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Abstract—In the era of digitalization, there is a huge focus
on capturing data from manufacturing processes and sys-
tems. Since the promotion of Industry 4.0, the industrial
marketplace has been crowded with solution providers who
excel in capturing and aggregating data on the cloud and
presenting it on dashboards. From machine states to pro-
duction targets, this type of data has become more readily
available from tools, controllers, switches, and factory bus
systems. As the industry pushes deeper into the machine for
information and aspires to have smart machines that can feel
and react to experiences during the manufacturing process,
more sophisticated technology is necessary. Strain sensor
technology is a logical measurement principle to address
this challenge for many industrial sectors. For researchers
and industrialists to progress toward the smart machine
agenda, there must be a firm grasp of the “technology-
solution fit,” i.e., what strain technology could provide the
most appropriate solution. This article presents a review of
the state of the art in strain sensors that are foreseen as
frontrunners to enable next-generation smart components
and intelligent tools. The review focuses on industrial strain
sensing technologies that are at a mature place on the
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technology readiness levels (TRLs) and present themselves as highly practical solutions for smart components and
digitized machines, considering sensitivity, powered or passive, wired or wireless, and robustness. Through this review,
researchers and industrialists will have a suite of solutions to move on with their innovative designs of smart machines

based on embedded strain sensor technology.

Index Terms— Fiber Bragg gratings (FBGs), future factories, industrial strain sensors, magnetostrictive (MR), smart
manufacturing, strain sensing, surface acoustic wave (SAW) sensors.

I. INTRODUCTION
TRAIN measurement is a geometric definition of
body deformation, representing the relative displacement
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between the original and loaded states of an element. In other
words, the normal strain (¢) caused by a uniaxially stressed rod
can be defined as the elongation of the body per unit length,
while shear strain (y) occurs when stress is exerted parallel
to the object surface as

AL X
e=— (1
AL )
v=0

where ¢ is the normal strain, y is the shear strain, L is the
object length, and # is its height.

In addition to mechanical strain modes, which encompass
different loading scenarios (i.e., tension, bending, and com-
pression), thermal stresses initiated within a solid material are
caused by particles’ vibrations that weaken the intermolecular
forces leading to expansion or contraction of the substance
at different temperatures. This induced thermal strain relies
strongly on material properties and can be simplified into a
linear expression as

T =ar(AT) 3
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where t is the thermal strain, ar is the material thermal expan-
sion coefficient, and AT is the change of applied temperature.

Such a general definition of strain types (i.e., mechanical
and thermal strains) covers a wide variety of subjects that
are integral to most physical engineering systems. Measuring
strain values has been fundamentally important for all branches
of engineering and has been investigated for centuries. Studies
on the strength of materials have had a close relationship
with the evolution of strain sensing. Relying on Galileo’s
seminal work on elastic bodies, pioneers like Hooke, Euler,
Navier, Cauchy, and Poisson formulated the concept of elas-
ticity, establishing a bridge between numerical modeling and
real-world engineering applications. A comprehensive review
of their work can be found in [1] and [2].

Contemporary strain sensing technologies are highly indus-
trialized, highly integrated, and data-rich solutions that can
play a crucial role in maintaining product quality and enhanc-
ing safety in industrial settings. With the opportunities of
increased yield, reduced size, and simplified installation,
these techniques can be customized and incorporated with
a sophisticated design to monitor induced strains in harsh
surroundings while minimizing the need for external com-
ponents and complex integration processes. Therefore, strain
sensing mechanisms adopted in these technologies are typ-
ically based on inorganic alloys of semiconductors, metals,
glass, or piezoelectric materials to acquire mechanical stability,
high sensitivity, and reliability in such demanding industrial
environments.

Besides microelectromechanical systems (MEMSs) that
leverage different principles to convert mechanical defor-
mation into measurable electrical signals (i.e., resistance,
capacitance, and electric charge), modern industrial strain
sensors combine the power of advanced electronics with
novel approaches for harvesting strain values as variations
in magnetic field intensity [3], acoustic emissions [4], and
time-of-flight of ultrasonic waves [5]. While the range of
these revolutionary solutions is so extensive, this review
article concentrates on recent advances in magnetostrictive
(MR) and surface acoustic wave (SAW) sensors for strain
sensing. More importantly, fiber optic industrial strain sen-
sors still hold a dominant position in the industrial market.
In addition to the fiber Bragg grating (FBG) technology,
which is discussed in this article, both extrinsic and intrinsic
Fabry—Perot interferometric sensors stand as a cornerstone in
the realm of modern industrial sensing as they can capture
interference patterns of light waves between a pair of reflective
surfaces to decode strain-induced changes with extraordinary
accuracy [6], [7]. In addition, microbend sensors that expe-
rience light intensity variations under bending effects and
polarimetric sensors that collect strain-induced birefringence
as changes in the polarization state of the traveling light have
been successfully implemented in a variety of manufacturing
applications [8], [9]. By delving into the energy conversion
laws and the interaction between light photons and material
molecules, fiber optic sensors based on Raman and Rayleigh
scattering techniques have been explored to provide spatially
resolved strain data and dual functionality of strain and tem-
perature monitoring [10], [11].

Thanks to their high reliability, industrial strain sensors have
shown promising results across different applications such
as industrial process monitoring [12], ultrahigh-temperature
gauging [13], structural health monitoring (SHM) [14],
orthopedic implant tracking [15], and structure failure detec-
tion [16]. Up until now, however, over 50% of all strain sensing
applications still use the traditional strain gauge, despite the
emergence of numerous promising solutions on the market.
The advantages of metal foil strain gauges, which include
inexpensive circuit design and effortless installation proce-
dures, made these devices able to compete with more advanced
technologies, such as MRs, SAWs, and FBGs, which suffer
from fragility, exorbitant processing energy, and calibration
complexity. Concerning resolution and temporal responsive-
ness, current strain sensing devices perform remarkably well.
These innovations, however, depend on a physical medium for
signal transmission, a source of energy, and a costly apparatus
for gathering strain data. Due to these drawbacks, commercial
strain sensing solutions cannot be confidently used to capture
sensory data in complex and dynamic applications, such as
minimally invasive interventions, robotic arms, and rotating
shafts, nor in extreme conditions, such as thermal treatment
vessels, transportation vehicles, and manufacturing processes.
Therefore, many efforts are still needed to build a robust sensor
design that can extract valuable strain data from complicated
processes in harsh environments.

Of course, several attempts have been made to cre-
ate embedded sensing technologies that incorporate pas-
sive, remote, and miniaturized strain sensing elements with
improved performance and higher durability [17], [18], [19].
Nonetheless, most efforts exerted by researchers and scientists
were aimed at the enhancement of wearable and stretchable
strain sensors by imposing novel microstructures, thin films,
and nanowire (NW)-based sensing elements to attain higher
sensitivity and a wider application range [20], [21], [22].
The currently available literature on modern industrial strain
sensors is very limited, and various technologies have not been
systematically addressed yet. This review article concentrates
on recent advances in industrial strain sensors, which can
reflect very delicate shifts in the surrounding phenomena and
survive in severe conditions, unlike conventional piezoresis-
tive [23], capacitive [24], and piezoelectric [25] strain sensors.
In order to provide insight into the behavior of mechanical
systems or processes that generate an associated machinery
reaction, industrial strain sensors can be operated passively
and/or wirelessly to capture real-time strains in hard-to-reach
locations and under extreme pressure, temperature, or elec-
tromagnetic (EM) interference [26], [27]. In addition to the
multimodal sensing capabilities of different measurands [28],
industrial strain sensors possess a set of unique properties
that can overcome the traditional devices’ limitations of
narrow measurement range, inconsistency, and insufficient
sensitivity, allowing for extended functionality and wider
applicability.

As shown in Fig. I, MEMS-based and traditional strain
measurement techniques usually capture surface deformations
under applied strains as variations in resistance, capacitance,
or voltage, typically as a linear relationship. Nevertheless,
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Response to externally induced mechanical and thermal strains of industrial sensors (i.e., FBGs [17], SAWs [20], and MRs) compared to

conventional and MEMS-based measurement techniques (i.e., piezoresistive [23], capacitive [24], and piezoelectric [25] sensors).

innovative industrial strain sensing technologies (i.e., FBGs,
SAWs, and MRs) can translate delicate shifts in resonant
frequency, optical refraction index, and magnetic field intensity
as microstrains for ultrasensitive, remote, and robust measur-
ing systems. Aside from force and torque monitoring, strain
sensors can also be integrated with a sophisticated design of
diaphragm or cantilever assembly to provide a unique solution
for pressure, liquid level, and flow rate monitoring. In addi-
tion, strain sensing principles can be used as the basis for
temperature tracking where the thermal expansion/contraction
of a material participates in the resultant induced strain.
This is fundamentally true and practically viable for bulky
devices, such as piezoelectric sensors and SAWs. How-
ever, in technologies where thermomagnetic and thermo-optic
effects are unavoidable, system complexity outweighs the
desired outcomes. The burdens of temperature compensation
for absolute strain measurement are still a critical issue to
be addressed across several technologies in both experimental
and industrial applications. This article focuses on strain
measurement that can be interpreted as force, torque, pressure,
or temperature and considers some selected cases of other
measurands and multisensing prototypes where particular
innovations show high potential for simultaneous and hybrid
monitoring.

In addition to signal decoupling and temperature com-
pensation requirements, industrial strain sensing technologies
suffer from other serious drawbacks that prevent them from
being completely commercialized. For example, FBGs require
wiring infrastructure and a sophisticated interrogation sys-
tem with high processing power, along with a physical
light source. Some recent attempts to use advanced machine
learning (ML) algorithms and novel multiplexing techniques
have succeeded in reducing processing time with lower
noise levels [29], [30], [31]. However, system complexity
and real-time “big” data processing are still major obsta-
cles ahead. SAW sensors, in contrast, are very fragile and
go through an exhausting sequence of fabrication processes,
starting from cutting the quartz substrate at the desired

direction to the photolithography of the interdigital trans-
ducers (IDTs) and then wafer dicing [32], [33]. Moreover,
the SAWs’ resonance frequency can be easily altered by
residual stresses associated with mounting and packaging
procedures. In addition to that, MR strain sensors, which
are suitable for various industrial applications, need to be
synthesized via magnetron sputtering of thin-film elements
and rely strongly on the material properties, sputtering param-
eters, ambient temperature, and the applied magnetic field
conditions [34], [35].

