverse direction of the fabricated beam—perpendicular
to the beam length—with the cutting location positioned
directly adjacent to the embedded sensor. Region B-B, on
the other hand, is orthogonal to the WAAM printing direc-
tion but parallel to the beam length, enabling examination
along the WAAM deposition direction. Both sectional sur-
faces were hot-mounted using bakelite and then sequentially
polished with abrasive sandpapers (grits 240, 400, 600, and
1200) to expose the embedded sensor cross-section. Finally,
smooth mirror-polished surfaces were obtained by micron-
scale polishing with 15 pm abrasive media for microscopy
analysis.

Figure 4b shows an optical microscopy image of Section
A-A, highlighting the additively manufactured region with
the embedded sensor and its encapsulation. The layer-by-
layer WAAM deposition was successfully achieved without
delamination or significant porosity at the WAAM-WAAM
interface, confirming interlayer fusion. Notably, the inter-
face between the WAAM and the cold-sprayed layer exhibits
successful resumption of WAAM deposition on the metal-
lized ceramic surface, as shown in Fig. 4b. However, local
voids were observed at the sharp corner of the ceramic—
CS—WAAM interface. These localized defects are primarily
attributed to the geometric discontinuities introduced during
the ceramic shielding step. As shown in Fig. S1 (Step 4) in
the Supporting Information, the ceramic slurry was depos-
ited within a clay mask, producing a shielding layer with
vertical sidewalls and sharp corners after drying. During the
subsequent CS metallization step, a generic zig-zag toolpath
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Fig. 4 Microstructural analysis of the smart beam: a A beam image}
with regions of interest; b Optical microscope image of Section A—A
showing the top WAAM-—cold spray—ceramic and bottom WAAM
interfaces; ¢ Schematic of critical interfaces in Section B-B; d SEM
image of the top WAAM-CS—ceramic interface; and e SEM image of
the bottom WA AM—epoxy—sensor—ceramic interface

with the nozzle oriented normal (orthogonal) to the top sur-
face was used. While this approach provided adequate met-
allization on horizontal surfaces, it was less effective along
the vertical sidewalls and corner regions due to the highly
non-orthogonal spray angles. Consequently, reduced par-
ticle impact efficiency and coating coverage led to insuf-
ficient local metallization and the formation of small voids
at the ceramic—CS—WAAM interface. In addition, sharp cor-
ners also serve as stress concentrators, and localized dam-
age was observed in the ceramic coating in that region.

Nevertheless, WAAM was able to over-deposit and com-
pletely infill this area due to the small footprint of the defect
(less than 1 mm). Aside from this sharp-edge region, the
overall structural integrity of the ceramic shielding was
preserved throughout both CS metallization and subse-
quent WAAM over-deposition. As for the interface between
the host WAAM layer, FPCB, and embedded sensors, no
delamination, cracking, or interfacial damage was observed
at the WAAM-FPCB-sensor junction (Fig. 4c). This con-
firms that the deposition process preserved the structural and
functional integrity of the embedded sensors and enabled
reliable mechanical bonding between the WAAM layer and
the FPCB.

Scanning electron microscopy (SEM, FEI Versa) was
also performed to analyze the cross-section of Section B-B,
with particular focus on two critical interfaces: (1) the top
WAAM-CS—ceramic interface and (2) the bottom WAAM—
sensor—ceramic interface (Fig. 4c). The SEM image in
Fig. 4d shows Interface 1, capturing the upper portion of the
embedded sensor package, including the ceramic shielding,
the CS-metallized layer, and the top WAAM deposit. The top
WAAM region exhibited dense deposition with a high degree
of consolidation, and the WAAM-CS interface appeared con-
tinuous and well bonded, with no evidence of delamination.
This confirms strong metallurgical compatibility between the
two layers. In addition, the CS metallization on the ceramic
surface exhibited an adherent and conformal coating mor-
phology with a thickness ranging from ~30 to 91 um (see
Fig. 4d), demonstrating strong coating integrity and effective
surface metallization for seamless continuation of WAAM
deposition.

