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Abstract
The integration of sensors into metallic structures has gained significant attention, leading to the emergence of “Smart 
Metallic Structures (SMS).” These structures feature embedded sensors designed for real-time data acquisition of func-
tional signals (e.g., strain, temperature, pressure, humidity) for structural monitoring. Notably, the advent of metal additive 
manufacturing (AM) technologies has enabled the direct embedding of functional sensors into metallic components, mak-
ing a transformative step toward fully integrated smart structures. This capability is particularly valuable for critical appli-
cations where continuous monitoring is vital to ensure safety, efficiency, durability, and improved performance. Despite 
rapid progress, there remains a need for a comprehensive review that systematically summarizes sensor-embedding strate-
gies, material–process interactions, performance evaluation methods, and key challenges. This review addresses that gap 
by synthesizing recent developments in additively manufactured SMS and elucidating how AM technologies are being 
leveraged to integrate sensing functionalities. The objectives of this work are to: (i) consolidate recent advancements; (ii) 
provide a nuanced perspective on the current landscape of sensor-embedded SMS; and (iii) identify key research chal-
lenges to guide future work and facilitate broader adoption. Unlike prior reviews that primarily focus on either AM tech-
niques or standalone sensor technologies, this work presents a holistic framework linking materials, manufacturing pro-
cesses, and sensing performance. By mapping current progress and outlining emerging opportunities, this review aims to 
guide both researchers and industry practitioners toward the development of next-generation intelligent metallic systems.
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ML	 �Machine learning
PCB	 �Printed circuit board
PBF	 �Powder bed fusion
PVDF	 �Polyvinylidene fluoride
PZT	 �Piezoelectric
RFID	 �Radio frequency identification
RTD	 �Resistance temperature detector
SAW	 �Surface acoustic wave
SG	 �Strain gauge
SHM	 �Structural health monitoring
SLM	 �Selective laser melting
SMA	 �Shape memory alloy
SMS	 �Smart metallic structures
SMT	 �Surface mount technology
SR-XRD	 �Synchrotron radiation X-ray diffraction
TC	 �Thermocouple
TCR	 �Transformational challenge reactor
UAM	 �Ultrasonic additive manufacturing
WAAM	 �Wire arc additive manufacturing

1  Introduction

Smart structures can be broadly defined as structural com-
ponents integrated with sensors capable of continuously 
monitoring and assessing structural integrity, as well as 
environmental and operating conditions. Such smart struc-
tural systems allow for real-time data collection and analy-
sis, improved safety, and optimized performance across 
various applications, while potentially enabling predictive 
maintenance schemes. By combining advanced materials, 
sensor technologies, and data analytics, smart structures 
can respond to changing conditions, self-diagnose potential 
issues, and even adapt to their environment, making them 

essential for future innovations in several industries, includ-
ing aerospace [1], defense [2], automotive [3, 4], civil engi-
neering [5], energy sector [6], robotic [7], biomedical [8], 
and beyond.

In recent decades, embedding sensors into polymers and 
composites has gained significant attention for fabricat-
ing smart structures, owing to their lightweight, custom-
izable, and scalable properties [9, 10]. These efforts have 
driven remarkable advancements in both smart structures 
and structural health monitoring (SHM) [11–15]. More 
recently, the integration and embedding of sensors into 
metallic structures has attracted growing interest, leading 
to the development of “Smart Metallic Structures (SMS)” 
[16–22]. Metallic structures, known for their strength, dura-
bility, and widespread use in demanding conditions and 
strategic industries [23], are ideal candidates for sensor inte-
gration. Embedding sensors directly into metal parts enables 
advanced monitoring capabilities (e.g., strain, temperature, 
pressure, humidity) and facilitates the early detection of 
wear, fatigue, or failure. These features allow the diagnosis 
of structural damage and defects, enable predictive mainte-
nance, and minimize downtime in critical applications with-
out compromising the structural integrity, while providing 
advanced SHM capabilities under varying and potentially 
harsh environmental and operating conditions [24].

Advancements in additive manufacturing (AM) and SHM 
are driving the integration of sensors into metallic structures 
[25]. The increasing number of publications in these areas, 
as shown in Fig. 1a, highlights the dynamic and synergistic 
growth of research in AM and SHM. To further contextual-
ize this trend, the figure also incorporates publication data 
related to “smart structure” and “embedded sensor,” demon-
strating the growing convergence of these research domains 
and underscoring their organic development and relevance 

Fig. 1  a Growth in peer-reviewed publications related to fields of AM, SHM, Smart structure, and Embedded sensors [Note: data are the number 
of publications per year as per Scopus keyword search in October 2025]; b Keywords used in literature search
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to the present review. Notably, Metal Additive Manufactur-
ing (MAM) technologies, with their precision and flexibility 
[26], enable the direct embedding of sensors into intricate 
geometries for advanced SHM that would be challenging to 
achieve through traditional manufacturing processes. This 
capability facilitates the creation of highly customized, sen-
sor-rich smart metal components that significantly enhance 
real-time structural monitoring in demanding environments. 
In this context, the US Defense Advanced Research Proj-
ects Agency (DARPA) launched the “Structural Evaluation 
through Non-contact Sensor Embedding (SENSE)” initia-
tive in 2023 [27], aimed at encouraging the development of 
innovative methods for embedding sensors directly within 
metallic structures during the AM process. This initiative 
focuses on advancing structural monitoring for critical 
metal components used in strategic applications, where 
real-time performance data and early detection of potential 
failures are essential for maintaining safety and operational 
efficiency. Collectively, these advancements in AM, SHM, 
and sensor integration represent a transformative leap in 
additively manufactured metal parts.

Despite these advancements and notable trends in the 
field, there remains a noticeable lack of a review article that 
consolidates and promotes this emerging subject within AM 
literature. While several existing reviews have provided 
valuable insight into sensor-embedded 3-D printed parts 
[28, 29], a broad synthesis encompassing the full spectrum 
of additively manufactured SMS with embedded sensing 
capabilities for SHM has yet to be reported. As such, this 
review aims to fill that gap by offering a holistic overview 
of current approaches, technologies, and applications at the 
intersection of MAM, embedded sensing, and structural 
monitoring. By discussing the latest research, this work pro-
vides the state-of-the-art in AM of SMS, identifies key gaps 
in the existing knowledge, and proposes potential avenues 
for future research. The objective of this review is to syn-
thesize recent advancements while offering a nuanced per-
spective on the current landscape of SMS. By providing a 
comprehensive evaluation of the current literature, this work 
seeks to identify future research directions that will facili-
tate the broader adoption of SMS in industrial applications.

To ensure a comprehensive and systematic assessment, 
relevant publications were searched and extracted from 
databases (i.e., Scopus, Web of Science, IEEE Xplore) 
covering the period 2003–2025. The keywords used in the 
literature search are illustrated in Fig. 1b. Studies focusing 
on sensor integration in metallic AM were included, while 
non-peer-reviewed or irrelevant works (non-metallic AM) 
were excluded from the analysis. After title, abstract, and 
full-text screening, eligible articles were categorized and 
synthesized based on their contributions to sensor selection, 

fabrication methods, embedding strategies, and perfor-
mance evaluation.

The study begins with a discussion on AM of SMS 
(Sect.  2). It first introduces the sensor selection criteria 
for integration into metallic structures, covering material 
compatibility, operational requirements, and functional 
considerations (Sect. 2.1). Subsequently, Sect. 2.2 focuses 
on the AM techniques used for SMS fabrication, providing 
a detailed overview of recent advancements along with a 
comparative analysis of their advantages and limitations. 
Section  3 presents a comprehensive, step-by-step exami-
nation of the sensor embedding processes into AM-built 
parts, outlining critical stages involved. Section 4 explores 
the technological benefits and existing challenges of SMS 
within the context of AM, emphasizing both potential 
opportunities and barriers to broader adoption. Finally, 
Sect. 5 outlines the conclusion and sheds light on promising 
future trends in the field.

2  AM of smart metallic structures

The fabrication of SMS via AM methods is influenced by 
a multitude of interconnected factors that affect both the 
manufacturing process and the integrity of the embedded 
sensors. Figure 2 presents these factors in an Ishikawa (fish-
bone) diagram. The principal factors influencing the AM of 
SMS involve: AM process parameters, feedstock material 
characteristics, embedded sensor specifications, sensor-
material interface compatibility, process control variables, 
thermal protection (packaging) strategies, post-processing 
techniques, and environmental considerations.

These factors, along with the associated sub-factors, col-
lectively influence the AM of SMS and must be carefully 
balanced to ensure the structural integrity and functional 
reliability of the SMS. A holistic understanding of these fac-
tors is essential for optimizing the AM process and enhanc-
ing the long-term durability and accuracy of the embedded 
sensors in metal components.

The typical AM methodology employed in the fabrica-
tion of SMS is outlined in Fig. 3a–b, providing a compre-
hensive view of the overall SMS fabrication workflow, as 
summarized below:

i.	 Sensor selection and characterization: Define sensing 
requirements, evaluate sensor compatibility with the 
AM process, and identify the appropriate sensor or sen-
sor arrays to be integrated into the SMS.

ii.	 AM process selection: Choose the most suitable MAM 
process based on the material requirement, design com-
plexity, and compatibility with the selected sensors.
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The outlined sequential steps have established solid ground-
work for the fabrication of SMS using MAM techniques 
across diverse fields. In particular, the convergence of AM 
technologies, advancements in material science, and multi-
functional sensor integration has driven the development of 
SMS with embedded intelligence and adaptive functional-
ities. Over recent decades, these innovations have enabled 
the realization of SMS with enhanced functionalities across 
diverse applications. Table 1 provides a summary of the 
recent progress in additively manufactured SMS, highlight-
ing key areas of focus and outcomes.

2.1  Sensor selection for SMS

The selection of sensors for SMS depends on both the spe-
cific properties of the structure being monitored and the 
requirements of the applications. Sensors used in structural 
monitoring can be categorized into three primary measure-
ment groups: (i) kinematical (displacement, velocity, accel-
eration); (ii) mechanical (force, deformation, stress); and 
(iii) environmental (temperature) [53]. While many sensors 
are utilized for structural monitoring, strain and acceleration 
sensors integrated with temperature sensors are generally 
regarded as the most critical for effective monitoring. Con-
sequently, an increasing amount of research has focused on 
SMS with embedded strain and temperature sensors. Table 
2 lists the primary types of sensors used in SMS, includ-
ing temperature, strain, vibration, and distance sensors. The 
following subsections provide an overview of these sensor 
types, highlighting their key characteristics for SMS.

iii.	 Host metal fabrication: Construct the host metal (i.e., 
bottom layer) using the AM process, as it serves as 
the foundation for integrating a sensor or overlying 
material.

iv.	 Sensor embedding (integration): Pause the AM process 
to embed the sensor into a pre-designed cavity within 
the host metal. For specific sensors, such as strain 
gauges or thin-film temperature sensors, a dedicated 
adhesive film is applied as the sensor bonding layer to 
ensure accurate data transmission and maintain signal 
fidelity.

v.	 Heat-shield application: Apply a heat-shield layer or 
coating (typically made of refractory materials like 
ceramics) to protect the sensor arrays from high pro-
cess temperatures and preserve their mechanical and 
structural integrity during subsequent stages. This step 
effectively packages the sensor for subsequent manu-
facturing processes (see Fig. 3c).

vi.	 Metal restoration layer: Apply a metal restoration layer 
over the sensor to address challenges posed by mate-
rial inhomogeneity when continuing the AM process on 
non-metallic materials like ceramics. This step also pro-
vides additional thermal protection for sensor arrays.

vii.	Resuming AM process: Resume the AM process to com-
plete the fabrication of the pre-designed SMS.

viii.	Post-machining: Apply post-machining to achieve near-
net-shape SMS.

ix.	 Verify sensor data: Evaluate the performance and 
accuracy of the embedded sensors by comparing the 
recorded data with known reference values (ground 
truth) under controlled conditions.