Optimistically, the current rapid development in sensing
technologies at device and system levels, accompanied by
a huge leap in data science, has opened new avenues for
both ordinary and industrial strain sensing applications.
Researchers have been working on the development of
industrial sensing technologies, scoring excellent results with
the implementation of advanced data processing algorithms
for reduced computational power [36], [37], [38]. Moreover,
many successful attempts at novel materials and fabrication
techniques to enhance sensing performance and repeatability
were reported [39], [40], [41]. Once this step is accomplished,
industrial sensors can play a key role in connecting numerous
processes in a single facility, allowing for real-time monitoring
of tools and equipment at different production stages. Also,
the integration of local data processing systems and the
Internet of Things (IoT) platform can convert these sensors
into standalone “smart” devices that can apply multiple
in situ algorithms to the harvested data and activate an
output actuator [42]. Researchers and industrialists, who
are endeavoring to capture the benefits of the thriving
manufacturing market and who wish to build solid long-term
profitability, have focused on establishing agile, compact, and
lightweight devices that can be instrumented for complex
systems and operate in extreme environments. Innovative
solutions, with reliable sensors and embedded electronics, are
vital for many automated systems that can feel, adapt, and
learn (i.e., intelligent robots). However, again, up until now,
issues such as machine noise [43], signal degradation [44],
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and dynamic have not been
discussed.

Almost everyone who is involved in the industrial sector is
intrigued by the concept of Industry 4.0, which incorporates a
variety of innovations. Future production models must make
use of expanding sensing technologies, big data, cloud-based
manufacturing, artificial intelligence (Al), intelligent robots,
ultrafast actuators, and automated control systems in order
to adjust to the supply and demand requirements of future
factories [46], [47]. In this context, sensors can aid in improv-
ing product quality while lowering manufacturing expenses
and pushing toward commercialization. In other words, these
sensors can form the building blocks of an interconnected and
sophisticated network that promotes adaptive manufacturing
and self-optimization to avoid production bottlenecks [48].
In addition, sensors can record and analyze data to partici-
pate in decision-making strategies and predictive maintenance
plans [49]. In terms of commercial use, a customer can use
a variety of sensors to securely monitor input stimuli from
the surrounding environment and convert a set of traditional
industrial units into a smart facility. Thus, the winding path
toward smart manufacturing and the Industry 4.0 paradigm
is still drawing investors’ attention, leading to a constant
evolution of sensing technologies driven by fierce market
competition among rival protocols [50], [51].

In recent years, reviews on strain sensing mechanisms have
mainly focused on investigating traditional techniques, such as
resistive, capacitive, and piezoelectric sensors from different
perspectives. As illustrated in Table I, the key advantages
and disadvantages of traditional strain sensing technologies
and MEMS-based sensing devices were summarized, point-
ing out comprehensively reviewed topics in the engineering
and healthcare fields. MEMS-based strain sensors are unique
solutions that integrate various sensing technologies with elec-
tronic components for in situ signal processing. Topics such
as materials, fabrication techniques, device optimization, and
work principles have been reviewed thoroughly for different
strain transmission mechanisms. Very recently, surveys on
graphene- [100] and carbon-based [101] strain sensors were
also conducted, showing the great potential of such prototypes
in medical and civil engineering applications. However, this
work aims to shed some light on industrial strain sensors,
which can survive where no other conventional sensor can.
Many researchers have reported detailed reviews of FBG
sensors, discussing the underlying physical principles, fabri-
cation approaches, device implementation, and interrogation
techniques [102], [103], [104], [105], [106]. For complete
applications, however, Sahota et al. [107] have recently pub-
lished a comprehensive review of FBGs’ fundamentals and
recent significant advances in temperature, pressure, and strain
sensing applications.

FBG strain sensors have been widely employed in vari-
ous fields compared to other technologies (i.e., SAWs and
magnetostrictive devices) because of their distributed measure-
ment capability and the availability of efficient interrogation
equipment. In civil and structural engineering applications,
several reviews of FBG-based strain sensing solutions were
reported in SHM [108], [109], [110], [111], [112], [113],

response  [45] fully

[114], [115], [116], geotechnical health monitoring [117],
[118], [119], and damage detection and failure monitoring
of wind turbines [120], [121], [122]. In addition, reviews
on FBG-based force sensing systems [123], [124] and FBG
strain sensors in biomedical applications [125], [126], [127]
have already been conducted. On the other hand, advanced
technologies, such as SAWs and magnetostrictive elements,
have not been sufficiently investigated yet. The available
survey studies on SAW strain sensors are very limited and
only discuss topics such as theory, material, and fabrica-
tion processes [128], [129], [130]. Similarly, reviews on MR
devices have particularly concentrated on material properties,
structures, and manufacturing technologies [3], [131], [132],
[133].

In this article, a systematic literature review of promising
strain sensing technologies, including FBG sensors, SAW
sensors, and MR, is conducted, focusing on potential advances
in strain sensing that enable smart machines and intelli-
gent processes. Despite major fabrication, calibration, and
installation drawbacks, as well as system complexity, these
young strain sensing innovations offer a variety of unique
benefits, such as passive operation, wireless sensing, reli-
able performance, and accurate measurements. This allowed
some of these cutting-edge techniques to be transferred from
the research lab to the market with readily commercialized
patents [134], [135], [136].

Based on the literature of the previous ten years, the working
principles, sensing mechanisms, and innovative solutions of
these technologies are summarized with their respective fea-
tures and potential to enable smart, yet cost-effective machines
for future factories. Finally, the key features of FBGs, SAWs,
and MR sensing technologies are demonstrated with an out-
look on current challenges and future research directions.

[l. SMART COMPONENTS AND FUTURE FACTORIES

New “smart” products are hitting the market and substan-
tially distinguishing themselves from earlier versions thanks to
attributes like intelligence, connectivity, and autonomy. The
development capabilities of smart products and components
must include features around intelligence, connectedness, ser-
vice integration, and data-driven models [137], [138]. In this
context, industrial strain sensors can merge intelligent features
with unique physical and functional mechatronics to create
smart components and digitized tools. These sensors play a
pivotal role in shaping the landscape of smart manufacturing
and the factories of the future as they can provide accurate and
real-time insights into the mechanical behavior of different
industrial processes. Industrial strain sensors can be aptly
described as data-rich systems or components that provide a
wealth of critical information. Such a stream of actionable
data is necessarily needed not only for automation techniques
but also for data-driven decision-making and predictive main-
tenance strategies. In future factories, these devices can allow
for real-time monitoring, which supports quality control efforts
and aids in optimizing resource utilization. Furthermore, these
sensors can be seamlessly integrated with the IoT ecosystem
forming closed-loop feedback mechanisms for minimum waste
and consumption [139], [140].
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TABLE |
COMPARISON OF TRADITIONAL AND MEMS-BASED STRAIN SENSING TECHNOLOGIES

Strain Sensing Technology Pros.

Cons. Reviewed topics

e Simplicity and low-cost.
o Relatively high stiffness.
o High stability and minimal

Limited measurement range and
low sensitivity.

Power consumption requirements.  Design and fabrication:

maintenance. e Failure under elevated )
Piezoresistive o Integrability to MEMS and various  temperatures and severe * Theory, material )
Sensors structures. conditions. 'characterlzatvlon, and device
o Installation and interrogation e FElectromagnetic interference and implementation [52], [53], [54],
simplicity. thermal noise sensitivity. [55], LSG]’ [57]" )
e Poor long-term durability and e 3D printed flexible strain sensors
sources of non-linearity. [58], [59]- ) )
e Relatively low-cost and excellent e Sensitivity to both humidity and * Nanomaterials based flexible
linearity. temperature. sensors [.60]7 [61], [62], [63].
e High resolution and bandwidth. e Serious hysteresis. * Conductive polymers for
- - . . . enhanced wearable sensors [64],
e Robustness and durability. e Additional interrogation units. [65], [66]
e Low noise and large dynamic e Demodulation circuits for ’ ’
Capacitive range. measuring capacitance. . T
Traditional Sensors e Good linearity and reliable signal. e Tilting and bowing effects. Devices and applications:
strain sensors e Extended range via encoder-style e Vulnerab.ility to signal drifti'ng_ due e Stretchable and wearable strain
electro'de array. - to mounting forces, and variations sensors [67], [68], [69], [70],
e Potential in nano-positioning overtime. [71].
applications. e Limited temperature range based o Wearable devices and tactile
on material Curie temperature. sensing for biomonitoring and
e Consistency and high sensitivity. e Complex fabrication techniques. healthcare [72], [73], [74], [75],
e High resolution and minimal e Relatively higher material costs. [76].
installation space. e Sensor packaging and mounting o Force/torque sensors for
e Robustness and less signal complications. intelligent robots [77], [78], [79].
conditioning. ¢ Temperature compensation and e Strain sensors for Structural
Piezoelectric e Immunity to electromagnetic signal decoupling requirements. Health Monitoring (SHM) [80],
Sensors interference (EMI). e Long-term instability and signal [811, [82].
e Detection of high frequency drifting due to adhesive aging. e Flexible pressure sensors [83].
signals. * Additional interrogation and o Nanometer resolution positioning
e Dynamic performance capability. processing hardware. [84].
e Simultaneous multi-strain
detection.
o Suffer from the common Design and fabrication:
e Combing traditional strain sensing disadvantages of the traditional
mechanisms with electronic sensing element used (i.e., e Theory, types of grating, material
components for chip-based signal resistive, capacitive, inductive, or characterization, and device
processing. piezoelectric). implementation [85], [86], [87],
e Mass production capability of o Increased system complexity and [88], [89], [90], [91], [92].
customized designs and structures. footprint.
MEMS-based strain sensors e Wireless and/or passive operation e Undesirable for low voltage and Devices and applications:

depending on the implemented
sensing element.

e Compatible to a variety of standard
integration systems.

o Extended functionality and wider
applications range.

low power systems.
Temperature compensation and
electronics damage under severe
conditions.