Figure 4e focuses on the embedded sensor region, cap-
turing the bottom WAAM-sensor—ceramic interfaces. In
this region, the ceramic shielding conformed tightly to the
sensor surface, with no evidence of interfacial debonding,
thereby providing effective mechanical support and thermal
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protection. Moreover, the FPCB and its electrode traces pre-
served their structural integrity, confirming the effectiveness
of the ceramic layer in shielding these packaging elements
from the excessive heat generated during the WAAM over-
deposition. Additionally, the adhesive bonding layer (M-Bond
610 epoxy) between the sensor and the bottom WAAM sur-
face remained intact and continuous. This is critical for main-
taining reliable sensor contact, particularly for SGs, which
require robust bonding to accurately transfer strain from the
attached surface.

Overall, the microstructural analyses revealed that the
proposed convergent manufacturing approach is robust and
reliable, maintaining strong interfacial integrity across all
critical interfaces. The absence of delamination confirmed
stable mechanical bonding and effective thermal shielding,
which validates the proposed approach for embedding sen-
sors within additively manufactured metallic structures.
The following sections present the testing and utilization of
the developed smart beams under a series of thermal and
mechanical evaluations.

4 Structural health monitoring using smart
beams

The fabricated smart beams were comprehensively evalu-
ated for structural health monitoring (SHM) through inte-
grated embedded sensing. The evaluations include (i) thermal
tests, including steady-state and transient response; (ii) static
mechanical tests; (iii) coupled thermo-mechanical tests; (iv)
bending-to-fracture tests; and (v) dynamic fatigue tests. All
embedded sensors were calibrated prior to testing using ref-
erence sensors mounted on the beam surface. The following
subsections detail the experimental setups, procedures, and
key results for each test.

4.1 Thermal tests

Temperature testing assessed whether the embedded RTDs
could accurately sense and track thermal variations within
the beam. Two complementary tests were performed: (1) a
steady-state test to calibrate the resistance—temperature rela-
tionship under equilibrium conditions, and (2) a transient
test to evaluate the dynamic response under time-varying
heating. Together, these tests established the spatial-tempo-
ral sensing capability of the embedded RTD network and
informed subsequent thermo-mechanical evaluations.

4.1.1 Steady-state thermal tests

The embedded RTD sensors were first calibrated within
a programmable thermal chamber (Instron, Model:
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880IMTB16565, see Fig. S9, Supporting Information)
according to IEC 60751 [38, 39], following Eq. (1),
where R(T) is the resistance at temperature 7 (in °C),
Ry is the nominal resistance at 0 °C, and 4 and B are
A=3908x1072°C™" and B = —5.775 x 107 °C~2.
During calibration, the beam was freely suspended to
minimize conductive heat losses (Fig. 5a, left panel). Four
thermocouples (TCs) were attached to the beam surface to
provide reference temperature values during calibration, as
shown in Fig. 5a. Steady-state measurements were collected
at eight temperature setpoints from 50 to 120 °C in 10 °C
increments. The mean TC reading at each setpoint was used
as the reference temperature. Given the modest temperature
range and the small magnitude of B, a linear approximation
was adopted as given by Eq. (2), with « and 3 obtained by
least-squares estimation.

R(T) = Ro (1 + AT + BT?) (1)
R(T)~ aT + 3 )

Two temperatures (50 and 110 °C) were selected for fitting
and the remaining six setpoints were used for validation.
Figure 5b shows the change in electrical resistance for each
RTD during calibration for embedded sensors in both lay-
ers (L1 refers to Layer 1 and L2 to Layer 2), demonstrating
consistent and repeatable resistance—temperature behavior
across the embedded network. Although RTD2-L2 exhib-
ited a slightly higher nominal resistance corresponding to
an offset of approximately 2 2 (about 0.5 °C temperature
bias), this difference was effectively removed by calibrating
it against the co-located surface TC, as shown in Fig. Sc.
Table 2 summarizes the relative errors with respect to the
reference temperatures measured by the TCs, demonstrating
excellent agreement.