Fig. 2  The key factors influencing AM of SMS
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Fig. 3  a Process steps for the fabrication of SMS; The schematic of b the typical SMS framework; c Typical sensor packaging strategy for SMS
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AM 
method

Year References Feedstock 
material

Sensor Smart metallic 
structure (SMS)

Focus Outcome

LPBF 2025 Freitas 
Rodrigues 
et al. [30]

AlSi10Mg NiTi wire 
(superelastic 
SMA strain 
sensor)

Self-sensing 
metallic structure

Demonstrated integration 
of superelastic NiTi strain 
sensor into AlSi10Mg and 
studied phase transforma-
tion and stress behavior 
through SR-XRD and FEA

Verified reversible phase trans-
formation and stable resistivity 
response up to 2.5% strain

2024 Wang et al. 
[16]

Ti-6Al-4 V FBG tempera-
ture sensor

ML-assisted 
sensor-embedded 
part

Leverage a machine-
learning-enhanced FBG 
temperature sensor to 
capture real-time data with 
precision

FBG sensor captured the ther-
mal profile during the LPBF, 
with a peak temperature of 
450 °C

2024 Šakalys et 
al. [17]

Stainless 
steel (316L)

SAW tempera-
ture sensor

Smart injection 
molding tool

Stop-and-go approach to 
embed a wireless tempera-
ture sensor

A smart AM part equipped with 
a functional wireless sensor, 
capable of real-time process 
monitoring

2024 Ahmed et 
al. [18]

Inconel 718 FBG strain 
sensor

Sensor-embed-
ded metal part

3-D integration of sensors 
into metal components

Embedded sensor performance 
is hindered by AM process 
issues, such as poor surface 
quality and staircasing

2022 Binder, 
Machnik, 
et al. [31]

Inconel 718 Strain gauge Smart vibration 
detector

Embedding a weldable 
strain gauge

The embedded sensor can 
detect relevant vibrations

2022 Binder, 
Stapff, et 
al. [32]

16MnCr5 RFID 
transponder

Wireless sensor-
embedded gear

Additively manufactured 
smart gear with wire-
less vibration monitoring 
capabilities

The embedded sensor is fully 
functional, confirming the 
feasibility of the method

2021 Tomaz et 
al. [33]

Stainless 
steel (316L)

SAW tempera-
ture sensor

Wireless tem-
perature sensing 
device

Smart structure with pas-
sive (wireless) sensing 
capability

Successfully measured tem-
peratures ranging from 25 °C 
to 200 °C through a wireless 
temperature sensor

2021 Hyer et al. 
[34, 35]

Stainless 
steel (316)

Type-K 
thermocouple

Smart trans-
formational 
challenge reactor 
(TCR)

Embedding sensors in 
Transformational Chal-
lenge Reactor (TCR) 
components

The embedded thermocouples 
consistently read the tempera-
ture data up to 500 °C

2020 Binder et 
al. [36]

AlSi10Mg Resistance 
Temperature 
Detector (RTD)

Automated sen-
sor embedding 
tool

A functional and automated 
sensor embedding tool

Automatic sensor integration 
is faster than manual integra-
tion. However, manual sensor 
embedding can improve and 
stabilize part quality

2020 Jung et al. 
[37]

Inconel 
718C

Type-T 
thermocouple

Smart turbine 
blade

Embedding integrated cir-
cuit (IC) components based 
on plastic circuit boards 
into a turbine blade

The sensors were shielded from 
thermal damage and provided 
accurate data

2017 Attridge et 
al. [38]

Inconel 718 Type-K 
thermocouple

TC-integrated 
turbine vane

Real-time, in-situ prognosis 
and diagnosis

A SHM system was established 
to aggregate temperature sensor 
data for predicting malfunctions 
in aerospace applications

EBM 2016 Hossain et 
al. [39]

Ti–6Al–4 V Piezoelectric 
strain sensor

Smart part for 
SHM

Feasibility of producing 
smart parts with embedded 
sensors, eliminating the 
need for post-processing

Enhanced lifespan of the sen-
sors in harsh conditions allows 
the smart part to be used in 
pressure tubes, air/fuel pre-
mixing, and turbine blades

Table 1  Summary of recent progress in additively manufactured smart metallic structures
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AM 
method

Year References Feedstock 
material

Sensor Smart metallic 
structure (SMS)

Focus Outcome

Laser 
DED

2025 Zhong et 
al. [40]

Inconel 718 Distributed opti-
cal fiber sensor

Fiber-sensor-
embedded metal-
lic component

Utilization of laser shock 
peening (LSP) to improve 
bonding, grain refinement, 
and high-temperature 
performance of embedded 
optical fiber sensors

LSP induced ~ 130 µε compres-
sive strain, reduced grain size 
by 20%, and increased fiber 
slippage temperature from 
252 °C to 305 °C

2023 Nuñez et 
al. [20]

Stainless 
steel (316L)

Type-K 
thermocouple

Smart part for 
high-temperature 
measurement

Investigating the impact 
of high-temperature laser 
heating on sensor signal 
performance

The high-temperature experi-
ments conducted at 350 and 
900 °C yielded precise 
temperature measurements via 
embedded sensors

2023 Feldhau-
sen et al. 
[21]

Stainless 
steel (316L)

N/A
(Only ceramic 
inserts)

Ceramic embed-
ded AM part 
without sensor

Fabrication of a multi-com-
ponent proof-of-concept 
using hybrid-directed 
energy deposition

Wet powder may improve 
mechanical strength and 
thermal barrier to protect the 
ceramic insert, and also, the 
metal layers should be depos-
ited at an oblique angle

2020 Juhasz et 
al. [41]

Stain-
less steel 
(300-series)

Strain gauge Smart tensile bar Fabricate sensor-embedded 
metallic structures using 
a hybrid manufacturing 
process

The embedded sensor measured 
strain during the tensile tests at 
room temperature

2003 X. Li & 
Prinz [42]

Stainless 
steel (316L)

FBG strain and 
temperature 
sensor

Smart part for 
temperature and 
strain monitoring

Temperature and strain 
measurement

The sensors demonstrated high 
accuracy, temperature capacity, 
and sensitivity for both temper-
ature and strain measurements

Wire-
arc 
DED

2025 Huang et 
al. [43]

Al 5356 RTD and strain 
gauge

Smart Metal 
Beam

Development of a “Smart 
Beam “ integrating subsur-
face strain and temperature 
sensors for real-time SHM

Embedded RTDs achieved a 
temperature error of ≤ 0.5%, 
while SGs reliably recorded 
strain, confirming accurate 
sensing performance 

2025 Zhou et al. 
[44]

Al 5356 Piezoelectric 
sensor

Self-Aware 
Structure

Fabricating of a hybrid-
manufactured beam with 
subsurface-embedded PZT 
sensors for self-aware 
SHM under mechanical 
and thermal loading

Embedded sensors exhibited 
reliable guided-wave responses 
and stress–temperature sensitiv-
ity comparable to those of 
surface-mounted sensors

Table 1  (continued) 
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TCs are available from various materials to meet specific 
temperature ranges and environmental requirements. For 
instance, Type-K TCs (chromel/alumel) are widely used 
in industrial applications due to their broad measurement 
range (− 200 °C to 1260 °C) [55]. For moderate temperature 
measurements, Type-J TCs (constantan/iron) are suitable, 
covering − 40 °C to 750 °C [56]. In low temperature appli-
cations, Type-T TCs (constantan/copper) provide a temper-
ature range from − 200 °C to 400 °C [57]. For extremely 
high temperature environments (> 1500 °C), Type-R, S, and 
B TCs (platinum/rhodium) deliver stable measurements. In 
addition to specific temperature ranges, certain TC types 
offer unique advantages. Type-E TCs (chromel/constantan) 
are valued for their high sensitivity [58], while Type-N TCs 
(nickel–chromium/silicon) are known for their resistance to 
oxidation [59], making them ideal for harsh environments. 

2.1.1  Temperature sensors

This subsection describes the temperature sensors com-
monly selected for embedding into metal structures to 
monitor temperatures. These include Thermocouples (TC), 
Resistance Temperature Detector (RTD), Fiber Bragg Grat-
ings (FBG), and Surface Acoustic Wave (SAW) sensors.

2.1.1.1  Thermocouples  Thermocouples (TCs) are widely 
adopted in SMS due to their fast response and broad operat-
ing temperature ranges. As shown in Fig. 4a, a typical TC 
consists of a closed loop made of two materials with dif-
fering thermal conductivities. When a temperature change 
occurs, a current flows through the loop, generating a 
thermoelectric force that allows for temperature measure-
ment [54]. Given their widespread usage, various types of 

AM 
method

Year References Feedstock 
material

Sensor Smart metallic 
structure (SMS)

Focus Outcome

UAM 2024 Zhao et al. 
[19]

Aluminum FBG strain 
sensor

Smart strain 
measuring tool

High-frequency dynamic 
strain measurements 
through the embedded FBG 
sensor

The FBG sensor detected a 
minimum dynamic strain of 2.5 
με and dynamic events up to 
10 kHz

2023 Khattak et 
al. [22]

Aluminum Piezoelectric 
strain sensor

Smart vibration 
monitoring part

Analyze and assess the 
effectiveness of the embed-
ded sensor

Theoretical and experimental 
natural frequencies showed 
good agreement

2022 Ramana-
than et al. 
[45]

Aluminum Piezoelectric 
strain sensor

Smart non-
destructive test-
ing device

Fast production of func-
tionalized metal structures

The Al-PVDF sensor exhibited 
high linearity and sensitivity

2022 Hyer et al. 
[46]

Stain-
less steel 
(SS304)

Fiber optic 
strain sensor 
and Type-K 
thermocouple

Smart heat pipe Embed sensors into 
the wall of a pipe for 
temperature and sensor 
measurement

The measured temperature and 
strain of the pipe with flowing 
water exhibited strong agree-
ment with the readings from the 
external sensors

2019 Chilelli et 
al. [47]

Aluminum FBG strain 
sensor

Smart crack 
detection device

Structural health monitor-
ing applications

Embedded FBG sensors can 
enable early fracture detec-
tion and provide monitoring of 
crack progression

2019 Petrie et al. 
[48]

Aluminum Optical fiber 
temperature 
sensor

Sensor-embed-
ded channel

Embed sensors within both 
straight and curved chan-
nels of the component for 
comprehensive monitoring

Embedded sensors remained 
fully functional at elevated tem-
peratures (i.e., up to 500 °C)

2019 Bournias-
Varotsis et 
al. [49]

Aluminum SMT resistor 3D electronics 
embedded SMS

Fully embed electron-
ics component in a metal 
matrix

Encapsulated conductors stayed 
fully stable at 60 °C, with mini-
mal change up to 100 °C

2019 Petrie et al. 
[50]

Aluminum
(Al 
6061-H18)

N/A
(Fiber)

Fiber optical 
sensor embedded 
metal part

Embed Cu and Ni-coated 
fibers into an Al sheet to 
assess high-temperature 
survival and bonding 
integrity

The approach exhibited poten-
tial for SHM at harsh environ-
ment applications

2018 Bournias-
Varotsis et 
al. [51]

Aluminum
(3003-H18)

SMT resistor SMT resistor 
embedded SMS

Embed electronics compo-
nent into a metal part

The approach enabled the SMS 
with integrated 3-D electrical 
circuits

2015 Monaghan 
et al. [52]

Aluminum 
(Al 3003 
H18)

N/A
(Optical fiber)

Optical fiber-
embedded metal 
part

Embed metal-coated fiber 
into the part to evalu-
ate fiber bonding and the 
mechanical strength of the 
SMS

The embedded fiber remained 
functional, showing strong 
bonding with the host metal 
structure

Table 1  (continued) 
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owing to their ability to provide more accurate temperature 
readings over a wide range of operating temperatures. Most 
RTDs are made of fine, coiled wires encased in ceramic 
or glass (see Fig.  4b). The wire materials are typically 
platinum (Pt), nickel (Ni), or copper (Cu), as these metals 
exhibit a precise, accurate relationship between temperature 
and resistance [60]. The working mechanism of RTDs is 
the same as resistors; the variance of measuring tempera-
ture has an accurate, stable, and predictable model with the 
material used as resistors. The most commonly used RTDs 

Among various types of TCs, Type-K has found a wide-
spread application in the AM of SMS [20]. Despite their 
advantages, TCs can encounter accuracy and stability issues 
at low temperatures (i.e., < 200 °C), which limits their effec-
tiveness in SMS applications operating under low-tempera-
ture conditions [35].