® Micro-force sensors and MEMS-
based robotics [93], [94], [95].
o MEMS pressure sensors [96],

[97], [98].
® MEMS piezoresistive flowmeters
[99].

Future factories are inspired by the concept of “smart
manufacturing,” which extends beyond enabling key innova-
tions, such as the IoT, remote monitoring, big data, cloud
services, and embedded systems to the implementation of more
advanced technologies that can be utilized to optimize the
industrial process, boost productivity, and lower emissions.
One of the main goals of smart manufacturing is to approach
the zero emissions agenda while increasing factory profitabil-
ity and minimizing faults [141]. In addition, to keep up with
abrupt changes in consumers’ demands, the manufacturing
flow must be capable of modifying product features and
production output seamlessly. To address these challenges, the
smart factory should be sufficiently productive, scalable, and

accessible to both suppliers and clients. A traditional factory,
which employs separate and standalone systems, suffers from
weak synergy between real and virtual systems and poorer
system reusability. On the other hand, a smart factory with
a multilevel structure represents a transition from traditional
automation control to a coupled and adaptable system of
continuous data flow through strongly interlinked operations
that can learn and adjust to altering requirements [142].

To enable production optimization, proactive maintenance
strategies, inventory control, and operations’ digitalization,
future factories must integrate data from physical, functional,
and intellectual capital while adopting the concept of Indus-
try 4.0. Understanding the various technologies, particularly
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sensors, is essential in any effort to comprehend the effi-
cient use of the IoT in the manufacturing sector [48]. The
connection between industrial strain sensors and smart man-
ufacturing lies in their ability to provide real-time, accurate,
and actionable data that drive informed decision-making and
process improvements. It is possible to collect information,
evaluate it, and develop an action that learns from events by
merging process characteristics with interconnected devices
and cloud-based platforms. Zuehlke [143] identified today’s
world of technology and smart factories’ challenges of extreme
complexity in planning and operations. Despite the long and
winding road from the vision to the reality of a smart factory,
the researcher discussed systematic approaches toward the
factory of things made up of intelligent components commu-
nicating through cognitive networks.

Analyzing sensory data from industrial processes is vital to
create an intelligent technology that monitors and adjusts pro-
duction parameters. A trustworthy sensing technique, which
is the physical building block of any adoptive smart factory,
is also very important. From conventional resistive, capacitive,
and piezoelectric sensors to nanotechnology-based and indus-
trial sensing technologies, strain measurement has drawn huge
attention as it can be interpreted to reflect physical phenomena,
such as temperature, force, torque, pressure, flow, and position.
Various strain sensing techniques have shown enormous poten-
tial in the promotion of intelligent robots and smart systems
that provide data-rich solutions at the interface between the
physical and digital worlds. For instance, traditional strain
sensors such as piezoresistive elements have been successfully
deployed in wearable electronics, soft machines, and tactile
sensing systems to be instrumented to different parts of robots.
These technologies have played an important role in robot
environment recognition, surface morphology acquisition, and
surrounding item detection [144], [145].

From pick-and-drop mechanisms to soft robotic grippers,
modern strain sensors were fabricated, equipped, and cal-
ibrated for applications involving motion monitoring and
positioning accuracy [146], [147]. This tight relationship
between strain sensing and intelligent manufacturing is not
only built upon the value of strain data for automation com-
mands but also on the need for novel solutions that are more
sensitive and invulnerable to severe environments. Recently,
FBG strain sensors have been successfully implemented in
continuum robots as flexible elements for curvature, torsion,
and force sensing [148], [149]. Thanks to FBGs’ flexibility
and distributed sensing capability, such a technology can
play a crucial role in developing highly stretchable strain
sensors for tactile sensing and delicate robotic motion mon-
itoring [150]. Moreover, instead of the bulky SAW sensors,
IDTs have been successfully synthesized on top of ZnO
flexible substrates to be conformable with various soft robotic
applications [151], [152]. MR strain sensors, on the other
hand, have been utilized to enhance ambient environment
awareness for modern robots as force and stiffness detection
techniques to improve tactile perception and robot-assisted
functions [153], [154].

In addition to robotics, industrial strain sensors play a
significant role in converting traditional manufacturing units

into smart facilities and allow for the simultaneous monitoring
of various tools and processes. Nevertheless, passive and
wireless sensing issues are other considerations in complex
manufacturing processes where fast-rotating parts, extreme
loads, and harsh environmental conditions need to be faced.
Apart from flexible strain sensors, this review article focuses
on the challenge of getting rich data connected to the man-
ufacturing process with industrial strain sensor technologies
that can be integrated into rigid components, considering local
power supply and signal transmission needs. Therefore, within
this article, the mindset is not to “attach” a strain sensor but
rather to enhance the product or component by integrating
the sensor efficiently to gain the maximum impact, therefore
“sensors-in” instead of “sensors-on” [155].

1. STATE-OF-THE-ART STRAIN SENSING
TECHNOLOGIES

Numerous successful prototypes were developed to capture
strain data in a wide variety of industrial applications. From
microfabrication techniques to robotics, and from ultrasensi-
tive procedures to heavy-duty machines, precise deformation
monitoring via industrial strain sensors is crucially needed
to convert classical processes into smart tools and intelli-
gent data-driven systems. In Sections III-A-III-C, cutting-edge
industrial strain sensing technologies with promising practical
and commercial capabilities are discussed, focusing on appli-
cations of force, torque, pressure, and temperature monitoring
that are directly associated with mechanically and thermally
induced strains within the sensing element. Performance eval-
uation parameters, such as sensitivity, detection range, and
stability, are also summarized for each sensing technology.

A. Fiber Bragg Gratings’ Strain Sensors

Through the deployment of more durable telecommunica-
tion lines to attain enhanced efficiency and steadily declining
bandwidth costs, fiber-optic devices have become a distinct
opportunity to meet Industry 4.0 requirements in differ-
ent sectors. The advancement of fiber optic communication
technology has been a key player in the development of
fiber optic sensors [156]. Fiber-optic strain sensors provide
higher sensitivity, lower attenuation, a wider bandwidth, and
a versatile form factor compared to other modern sensing
techniques [157]. The operational peculiarities of fiber optic
strain sensors have been exploited to replace traditional sen-
sors, particularly in SHM applications [158], [159]. Due to
their dielectric property, FBGs can be employed in challenging
conditions, such as elevated temperatures, inductive loads,
or corrosive environments. In addition to enabling nonelec-
trical, passive, and distributed measurement, these sensors
are immune to radio frequency (RF) and EM effects, and
conformable with a wide variety of communication protocols.

FBGs belong to the interferometric sensors, which primar-
ily function by sensing strain-induced phase changes along
a single-mode optical fiber. There are five basic types of
interferometric fiber-optic sensors: Mach—Zehnder, Michelson,
Fabry—Perot, Bragg, and Sagnac [160]. Among these configu-
rations, point sensors based on FBGs have acquired the largest
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Fig. 2. Schematic of working principle and interrogation system of FBG
sensor under applied load and/or temperature.

market share due to their capability of being integrated with
commercially available and efficient data processing systems.
The FBG sensor is based on a periodic variation in the
refraction index of the core of a photosensitive fiber, where
only light wavelengths matching the local periodicity can be
mirrored [161]. Variations of this laser-induced reflection of
central light signals can be interpreted to reveal strains from
applied loads or temperature changes (see Fig. 2). Fiber optic
strain sensors based on a single point are compact, reliable,
and highly sensitive. FBGs can also be multiplexed and located
at critical points along the fiber to form a quasi-distributed
system. Typically, distributed sensing systems are based on
Raman and Brillouin scattering phenomena that use the entire
length of fiber-optical cable to measure strains over the whole
span of the structure [162], [163].

With a strong commercial attitude, industrialists and
researchers have been eager to extract the maximum capacity
of FBG sensors by developing novel designs and more strain-
sensitive structures. The literature is filled with studies on the
enhancement of FBG strain sensitivity, particularly at device
and material levels. For example, Wang et al. [164] improved
fiber-optic strain sensitivity by using an etched and regenerated
FBG (ER-FBG) applicable across a wide temperature range.
This design showed excellent linearity and five times higher
strain sensitivity (i.e., 4.5 pm/ug) over a temperature range
of 20 °C-800 °C. Li et al. [165] presented a robust structural
design of an FBG strain sensor to mechanically amplify the
collected strain values. This design of FBGs mounted onto
a lever structure managed to achieve a strain sensitivity of
6.2 pm/pe, which is 5.2 times higher than that of a bare
FBG sensor. In their succeeding work [166], a maximum
sensitivity of 7.72 pm/pue was reported with an efficient
temperature compensation model. Recently, Peng et al. [167]
developed a microstrain sensing technique for lithium-ion
batteries. By employing a sophisticated assembly of lever
mechanisms, flexure hinges, and serpentine springs, a strain
sensitivity of 11.49 pm/ue was attained with low hysteresis
within a range of £500 pe. In addition to these interesting
studies on amplifying strain sensitivity, more serious efforts

were focused on real-life solutions to strain sensing in the engi-
neering and medical fields. In Sections III-A.1 and III-A.2,
the current advances in FBG strain sensors’ applications are
systematically reviewed and summarized, focusing solely on
strain-based innovations for force, torque, pressure, level, and
flow monitoring, as depicted in Table II.