Following calibration, the beam was heated to 100 °C
and held isothermal inside the chamber. All eight embed-
ded RTDs at distinct longitudinal positions were evaluated.
As shown in Fig. 5c, the sensors exhibited nearly identi-
cal readings, accurately capturing the 100 °C plateau. These
results confirm that the embedded RTDs reliably measure
internal temperatures and can provide real-time feedback
on thermal gradients, localized heating, or potential thermal
anomalies under steady-state thermal conditions.

4.1.2 Transient thermal tests

The beam was subjected to transient heating using a pro-
grammable ceramic heater (Watlow, F4T) mounted on the
leftmost surface, as illustrated in Fig. 5d. The details of the
experimental setup are provided in Fig. S10 (Supporting
Information). The objective was to verify that the embedded
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RTDs can capture rapid temperature changes and sense the
time-varying temperature profile on the beam. During test-
ing, a step thermal input was applied on one edge of the
beam via the ceramic heater, while the beam was suspended
inside a thermally isolated chamber to suppress conductive
losses to supports; heat transfer was therefore dominated by
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in-plane conduction within the beam and residual natural
convection to the surrounding air. Heat gradually propa-
gated from the heater side along the beam, producing a pro-
gressive temperature increase across the entire span. Each
run continued until the temperature readings indicated that
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Table 2 Relative calibration errors of embedded RTDs across all tem-
perature setpoints

Temperature  RTDI L1 RTD2 L1 RTD3 L1 RTD4
(°C) Error (%) Error (%) Error (%) L1
Error
(%)
50 0.003 0.003 0.004 0.004
60 0.068 0.069 0.087 0.091
70 0.140 0.139 0.153 0.156
80 0.173 0.170 0.181 0.185
90 0.176 0.167 0.174 0.175
100 0.123 0.115 0.119 0.118
110 0.002 0.002 0.002 0.002
120 0.153 0.147 0.157 0.158
Temperature RTD1 L2 RTD2 L2 RTD3 L2 RTD4
°C) Error (%) Error (%) Error (%) L2
Error
()
50 0.003 0.003 0.004 0.004
60 0.072 0.148 0.095 0.090
70 0.146 1.049 0.162 0.155
80 0.179 0.021 0.186 0.185
90 0.179 0.982 0.194 0.173
100 0.122 0.332 0.137 0.117
110 0.002 0.002 0.002 0.002
120 0.150 0.549 0.184 0.157

the beam had reached steady state, which occurred after
approximately 20 min.

Figure 5e shows the temperature measurements from the
embedded sensors. RTD-L1 and RTD-L2 exhibited higher
temperature magnitudes than the other RTDs due to their
proximity to the ceramic heater, as both are located directly
beneath the heating source. The noticeable fluctuations in
the RTD-L1 readings arise from its immediate exposure to
the heater’s thermal field, as well as from the feedback-con-
trolled operation of the heating unit, which introduces small
oscillations in the local temperature. In contrast, RTD-L2
and downstream sensors exhibited delayed but smoother
temperature responses dominated by thermal conduction.
The signals from RTD2-L1 and RTD2-L2 were nearly
identical, as expected given their small vertical separation
within the beam. At farther locations (RTD3 and RTD4 in
both layers), temperature variations were attenuated due to
convective losses, although both layers showed consistent
trends. Overall, the embedded RTDs accurately captured
transient temperature changes with strong spatial coherence
across the sensor network, demonstrating the sensing capa-
bility of the developed smart beams under transient heat-
ing conditions. Video S4 (Supporting Information) further
showcases the dynamic thermal response sensing behavior
of the embedded RTD network during the transient heating
process.
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4.2 Mechanical tests

Mechanical evaluations were structured into three phases:
(1) static loading tests to establish strain-sensing accuracy
and robustness, (2) coupled thermo-mechanical loading to
assess cross-sensitivity under simultaneous temperature and
mechanical loads, and (3) dynamic fatigue loading tests to
quantify fatigue performance and determine failure onset.