2.1.1.2  Resistance temperature detectors (RTDs)  As an 
alternative to TCs, RTDs have gained significant attention 

Table 2  Summary of sensors used in SMS
Sensor Sensor type Measurement Access type Relevant features Constraints/Requirements SMS litera-

ture employed 
the relevant 
sensor

TC Type-T TC # Temperature Low temperature, fast response, rela-
tively low cost

Electrical insulation [19, 57]

Type-K TC # Wired Wide measurement range, suitable for 
industrial application

[55, 56, 59, 
89]

Thin Film TC # Small size, fast response, suitable for 
embedding

[90]

RTD Wire-wound Pt 
RTD

Temperature Wired High temperature, high accuracy, 
stable measurement

Preventing thermal shock 
and mechanical impact

[58]

Thin Film Pt 
RTD #

Small size, high disturbance resistance, 
suitable for embedding

[91]

FBG Standard FBG # Temperature / 
Strain

Wired Electromagnetic interference resis-
tance, high cost

Low temperature embed-
ding process
Sensitivity to mechanical 
impact

[50, 60, 61]

Enhanced FBG # High temperature, suitable for an 
extreme environment

[54]

Miniature FBG # Small size, suitable for embedding [50, 53]
RFID-based 
FBG

Wireless Wireless monitoring [92, 93]

SAW High-Tem-
perature SAW 
Sensors #

Temperature / 
Strain

Wired High temperature, suitable for extreme 
environment

Smooth attachment sur-
face required

[33, 59]

Miniaturized 
SAW #

Small size, suitable for embedding and 
integration

[33]

RFID-based 
SAW #

Wireless Wireless monitoring, suitable for 
integration

[39]

SG Foil SG # Strain Wired Low cost, high applicability, suitable 
for most industries, and research

Low-temperature toler-
ance of sensor packaging 
materials
Electrical insulation 
requirement

[63, 94]

Thin Film SG # Wired Small size and thin thickness, suitable 
for precision MEMS

[95]

RFID-based SG Wireless Wireless monitoring, suitable for 
embedding

[92, 93]

Piezo-
electric 
sensor

PZT (Lead zir-
conate titanate)#

Strain Wired / 
Wireless

High sensitivity, high frequency strain 
and vibration detection

Brittle, piezoelectric cou-
pling, and Curie tempera-
ture limitation

[96]

PVDF (Polyvi-
nylidene Fluo-
ride) sensor #

Wired / 
Wireless

Flexible, suitable for a low-stress 
environment

[97]

Quartz sensor Wired / 
Wireless

High stability, suitable for the detec-
tion of precision vibration and strain

[98]

Motion 
sensor

Accelerometers # Vibration Wired / 
Wireless

Detection for impact and vibration, 
especially for SHM

Demands enhanced 
electronics shielding and 
careful wiring integration

[99]

Ultrasonic 
sensor

Distance Wireless Distance measurement and position 
sensing, suitable for robotics and 
automation system

[100]

[ # indicates the sensors used in the AM of SMS]
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the material’s elasticity and dimensions (Fig. 4c). The key 
acoustic wave characteristics detected by SAW sensors are 
transfer velocity and frequency. Two common types of SAW 
sensors for temperature measurement are resonator-based 
and delay-line SAW sensors. Resonator-based SAW sensors 
reflect temperature variations in shifts of the resonant fre-
quency. The detectable temperature range depends on the 
piezoelectric materials used, such as LiTaO₃ and LiNbO₃, 
enabling maximum temperatures between 500 °C and 1000 
°C [61]. Delay-line SAW sensors, on the other hand, mea-
sure the time delay of surface waves traveling between two 
transducers. Variations in wave velocity can arise from dif-

contain thin and fine coiled wire, which is wrapped around 
an electrical material with poor conductivity like ceramic 
or glass and is shielded by materials with higher melting 
temperatures (usually glass) to protect the fine wire from 
external disturbances or destruction. The Pt-RTD is the 
most widely used RTD sensor due to its high repeatabil-
ity, accuracy, and broad operating temperature range (− 200 
°C–860 °C) [65]. While most RTDs outperform TCs, Ni- 
and Cu-based RTDs have lower oxidation resistance than 
Pt-based RTDs. As such, careful sensor selection is essential 
for specific applications.

2.1.1.3  Surface acoustic wave (SAW) sensors  SAW sen-
sors measure temperature by detecting changes in the prop-
agation characteristics of surface acoustic waves, caused by 

Fig. 4  Schematic of the temperature and strain sensors widely used in SMS; a Thermocouple (TC); b Resistance temperature detector (RTD); c 
Surface acoustic wave (SAW): d Fiber bragg grating (FBG) temperature sensor; e Strain gauge (SG); and f FBG strain sensor
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greatly enhance bonding performance in MAM, making 
them a critical element in SMS [66].

2.1.2.2  FBG strain sensors  In addition to temperature mea-
surement, FBG sensors are capable of measuring strain. 
Mechanical stress and strain cause changes in the grating 
period of the fiber (Fig. 4f), which are detected to measure 
strain [72]. The FBG sensors can operate within a wide tem-
perature range of − 200 °C to 1000 °C [73], making them 
suitable for SMS. The multifunctionality of FBG sensors 
offers significant advantages in enhancing the mechanical 
properties of SMS components by reducing the number of 
embedded sensors. By integrating multiple FBGs for strain 
and temperature measurement within a single optical fiber, 
the intrusion of the sensor network is minimized, further 
optimizing the structural integrity of the system.

2.1.2.3  Piezoelectric sensors (PS) and SAW sensors  PSs 
and SAWs sensors measure strain by analyzing wave signals 
affected by stress or load variations [74, 75]. These sensors 
operate based on the piezoelectric effect, where mechanical 
energy, such as strain or pressure, is converted into electri-
cal signals. This unique property makes them particularly 
suitable for both static and dynamic strain measurements, 
offering versatility across a range of applications [76]. The 
capability of PS and SAW sensors to detect subtle changes 
in mechanical strain with high sensitivity and reliability 
has made them valuable tools SHM [77]. In addition, their 
compact size, fast response time, and non-intrusive nature 
contribute to their adaptability in real-world environments, 
including aerospace, automotive, and advanced manufactur-
ing systems. Another significant advantage of these sensors 
is their ability to operate across a wide temperature range. 
Additionally, specialized PSs (e.g., (1 − x) BiScO3 − xPb-
TiO3 (BSPT)) are capable of strain-sensing at tempera-
tures between 400 °C [78] and 600 °C [61]. This thermal 
resilience allows PS and SAW sensors to perform reliably 
in harsh conditions, such as high-temperature industrial 
processes and environments encountered in energy or aero-
space applications.

2.1.3  Other sensors

In addition to strain and temperature sensors, various motion 
sensors can be integrated into SMS. Sensors such as acceler-
ometers [79], ultrasonic sensors [80], passive infrared sen-
sors [81], microwave sensors [82], and tomographic sensors 
[82] can detect subtle movements, anomalies, deformations, 
and vibrations in SMS. These motion sensors can expand the 
functional capabilities of SMS by enabling comprehensive 

ferences in materials (e.g., Pt-based alloys or Ir–Rh alloys) 
and electrode thicknesses [62].

2.1.1.4  Fiber Bragg grating (FBG) sensors  Unlike TCs and 
RTDs, which rely on electric properties and are vulnerable to 
electromagnetic interference (EMI), FBG sensors measure 
temperature by detecting shifts in the Bragg wavelength. 
As temperature changes, the wavelength of light reflected 
within the optical fiber shifts, enabling precise temperature 
estimation [63] (see Fig.  4d). FBG sensors offer several 
advantages over TC and RTD due to their light-based work-
ing mechanism. They provide highly accurate and precise 
temperature readings, distributed sensing capabilities (e.g., 
multiple sensors along a single optical fiber), and maintain 
fidelity in harsh EMI environments [64]. However, these 
benefits come with challenges, including the high cost of 
FBG sensors and the complexity of embedding them into 
metallic components [65].

2.1.2  Strain sensors

Strain sensors commonly used in SMS include Strain 
Gauges (SG), FBGs, Piezoelectric sensors (PS), and SAW 
sensors. Each of these sensor types is described in detail in 
the following subsections.

2.1.2.1  Strain gauges  Strain gauges (SGs) are a widely 
used strain sensor in SMS owing to their high sensitivity, 
compact size, and ease of integration into various metallic 
structures [66]. It operates based on the principle of elec-
trical resistance change under mechanical deformation, 
allowing for precise measurement of strain in response to 
applied stress (Fig. 4e). The core component of an SG is a 
serpentine resistive wire pattern, typically made from mate-
rials such as constantan (Cu-Ni), Cr-Ni, or Fe–Cr-Al [67]. 
The packaging materials commonly used include polyimide 
(PI), polyester (PE), or glass-reinforced epoxy-phenolic 
[68]. Among these, Cu-Ni SGs with PI carrier are widely 
used in commercial applications and are suitable for static 
strain measurements at temperatures up to 300 °C [69]. In 
contrast, unpackaged Fe–Cr-Al SGs are ideal for dynamic 
strain measurements at temperatures as high as 1150 °C, 
although they require additional electrical insulation [70].

To meet the demands of SMS, thin-film SGs are preferred 
due to their ability to be directly deposited onto AM struc-
tures with a minimal footprint, thereby reducing parasitic 
effects under structural loading. With a thickness of approx-
imately 20  μm—significantly thinner than the 200  μm of 
conventional foil or wire strain gauges [71]— thin-film SGs 
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For temperature sensors, both TCs and RTDs rely on 
metallic conductors and can withstand relatively high tem-
peratures. This can make them compatible with various 
metal AM processes, provided that the sensor body is not 
directly exposed to the molten pool for extended periods. In 
contrast, the behavior of optical and acoustic sensors (e.g., 
FBS, SAW) is markedly different. FBGs composed of sil-
ica fibers and operating based on Bragg wavelength shifts 
are highly sensitive to temperature and residual strain [19]. 
Consequently, they are not suitable for direct exposure to 
fusion-based processes such as DED or LPBF.

Similarly, the processing compatibility of SGs depends 
strongly on their design. Conventional foil SGs consist of 
metallic resistive grids mounted on polymer carriers (e.g., 
polyimide), which limit their maximum embedding and 
operating temperatures. As such, they are better suited for 
adhesive bonding or low-temperature thin-film deposition 
on prefabricated metallic components, followed by the 
application of a thermal shielding layer prior to resuming 
the AM process. Although high-temperature SGs have been 
developed [87], they require robust electrical insulation and 
precise control of coating thickness to prevent delamination 
during thermal cycling. PZT-based sensors combine high 
piezoelectric coupling with inherent brittleness [77], neces-
sitating the use of a compliant interlayer for mechanical pro-
tection when embedded in metallic structures. Moreover, 
their limited Curie temperature must be carefully consid-
ered, as prolonged exposure to elevated temperatures can 
lead to polarization loss and degradation of piezoelectric 
performance [88]. Other sensor modalities (e.g., accelerom-
eters, microwave sensors, tomographic sensor arrays) typi-
cally contain delicate electronic components. In all cases, 
the embedding strategy must provide sufficient thermal and 
mechanical protection while maintaining reliable signal 
transmission paths.