1) Force and Torque Sensors: FBGs have been successfully
implemented in cutting force sensing and multicomponent
systems due to their broad spectrum, compact size, excellent
durability, leanness, and flexibility. For instance, Bosetti and
Bruschib [168] explored the capabilities of FBG strain sen-
sors to improve the positioning accuracy of CNC machine
tools by adopting a triangular mesh of struts integrated with
FBGs for active error compensation during the machining
process. Haslinger et al. [169] developed a precise robotic arm
based on a miniaturized 6-DoF FBG force—torque sensor that
is suitable for noninvasive surgical interventions and subtle
manipulations. In another interesting work, He et al. [170]
introduced an FBG-based submillimeter force sensor for
microgrippers in retinal microsurgery applications. To obtain
complete axial and transverse force decoupling, they estab-
lished a sophisticated arrangement of four FBG sensing points,
leading to reliable consistency and sensor repeatability of
1.3 pm/N. In another publication, Liu et al. [171] reported
a prototype of a smart spindle based on the FBG strain
detection principle to analyze and track cutting forces during
the machining process. In addition, Guo et al. [172] managed
to eliminate crosstalk effects and presented a three-axis force
robotic fingertip relying on a single fiber of three pairs of
FBGs. The proposed prototype offered a strain sensitivity of
32.567, 33.97, and 44.116 pm/N for forces Fy, Fy, and Fz,
respectively. Kim and Lee [173] developed a precise 6-DoF
FBG-based strain sensor for force and moment measurements
to provide haptic feedback of applied loads at the tip of cutting
tools used in minimally invasive robots. In this context and
to allow real-time monitoring of position, torsional loads, and
axial forces, Xu et al. [149] introduced a unique spirally coiled
FBG strain sensor design to enhance sensing in continuum
robots. In addition, Xu et al. [174] designed and tested mul-
tiplexed FBG strain sensors for 3-D force detection, allowing
for monitoring microdeformations of the tested specimen.
Xiong et al. [175] proposed a traditional Maltese-cross struc-
ture instrumented with distributed FBGs for 3-D force sensing.
With careful load calibration and temperature compensation,
they achieved an innovative design of robot plantar force
monitoring using five FBG strain sensors of 3 nm size. Finally,
Liu et al. [176] demonstrated a robust prototype of a novel
dynamometer that is built upon FBG sensors to assess cutting
forces and torsional loads simultaneously. The customized
elastic body was positioned on a revolving spindle, and
the dynamometer was instrumented with adhesively bonded
FBGs. Very recently, Huang et al. [177] developed a real-time
smart tool coupled with FBG strain sensors for long-range
monitoring of multipoint cutting forces in the turning process.
Moreover, Li et al. [178] revealed an intelligent monitoring
scheme that relies on the coapplication of FBG sensors and
a curvature-deformation algorithm in an attempt to translate
load-induced deflections in heavy-duty industrial machinery.
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TABLE Il

Strain Sensor Application Range Max. Sensitivity Ref.
Faxial, Lateral = (0= 1,0 - 0.7) N Faxial, raeral = (120, 2175) pm/N
Microfabrication and micromanipulation [184]
interventions M=0-1.4Nmm M =115 pm/Nmm
Fx,v.z=0-10N Fx,v.z= (50, 60, 1.875) pm/N
Haptic interface and minimally invasive [173]
FBG Force- interventions My v,z=0- 100 Nmm My v,z=(2.17,1.75, 1) pm/Nmm
Torque Sensors Fx.yv.z=(*10,£10,£25)N Fx v,z=(149.32,152.22,12.11) pm/N
Industrial robotic arms and micro- [185]
manipulation fingers My, v,z=+156 Nmm My v,z=(1.270, 1.376, 0.632) pm/Nmm
Fx,y=0-1,400, F;=0-3,000 N Fx v,z=(1.2815, 1.2964, 0.1788) pm/N
Cutting forces measurements in metal [176]
manufacturing M =0-30,000 Nm M =9.4333 pm/Nm
Robotic fingertip manipulation Fxv.z=0-25N Fx v.2=(32.567,33.97,44.116) pm/N [172]
Fxy=+50N
Industrial robotic arms and micro- _
FBG Force manipulation procedures Fz=0-60N Fxv.2=(20.745, 23.366, 11.259) pm/N 73]
Sensors Cutting forces measurements in metal
manufacturing Fx,v,z=0-3,000 N Fx,v.z=(0.273, 0.039, 0.282) pm/N [177]
Heavy-duty processes and Structural _ _
Health Monitoring (SHM) Fx,v.z=0-5,000 N Fx,v.z=(0.255, 0.256, .256) pm/N [174]
Miniaturized torque sensing in industrial
robots and manufacturing tools £0.1Nm 16,040 pm/Nm [183]
Online torque monitoring in rotary
FBG Torque machines and industrial tools 0-34Nm 7.684 pm/Nm [182]
Sensors Online torque monitoring in rotary 0—10Nm 7.02 pm/Nm [183]
machines and industrial tools e
High-torque monitoring in rotating shafts
and heavy-duty applications 350 Nm 3.6 pm/Nm [187]
Low-pressure remote monitoring in 0—10kPa 329.56 pm/kPa [195]
industrial processes oop
Low-pressure remote monitoring in 0—15KkPa 116 pm/kPa [194]
industrial processes P
Leakage detection and pipelines corrosion 20— 150 kPa 16.67 pm/kPa [201]
monitoring orp
FBG Pressure Liquid level, specific gravity, and medium 0-276kPa 13.14 pnvkPa [193]
pressure measurements
Sensors - - , —
Static/dynamic pressure online monitoring 0— 500 kPa 321 pm/kPa [191]
in gas and liquid industries <P
High-pressure monitoring in oil and gas 0 1.000 kPa 5227 pm/kPa [199]
pipelines and exhaust abatement systems i . P
High-pressure monitoring in oil and gas B
pipelines and exhaust abatement systems 0-2,000kPa 0.2583 pm/kPa [196]
Ultlm.ate pressure monitoring in oil, and 0 100,000 kPa 0.0797 pm/kPa [200]
chemical applications
Liquid-level monitoring in fuel storage 0-25mm 6.000 pm/mm [209]
and biochemical systems U
Liquid-level monitoring in chemical
industrics 0—500 mm 2.74 pm/mm [359]
Liquid-level monitoring in chemical 0—750 mm 572 pm/mm [360]
industries fep
Simultaneous level and specific gravity -
measurements in chemical industries 450 -780 mm 1.419 pm/mm [361]
FBG Level igﬁﬁleti?zsﬁiﬁnperamm and pressure 01,000 mm 2.484 pm/mm [210]
g
sensors Simultaneous temperature and pressure 0 1.000 mm 23 pm/mm [362]
online monitoring ’ =P
Simultaneous temperature and pressure
online monitoring 0 - 1,000 mm 6.39 pm/mm [363]
Simultaneous temperature and pressure 0-2.000 mm 253 pm/mm [364]
online monitoring ’ 2P
quU{q-level momtormg in extreme 0- 10,000 mm 0.185 pm/mm [365]
conditions and pressurized vessels
quu{t.i'-leve] momtormg in extreme 0-21,092 mm 0.072 pm/mm [366]
conditions and pressurized vessels
Cryogenic mass flowmeter 0-1g/s 9 pm/(g/s) [219]
Cryogenic mass flowmeter 0-2g/s 20 pm/(g/s) [218]
Cryogenic mass flowmeter 2-5g/s 37 pm/(g/s) [219]
FBG Flow Cryogenic mass flowmeter 2-5gls 50 pm/(g/s) [218]
Sensors Velocity flow meter 0.27-2.47 m/s 3.3% (Repeatability error) [220]
Velocity flow meter 4.25-10.62 m/s 5.06% (Repeatability error) [223]
Volumetric flow meter 5-16m’h 2.27% (Accuracy) [221]
Volumetric flow meter 0-18.5m’h 1.5% (Precision) [222]
Volumetric flow meter 0-22.5m’h 3.6% (Accuracy) [367]

SUMMARY OF RECENT APPLICATIONS OF FBG STRAIN SENSORS WITH THE REPORTED APPLICATION RANGE AND MAXIMUM SENSITIVITY
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This suggested technique was precise and able to recreate the
deformation in the gantry boring and milling machine base
under various loads and unidentified physical factors. In a
very recent study, Biazi-Neto et al. [179] created a strain
rosette-based temperature-compensated FBG system to track
stress—strain patterns of a robotic manipulation instrument.
Inside a notch of two 3-D-printed claws, three FBGs were
arranged in a deformable rosette pattern. To confirm the
system’s viability in real-time systems, grip trials with various
items were carried out using the robotic arm.

In addition to force-induced strains, torque measurement
aids in meeting the needs of modern engines and motors by
enhancing mechanical performance with precise mechanical
power and a tuned rotational speed for higher efficiency. More-
over, decoupling torque and force loads is critically essential in
robotic applications for ultraprecise positioning [180] and for
enhancing the rotate vector (RV) reducer, which forms the core
component of most advanced robots [181]. FBG strain sensors
have been successfully implemented in many torque applica-
tions in extreme environments with complex geometries. For
instance, Wang et al. [182] managed to monitor the torque of
a rotating shaft and its twisting angle using the wavelength
demodulation technique and two FBG strain sensors inclined
at +45° onto the surface of the solid shaft. With a similar
arrangement, Li et al. [183] introduced an innovative technique
to examine and separate the coupled vibrations of bending
and torsional strains exerted on a rotating shaft, scoring
a torque sensitivity of 7.02 pm/Nm. For minimally inva-
sive interventions, Taghipour et al. [184] introduced a triaxial
force and torque sensor utilizing FBGs strain data, reporting
excellent linearity and high resolution of force and torque
measurements under both static and dynamic conditions. With
proper temperature compensation, this design showed remark-
able performance in measuring different forces and torques
while eliminating temperature cross-sensitivity. In recent work,
Xiong et al. [185] implemented FBG elements to demon-
strate a 6-D force—torque sensor prototype that is integral
to several robot parts to acquire in-depth strain data with
low cross-coupling. This prototype of multilayer measurement
design was fabricated to assist intelligent robots in achieving
dexterous and reliable manipulation (see Fig. 3). Similarly,
Lai et al. [186] reported a cylindrical hexaform structure sup-
ported by adjustable hinges and integrated with an FBG-based
torque sensor to obtain high sensitivity and a small footprint.
The authors proposed a suitable design for multifinger robots
and minimally invasive surgical (MIS) instruments. Finally,
Konstantaki et al. [187] relied on utilizing FBG technology to
measure torque-induced strain in tubular shafts made of carbon
fiber-reinforced polymer (CFRP). This work, which offered a
strain sensitivity of 3.6 pm/Nm, demonstrated again the great
potential of surface-mounted FBG strain sensors in detecting
torsional loads across several manufacturing industries.