4.2.1 Staticloading tests and strain reconstruction from
embedded sensors

The static three-point bending experiments were conducted
to verify that the embedded SGs can sense the internal strain
field of the smart beam under nominal operating condi-
tions, i.e., within the linear elastic region. In this configu-
ration, the beams were tested under three-point bending in
accordance with ASTM E290 [37] using a universal testing
machine (/nstron 8801), as shown in Fig. 6a. Each speci-
men had a total length of 180 mm and was supported on
two rollers positioned 30 mm from each beam end, resulting
in an effective support span of L, = 120 mm. A concen-
trated load was applied at mid-span by the testing machine
crosshead, generating a well-defined flexural region at the
center of the beam. Displacement control was applied fol-
lowing the displacement-rate/strain-rate relationship (see
Sect. 8 in the Supporting Information), and the tests ended
at 0.05 mm/mm surface strain or upon specimen fracture.
Throughout the loading process, load, mid-span deflection,
and strain signals from both surface-mounted and embedded
SGs were continuously recorded. The layout of the surface
and embedded gauges, and the corresponding strain—time
histories under static loading, are shown in Fig. 6b. Details
regarding loading control, nominal flexural stress—strain
relations, and classical three-point bending formulations are
provided in the Supporting Information.

Following the synchronized readings from the surface and
embedded SGs under three-point bending, the strain field
was reconstructed using beam theory [40], which assumes
a linear distribution of bending strain about the neutral axis.
Because the distances of the embedded SGs from the neutral
axis are known (Fig. 3d), the measured strain values can
be mapped to their exact locations within the beam. This
enables reconstruction of the through-thickness flexural
strain profile and allows direct comparison between embed-
ded and surface measurements.

For a surface gauge located at (s, ys) and an embedded
gauge located at (x.,y.) within the same symmetric half-
span, the measured strains satisfy

ge  M(xe)ye
e M)y, ®
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where the bending moment M(x) is given in the Supporting
Information (Section S8). Substituting M (z) = (Py/2)x
into Eq. (3) yields

P,
€e FTeYe

_ Tele
P,
Es FTsYs

TslYs

4)

which expresses the strain ratio €. /e in terms of the span-
wise positions and distances from the neutral axis.

In the present study, the spanwise positions xs and x,
of the surface and embedded SGs are fixed and known
from the beam layout, but they are not collocated. The

bending-moment difference between the two locations must
therefore be accounted for in the depth calibration. Intro-

ducing an effective embedded depth ¢ and replacing y. in
Eq. (3) leads to

ge _ M(ze)yt

s M(zs) ys

eff
— xeye (5)
xSyS

from which the effective depth is obtained as
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where y¢f denotes the calibrated distance of the embedded
gauge from the neutral axis.

With the effective depth determined, the embedded sen-
sors were then used for strain-field reconstruction. At each
instrumented cross-section, the local bending curvature is
defined by

k(z) = 6;2;)

(7

and, under the Euler—Bernoulli assumption that plane sec-
tions remain plane, the longitudinal strain varies linearly
with the distance from the neutral axis according to

Y
yeff
e

e(z,y) = k() y = ee(x) (8)

In particular, the surface-equivalent strain can be recon-
structed from the embedded measurements using

Ys
yeff
€

5s,rcc(x) = 56(1')

)

where €5 rec() is the reconstructed surface strain at span-
wise position x.