Table 2 summarizes the main sensor types discussed in 
Section 2.1, along with their sensing mechanisms, access 
modes, key features, and associated SMS processing con-
straints or requirements. This comparison highlights that 
no single fabrication method can accommodate all sensor 
types; instead, the processing window of SMS must be tai-
lored for each sensor to preserve functionality while achiev-
ing desired structural performance.

2.2  Metal additive manufacturing methods for SMS

As shown in Fig.  5, MAM technologies can be classified 
into two main categories: (i) phase change (melted) and (ii) 
solid-state (unmelted). These categories can be further subdi-
vided based on the type of thermal energy source employed. 
While a wide range of AM methods exist, as listed in 
Fig. 5, the available literature indicates that only six MAM 

monitoring and real-time feedback, which are critical for 
maintaining structural integrity and performance.

Besides, recent studies have demonstrated that inherently 
functional materials can impart self-sensing capabilities to 
metallic structures, as those materials themselves retain 
natural strength for sensing. For instance, piezoresistive, 
pyroelectric, and thermoresistive materials have been used 
to build SMS that can monitor their strain, temperature, or 
stress state through intrinsic electrical or thermal responses 
[83, 84]. These studies highlight the promise of integrat-
ing sensing functions directly into structural materials, 
which minimizes wiring complexity and enhances durabil-
ity. However, challenges remain in achieving stable signal 
calibration under cyclic loading and extreme temperature 
environments.

Moreover, to further enhance self-sensing capabilities 
and optimize the embedding process, active metal-matrix 
composites incorporating shape memory alloys have been 
developed to enable both actuation and sensing functions 
within the same structure [85]. Such strategies offer tunable 
stiffness and adaptive responses to external stimuli. How-
ever,  their implementation in large-scale metallic compo-
nents remains limited due to cost and integration constraints.

Another promising direction involves the integration 
of eddy current sensors for non-contact defect detection 
and displacement monitoring [86]. Eddy current–based 
approaches might be particularly advantageous for metallic 
systems, offering robustness under harsh conditions. Never-
theless, their sensitivity could be degraded when the sensors 
are embedded deep within conductive layers. Overall, these 
advances suggest that the next generation of SMS will likely 
combine both material-embedded self-sensing mechanisms 
and hybrid sensor networks to achieve higher levels of func-
tionality and reliability. Future research should focus on uni-
fying signal calibration frameworks and developing robust 
data-driven fusion models to interpret complex multi-sensor 
responses in realistic structural, environmental, and operat-
ing conditions.

2.1.4  Key considerations for sensor embedding into metal 
structures

The diversity of SMS fabrication processes introduces spe-
cific constraints and requirements for embedding different 
types of sensors, depending on both the involved materi-
als, interfaces, and sensing principles. These factors directly 
affect the compatibility of sensors with a given fabrication 
pathway and, consequently, the overall design of SMS. 
Hence, selecting suitable manufacturing and embedding 
methods requires a comprehensive evaluation of both sen-
sor materials and their operating mechanisms.
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precision, material compatibility, and ability to achieve 
complex geometries. Following LPBF, UAM is the second 
most widely used technique for SMS production. UAM 
offers several advantages, including low processing tem-
peratures and rapid fabrication cycles, making it well-suited 
for embedding sensors into delicate components and for 
bonding dissimilar metals [52]. However, UAM has limita-
tions when applied to host metals with thick cross-sections 
or high-melting temperatures. DED has also been utilized 
to embed sensors into metal structures, primarily due to its 
high deposition rates and compatibility with a wide range 
of alloys [101, 102]. Nevertheless, current research in DED 
has primarily focused on powder-based DED and wire arc 
DED (i.e., WAAM), while wire laser DED and electron 
beam DED remain largely limited for SMS.

The following section (Section  3) provides a detailed 
overview of additively manufactured SMS produced using 
each of these techniques, covering their fabrication pro-
cesses, sensor integration strategies, material compatibility, 
and performance outcomes.

3  Sensor embedding and fabrication of SMS

This section discusses the sensor embedding and fabrication 
of SMS using the MAM techniques. It comprehensively 
summarizes the processes involved for each MAM method, 

techniques have been applied in the domain of SMS, which 
include: (1) laser powder bed fusion (LPBF); (2) electron 
beam melting (EBM); (3) laser-directed energy deposition 
(DED); (4) wire-arc DED also known as wire-arc additive 
manufacturing (WAAM), (5) ultrasonic additive manufac-
turing (UAM); and (6) cold spray additive manufacturing 
(CSAM). Among these methods, CSAM has primarily been 
utilized for surface metallization or coating applications 
rather than for constructing the bulk host structure [43, 44]. 
Therefore, in this context, CSAM was excluded from the 
comparative analysis of structural embedding approaches, 
though it remains a promising technique for functional sur-
face integration and hybrid manufacturing strategies. The 
relative distribution of these techniques within the SMS 
domain is shown in Figs.  6a–b, in which laser-DED and 
wire-arc DED are collectively categorized under the DED 
classification. Additionally, Table  3 summarizes the key 
characteristics of these major AM processes, including their 
technical features, compatible feedstock materials, and their 
respective advantages and limitations for AM applications. 
Meanwhile, several other MAM approaches remain unex-
plored in this context, as shown in Fig. 6c.

To date, most research on sensor-embedded SMS has 
focused predominantly on LPBF [16–18, 30–38], with only 
a limited studies employing EBM [39]. This concentra-
tion suggests that LPBF is currently regarded as the most 
viable approach for producing SMS, likely due to its high 

Fig. 5  Classification of metal AM technologies
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smart injection molding tool, a smart turbine blade, a smart 
transformational challenge reactor, a smart vibration detec-
tor, a smart part for structural monitoring, etc. (see Fig. 7).

Notably, several studies focused on the fabrication of 
SMS with embedded wireless sensors [17, 32, 33, 36–38]. 
Tomaz et al. [33] developed a wireless sensor-based SMS 
using LPBF with stainless steel (316L). This study focused 
on the design, fabrication, and validation of a real-time tem-
perature sensing device, which is capable of sensing and 
storing real-time temperature data. The Surface Acoustic 
Wave (SAW) temperature sensor (Model: SS2467BB2) used 

including sensor embedding, sensor packaging (e.g., heat-
shield application), metal layer restoration, AM resumption, 
post-machining processes, and sensor data verification.

3.1  SMS fabricated via powder bed fusion (PBF)

PBF is among the most widely utilized methods for fabricat-
ing SMS, with LPBF being the predominant method in this 
domain (see Fig. 6b, right panel). Various SMS have been 
successfully produced using PBF, including: a wireless sen-
sor-embedded gear, a wireless temperature sensing device, a 

Fig. 6  a Metal additive manufac-
turing (MAM) techniques applied 
to SMS to date; b Distribution of 
different AM technologies within 
the field of SMS; c AM technique 
that remains unexplored in the 
SMS domain
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Table 3  Overview of AM methods used in the fabrication of SMS [# symbol denotes feedstock material that has been used to date in AM of SMS]
AM method Technical properties Feedstock 

material
Advantages Limitations

Laser powder bed fusion 
(LPBF)

 [103]

Heat source: laser
Laser power range: 50–1000 
W [104–106]
Beam size: 35–140 µ m [104, 
107]
Laser scanning velocity: 
0.1–2.5 m/s [106, 108, 109]
Feedstock: powder
Powder size: 20 – 100 µ m 
[110, 111]

#Al alloys
#Ti alloys
#Fe-based alloys
#Ni-based super 
alloys
#Tool steels
Mg alloys
MMCs
High-entropy 
alloys

High-quality surface finish 
[112]
Production of intricate geom-
etries [113]
High-density and well-bonded 
structures [114]
Low material wastage and 
powder reusability [114]

Limited material options 
[115]
Residual stresses and 
warping [116]
Complex microstructure 
[117]
Relatively slow and long 
processing time [118]
Inert gas requirement 
[119]

Electron Beam Melting 
(EBM)

 [120]

Heat source: electron beam
Power range: 30–42 kW 
[121]
Beam size: 50–150 µ m [122]
Feedstock: powder
Scanning velocity: 3.3–5 m/s 
[122, 123]

#Ti alloys
Al alloys
Mg alloys
Fe-based alloys
Co-based alloys
High-entropy 
alloys
Cu and Cu-alloys
W–Ni-Fe alloys
MMCs

High production rate [124]
High-temperature capability 
[125]
Reduced residual stress [121]
Strong mechanical properties 
[125]
Less porous AM parts [126]

Limited material selection 
[127]
Low fatigue life [127]
Vacuum requirement [127]
High energy consumption 
[128]
High equipment and main-
tenance costs [129]

Laser-directed energy deposi-

tion (LDED) [130]

Heat source: laser
Power range: 300–6000 W 
[104, 131]
Beam size: 0.5–6 mm [104]
Scanning velocity: 0.6–
500 mm/s [131, 132]
Feedstock: powder
Powder feed rate: 5–10 g/min 
[104, 133]

#Fe-based alloys
Ti alloys
Mg alloys
Ni-based alloys
Co-based alloys
High-entropy 
alloys
Cu and Cu-alloys
MMCs

Multi-material capability 
[134]
Printing functionally graded 
materials [114]
Large build size with high-
deposition rate [135]
Part repair and remanufactur-
ing [136]
Customizable deposition paths 
[136]
Less post-processing for 
machining [137]

Surface finish and preci-
sion [138]
Heat-affected zone [139]
Residual stresses [140]
Requirement for inert gas 
[102]
Material efficiency [141]
Equipment and opera-
tional costs [137]

Wire-arc DED (i.e., WAAM)

[142]

Heat source: Electric arc 
[143]
Power range: 2 – 30 kW 
[143]
Deposition rate: 2 – 8 kg h⁻1 
(> 10 000 mm3 min⁻1) [144]
Layer thickness: ≈ 1 mm typi-
cal [144]
Wire feed rate: 1 – 10 m 
min⁻1 with shielding gas (e.g., 
Ar, He) [145]
Process control: Robot/CNC 
motion [145]

#Al-based alloy 
[144]
Fe-based alloys 
[144]
Ni-based super 
alloys [145]
Ti-based alloys 
[144]
Cu-based alloy 
[145]

High deposition rate (up to 
8 kg h⁻1) [144]
Large build volume (> 1 m3) 
and low equipment cost [143]
Deposition efficiency > 95% 
[145]
Suitable for repair and 
remanufacturing [145]
Good mechanical properties 
with controlled heat input 
[144]

Poor surface finish 
(Ra > 0.8 mm) requiring 
post-machining [143]
Residual stresses and 
distortion from high heat 
input [145]
Porosity and micro-cracks 
[144]
Limited dimensional accu-
racy (± 1 mm) [143]
Anisotropic microstruc-
ture and coarse grains due 
to directional solidification 
[144]

Ultrasonic additive manufac-
turing (UAM)

 [146]

Heat source: ultrasonic wave
Power range: 1–9 kW [147]
Scanning velocity: 400–
1000 mm/s [148]
Feedstock: metal foil/sheet