2) Pressure Sensors and Flowmeters: The challenge of
securing online pressure and flow monitoring systems under
severe conditions is still attracting many investments and
imposing urgently needed developments. From microstructure
solutions on hollow and solid fiber cores to high-elasticity
polymer-based FBGs, many innovations were tested to acquire
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Fig. 3. 6-D force/torque FBG-based strain sensor: (a) sensor prototype
of elastic structure design and FBG array layout and (b) temperature-
compensated FBGs response in three axes for moment and force [185].

improved pressure sensitivity and low hysteresis [188]. Unfor-
tunately, these advancements are usually accompanied by
extremely high costs and more ramifications in the manufac-
turing and interrogation procedures. However, feasible designs
involving traditional mechanical structures, such as springs,
diaphragms, and cantilevers, have been investigated, showing
greater device sensitivity. A raw FBG’s inherent pressure
sensitivity is only 3.04 pm/MPa [189], which is very limited
for accurate pressure measurements in industrial applications.
Therefore, strain-based FBG pressure sensing is typically
conducted implicitly by harvesting induced loads at structural
supports, such as cantilevers and thin-walled diaphragms.
Several approaches have been proposed to enhance the
pressure sensitivity of FBG strain sensors. For instance,
Huang et al. [190] reported a temperature-compensated FBG
pressure sensor with a sensitivity of 1.57 pm/KPa and a range
of up to 1 MPa using a diaphragm with two adhesively
bonded FBG elements. In their following work [191], they
proposed a diaphragm-type FBG pressure sensor applicable
to static and dynamic pressure oscillations in liquid and
gaseous surroundings. They reported a pressure sensitivity of
3.21 pm/kPa in a range from O to 500 kPa. Rajan et al. [192]
presented a polymer FBG pressure sensor integrated with
a vinyl diaphragm. A sensitivity of 1.32 pm/Pa, which is
over six times higher than other FBG pressure sensors,
was achieved due to a dramatic reduction in the sensor’s
Young’s modulus. Moreover, Pachava et al. [193] designed a
high-sensitivity FBG pressure sensor based on a metal bellows
structure made of stainless steel, reaching a pressure sensitivity
of 13.14 pm/kPa and a resolution of 0.17 kPa. In another
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interesting study, Allwood et al. [194] developed an extremely (2 P FBGs i Cov

sensitive FBG-based pressure sensor by mounting FBGs to a ’/%% Cantilever — i ¥ Fixed
rubber diaphragm, scoring a sensitivity of 0.116 nm/kPa across :/ Rod e 2+ block

a range of 0-15 kPa. Later, Vorathin et al. [195] reported
improved performance of a pressure sensor prototype by trans-
ferring strains from a natural rubber diaphragm to an ultrathin
cantilever sheet instrumented with a multiplexed FBG net-
work. With thermal cross-effect compensation, they managed
to record a high-pressure sensitivity of 329.56 pm/kPa in a
range between 0 and 10 kPa with excellent linearity. For high-
pressure applications, Zhao et al. [196] presented a robust
FBG pressure sensor using a diaphragm-cantilever structure
for industrial pipeline pressure monitoring (see Fig. 4). Twin
FBG strain sensors were attached to the cantilever and tested
after temperature compensation, reaching a pressure sensitivity
of 258.28 pm/MPa in the range of 0-2 MPa with good
repeatability. Huang et al. [197] presented a novel multipa-
rameter dynamical system using FBG sensors for real-time
condition monitoring of complex industrial hydraulic pip-
ing systems in harsh environments. The excellent durability
of this prototype, along with its temperature, pressure, and
acceleration monitoring capabilities, makes it applicable to a
wide range of mainstream processes in the gas and chemical
industries. Moreover, Leal-Junior et al. [198] prototyped a
single polymer diaphragm-based FBG sensor for simultane-
ous pressure and temperature tracking. The proposed system
was built on the basis of the frequency difference between
temperature and pressure variations, providing errors of less
than 6% for both measurands. In a more recent study,
Liu et al. [199] succeeded in improving the sensitivity of an
FBG-based pressure sensor with a novel design of a diaphragm
and hinge-lever structure. With complete temperature cross-
sensitivity compensation, they reported a pressure sensitivity
of 5.227 pm/kPa within a range of 0—-1 MPa. Furthermore,
Li et al. [200] developed an FBG sensing prototype integrated
with a spring-diaphragm elastic structure (SDES) for measur-
ing ultimate pressures. They reported an enhanced pressure
sensitivity of 79.7 pm/MPa in a range of 0-100 MPa and a
linearity of 99.98%. This design showed a strong potential for
ultimate pressure detection across oil exploration and chemical
monitoring applications.

For complete applications, strain-based FBG pressure
sensors have been successfully implemented in real-life
facilities for health and process monitoring. For example,
Ren et al. [201] presented an indirect pipeline corrosion moni-
toring approach depending on detecting circumferential strains
using FBGs. Wang et al. [202] designed a pipeline leakage
detection system based on the negative pressure wave (NPW)
and FBG pressure sensors. They built a system that can
identify smaller leakage amounts with improved localization
precision for condition-based maintenance and minimal false
alarms. Lai et al. [186] and Konstantaki et al. [187] worked
on developing a novel hoop strain FBG sensor to mimic
the pipeline’s internal pressure variations and wall thickness
degradation. This prototype can enable simultaneous moni-
toring of processes in water, oil, and gas pipelines. Later,
Wong et al. [205] established a real-time continuous monitor-
ing system of pipe strength for static and dynamic leakage
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detection using a submersible optical fiber pressure sensor.
Despite submersible performance under water pressure of
up to 600 kPa, the reported sensitivity and accuracy were
relatively poor and should be enhanced by a different design to
meet a wider range of applications. Finally, Wang et al. [206]
presented a novel gas pipeline burst detection and localization
approach relying on an array of FBG caliber-based sensors
to capture NPW strains. By doing so, they reported stable
localization accuracy and an average error of 1.1 m. In a more
recent publication, Wang et al. [207] designed a real-time
monitoring system of pressure and temperature variations in
oil wells using carbon-coated bellow-packaged FBGs. This
study opens the doors for dynamic monitoring of pressure vari-
ations in critical applications and under severe environmental
conditions, such as in power plants, and exhaust abatement
systems.

In terms of severe environments, Rosolem et al. [208] uti-
lized electroless nickel plating to encapsulate an FBG array
as a pressure sensor for thermoelectric power plant engine
monitoring. The FBGs were attached to the engine injector
nozzle and freely compressed by a combustion chamber pres-
sure of nearly 20 MPa and a temperature above 300 °C. In a
different field, liquid-level tracking based on the principles
of FBG pressure sensors has attracted a lot of attention
due to the sensors’ robustness and reliability. A practical
approach for tracking liquid levels by attaching an FBG
element between the container wall and a floating body was
accomplished earlier, as in [209]. Later, Ameen et al. [210]
proposed a level and temperature dual FBG sensor using a
graphene diaphragm to capture hydrostatic pressures. With a
level detection sensitivity near 24.84 pm/cm and a temper-
ature sensitivity of 13.31 pm/°C, the sensor offered reliable
performance within an applicable range. However, sensor
sensitivity declined significantly when more protection layers
of graphene sheets were used for an extended temperature
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range, limiting the sensor’s practicality under extreme condi-
tions. Recently, Almeida et al. [211] proposed an FBG level
sensor using two FBGs and a cylindrical cover filled with
silicone rubber to be compressed by an attached float. The
sensor was tested with the FBG embedded at 5, 10, and
15 mm in the silicone rubber, and the obtained sensitivities
were (155.7 £ 2.4), (80.7 £ 1.2), and (43.5 £ 2.5) pm/m,
respectively. Very recently, Schenato et al. [212] presented
a temperature-compensated FBG level sensor inspired by a
3-D-printed mechanical transducer and aluminum alloy case
to monitor water level in open basins.

Once again, the design and implementation of a smart facil-
ity that involves pressure and flow monitoring rely strongly on
intelligent online systems and smart tools to meet profitability,
sustainability, and energy efficiency goals. Regarding real-time
monitoring and device accuracy, FBG flow sensors, which are
based on strain-induced effects, have shown great potential
for competing with other commercialized smart flowmeters
in the liquid and gas industries. Apart from vortex and
thermal FBG flowmeters, researchers managed to develop
a strain-based dual FBG flow sensor using a cantilever
beam design for oil pumping monitoring [213]. In addition,
other studies focused on engineering complex designs and
deformable structures for nonintrusive airflow and pressure
monitoring in gas pipelines [214], [215]. In an interesting pub-
lication, Schena et al. [216] presented an ultrasensitive FBG
gas flowmeter based on macrobending strains that occur in
the fiber tip itself, acting like a cantilever. Later, Zamarrefio et
al. [217] developed a flow and turbulence monitoring system
based on FBG mesh for continuous strain detection across the
piping network. Similarly, Thekkethil et al. [218] described a
new approach for calculating cryogenic fluid mass flow rate by
implementing FBG sensors to harvest drag force shifts. Their
prototype was feasible for a wide range of liquid velocities
and cryogenic temperatures, recording an overall sensitivity of
20 pm/(g/s) in a range of 0-2 g/s and 50 pm/(g/s) in a range
of 2-5 g/s. In their succeeding work [219], they conducted
experimental investigations on the FBG mass flow sensor to
enable early fault diagnosis and more efficient cryogenic pro-
cesses. In another novel design, Kirwan et al. [220] developed
a flow measurement device that captures strains introduced by
the momentum effect of fluid turbulence at the pipe elbow.
They demonstrated a reliable sensing mechanism that can
read flow rate solely with complete compensation against
static pressure and temperature variations within a range of
0.27-2.47 m/s. Recently, Lv et al. [221] proposed an FBG
sensor for dual monitoring of flow rate and temperature in
different industrial applications. Two adhesively bonded FBG
elements enclosed by a protective shell were assembled in
a capillary steel cantilever to transfer flow-induced strains
(see Fig. 5). With a judicious design of their target-type
flowmeter, they achieved flow rate accuracy near 2.27% in
the range of 5-16 m3/h and temperature accuracy below
41 °C in the range of 23 °C-83 °C. More interestingly,
Zhao et al. [222] presented a unique solution for temperature,
pressure, and flow rate measurement using FBG sensors. One
element was fixed in the target for temperature compensation,
while two FBGs were attached to the inner wall of a hollow
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(a) schematic of the proposed sensor, (b) static structural FEA sim-
ulation, and (c) temperature and compensated FBGs response under
varying flow rate [221].

cylindrical cantilever to detect flow rate. Also, another two
FBGs were mounted to the outside of the thin-walled cylinder
to measure pressure. Very recently, Li et al. [223] introduced
a noninvasive online monitoring technique for distributed flow
velocity measurements in industrial pipelines. By eliminating
the crosstalk effect via differential FBG signals, excellent
linearity in the velocity range of 4.25-10.62 m/s was achieved
with a repeatability error of less than 5.06% full scale (FS).
This study confirms again how FBG technology is capable
of converting traditional processes inside old piping networks
into intelligent systems for online remote monitoring and con-
structive feedback. These immune smart flowmeters, in some
way or another, contribute to the “’big data” collected from
the smart facility to enhance decision-making techniques and
promote initiative-taking maintenance strategies.