The reconstructed surface strain histories at the instru-
mented spanwise locations were compared against the
strains measured directly by surface SGs. Figure 6¢ shows
representative reconstruction results for two distinct con-
trol locations. The resulting strain—time responses exhib-
ited linear and mutually consistent trends over the entire
loading range, indicating that the embedded sensors faith-
fully tracked the flexural deformation. The reconstructed
surface strain closely matches the experimental surface
SG measurements, with relative errors below 0.5% at both
instrumented locations. These results confirm that the cali-
brated embedded SGs provide reliable through-thickness
strain information and enable accurate reconstruction of
the flexural strain. Video S5 (Supporting Information) fur-
ther demonstrates the real-time strain sensing response and
deformation monitoring capability of the embedded SG net-
work during applied loading.

4.2.2 Coupled thermo-mechanical tests

To evaluate the sensing fidelity of the embedded sensors,
coupled thermo-mechanical tests were conducted in an
environmental chamber using a static three-point bend-
ing configuration. The beam was positioned on the same
120 mm support span as in the mechanical calibration
tests, and quasi-static bending was applied by the testing
machine crosshead. The layout of the embedded RTDs and
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Fig. 7 Coupled thermo-mechanical tests: a Sensor layout; b Bending}
loading profile at room temperature (RT) and 120 °C; ¢ Temperature
measurements from embedded and surface-mounted RTDs at RT; d
Surface and embedded SG measurements at RT; e Temperature mea-
surements at 120 °C; f Surface and embedded SG measurements at
120 °C; g Strain reconstruction at RT; and h Strain reconstruction at
120 °C

SGs, along with the two surface control gauges, is shown
in Fig. 7a. For each isothermal condition (room tempera-
ture, approximately 25 °C, and 120 °C), the chamber was
brought to the target temperature and held until all RTD
readings stabilized. As shown in Fig. 7b, a linear loading—
unloading cycle was then applied; the mid-span load was
ramped from 0 to peak load over 30 s, held at this level for
120 s, and subsequently unloaded back to 0. The total dura-
tion of each loading—unloading cycle was 180 s. This peak
load corresponded to a nominal flexural stress of 140 MPa,
just below the material’s yield stress. Throughout each test,
the outputs of all embedded RTDs and SGs, as well as the
surface control SGs, were continuously recorded to capture
the coupled evolution of temperature and strain.

Figure 7c, d show the coupled thermal and mechanical
responses at room temperature. During the initial load-
ing stage, the crosshead displacement increased linearly
and the strains measured by the SGs rose accordingly.
The most highly loaded gauge (SG-1 L2) reached a peak
strain of approximately 2 x 103, while the other embed-
ded and surface gauges exhibited proportionally smaller
responses, down to roughly 3 x 10~%, This strain range
corresponds to nominal bending stresses below the mate-
rial’s yield strength. A load hold followed, during which the
strain levels remained constant, indicating very good stabil-
ity of the SG measurements under sustained loading. Over
the entire testing window, the embedded RTDs indicated
that the beam temperature was nearly uniform and varied
only slightly (about 1.5%), as shown in Fig. 7d. During the
unloading phase, the SG traces closely retraced the load-
ing path and returned to their initial values with negligible
residual strain, confirming a linear and reversible response
of the SG network.

Figure 7e, f show the coupled thermo-mechanical
responses under the elevated-temperature condition of
120 °C. After the chamber reached the target temperature
and the system completed the initial thermal stabilization,
the crosshead displacement was applied using the same
ramp-hold—unload sequence. During the loading ramp, the
embedded and surface SG signals changed linearly with
time and remained synchronized with the imposed profile:
the most highly loaded channel reached a peak strain on
the order of 1073, while the remaining gauges exhibited
proportionally smaller amplitudes. During the load-hold
interval, the strain traces formed stable plateaus with mini-
mal drift, and upon unloading they returned close to their
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initial baselines with negligible residual strain. In parallel,
the embedded RTDs maintained a nearly spatially uniform
temperature field at 120 °C, with the peak-to-peak spread
across sensors remaining within about 0.5% throughout the
test, and their temperature trajectories exhibited no measur-
able dependence on the mechanical loading.