#Al alloys
#Fe-based alloys
Ti alloys
Cu and Cu alloys
Mg alloys
Ni alloys

Low-temperature process 
[149]
Reduced thermal effects [150]
Minimal residual stresses 
[151]
Dissimilar material joining 
[152]
High-dimensional accuracy 
[152]
Eco-friendly process [149]

Limited material 
selection—not compatible 
with the hard steels and 
nickel [153]
Thickness limitations 
[154]
Inconsistent bonding [155]
Limited build volume and 
speed [156]
Low production scale 
[157]
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Fig. 7  SMS fabricated using PBF techniques: a Wireless temperature 
sensing device [33]; b Smart injection molding tool [17]; c Smart 
turbine blade [37]; d Wireless Sensor-embedded gear [32] e Smart 

transformational challenge reactor (TCR) [35]; f ML-Assisted Sensor 
Embedded Part [16]; g Smart Vibration Detector [31]; and h Smart 
part for SHM [39]
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RFID antenna for gear performance monitoring. The sys-
tem included a comprised an ultra-high frequency (UHF, 
868  MHz) RFID unit, a mid-range reader (Pulsar MX), 
and an accelerometer (Kionix, KX122). During the process, 
printing was paused, excess powder was removed, and the 
sensor was placed into the cavity. The antenna was manu-
ally soldered to the sensor for better communication, and the 
cavity was refilled. The “sensor-monitored gear” (i.e., smart 
gear) successfully transmitted acceleration data, though the 
readout range was limited to 1 cm due to electromagnetic 
interference, highlighting challenges in RFID use in metal 
environments. Despite this limitation, the implementation 
of the sensor-monitored gear aimed to address several key 
technical challenges in the field, including: (i) RFID appli-
cations in electromagnetically shielded metal environments; 
(ii) AM of antenna and loaded component in one process; 
(iii) AM of the conductive path between antenna and the 
sensor; and (iv) integration of the RFID transponder during 
the LPBF manufacturing process.

Several other studies have also utilized LPBF for the fab-
rication of SMS with passive sensing capabilities. Binder et 
al. [36] employed LPBF with AlSi10Mg to automate sen-
sor embedding in an AM component. They developed an 
approach where a suction cup removed excess powder from 
a sensor cavity during the process interruption, and a kine-
matic system inserted an RFID tag using a vacuum gripper. 
Attridge et al. [38] used LPBF with Inconel 718 to fabricate 
a TC-integrated turbine vane for temperature sensing with a 
tolerance of ± 2 °C. After producing the vane, they applied a 
stainless-steel coating via cold spray, cleaned excess pow-
der from the grooves, welded Type-K TCs into the grooves, 
and sealed them with IN718 powder. Both approaches 
successfully integrated sensors for effective temperature 
monitoring.

In addition to SMS with wireless embedded sensors, 
there are studies in the literature [16, 31, 34, 35] that have 
employed LPBF to fabricate SMS featuring active sensing. 
Hyer et al. [34, 35] developed TC embedded structures by 
LPBF with stainless steel (316). The objective of the study 
was to create a smart metallic structure compatible with the 
components of the transformational challenge reactor (TCR) 
(Fig. 7e). A Type-K TC was used as the embedded sensor, 
featuring a stainless steel (316) sheath, and its internal leads 
were insulated with magnesium oxide. The LPBF process 
was not interrupted for sensor insertion (i.e., off-line sensor 
insertion). Channels were first drilled into the build plate, 
and sensors were spot-welded into place, staying clear of 
the powder raking process. The structure was built over the 
sensors, with laser dwell times optimized to reduce poros-
ity. The structure can measure temperatures up to 500 °C, 
and the embedded TC performed similarly to reference ones 

in this study operated within a temperature range of − 40 
to 200 °C. As depicted in Fig. 7a, the authors employed a 
method that involves an interruption of the LPBF process to 
add the sensor and corresponding cover plate. The printing 
process was then resumed until the entire part was printed. 
Although there were gaps between the cover plate and the 
main body, which could potentially affect the mechanical 
properties of the component, the embedded SAW sensor 
successfully measured temperatures ranging from 25 °C to 
200  °C via its wireless system. The temperature recorded 
by the embedded SAW sensor was validated by an external 
Resistance Temperature Detector (RTD), confirming the full 
functionality of the SMS.

Šakalys et al. [17] used LPBF with stainless steel (316L) 
to embed a wireless SAW temperature sensor (Model: 
SNT2427BB2) into an injection molding tool for tempera-
ture monitoring (Fig. 7b). The sensor can measure temper-
atures from − 40 to 200  °C, making it suitable for various 
injection molding applications. The sensor embedding 
process involved multiple steps. First, the LPBF process 
was paused to vacuum clean and expose the sensor cavity, 
where the sensor was placed and covered with a heat shield. 
After resuming LPBF, a protective cap and silicone seal-
ant were added to make the sensor watertight and shield it 
during machining. The tool had 99.9% density, no defects, 
and the sensor functioned well for real-time temperature 
monitoring. Despite some minor design challenges, the 
sensor retained full functionality after post-processing and 
was able to accurately record temperature data throughout 
the injection molding process, demonstrating its potential 
for real-time process control and monitoring. For future 
research, the authors recommended positioning the sensor 
in the opposite direction from the cooling pipelines to pre-
vent signal disruptions. They also suggested using a smaller 
sensor antenna to enhance the sensor’s flexibility.

Jung et al. [37] utilized LPBF with Inconel 718C to fab-
ricate a smart turbine blade for wireless acceleration and 
temperature monitoring of the turbine blade via Bluetooth 
(Fig. 7c). The sensor system included a transistor-type TC 
sensor (Model: LM35DZ) and an Integrated Circuit (IC) 
chip (Model: MPU6050). They first embedded a TC sen-
sor in a stainless-steel part to validate temperature data, 
then embedded a PCB-based acceleration IC into the tur-
bine blade. The process involved pausing printing, clean-
ing the sensor cavity, inserting the sensor with protection, 
and resuming printing. The final blade’s mechanical proper-
ties were unaffected, and real-time data were successfully 
recorded and validated, demonstrating its potential for intel-
ligent status analysis.

Binder et al. [32] integrated a wireless sensor system into 
a gear produced via LPBF using alloyed steel (16MnCr5) 
(Fig. 7d). The study focused on designing and validating an 
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strength, the embedded sensor maintained full functionality 
and durability, proving its potential for aerospace, automo-
tive, and biomedical applications. Notably, the embedded 
sensors exhibited enhanced lifespan under harsh conditions 
such as a corrosive environment, high pressure, and high 
temperature.

3.2  SMS fabricated via directed energy deposition 
(DED)

DED has emerged as one of the most promising AM route 
owing to its versatility in processing a wide range of met-
als and alloys, high deposition rates, and ability to produce 
large, functional components. Within this family, laser-
based DED and wire-arc-DED (i.e., also known as wire-arc 
additive manufacturing (WAAM)) represent two primary 
processes that have been reported for SMS fabrication. This 
section reviews recent developments in SMS fabricated 
using these two DED-based approaches, with a focus on 
their underlying processing characteristics, material–sensor 
compatibility, and strategies for achieving reliable sensor 
integration within metallic systems.

3.2.1  Laser directed energy deposition (L-DED)

Nuñez et al. [20] fabricated a smart part for temperature 
measurement by using powder DED with stainless steel 
(316L). The sensor system comprised commercial Type-K 
TC. The sensor embedding process, illustrated in Fig. 8a, 
involved pausing the DED process after fabricating the base 
and standoff. A groove was then machined into the base 
to accommodate the sensor. The DED process was subse-
quently resumed and continued until the top component was 
completed. Two different configurations were developed 
using this method: one with an embedded sensor tip and 
the other with an exposed sensor tip. Both configurations 
withstood high-temperature performance tests. However, a 
deflection of the sensor tip was observed due to the high 
process temperature. Despite this structural deflection, the 
embedded TCs demonstrated good accuracy during tests at 
350 °C and 900 °C, with a deviation of less than 0.75% from 
the target temperature. Additionally, optimization results 
indicated that the process could be further refined to mini-
mize sensor tip deflection, improve contact between the host 
material and the sensor, and reduce porosity by adjusting the 
contour scan speed and part geometry.

during thermal testing, with minimal differences in reaction 
time.

Recently, Wang et al. [16] fabricated a Fibre Bragg Grat-
ing (FBG)- sensor-embedded smart metallic part using LPBF 
of a titanium alloy (Ti-6Al-4 V) (Fig. 7f). The FBG sen-
sor, developed with a machine learning-assisted approach, 
achieved high spatial resolution (28.8  µm) for thermal 
distribution. The embedding process involved engraving a 
cavity with wire EDM, placing a fiber inside, filling it with 
Ti-6Al-4 V wire, and depositing a 100 µm-thick layer before 
polishing. The C-FBG sensor was then inserted offline and 
successfully collected real-time thermal data during the 
LPBF process, recording the temperature profile at different 
times and locations at the sub-surface level.

Besides temperature sensors, several studies have 
explored the integration of SGs into metal AM parts for 
vibration sensing and SHM. Binder et al. [31] used LPBF 
with Inconel 718 alloy to build a smart vibration detector 
with an embedded SG (Fig. 7g) for a flow measurement sys-
tem, where the surrounding flow generates vibrations that 
are difficult to measure. A weldable SG (Model: LS31HT) 
was used, with its measuring grid placed on a metal plate. 
After producing the test specimen and cleaning excess pow-
der, the SG was welded to the cavity surface and embedded. 
The system successfully detected vibrations according to 
the MIL STD 810 H standard [158], and the data was vali-
dated by an external FBG-SG, confirming the effectiveness 
of the embedded system.

Most recently, Rodrigues et al. [30] fabricated a NiTi–
AlSi10Mg smart structure through LPBF. The fabrication 
sequence involved: (i) fabrication of AlSi10Mg specimens 
using LPBF with a 0.5 mm hole for sensor embedding under 
argon protection; (ii) insertion of a 0.5  mm superelastic 
NiTi wire into the printed cavity after fabrication; and (iii) 
post-heat treatment at 300  °C for 2 h (Ar/N₂ atmosphere) 
to enhance interfacial bonding and relieve residual stresses 
while avoiding brittle Al3Ni/Al3Ti phases. The embedded 
sensor maintained its phase transformation and showed a 
resistivity change from 8.37 × 10−7 to 9.50 × 10−7 Ω·m 
(0–2.5% strain), which demonstrates a stable in-situ strain-
sensing performance.

In addition to LPBF, EBM was also utilized to produce 
SMS. Hossain et al. [39] fabricated a smart structure with 
an embedded strain sensor using EBM and a titanium 
alloy (Ti–6Al–4  V). The sensor material was piezoelec-
tric ceramic (lead zirconate titanate), which was capable of 
sensing strain, force, and pressure. The EBM process was 
paused after completing the bottom part to insert the sen-
sor and its alumina housing, which provided thermal shield-
ing and secure placement (see Fig. 7h). The assembly was 
aligned in a mask plate before resuming the EBM process. 
Despite some limitations, such as attachment and bonding 

Fig. 8  SMS fabricated using DED technique: a Smart part for high-
temperature measurement [20]; b Smart part for temperature and strain 
monitoring [42]; c Smart tensile bar [41]; and d Ceramic embedded 
AM part without sensor [21]; e Smart metal beam [43]; and f Self-
aware structure [44]
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AM technique; and (iv) post-electroplating to fill grooves 
and strengthen bonding. In addition, LSP treatment was 
performed using a Q-switched Nd:YAG laser (1064  nm, 
7  ns, 850  mJ), which develops compressive microstrains 
(i.e., ~ 130 µε) around the embedded fibers. This process 
refined the Ni microstructure, reducing grain size from 
117 µm to 93 µm (65% overlap) and increased the fiber slip-
page temperature from 252 °C to 305 °C. Consequently, it 
resulted in improved bonding strength and enhanced ther-
mal stability of the embedded sensors.