Despite higher costs and exhausting processing systems,
strain-based FBGs have shown promising results in a number
of more exotic applications for online monitoring and smart
processes. FBG sensors’ immunity to extreme conditions of
EM interference and high temperatures was adopted to build
a high-stress monitoring system of prestressing tendons in
nuclear concrete vessels [224]. FBG strain sensors were also
implemented inside the plastic deformation process of cast
parts for design optimization [225]. In addition to soil strain
analysis [226] and gear pitting fault diagnosis [227], [228],
FBG sensors were also adopted for in situ monitoring of
material fatigue and structural health [229].

As discussed earlier, FBG strain sensors can offer a set of
feasible solutions to convert traditional machines into digi-
tized manufacturing units. In industrial applications, a smart
factory, which employs predictive maintenance and resource
optimization schemes in addition to failure prevention tech-
niques, relies strongly on sensory data collected from sensors
within the facility. FBG strain sensors can transfer valuable
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information about process performance and machine status
in the form of force, torque, temperature, pressure, or flow
rate. More importantly, this technology has drawn a lot of
interest due to its distributed sensing capability, which allows
simultaneous monitoring of various components and locations
in the automated facility.

B. Surface Acoustic Wave Strain Sensors

The first generation of MEMSs was introduced early
to the market in the 1970s as pressure sensors, gyro-
scopes, and accelerometers [24]. Later, MEMS-based devices
were used in RF components, microfluidic applications, and
biomedical instruments due to their robustness and adoptabil-
ity [230], [231]. With their distinctive ability to perform a set
of specific functionalities, MEMSs were widely implemented
to create customized sensors and actuators. A variety of
MEMS structures are accessible or can be easily manufactured,
depending on the required tasks and customer interests. Thanks
to the current rapid development in microfabrication and
micromachining techniques, MEMS can now be fabricated
more efficiently, offering miniaturized and durable solutions.
These systems, which combine the features of mechanical and
electrical components, have the advantages of compactness,
lightweight, superb performance, simplicity in mass produc-
tion, and competitive prices [232], [233]. Contrary to bulky
fiber-optic strain sensors, MEMS devices can be operated
wirelessly and instrumented in difficult locations, such as
temperature and load sensors. This solution of integrating
selected sensing mechanisms with wireless interrogation was
successfully applied in various applications from process mon-
itoring to robotic manipulations [234].

Regarding smart tools and intelligent systems, MEMS
strain devices have shown peerless performance as sensors
and actuators in many industrial applications [235]. For
example, Zhao et al. [236] established a triaxial force sen-
sor based on a MEMS strain resonator that is instrumented
to a CNC lathe cutting tool. With an online monitoring
system, the authors reported sensitivities of 0.32, 0.32, and
0.05 mV/N in the triaxial directions, respectively. Recently,
Qin et al. [237] designed a smart milling tool by employing
a new design of a piezoresistive MEMS sensor that con-
verts delicate deformations into electrical signals to reveal
applied loads. They reported a prototype with a sufficient
frequency range for practical high-speed applications and
enhanced torque sensitivity of 2.85 x 1072 mV/N in the axial
direction and 2.90 mV/Nm in the lateral direction. Moreover,
Zhang et al. [238] presented a sawtooth capacitive MEMS
strain sensor with a 0—-1000-ue range and a 34-kHz/pe strain
sensitivity to track rotor bearing health in industrial rotary
machines. This prototype offered rigid performance under
high temperatures and great centrifugal forces in addition to
wireless signal transmission through a readout coil. Recent
successful attempts at creating wireless and passive communi-
cation with MEMS-based strain sensors have been reported in
different applications [239], [240], [241], [242], [243]. How-
ever, these devices’ architectural complexity, footprint, and
power consumption requirements are still major drawbacks
of this evolving technology. Fortunately, SAW sensors can
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overcome these limitations and survive in extreme conditions
of high levels of radiation, temperature, and EM interference,
unlike conventional MEMS devices.

The SAW was first explained by Rayleigh [244], who
described the propagation modes of an acoustic wave in a
piezoelectric material. Later, a convenient method for gener-
ating SAWs was proposed by White and Voltmer [245] using
deposited IDTs. SAW devices have been in commercial use
for more than 60 years in the telecommunications industry
as bandpass filters in the RF and intermediate frequency
(IF) sections of the transceiver electronics. SAWs as sensors,
however, were mainly utilized for chemical vapor and gas
detection applications [246] and biosensing technologies [247]
as a result of the huge leap in wireless interrogation sys-
tems and data acquisition (DAQ) hardware in recent years.
In terms of strain sensing applications, SAW devices have
attracted a lot of attention because of their low energy require-
ment, wafer-scale manufacturing, responsiveness, reliability,
and wireless/passive integration. These inimitable character-
istics made SAWs suitable for harsh environments faced
in the aerospace industry [247], the water industry [248],
the automotive industry [249], and SHM [250]. There are
multiple architectural configurations of SAW sensors that
are utilized for strain measurement. Delay-line (DL), two-
port SAW resonators (SAWRs), and single-port SAWRs are
common designs that vary in the IDTs and reflective gratings
(RGs) configuration, as well as sensing layer area. In the
DL structure, the region between the two IDTs is covered
with specifically sensitive material for extended functionality.
This allows for isolating stress or temperature readings while
tracking other external effects such as humidity and magnetic
fields [251]. Single-port devices, or, alternatively, SAWRs, are
commonly used for strain monitoring due to their minimal
footprint, fast response, and fabrication simplicity. As depicted
in Fig. 6, when strain is applied, any SAW configuration
exhibits frequency, velocity, and/or amplitude shifts in the
reflected signal due to pitch and substrate geometric deteriora-
tion. The reflected RF waves are collected via a reader antenna
and interrogated to derive strain measurements associated with
induced loads or thermal strains [252], [253].
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Unlike FBGs, which reflect thermal loads through a combi-
nation of thermal strains and thermo-optic effects, SAW strain
sensors exclusively experience thermal strains as deformations
initiated within the device substrate and IDTs. This unique
property inspired many researchers to isolate temperature for
more efficient cross-sensitivity compensation and to create
dual monitoring systems in heavy-duty applications. High-
quality single quartz, lithium niobate (LiNbO3), and lithium
tantalate (LiTaO3) crystals are three frequently used piezoelec-
tric substrates for SAW sensors. The substrate can be finished
at different cuts (i.e., ST-cut, At-cut, and YX-cut) with a cus-
tomized plane/angle to manipulate key parameters of the final
product like resonance frequency, sensitivity, and measurement
range. Among the most popular cuts, ST-cut quartz has the
least sensitivity toward temperature, with zero temperature
coefficient of frequency (TCF) at room temperature [254]. This
advantage was seized to produce innovative absolute-strain
measurement techniques without temperature drift burdens.
Y X-cut quartz, on the other hand, has much higher temperature
sensitivity and excellent stability and responsiveness. Hence,
this substrate design can be employed in various wireless tem-
perature sensing applications under severe conditions. Along
with current improvements in SAW piezoelectric materials
and device optimization, Sections III-B.1-III-B.3 present a
survey of recent applications of SAW strain sensors in process
monitoring and smart tools focusing on force, torque, pressure,
and temperature monitoring, as summarized in Table III.

1) Force and Torque Sensors: Following Varadan’s semi-
nal work [255], SAW sensors were widely investigated for
building strain measurement systems through batteryless and
passive operation. Nowadays, many smart tools and intelligent
processes have become achievable through the combination
of SAW strain sensing and advanced control algorithms in
robotics and metal-cutting applications. This technology can
aid in building online smart tools due to its excellent fea-
tures in monitoring complex cutting forces, tool position,
and process temperature. For example, Stoney et al. [256]
proposed a packaged SAW strain resonator based on AT-cut
quartz instrumented to a CNC tool holder for online process
monitoring. They reported strain sensitivity around 500 Hz/ue
with FS hysteresis in SAW response below 1.1% of FS output
(FSO). In their subsequent study [257], a differential SAW
sensor arrangement was designed to explore two-axis oblique
cutting force data. Moreover, Wang et al. [258] presented a
novel smart cutting tool based on dual SAW strain sensors
to capture the cutting and feed forces of a tool shank (see
Fig. 7). They reported load sensitivities of 152 and 185 Hz/N
and hysteresis of 7.3% and 4.7% for horizontal and vertical
SAWs, respectively. Later, the same research group [259]
developed a smart fly-cutting tool for ultraprecise, high-speed,
and hybrid material machining. The tool head was instru-
mented with an SAW sensor and wireless antenna for remote
operation with a spindle speed of up to 20000 rpm. Similarly,
Cheng et al. [260] proposed a smart tool design based on two
SAW sensors fixed to both sides of a cutting tool shank. With
proper temperature compensation, they attained excellent SAW
readings at spindle speeds up to 900 rpm and 1-mm cut depth.
In recent research, Lin et al. [261] created an ScAIN-/AIN-
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Fig. 7. SAW-based smart cutting tool: (a) illustration of the proposed
sensor and antenna instrumented to milling tool shank, (b) SAW installa-
tion on fly-cutting tool head and interrogation instruments, and (c) SAW
response to cutting force compared to the Kistler dynamometer for
milling tool and fly-cutting tool on multilayer hybrid material [258], [259].

based SAWR, providing an excellent quality factor for delicate
strain measurements. The linear approximation of resonance
frequency shifts against measured strain had a maximum slope
of 46.2 kHz/N. They recorded a maximum force sensitivity
of 103.2 ppm/N for parallel resonance frequency, paving the
way toward precise smart tools in the manufacturing, medical,
and semiconductor industries. In a very interesting publica-
tion, Tan et al. [262] presented a standalone strain sensing
technique for passive and wireless monitoring. This approach
combined the advantages of a wireless SAW sensor and a
self-powered triboelectric nanogenerator (TENG). The authors
reported good model linearity and a maximum sensitivity
of 2.63 V/N in a range of 0-2.5 N, making this design
suitable for wireless microforce monitoring in robotics and
microfabrication.