Figure 7g, h present the strain reconstruction results
based on the embedded SGs at room temperature and at
120 °C, respectively. In both cases, the reconstructed strain
fields closely match the strains measured by the surface
control gauges at the corresponding locations. The recon-
structed curves nearly overlap the experimental traces
throughout the entire loading—unloading cycle, with only
minor discrepancies relative to the total strain range. These
results demonstrate that the calibration and reconstruction
procedures remain valid under coupled thermo-mechanical
loading and confirm that the embedded sensor network can
reliably capture both temperature and strain fields within the
beam across the investigated temperature range.

4.2.3 Bending-to-fracture static tests

To evaluate the ultimate performance and reliability of the
embedded sensors, three-point bending tests were extended
to fracture. To avoid placing embedded sensors directly
beneath the bending indenter, which could lead to locally
amplified stress and strain fields and compromise interpre-
tation of the global measured response, the sensor layout
within the beam was modified for the static bending tests.
Specifically, one RTD and one SG located closest to the
mid-span loading axis were removed. As a result, the smart
beam specimen used in the static loading experiments con-
tained a total of 12 embedded sensors (see Fig. S5 in the
Supporting Information).

Figure 8a, b present the flexural load—deflection curves
and flexural stress—strain responses of the tested beams,
respectively. Table 3 summarizes the bending-to-fracture
results, comparing the flexural modulus (Fgsg), failure
strain, and maximum flexural stress for the baseline and
smart-beam specimens. The smart beams exhibited an aver-
age flexural modulus of 67.37 GPa, which is comparable
to that of the baseline beams (67.73 GPa). However, the
smart beams showed an approximately 10.8% reduction in
maximum flexural stress relative to the baseline beams. This
mechanical debit can be primarily attributed to the presence
of embedded sensors and the associated local geometric
discontinuities within the beam volume, which act as stress
concentration and damage initiation points during bend-
ing. In addition, the localized thermal history associated
with WAAM deposition around the embedded sensors may
introduce residual stress accumulation, further reducing the
load-carrying capacity. Despite this modest reduction in
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maximum flexural stress, the overall mechanical response
of the smart beams remains promising, indicating that the
proposed manufacturing strategy preserves the structural
integrity of the beam while enabling integrated sensing.

Post-test images of the beams in Fig. 8c, d revealed
ductile failure localized near mid-span, corresponding to
the region of maximum bending stress. The failure was
characterized by pronounced plastic curvature and gradual
material yielding, consistent with the flexural failure mode
typical of three-point bending. Localized delamination was
observed along portions of the WAAM layer interfaces, sug-
gesting the onset of interfacial separation under high bend-
ing strains. However, these regions remained confined and
did not propagate catastrophically, demonstrating that the
metal—ceramic—sensor architecture retained overall struc-
tural integrity up to failure.

4.2.4 Dynamic loading tests

To evaluate the dynamic-loading performance of the smart
beams, a three-point bending low-cycle fatigue test was
performed. Since the fatigue tests were intended to assess
the overall structural health behavior under cyclic loading
rather than localized stress-concentration effects, the sen-
sor density in the high-stress contact regions was reduced.
Specifically, all sensors located near the bending indenter
and supporting rollers were removed. The final configura-
tion consisted of a six-sensor network (3 RTDs + 3 SGs)
distributed within two internal layers of the beam, as shown
in Fig. 9a. In this configuration, two SGs and one RTD were
placed on the compression side, while two RTDs and one
SG were positioned on the tension side. A detailed techni-
cal drawing of the beam and corresponding sensor layout
is provided in Fig. S6 (Supporting Information). Dynamic
loading tests were carried out using a programmable fatigue
testing system (Instron No. 8801MTB16565), shown in
Fig. 9b. Cyclic loading was applied over a nominal stress
range of 20-200 MPa at a load frequency of 5 Hz (Fig. 9c).
The beam was positioned identically to the static-loading
setup, and temperature and strain data were continuously
recorded until the onset of fatigue damage and eventual frac-
ture. Fig. 9d presents side-by-side post-test images of the
baseline and smart beams. In both cases, fracture occurred
at mid-span, the region of maximum bending stress, con-
firming that the embedded sensor network did not alter the
fundamental failure mode.