3.2.2  Wire-arc directed energy deposition

Huang et al. [43] fabricated a smart metal beam with sub-
surface-embedded SGs and RTDs using a hybrid additive–
subtractive manufacturing process, as shown in Fig. 8e. The 
fabrication steps include: (i) fabricating the host structure 
using WAAM with Al 5356 wire feedstock; (ii) extracting 
the beam from the host structure, followed by machining 
sensor cavities on the beam using CNC milling; (iii) attach-
ing SGs and RTDs into the cavities; (iv) applying a ceramic 
protective layer to shield sensors from excessive heat; (v) 
metallize the surface via cold spray additive manufactur-
ing (CSAM) using Al–Al₂O₃–Zn powder mixture to fully 
encapsulate the sensors. Then the embedded sensors were 
wired to a DAQ system for real-time monitoring and the 
tests showed ≤ 0.5% temperature error for RTDs and con-
sistent SG strain response under three-point bending tests, 
which exhibits the system’s functional reliability. The hybrid 
(WAAM, CNC and CSAM) approach provided successful 
embedding of sensors while maintaining structural integrity, 
despite reduction of 20.6% in flexural modulus and 18.9% 
in yield strength relative to the baseline beam. Notably, 
unlike prior studies that typically embedded a single sensor, 
this work integrated a network of sensors (2 SGs + 3 RTDs), 
demonstrating the feasibility of multi-sensor integration 
within additively manufactured metallic structures.

Likewise, in a recent work, Zhou et al. [44] fabricated a 
self-aware metallic smart beam with subsurface-embedded 
PZT sensors using a similar hybrid additive–subtractive 
manufacturing process. The fabrication procedure involved 
(see Fig. 8f): (i) building the host structure (Al-5356) via 
WAAM; (ii) CNC milling to extract the beam and machine 
1.5 mm-deep cavities for sensor placement; (iii) embedding 
commercial PZT sensors (Acellent SMLSSOP4NR; one actu-
ator, one receiver); (iv) applying a ceramic thermal-barrier 
coating for protection; and (v) encapsulating the sensors by 
CSAM metallization using an Al–Al₂O₃–Zn powder blend. 
The embedded PZTs functioned as both actuators and sen-
sors in pitch-catch guided-wave (GW) tests under mechani-
cal (0–100 MPa) and thermal (ambient to 100 °C) loadings. 
The signals showed clear stress- and temperature-dependent 

In addition to temperature sensors, two studies have 
explored the embedding of strain sensors into metal AM 
parts. Li et al. [42] developed a smart part for temperature 
and strain measurement using powder-DED of stainless 
steel (316L) (see Fig. 8b). The sensors, coated with a nickel 
thin film for thermal shielding, were placed on a stainless 
steel (304) substrate, followed by electroplating with nickel 
and DED to complete fabrication. The embedded sensors 
showed high accuracy and sensitivity. The FBG tempera-
ture sensor had higher temperature capacity and sensitivity, 
while the strain sensor demonstrated good agreement with 
external FBG sensors. Furthermore, this study employed a 
decoupling approach to effectively separate the effects of 
strain and temperature for the embedded FBG sensors.

Juhasz et al. [41] developed a smart tensile bar (Fig. 8c) 
with DED of 300-series stainless steel. The sensor used 
was screen-printed ink-based piezoresistive SG. The sensor 
embedding process involved fabricating the bottom part of 
the tensile bar, machining it for sensor placement, and add-
ing a 40  μm-thick Zirconia insulation layer. The SG was 
inserted, stitch-welded, and the DED process was resumed 
to fill voids and complete the tensile bar. The embedded 
strain gauge performed accurately during tensile testing, 
showing potential for SHM and adaptability for embedding 
sensors in complex structures.

Feldhausen et al. [21] embedded ceramic material within 
a stainless steel (316L) structure to evaluate the feasibility 
of resuming DED on the ceramic layer. Unlike other stud-
ies, no sensor was used in this study; only ceramic material 
was embedded within the metallic structure. The ceramic 
embedding process, outlined in Fig. 8d, involved the fol-
lowing steps: (1) A cavity was machined into the substrate, 
and the ceramic insert was placed inside the cavity; (2) 
unmelted metallic powders were used to fill the cavity for 
process resumption. In one approach, dry powder was used, 
while in another, the metal powder was wetted with machin-
ing coolant to improve adhesion and stability. (3) DED was 
resumed over the metal powder to complete the structure. 
To protect the ceramic insert from the high temperatures of 
the DED process, the authors tilted the substrate at a 35° 
oblique angle. The integrity of the embedded ceramic was 
verified using the X-ray computed tomography system. 
The authors proposed that this method could be adapted 
to embed various sensors, such as SGs, TCs, and fluidic 
valves, within metal components for SHM.

Zhong et al. [40] fabricated fiber sensor–embedded 
Inconel components by combining electroplating, LDED 
method, and laser shock peening (LSP). The fabrication 
process included: (i) cleaning and sputter-coating copper-
coated silica fibers (125 µm core, 20 µm Cu layer); (ii) elec-
troplating Ni (~ 350 µm) to form fiber wires; (iii) embedding 
these fibers in IN718 structures fabricated by Laser DED 
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was laminated with polyimide tape (Kapton) to provide 
heat shielding from UAM and electrical insulation; (ii) the 
sensor was inserted into the machined cavity in the Al base 
plate and pre-compressed to ensure sufficient metal-to-metal 
weld strength; (iii) finally, two aluminum (6061-T6) foils 
were ultrasonically welded on the based plate with embed-
ded sensor to complete the fabrication of the smart part. The 
fabricated part was fully functional and promising linearity 
under uniaxial stress. A similar approach was adopted by 
Khattak et al. [22] to develop comparable SMS, as shown in 
Fig. 9c (bottom panel).

Chilelli et al. [47] developed a smart crack detection 
device using the UAM of Al (6061 H18). The sensor used 
was an FBG strain sensor (Moog Inc.) coated with acrylate. 
The sensor operated between 1545 and 1555 nm in wave-
length, with a nominal wavelength of 1550 nm, correspond-
ing to ±4000µϵ inside the fiber. Fabricated tension and 
tensile coupon specimens embedded with FBG strain sen-
sors are depicted in Fig. 9d. The fabrication process begins 
by welding a single layer of Al foil onto an Al baseplate. 
Then, a 0.254  mm by 0.254  mm channel was machined 
using a ball-type endmill, and the FBG strain sensor was 
inserted into the channel. The extra fiber was allowed to 
leave the sample, as shown in Fig. 9d. Finally, the UAM 
process was resumed to deposit additional aluminum lay-
ers into the embedded sensor. Finally, the smart part was 
machined to the required dimensions using a CNC milling 
machine. The embedded FBG strain sensor was capable of 
closely monitoring the crack growth. Moreover, early crack 
detection was possible, with sensors detecting cracks as 
small as 0.286 ± 0.033 mm at a distance of 3 mm from 
the crack initiation point. The embedded sensor remained 
fully functional even under high temperature conditions up 
to 300 ◦C. This smart crack detection device offers potential 
for SHM in complex systems.

Bournias-Varotsis et al. [51] also developed an SMT 
resistor-embedded smart part using the UAM of Al (3003-
H18). The sensor type was a surface mount technology 
(SMT) resistor (CRG1206 series), and the embedding pro-
cedure is presented in Fig. 9e. First, two Al were welded 
ultrasonically onto a 1.5 mm thick aluminum (Al 1050-H14) 
base plate. Next, six Al 3003-H18 foils with pre-machined 
cavities were ultrasonically welded onto the substrate. The 
SMT resistor was then inserted into the cavity and secured 
with cyanoacrylate adhesive. Finally, two more Al 3003-
H18 foils were placed on the substrate, covering the embed-
ded sensor, and were bonded through UAM to complete the 
fabrication of SMS. Although no data was extracted from 
the embedded SMT resistor to verify its functionality, the 
sensor embedding technique could be utilized for the fab-
rication of additively manufactured parts with integrated 
three-dimensional electrical circuits.

changes to the applied loadings, which matched with the 
performance of surface-mounted PZTs. This hybrid manu-
facturing process enabled sensor embedding with enhanced 
performance, functionality, advancing the development of 
self-aware metallic structures with integrated SHM. Collec-
tively, this body of work demonstrated the WAAM-domi-
nant convergent manufacturing approach as a feasible and 
effective pathway for integrating functional sensors into 
metallic structures, achieving real-time SHM functionality.

3.3  SMS fabricated via ultrasonic additive 
manufacturing (UAM)

Hyer et al. [46] developed a smart pipe with embedded sen-
sors using UAM of stainless steel (SS304). The smart heat 
pipe, shown in Fig. 9a, included Cu-coated fiber optic strain 
sensors and a Type-K TC (Model: TJ36-CASS-116U-36, 
Omega Engineering). Sensors were embedded in machined 
channels on the pipe wall, with larger channels left open for 
external sensors to validate embedded sensor data. UAM 
was used to weld SS304 foils over embedded sensors. When 
nickel-plated SS304 foils were used, bonding was improved 
compared to using pure SS304 foils. The embedded sensors 
measured temperature and strain accurately, showing good 
agreement with external sensors, with a temperature differ-
ence of 80–100 °C.

Zhao et al. [19] utilized the UAM of 0.15-mm-thick 
Al (6061 H18) foils to develop a smart device for strain 
measurement. The sensor system comprised a high-speed 
FBG strain sensor. The fabricated SMS is shown in Fig. 9b, 
which includes the optical microscopic image exhibiting 
the cross-sectional view of the embedded FBG sensor. The 
fabrication of this strain measuring SMS involved the fol-
lowing steps: (i) manufactured the substrate using Al foils 
through UAM; (ii) machined a cavity using a ball nose type 
endmill; (iii) inserted the FBG strain sensor into the cav-
ity; (iv) resuming the UAM process to deposit additional 
Al foils onto the sensor embedded substrate; (v) perform-
ing machining to achieve the desired size and shape of the 
smart part. The embedded FBG strain sensor was fully func-
tional and measured the phase and amplitude of different 
high-speed dynamic events at a rate of up to 10 kHz, with 
a minimum strain detection sensitivity of 2.5 µε. The accu-
racy was confirmed through finite element analysis (FEA), 
offering an economical solution for monitoring dynamic 
strain in large-scale systems.

Ramanathan et al. [45] developed a concept for a smart 
nondestructive testing (NDT) device using the UAM of Al 
(6061-T6). The sensor comprised silver electrode coated 
β-phase piezoelectric polyvinylidene fluoride (PVDF) strain 
sensor film. As illustrated in Fig. 9c, the sensor embedding 
technique involved the following steps: (i) the PVDF sensor 
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Fig. 9  SMS fabricated using UAM technique: a Smart heat pipe [46]; 
b Smart strain measuring tool [19]; c Smart non-destructive testing 
device (upper panel) [45] and smart vibration monitoring part (bot-

tom panel) [22]; d Smart crack detection device [47]; e SMT resistor 
embedded SMS [51]; f 3D electronics embedded SMS [49]
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ensured good sensor bonding with the substrate and accurate 
geometry for temperature and strain testing [43, 44]. Addi-
tionally, some studies have employed water-jet cutting or 
abrasive machining [34, 35] to achieve fine surface detailing 
and high dimensional accuracy. Overall, post-processing 
is indispensable for refining structural precision, ensuring 
geometric conformity, and preparing AM-fabricated SMS 
for subsequent functional validation (e.g., mechanical, ther-
mal performance testing).