In terms of remote intelligent systems, Kalinin et al. [263]
designed an SAW-based torque sensor and RF coupler to be
attached to high-speed shafts inside wind turbines’ gearboxes.
Within a temperature range of 20 °C-80 °C, the accuracy
of torque measurement after calibration was greater than
1% across the full range. This monitoring technology, which
allows for online wind energy tracking and early warning of
shaft failure, was also developed for marine applications in
their succeeding work [264]. They presented a sophisticated
SAW sensor design for recording torsional loads applied to
marine propeller shafts to optimize mechanical power trans-
ferred from main engines and track shaft oscillations for
predictive maintenance. Ji et al. [265] developed a wireless
demodulation system for passive SAW torque monitoring by



HAMED et al.: STRAIN SENSING TECHNOLOGY

25631

TABLE Il

SUMMARY OF RECENT APPLICATIONS OF SAW STRAIN SENSORS WITH THE REPORTED APPLICATION RANGE AND MAXIMUM SENSITIVITY

Strain Sensor

Application Range Max. Sensitivity Ref.
Ultrasensitive force detection in robotics 0-3N 32.183 kHz/N [262]
SAW Force and microfabrication
Ultrasensitive force detection in robotics 1-5N 46.2 kHz/N
Sensors ; - [261]
and microfabrication
Cutting forces monitoring in smart tools in 0-100N 0.185 kHz/N [258]
the manufacturing industry
Online torque momtormg in industrial 0— 100 Nm 778 kHz/Nm [266]
tools and rotating shafts
Online torque monitoring in industrial +100 Nm 1.951 kKHz/Nm [269]
tools and rotating shafts
High vibrations and torsional loads
monitoring in heavy-duty machines 0—500 Nm 1.3570 kHz/Nm [368]
SAW Torque
Sensors High vibrations and torsional loads
monitoring in heavy-duty machines +750 Nm 0.171 kHz/Nm [263]
High-torque monitoring in rotary machines
(e.g., motors, pumps, and engines) 0-800 Nm 2.03 kHz/Nm [265]
Ul'tlr'nate torque monitoring in boring 0— 4,000 Nm 0.1443 kHz/Nm [369]
drilling works
Low;prgssure monitoring in medical 040 kPa 14.25 kHz/kPa (370]
applications.
Telﬁperatur;-hunpdlty—pressure (THP) 0— 42 kPa 0.9 kHz/kPa [275]
online multi-sensing
in.lne pressure monitoring in industrial 0300 kPa 0.137 kHz/kPa [279]
piping networks
inllne pressure monitoring in industrial 100 — 400 kPa 3 3 kHz/kPa [271]
piping networks
SAW Pressure Onli ttorne in industral
Sensors NG pressure monitoring m mdus 0 - 480 kPa 0.258 kHz/kPa [371]
piping networks
High-pressure monitoring in pressurized 0-1,723.69 kPa 0.01075 kHz/kPa [273]
vessels and extreme conditions
High-pressure monitoring in pressurized 02,000 kPa 0.0605 kHz/kPa [276]
vessels and extreme conditions
Real—tlme dgwnhole pressure monitoring 0-9.700 kPa 0.083 kHz/kPa [274]
in gas and oil exploration
Ultimate pressure monitoring in oil and 0- 103,420 kPa 0.00214 kHz/kPa [272]
chemical industries
Flexible SAW temperature sensor for 20-75°C 3.7 kHz/°C [287]
complex structures
Realjtque p?essure—tf:mpera‘ture dual 20120 °C 466 kHz/°C [283]
monitoring in many industrial processes
Real'—tm'le pfessure—tismpera'ture dual 20— 120 °C 93.4 kHz/°C [290]
monitoring in many industrial processes
Wireless anti-irradiation temperature o o
SAW sensing in harsh environment 22-200°C 1379 kHz*C 297]
Temperature Temperature m'om'tormg in industrial and 25250 °C 125.4 kHz/°C [302]
Sensors aerospace applications
Low-temperature monitoring in 2268 — 150 °C. 300 kHz/°C [282]
microwave power circuits
High-temperature monitoring in thermal 20— 500 °C. 34.73 kHz/°C [286]
treatment processes and powerplants
High-temperature monitoring in thermal 20— 600 °C 7 46 kHz/°C [291]
treatment processes and powerplants
Ultrahigh-temperature monitoring in 900 1300 °C 438 KHz/°C [296]

severe environments

using signal amplification and processing algorithms. They
scored excellent linearity and a remarkably high sensitivity
of 2.03 kHz/Nm within a range of 0-800 Nm. Moreover,
Fan et al. [266] achieved enhanced performance of the SAW
torque sensor by implementing a customized response detec-
tion method based on the bandwidth of the SAWR and
energy-entropy response. The authors reported a repeatabil-
ity error of 0.23% and a linearity of 99.34%. Nonetheless,
Silva et al. [267] established a real-time SAW-based monitor-
ing system calibrated via a thermal chamber and universal
testing machine for simultaneous torque and temperature

measurements in a rotating shaft. Finally, Scheiner et al. [268]
presented miniaturized six-port SAW strain resonators of dif-
ferent delay lines working in the 2.45-GHz ISM band for
contactless torque measurement within the +20-Nm range.
In a more recent study, Han et al. [269] built a robust torque
monitoring system using SAW strain sensors integrated with
compressive sensing (CS) and support vector machine (SVM)
interpolation algorithms for signal prediction. The prototype
was based on a pair of 45°-inclined SAWs and tested under the
£+100-Nm range, reaching a sensitivity of 1.951 kHz/Nm (see
Fig. 8). This study highlights a set of new opportunities, such
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Fig. 8.  SAW sensor-based torque monitoring system: (a) schematic
of the proposed sensor prototype and torque calibration setup, (b) twin
of inclined SAWs instrumented to a rigid rotating shaft, and (c) SAW
calibration results showing sensor response to various torques [269].

as lower hardware expenses, reduced data volume, and higher
interference immunity for noninvasive measurement of torque
and axial load in high-speed rotating shafts. This experiment
illustrated SAW’s capabilities of turning rotating machinery,
such as pumps, motors, and engines into smart systems that
can learn and adapt to meet load requirements in various fields,
such as the water and food industries.

2) Pressure Sensors: With its exceptional potential, the
SAW strain sensor design was expanded to provide real-time
temperature-compensated pressure sensing that is powerful in
many fields, especially in the aerospace, automotive, and oil
drilling industries. Similar to FBGs, SAW strain sensors are
integrated with mechanical structures, such as cantilevers and
diaphragms to intensify the collected strains and attain higher
sensitivity. SAW pressure sensing fundamentally relies on the
resonance frequency shift associated with the applied strain
on a piezoelectric substrate. Earlier, Binder et al. [270] devel-
oped a pressure/temperature sensor with unique identification
for condition monitoring applications in the baking industry.
They reported a phase shift-measured pressure sensitivity
of 0.037 rad/kPa and a temperature drift of 0.013 rad/°C.
Rodriguez-Madrid et al. [271] established a one-port SAWR
operating in a high-frequency range of 10-14 GHz for pres-
sure monitoring. Using an optimized 300-nm AIN diaphragm
deposited on free-standing nanocrystalline diamond (NCD),
they reported precise SAW performance and a pressure sen-
sitivity of 3.3 kHz/kPa. Moreover, Della Lucia et al. [272]
established a two-port SAW device of 2.14-Hz/kPa sensitivity
to replace the traditional bulk acoustic wave (BAW) pres-
sure sensors often utilized in the oil and gas industries (see
Fig. 9). The pressure sensor was tested and calibrated in a

SAWRs with different diaphragm shapes to examine various
sensitivities. They recorded a maximum pressure sensitivity
of 10.75 Hz/kPa across a wide application range. Moreover,
Quintero et al. [274] proposed a real-time pressure monitoring
system for downhole applications. By using a metal diaphragm
structure, a pressure sensitivity of 0.083 kHz/kPa was reported,
along with packaging considerations for harsh environments.
Finally, Zhang et al. [275] developed an SAW temperature-
humidity-pressure (THP) sensing prototype based on LiNbO3
for environmental monitoring. The THP sensor, which con-
sisted of three SAWRs, had an element for temperature
compensation, a resonator coated with graphene oxide for
humidity measurement, and a third resonator instrumented
to a deformable cantilever beam for pressure sensing. The
presented THP sensor was tested, showing strong repro-
ducibility and consistency in an ambient environment with
a temperature range of 25 °C-200 °C, a pressure range
of 042 kPa, and a humidity range of 10%-90% relative
humidity (RH). Furthermore, Memon et al. [276] reported a
highly sensitive SAW pressure sensor using an AIN/Mo/SOI
multilayer structure of a 50-um-thick silicon diaphragm. They
presented a specific configuration to improve pressure sen-
sitivity, taking into consideration SAW propagation direction
and induced strain orientation. They recorded high sensitivity
near 228.46 ppm/MPa in a pressure range of up to 2 MPa.
In terms of complete applications, Xie et al. [277] developed
an embedded SAW pressure sensor filled with silicone oil
for monitoring civil engineering structures in a range of 0-
500 kPa. Tang et al. [248] developed an SAW-based water
pressure sensor for passive and wireless monitoring by opti-
mizing interrogation signal pulsewidth and frequency. In their
succeeding work [278], they enhanced the proposed prototype
by employing temperature-compensated SAWs of a bidirec-
tional reflective DL (RDL) resonator, attaining good linearity
in a range of up to 28-m water-pressure head. Recently,
Xue et al. [279] demonstrated a viable SAW pressure sens-
ing system based on langasite (LGS) to survive in extreme
environments. For temperatures of up to 1000 °C, they scored
a pressure sensitivity of 137 Hz/kPa. This work explored SAW
sensors’ readiness to track high-temperature and high-pressure
processes in industrial applications, such as pumping stations
and power plants, which allows for upgrading such traditional
systems into digitized facilities.