Table 4 compares three baseline—smart-beam pairs, with
all differences computed relative to the mean fatigue life of
the baseline beams. The smart beams exhibited a fatigue life
approximately 20% lower than the baseline beams (smart
beam: 250k cycles; baseline beam: 312k cycles). This
reduction reflects the presence of local stress concentrations
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Table 3 Mechanical properties comparison of baseline (pristine) and . . .
prop P ® ) associated with the embedded sensors. Figure 9e, f summa-

smart beams
Sample ID  Flexural Modulus, Esg(GPa)  Failure Max. rize the RTD and SG responses over the full dynamic fatigue
Strain ~ Flexural test, with the dashed boxes highlighting the near-failure
Sl\t/r[;SS interval. Throughout cycling, all sensing channels remained

. (MPa) continuous and functional. The RTDs exhibit only a slow,
Baseline 1 68.15 0.0747 349.56 . . .

, near-monotonic resistance drift of about 0.1 € across the
Baseline 2 68.86 0.0794 380.34 di h fab 03°C
Baseline 3 66.19 00781 36444 test, corresponding to a tempera@e change o a' out 0. .
Mean+std 6773 + 1.38 0.0774 36478 Importantly, the RTD traces remain smooth during the late-

+ +15.39 stage zoomed region, indicating that fatigue loading does
0.0020 not introduce noticeable electrical artifacts or load-depen-
Smart Beam  69.69 0.0731  334.63 dent cross-sensitivity in the temperature measurements.
! In parallel, the strain sensors in Fig. 9f capture the
Smart Beam  65.05 0.0710 316.37 . . . .
) expected cyclic response to the applied dynamic bending
Mean < std  67.37 +3.28 0.0721 32550 while also revealing a gradual baseline shift as damage
+ +12.91 accumulates. Specifically, the L1 gauge (SG-2 L1) progres-
0.0010 sively shifts toward higher tensile strain, whereas the L2
These values represent the averages and standard deviations. gauges (SG-2 L2 and SG-1 L2) exhibit steadily increasing
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{ Fig. 9 Dynamic loading tests: a Sensor layout and loading configu-
ration; b Experimental setup; ¢ Loading cycle profiles; d Fracture
behaviors of baseline and smart beams under dynamic loading; e RTD
response during dynamic loading with a distinct signal change at frac-
ture; and f SG response during dynamic loading with a distinct signal
change at fracture

compression, i.e., their mean strain becomes more nega-
tive with cycle count. This divergence between the tensile-
side and compressive-side trends is consistent with subtle
progressive deformation and stiffness degradation under
repeated loading, which manifests as a slow redistribution
of curvature and local strain levels rather than an abrupt
change prior to fracture. At failure, both RTD and SG traces
show a clear step change in their readouts yet remain read-
able immediately afterward, confirming preserved sensor
operability and robust signal integrity under high-cycle
dynamic loading up to and through fracture.

5 Discussion

Table 5 quantitatively summarizes the key findings and
experimental observations discussed throughout this study.
Notably, low sensor measurement errors (< 2.5%) were
achieved, demonstrating the reliability and effectiveness of
the proposed convergent manufacturing approach for SMSs.
Despite these promising results, several aspects should be
further investigated to enhance sensing performance, struc-
tural durability, and long-term operational reliability:

1. Heterogeneous material systems (i.e., metal, polymer
sensor packaging, and ceramic shielding) and their inter-
faces may introduce stiffness and coefficient of thermal
expansion (CTE) mismatches, potentially generating
residual stresses and affecting local strain transfer to the
embedded SGs. Future work should therefore focus on
material and packaging optimization, thermo-mechani-
cal modeling, and interface characterization to mitigate
these effects and further improve sensor fidelity and
reliability.