Besides, emerging research is actively pursuing advanced 
strategies to minimize or even eliminate post-processing 
requirements. These include in-situ surface finishing [159], 
remelting techniques [160], closed-loop process monitoring 
and adaptive control [161, 162], and multi-axis hybrid AM 
systems integrating machining or laser polishing [163]. Col-
lectively, these approaches aim to achieve near-net-shape 
fabrication with superior surface integrity, improved dimen-
sional precision, and significantly reduced manual interven-
tion, thereby enhancing the overall efficiency and scalability 
of SMS production.

3.5  Challenges and limitations of MAM for SMS

Table 5 presents the key limitations and challenges of 
MAM methods for SMS fabrication, categorized across 
process, material, mechanical, microstructural, defects, and 
economic aspects. LPBF enables the fabrication of com-
plex, high-density components with fine surface quality. 
Its microstructural control allows property customization, 
while unfused powder can be reused, minimizing mate-
rial waste. Despite its advantages, LPBF remains limited 
in both material versatility and productivity. It is primar-
ily compatible with a narrow range of alloys, including 
aluminum, magnesium, titanium, cobalt, nickel, and cop-
per [115]. Moreover, LPBF exhibits a slower build rate due 
to its lower laser power (typically below 1 kW compared 
to EBM’s 30–42 kW [121]). The reduced energy input not 
only extends processing time but also produces smaller 
melt pools, restricting the maximum feasible build size. 
Consequently, LPBF parts often exhibit high residual stress 
and complex microstructures, requiring post-processing to 
improve overall performance.

The EBM process operates at high beam power ranging 
from 30 to 42 kW [121], enabling a high production rate. 
The elevated powder bed temperature in EBM reduces the 
thermal gradient between the powders and the surround-
ing environment, which in turn minimizes residual stress in 
the fabricated part [121]. Additionally, AM parts produced 
by EBM exhibit a dense microstructure with enhanced 
mechanical performance. However, the larger beam spot 
size generates bigger melt pools, resulting in higher sur-
face roughness. The deposition may also introduce sharp 

Bournias-Varotsis et al. [49] fabricated a 3D electronics-
embedded smart part using UAM of Al. The sensor system 
incorporated an SMT resistor (Model: TE Connectivity 
CRG1206 series). The sensor embedding process is shown 
in Fig. 9f. The process involved coating Al foils with an 
insulator, placing the sensor in a gap, and using conductive 
adhesive for thermal curing. A pocket was machined into 
the bottom layer to hold the sensor, with insulation lay-
ers added for thermal and electrical protection. UAM then 
joined the top and bottom layers. The smart part was fully 
functional, and the insulators successfully protected the 
conductive tracks and the sensor. Conductive tracks and 
sensors remained completely stable at temperatures as high 
as 60 °C, with only slight fluctuations observed at tempera-
tures up to 100 °C.

Petrie et al. [50] adopted the same UAM approach to 
embed Cu, Ni, and Al-coated fiber into aluminum (Al 6061-
H18) sheet. After machining a cavity, the coated fibers were 
placed inside, and the sheet was welded over them using 
UAM. While no sensors were embedded, the high-tempera-
ture survival and strong bonding suggest this method could 
embed fiber optic sensors for harsh environments. Simi-
larly, Monaghan et al. [52] used UAM to embed Cu- and 
Al-coated optical fibers in Al 1050 with Al 3003 H18 foils. 
Later, Petrie et al. [48] embedded Cu-coated fiber sensors in 
straight and curved channels, which remained functional at 
temperatures up to 500 °C.

Table 4 provides a comprehensive summary of the key 
steps involved in sensor embedding and the fabrication of 
SMS as reported in the aforementioned studies, along with 
the associated opportunities and challenges.

3.4  Post-processing techniques for SMS

Post-processing plays a vital role in SMS fabrication to 
achieve the desired surface finish, dimensional precision, 
efficient sensing performance, etc. Various post-machin-
ing methods have been employed in the existing literature 
depending on the AM method and embedded sensor type 
(see Table 4). Common approaches include polishing, grind-
ing, CNC milling, electrical discharge machining (EDM), 
and water jet cutting. For LPBF-based SMS, mechani-
cal finishing techniques (i.e., polishing, milling, grinding, 
EDM) have been employed to extract the final part, elimi-
nate surface irregularities, and expose sensing regions [16, 
17, 38]. Wire EDM, in particular, has been frequently uti-
lized for high-precision trimming or cutting, especially in 
sensor modules requiring electrical encapsulation [32, 41]. 
In UAM-based SMS, milling was often adopted to remove 
excess layers to fabricate SMS with TCs, PZT, and fiber 
optic sensors [19, 22, 45–47]. For WAAM, CNC milling 
prior to ceramic shielding and cold spray metallization 
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efficiency is relatively low (50–80%) because not all pow-
der is fully melted during deposition [164]. Moreover, 
maintaining an inert atmosphere requires substantial argon 
or nitrogen consumption, increasing operational costs.

Wire DED (i.e. WAAM) offers nearly 100% material uti-
lization and operates without requiring a dedicated vacuum 
environment, while also enabling multi-axis robotic capa-
bilities for large-scale part manufacturing [165]. However, it 
still faces several challenges related to heat input control and 
process stability. Excessive heat accumulation often causes 
distortion, residual stresses, cracking, porosity, surface wav-
iness, and warpage, deteriorating dimensional accuracy and 
mechanical properties [166]. The non-uniform temperature 
distribution during multilayer deposition leads to thermal 
gradients and grain coarsening, which reduce toughness and 
induce anisotropy in built parts [167]. In addition, process 
control remains difficult since parameters such as wire-feed 
speed, travel speed, and arc current strongly influence melt-
pool dynamics, defect formation, and interlayer bonding 
[166]. Furthermore, in WAAM, achieving consistent micro-
structure and surface finish across large geometries is lim-
ited by arc instability and environmental disturbances [168]. 
WAAM also suffers from residual stress, oxidation, and 

notches, increasing susceptibility to fatigue cracking and 
reducing fatigue life. Moreover, EBM is energy-intensive, 
with high equipment and maintenance costs, and requires a 
dedicated vacuum environment to prevent electron scatter-
ing. Its application is further limited to metallic materials, 
whereas LPBF can process metals, ceramics, and polymers.

Laser-powder DED enables the fabrication of function-
ally graded materials by integrating multiple compositions 
within a single build [114]. This capability is particularly 
beneficial for applications demanding spatially varied prop-
erties or the incorporation of dissimilar materials to achieve 
specific functionalities. Moreover, owing to its multi-axis 
capabilities, L-DED is particularly well suited for compo-
nent repair and remanufacturing, enabling precise material 
deposition [136]. Additional advantages include support 
for large build volumes, high deposition rates, and minimal 
post-processing to achieve the desired geometric precision 
and dimensional accuracy [135]. Despite these benefits, 
L-DED presents several challenges. The dynamic thermal 
environment during deposition induces significant resid-
ual stresses due to steep temperature gradients and cyclic 
heating–cooling effects [139]. Parts fabricated via L-DED 
often exhibit rough surface finishes, and material utilization 

Table 5  Key challenges and limitations of MAM methods for SMS across various categories
Category LPBF EBM Powder DED Wire-arc DED UAM
Process Narrow process window; 

prone to porosity; and 
lack-of-fusion from sub-
optimal laser parameters 
[115]

High beam energy 
causes rough surface, 
while dedicated 
vacuum requirement 
limits productivity 
[121]

Complex melt-pool 
dynamics, thermal 
cycling, and nozzle 
design factors contribute 
to residual stress, distor-
tion, and low powder 
utilization efficiency 
[136, 164]

High heat input and 
arc instability lead 
to distortion and 
uneven bead geom-
etry [168]

Sensitive to 
amplitude and 
pressure, along with 
insufficient energy 
input, often results 
in weak interlayer 
bonding between 
foils [151]

Material Oxidation, irregular pow-
der size, and poor flow-
ability reduce interparticle 
bonding and overall part 
density [121]

Preheating reduces 
stress but promotes 
grain coarsening 
[115]

Powder oxidation, 
irregular powder shape, 
and flow inconsis-
tency lead to porosity 
formation[114]

Wire oxidation and 
contamination cre-
ate inclusions and 
fusion defects [167]

Hard metals (i.e., 
Ti, steel) show poor 
plastic flow and 
bonding due to high 
hardness [149]

Mechanical High residual stresses 
and distortion from rapid 
thermal cycles require 
post-processing treatments 
[121]

Surface roughness 
and notch forma-
tion reduce fatigue 
strength [121]

Large grain size and 
anisotropy decrease ten-
sile and fatigue strength 
[139]

Residual stresses 
and warping require 
stress-relief treat-
ments [166]

Weak interfacial 
strength and oxide 
retention lower joint 
reliability [154]

Microstructural Fine anisotropic grains 
results in non-uniform 
mechanical properties 
[115]

Columnar β grains 
and anisotropy arise 
from directional 
solidification [115]

Coarse dendritic structure 
lowers fatigue resistance 
[139]

Coarse columnar 
grains and anisot-
ropy reduce tough-
ness [168]

Thin bond zones 
and limited recrys-
tallization lead to 
anisotropy [156]

Defects Porosity, keyholes, and 
lack of fusion defects arise 
from unstable laser melt 
pools [115]

Rough surfaces, un-
melted particles, and 
minor porosity [121]

Porosity, cracks, and 
spatter result from poor 
powder-laser interaction 
[114]

Porosity, cracking, 
and lack of fusion 
due to arc instability 
[167]

Delamination, 
resonance cracking, 
and voids at foil 
interfaces [149]

Economic / 
Scalability

High energy cost and lim-
ited alloy options restrict 
scalability [115]

Expensive vacuum 
system cost and low 
production through-
put [121]

Low dimensional 
accuracy and high post-
processing cost [136]

Poor surface fin-
ish and extensive 
requirement reduce 
overall cost effi-
ciency [168]

Low deposition rate, 
limited material 
range, and complex 
post-processing 
constrain industrial 
scalability [150]
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	● Design flexibility: MAM techniques allow for the fab-
rication of complex geometries that are often challeng-
ing to achieve using traditional manufacturing methods. 
This flexibility is particularly beneficial for SMS, where 
functional sensors can be embedded within intricate 
structures.

	● Precision and customization: AM facilitates sensor 
placement within complex geometries, enabling highly 
customized designs tailored for specific applications.

	● Sensor integration during fabrication: Sensors can be 
embedded directly into the structure during the manu-
facturing process.

	● Multi-material capability: AM offers the capability to 
fine-tune material properties with tailored microstruc-
ture with multiple materials for demanding environ-
mental conditions. It could be particularly useful for 
creating functional gradient layers to enhance sensor 
performance.

	● Material efficiency: MAM processes often lead to less 
material waste compared to subtractive approaches.

	● Real-time monitoring: The embedded sensors enable 
real-time monitoring of structural health, allowing for 
predictive maintenance and improved safety in critical 
applications.

4.2  Current limitations and challenges

Despite the abovementioned advantages, several critical 
limitations hinder the large-scale deployment of additively 
manufactured SMS. Based on the literature review, the fol-
lowing key process-related hurdles have been identified:

	● Sensor density and AM process of interest: Most exist-
ing studies are primarily limited to single sensors (e.g., 
temperature, strain) and do not involve networks of sen-
sors capable of mapping 3D measurement fields, such as 
spatial strain and temperature distribution. Additionally, 
the studies have focused on only a limited number of 
MAM methods, as outlined in Section 3.

	● Sensor packaging: Ceramic heat shields have been 
employed to protect the sensors from thermal damage 
during the subsequent metal deposition step. How-
ever, given that the heat shield dimensions (footprint) 
are significantly larger than the underlying sensor (see 
Fig. 10a), this approach would result in notable para-
sitic effects within the AM build, thereby potentially 

limited precision compared to the powder-based AM meth-
ods, and it needs extensive post-processing (i.e., subtractive 
machining) to meet geometric accuracy requirements [167, 
168].

UAM produces components with minimal residual stress 
through a solid-state bonding mechanism [151], effectively 
avoiding the thermal gradients typical of fusion-based meth-
ods [150]. The process enables joining of dissimilar mate-
rials, making it suitable for multifunctional applications, 
while its low-temperature operation preserves base-material 
properties and ensures environmental sustainability by elim-
inating harmful byproducts [149]. However, UAM remains 
limited by incompatibility with hard steels and nickel-based 
alloys, as well as by restricted processing speed, build vol-
ume, and layer thickness [154, 156]. Bonding inconsisten-
cies may also occur, and its relatively small production scale 
limits applicability to large-scale manufacturing.

Despite the limitations of MAM methods listed in Table 5, 
they offer significant advantages over traditional subtrac-
tive approaches for smart metallic structure (SMS) fabrica-
tion. MAM enables highly efficient material utilization by 
minimizing waste and eliminating the need for extensive 
machining, while offering unparalleled design flexibility to 
produce complex geometries, internal channels, and lattice 
structures. The capability to deposit multi-materials within 
a single build allows for compositionally graded and site-
specific property tailoring. Furthermore, MAM facilitates 
the direct embedding of sensors, electronic components, 
or reinforcements during fabrication, enabling multifunc-
tional, self-sensing, or self-healing structures. From a sus-
tainability perspective, MAM processes are inherently more 
environmentally friendly than conventional manufacturing, 
as they reduce raw material waste, machining fluids, and 
energy consumption associated with extensive subtractive 
operations. In addition, their tool-free nature supports rapid 
prototyping and on-demand manufacturing, drastically 
reducing lead time and cost. Finally, the ability to locally 
repair or rebuild damaged regions enhances the service 
life and maintainability of critical components, positioning 
MAM as a transformative pathway for developing intelli-
gent, resource-efficient, and high-performance smart metal-
lic systems.

4  Technological advantages, challenges, 
and emerging directions of SMS

4.1  Technological advantages

Based on the extensive review of current literature, the pri-
mary technological advantages of additively manufactured 
SMS can be identified and summarized as follows:

Fig. 10  Challenges and limitations in SMS fabrication: a Sensor pack-
aging with large footprint ceramic shielding [39]; b Poor interfacial 
adhesion strength between the heat shield and metal layer [21]; c Air 
gap and unwelded regions [49, 51]; d Undesired deflection, porosity, 
and residual stress [20]
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through approaches such as sequential or multi powder 
feeding [170], coaxial wire blending, [171]. These tech-
niques allow the controlled deposition of dissimilar met-
als and alloys to form functionally graded structures with 
smooth transitions between load-bearing and sensor-embed-
ded regions, thereby enhancing both mechanical perfor-
mance and functional integration. Recent advancements in 
MMAM focus on embedding sensing functionalities within 
metallic matrices to realize smart and self-aware systems 
[43, 44]. Hybrid WAAM and CS processes have demon-
strated co-deposition of conductive, dielectric, or piezoelec-
tric phases for in situ strain and temperature sensing, while 
CS is being explored to integrate triboelectric layers for 
self-powered sensing [172–174]. Despite these promising 
developments, key challenges remain, including interfacial 
integrity between dissimilar materials, process repeatabil-
ity, limited spatial resolution for fine-scale integration, and 
the absence of predictive design frameworks. Overcoming 
these limitations will be essential to achieving reliable, scal-
able, and fully integrated MMAM-based SMS.

The development of self-healing and self-adaptive metal-
lic systems represents a promising direction in advancing 
SMS, aiming to enhance their lifetime, reliability, and 
resilience under demanding service conditions. Recent 
progress in shape-memory alloys (SMA), reversible phase-
transforming materials, and microencapsulated healing 
agents has demonstrated the potential to restore structural 
integrity and functional performance after damage [175]. 
Beyond self-repair, self-adaptive metallic systems integrate 
embedded sensors, functional coatings, and active materi-
als that enable real-time adjustment of stiffness, damping, 
or thermal conductivity in response to dynamic operating 
environments [176, 177]. The fusion of self-healing and 
self-adaptive functionalities offers a promising pathway 
toward intelligent, responsive metallic structures capable of 
autonomous performance optimization.

The integration of machine learning (ML) and AI into 
SMS manufacturing marks a transformative step toward 
predictive, self-optimizing metallic systems. By leveraging 
data from in-situ sensors, ML algorithms can detect anoma-
lies in real time, enabling early defect prediction and process 
correction. Supervised learning models are being trained to 
correlate process parameters (e.g., laser power, feed rate, 
deposition temperature) with resulting microstructural and 
mechanical properties, enhancing process reliability and 
repeatability [178, 179]. Meanwhile, reinforcement learn-
ing and digital twin frameworks are enabling adaptive con-
trol, where systems dynamically adjust deposition strategies 
to minimize porosity, distortion, and residual stress [180, 
181]. These AI-driven approaches not only improve fabri-
cation quality but also significantly increase throughput—
an essential step toward the commercialization of SMS. 

compromising the intrinsic mechanical properties of the 
host structure.

	● Interfacial adhesion strength: Resuming AM deposi-
tion over the ceramic shield or powder stack without 
any surface treatment often leads to poor bonding be-
tween the heat shield and metal layers (Fig. 10b). Such 
weakly bonded layers around the embedded sensor can 
damage the sensor, reduce the expected operational life-
time of the AM part, and compromise the sensor’s signal 
fidelity.

	● Unwelded (non-consolidated) areas: Imperfect bonding 
between the AM base material and the sensor region/
over-layer interface can result in unwelded or partially 
bonded areas. These regions mainly arise due to insuf-
ficient heat transfer, misalignment, or inconsistent depo-
sition during the manufacturing process. Defects, such 
as non-consolidated regions and air gaps (voids) within 
the build (see Fig. 10c), can compromise mechanical in-
tegrity, reduce load transfer efficiency, and may act as 
initiation points for crack propagation under mechanical 
or thermal loading.

	● Residual stress: High-temperature nature of MAM tech-
niques often induces thermal residual stresses within the 
build, which can lead to distortion of the structure or 
sensors as well as large voids and porosity between the 
AM base and the sensor region (see Fig. 10c–d).

	● Scalability: While MAM excels at producing SMS for 
small and complex parts, scaling these structures to larg-
er sizes while maintaining sensor functionality remains 
a challenge.

	● Besides these process-specific challenges, AM of SMS 
often requires post-processing steps (e.g., surface fin-
ishing, additional assembly, etc.) to achieve a near-net-
shape product, which adds complexity, increases pro-
duction time, and raises costs.

4.3  Emerging directions

The future advancement of SMS will be driven by the 
convergence of advanced AM technologies, intelligent 
process control, and data-driven manufacturing. Although 
substantial progress has been achieved in material deposi-
tion, microstructural optimization, and embedded sensing, 
three particularly promising directions stand out: (i) multi-
material additive manufacturing (MMAM); (ii) self-healing 
and self-adaptive metallic systems; and (iii) artificial-intel-
ligence (AI)-driven predictive manufacturing.

Multi-material additive manufacturing (MMAM) offers 
opportunities to fabricate SMS with spatially tailored prop-
erties, combining structural, functional, and sensing capa-
bilities within a single component [169]. Existing MAM 
platforms have been adapted for multi-material fabrication 

1 3

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Progress in Additive Manufacturing

that conform to complex geometries and provide both 
mechanical protection and thermal insulation with a 
minimal footprint, ensuring reliable sensor operation in 
demanding environments.

5.	 Adhesion/bond strength at the metal-sensor-heat 
shield interfaces are crucial for the seamless resump-
tion of the MAM process, ensuring both sensor fidelity 
and mechanical integrity of the resulting smart struc-
ture with minimal parasitic effects. Future research 
should focus on developing tailored surface treatments, 
advanced bonding techniques, and material compatibil-
ity strategies to improve adhesion and overall structural 
performance in SMS fabrication.

6.	 Regarding unwelded or non-consolidated regions in 
MAM, future research should prioritize advanced inter-
facial engineering strategies to mitigate these defects. 
Specifically, this includes optimizing thermal manage-
ment during deposition, implementing real-time pro-
cess monitoring to detect bonding inconsistencies, and 
developing hybrid post-processing techniques (e.g., hot 
isostatic pressing, laser reflow) to enhance metallurgi-
cal bonding for interfacial integrity. These strategies are 
also expected to help mitigate tensile residual stress, 
thereby improving the overall structural reliability and 
performance of SMS.

7.	 While MAM demonstrates strong potential for fab-
ricating small and complex components, extending 
these capabilities to large-scale structures without com-
promising sensor functionality or structural integrity 
requires further research. In addition, the reliance on 
post-processing steps—such as surface finishing and 
secondary assembly—adds complexity, time, and cost. 
Future efforts should focus on process optimization, 
modular design strategies, and integrated manufactur-
ing workflows that minimize post-processing require-
ments and enable scalable, cost-effective production of 
multifunctional SMS.

8.	 In addition to the above-mentioned avenues, simulation-
guided and AI-assisted process optimization, sensor 
network design, and self-diagnostic are vital for opti-
mizing sensor placement and achieving accurate field 
measurements (e.g., strain, temperature) from a limited 
number of embedded sensors. Machine learning algo-
rithms can further enhance this process by predicting 
stress and thermal gradients, optimizing configurations, 
and improving data fusion for real-time monitoring. 
Ultimately, these approaches can enable efficient data 
acquisition and structural assessment while preserv-
ing the mechanical integrity and performance of SMS 
under demanding conditions.
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As computational power and sensor integration continue to 
advance, the synergy between data-driven modeling and AM 
may enable the fabrication of next-generation smart metal-
lic systems with unparalleled precision and functionality.

5  Conclusions and outlook

This review highlighted the pioneering efforts in the field of 
AM of SMS, focusing on early advancements in process and 
material development, process optimization, and integration 
of sensing capabilities within the metal components. The 
reviewed literature has elucidated critical aspects of various 
MAM techniques while contributing to the advancement of 
intelligent metal-based systems. Based on this study, the fol-
lowing conclusions and future trends can be drawn:

1.	 Various MAM methods have been utilized in the fabri-
cation of SMS, with particular interest in methods that 
enable online sensor embedding for passive sensing, 
facilitating real-time structural monitoring. While sev-
eral MAM methods have already been applied, other 
MAM techniques (e.g., AFSD, SLS, binder jet, laser-
wire DED) remain untested for the SMS fabrication, 
presenting opportunities for further innovation in this 
field.

2.	 Although various types of feedstock metals have been 
used to create SMS, many material systems remain 
unexplored in the AM of SMS (see Table  3). More-
over, multi-material AM and self-healing strategies 
offer complementary pathways for developing multi-
functional SMS, representing a promising direction for 
future research.

3.	 Sensor miniaturization is also critical for reducing the 
footprint of embedded sensors and minimizing their 
impact on the mechanical properties of the host struc-
ture. Smaller sensors can be more easily integrated 
into complex geometries, enabling the development of 
distributed sensor networks within metal components 
rather than relying on single sensing element. This 
feature can enhance spatial resolution of sensor data, 
enabling more precise monitoring across the structure. 
In this context, beyond the use of commercial off-the-
shelf sensors, the design, development, and direct print-
ing of sensors from functional materials (e.g., metal 
inks, powders) onto the host structure present promising 
avenues for future advancements.

4.	 Sensor packaging and heat shielding are essential for 
maintaining the structural integrity of embedded sen-
sors and preserving signal fidelity. In this context, 
conformal sensor packaging approaches, such as flex-
ible printed circuit packaging offer adaptable solutions 
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