2. Non-orthogonal alignment of the CS nozzle relative
to the target surface limited metallization coverage at
sharp edges and corners of the ceramic layer, leading to
localized coating discontinuities and void formation at
the ceramic—CS—WAAM interface. Future work should
focus on intelligent toolpath planning to improve coating
uniformity and interfacial integrity in complex geom-
etries, particularly for sensor embedding in non-linear
structures relevant to aerospace, energy, and advanced
structural applications.

3. The integration of robotic subtractive manufactur-
ing and direct-write or 3D-printed ceramic deposition

with robotic WAAM within a single manufacturing cell
could establish a one-station convergent manufactur-
ing platform. Such integration would reduce part han-
dling, improve additive—subtractive process registration,
enable more consistent and controllable ceramic depo-
sition, and support the scalable fabrication of complex
SMSs. Consequently, it could further enhance the fatigue
life and long-term reliability of sensor-embedded SMS.

6 Conclusions

This work developed a convergent manufacturing pathway
for fabricating smart metallic structures with embedded sen-
sors and subsequently validated their reliability for struc-
tural monitoring applications. The approach employed a
process workflow comprising WAAM, subtractive machin-
ing, ceramic shielding, cold spray metallization, and WAAM
over-deposition. The key findings are outlined as follows:

o The developed approach enabled reliable embedding
of multi modal (temperature + strain) sensors within
WAAM-built AI5356 structures without significantly
compromising interfacial integrity across the heteroge-
neous material interfaces.

e FEmbedded RTDs demonstrated high accuracy under
both steady-state and transient heating conditions, main-
taining temperature errors below 2.2%.

e Embedded SGs provided consistent strain measure-
ments, deviating by less than 2.5% from surface-mount-
ed reference sensors.

e Bending-to-fracture tests showed that the smart beams
retained more than 89% of the mechanical strength and
approximately 80% of the fatigue life of baseline beams.
The embedded sensors and interfacial layers remained
intact through ductile fracture, confirming the mechani-
cal robustness of the embedded sensor network and reli-
able signal transfer up to failure.

e Sensor durability tests under combined dynamic loading
and thermal cycling demonstrated that both the SGs and
RTDs remained fully functional up to the point of fa-
tigue failure, confirming the effectiveness and reliability
of the sensor protection strategy.

Collectively, the results demonstrate that the proposed con-
vergent manufacturing approach establishes a viable path-
way for next-generation SMS. Future work may extend this
approach to additional sensor modalities, such as piezo-
electric, accelerometer, and fiber-optic sensors, and explore
passive or wireless sensing to broaden the operational enve-
lope of SMS systems. Simulation-assisted sensor-network
design and data-driven methods can further enhance SHM
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Table 4 Low-cycle fatigue life comparison between baseline beams
and smart beams

Sample ID Fatigue Life Nt (cycles) Diff. wrt
meanN (%)

Baseline 4 383K +22.6

Baseline 5 217K -30.5

Baseline 6 337K +7.9

Mean (Baseline) 312K -

Smart Beam 3 260K -16.8

Smart Beam 4 211K -324

Smart Beam 5 278K -11.0

Mean (Smart beam) 250K —

These values represent the averages and standard deviations.

Table 5 Summary of sensor measurement errors (relative to surface-
mounted control gauges) and the corresponding mechanical debits
(relative to baseline beams)

Measurement ~ Parameter Differ-
ence
(%)
Strain Max. strain at room temperature (25 °C)  <2.5
Max. strain at 120 °C <0.8
Temperature Calibration at room temperature (25 °C) < 0.98
Field reconstruction at room temperature < 0.78
Calibration at 120 °C <0.98
Field reconstruction at 120 °C <22
Mechanical Flexural modulus <43
property Strain to failure <8
Max. flexural stress <11
Fatigue life cycle <20

capabilities and support predictive maintenance of complex
structural components.
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supplementary material available at https://doi.org/10.1007/s40964-0
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