3) Temperature Sensors: As a fundamentally physical quan-
tity, temperature is the most universal parameter encountered
in countless industries, from traditional processes involving
turbines, generators, pressure vessels, and heat exchangers to
modern technologies in the metallurgy, aviation, and aerospace
sectors. Online temperature monitoring can play a pivotal
role in capturing rich data to support smart manufacturing
and adoptive control techniques. Optimizing injection heat
requirements and tracking thermal shocks can add valuable
features to any facility, enabling energy reduction plans and
predictive maintenance strategies. This is essential under the
Industry 4.0 paradigm for future factories and smart manu-
facturing processes. However, the challenge of developing a
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stable and robust sensing technique that can function under
extreme conditions has not been completely met yet.

Despite many breakthroughs in temperature sensing mech-
anisms to improve sensitivity and application range, issues
such as wireless communication, self-powered systems, and
real-time monitoring are still unsolved. Among different tech-
nologies, SAW strain sensors are based on detecting only
thermal-induced strains to provide precise temperature mon-
itoring. Tracking temperature by measuring SAW substrate
deformation is vital for isolating other thermo-optic and
thermomagnetic effects. Therefore, SAW strain sensors are
immune to harsh ambient conditions and can return a stable
response across a wide temperature range compared to FBGs
and MRs. In addition to a selectively fabricated substrate for
customized range and sensitivity, SAWs can also be attached
to complex structures with a few millimeters of footprint. The
detection of thermal strain using SAW piezoelectric substrate
is a unique way of building “smart” and online temperature
monitoring systems based on in-depth analysis of tool thermal
conditions and process dynamics to guarantee safety, higher
efficiency, and lower operational and maintenance costs.

Many researchers were influenced by SAWSs’ unique
capabilities to develop passive and wireless temperature
monitoring systems using new designs and rigid structures.
For example, Kang et al. [280] proposed an SAW-RFID-
enabled temperature sensor with a large coding capacity and
high temperature accuracy suitable for industrial applications.
Moreover, Aubert et al. [281] reported a design of a DL
SAW sensor based on an AlN/sapphire structure and iridium
IDTs. They achieved a quasi-linear sensitivity of —71 ppm/°C
between 20 °C and 1050 °C under vacuum conditions. Miiller
et al. [282] developed a GaN/Si-based single SAWR for

temperature monitoring operating in the GHz frequency range.
By tuning the SAW structure via nanolithographic techniques,
they reported a temperature sensitivity of 300 kHz/°C from
—268 °C to 4150 °C. Later, the same research group [283]
extended their work to create a GaN membrane-supported
SAW pressure sensor with embedded temperature sensing
capability. In another interesting publication, Shi et al. [284]
built a self-powered wireless temperature sensor by integrat-
ing an SAW sensor with a thermoelectric generator. This
innovative solution offered remote and passive operation
with a reasonable transmission distance, suitable for critical
manufacturing processes. Similarly, Zhu et al. [285] presented
a self-powered SAW temperature sensor integrated with a
buck-boost converter to extract power from a piezoelectric
energy harvester (PEH). Nevertheless, Li et al. [286] fabricated
an AlN-based SAWR for temperature sensing applications,
scoring a maximum sensitivity of 821 ppm/°C and stable per-
formance in the range between room temperature and 500 °C.
More interestingly, Tao et al. [287] developed a flexible SAW
sensing prototype to detect small temperature changes on non-
planar and curved surfaces. By building different layered SAW
structures based on ZnO/Al foils, they reported a maximum
temperature sensitivity of 8.7 kHz/°C from room temperature
up to 75 °C. This prototype is a good candidate for numerous
electrical and mechanical systems where using bulky devices
is cumbersome. Fu et al. [288] proposed a robust temperature
monitoring technique using binary phase shift keying (BPSK)
codes of eight chips implemented with a DL SAW sensor on
a Y-Z LiNbO3 substrate. In a more recent study, Bruckner and
Bardong [289] established a distributed temperature monitor-
ing network based on the parallel readout of four independent
SAW sensors in the 2.45-GHz ISM band for industrial appli-
cations. Within a similar operation band, Lamanna et al. [290]
proposed an AIN-based multiple-mode SAW temperature sen-
sor fabricated from a piezoelectric substrate. They acquired a
temperature sensitivity of 93.4 kHz/°C for the Rayleigh wave
mode in a range of 20 °C-120 °C. Recently, Li et al. [291]
introduced an innovative LGS-based SAW temperature sensor,
offering good linearity in a wide range from 20 °C up to
600 °C. In their next work [292], they proposed a three-
resonator-based SAW strain sensor with excellent linearity to
be operated between 20 °C and 250 °C. In a recent study,
however, Yan et al. [293] fabricated and tested an LGS-based
SAW strain sensor under strains of up to 500 pe and a
temperature range of 18 °C-700 °C, reaching ultimate sen-
sitivity of nearly 20 Hz/pe. In addition, Streque et al. [294]
managed to fabricate a high-Q SAWR using an AIN/sapphire
structure for wireless monitoring of temperatures up to 400 °C.
Gao et al. [295] presented a high-sensitivity temperature mea-
surement technique by processing SAW data via adaptive
least mean square (LMS) algorithm. They reported excel-
lent accuracy of +0.2 °C within a range of —30 °C to
100 °C. Very recently, Zhou et al. [296] suggested a new
design of a multilayer SAW sensor for ultrahigh-temperature
environments. In the low-temperature range (100 °C—400 °C),
a sensitivity of 0.72 kHz/°C was observed, increasing first
to 2.01 kHz/°C for the mid-temperature range (400 °C-900
°C) and then to 4.38 kHz/°C for the high-temperature range
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(900 °C-1300 °C). In a more recent study, Zhou et al. [297]
developed an anti-irradiation SAW temperature sensor using
128° YX LiNbOs single crystal, recording a maximum fre-
quency shift of 0.38% under y-ray irradiation.

These advancements in SAW temperature sensing at mate-
rial and device levels have unlocked new opportunities
for completely remote monitoring applications under severe
conditions. Using this technology, researchers worked on
upgrading conventional industrial machines and complex
processes in metallurgical and ceramic manufacturing with
online temperature monitoring systems [298], [299]. More-
over, applications in high-voltage powerline monitoring and
fault detection systems were achieved using wireless SAW
temperature sensing [300]. Besides the digitalization of clas-
sical industrial processes, Furniss et al. [301] presented a
wireless monitoring system using an SAW strain sensor to be
operated under cryogenic conditions in aerospace and marine
applications. Later, Hu et al. [302] developed a wireless fault
detection system for aerospace vehicles based on an L-band
SAWR deposited by electron-beam lithography on a 128° Y-X
LiNbO3 substrate. They reported a strain sensitivity of —831
Hz/pe and a temperature sensitivity of 125.4 kHz/°C in a
range of 25 °C-250 °C. Moreover, Kim et al. [303] integrated
one- and two-port SAW sensors with magnetic antennas for
underground soil temperature testing recording a sensitivity
of 0.3 MHz/°C for the single-port SAW and 0.96 MHz/°C
for the double-port SAW from 30 °C to 100 °C. Recently,
Tomaz et al. [304] presented a microscale analysis of an SAW
temperature sensor embedded in additively manufactured parts
to produce wireless and passive smart devices. In another
study, Leff et al. [305] developed a dual temperature and
dynamic strain sensing prototype based on SAW technology
for temperatures up to 400 °C. This innovative design high-
lighted SAW sensors’ distinct capabilities for simultaneous
measurement of cyclic fatigue loads and thermal shocks in
industrial machines to enable noise-reduction techniques and
condition-based maintenance.

C. Magnetostrictive (MR) Strain Sensors

In 1842, James P. Joule was the first to discover the magne-
tostriction effect by investigating the ferromagnetic properties
of nickel specimens to explain the magnetization response
in accordance with the material’s susceptibility and perme-
ability parameters [306]. When an external magnetic field is
applied, magnetostrictive elements experience shape deforma-
tions due to the alignment of magnetic domains. Therefore,
magnetostrictive materials can convert magnetic energy into
mechanical energy through the so-called Joule effect. Vice
versa, when MR materials are subjected to mechanical strains,
the direction and magnitude of the measured magnetic field
are affected by the inverse magnetostrictive effect (i.e., the
Villari effect) [307]. Due to the bidirectional nature of this
energy exchange, magnetostrictive materials can be employed
for both actuation and sensing. As illustrated in Fig. 10, the
working principle of an MR strain sensor is typically based
on the Villari effect and involves the use of a magnetostrictive
material that exhibits sufficient magnetomechanical coupling
coefficients. The sensor typically consists of a cylinder or a
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Fig. 10.  Schematic of working principle and interrogation system of
magnetostrictive strain sensing techniques based on direct pickup coil
(left) and Hall effect sensor (right).

rod of magnetostrictive component, surrounded by a coil of
wire connected to a signal amplifier and processing unit to
detect changes in the magnetic field as electrical signals. The
magnetostrictive element is also coated with a strain-sensitive
thin layer of metal or polymer to ensure amplifying detected
deformations when subjected to mechanical loads. Perma-
nent magnets can be used to initiate a constant magnetic
flux and avoid the influence of unipolar MR characteristics.
Alternatively, a sensing chip based on the Hall effect can be
implemented for noncontact torque measurement to interpret
magnetic inductance variations as output voltage [308], [309].
In recent years, magnetostrictive materials have been widely
implemented as energy harvesters to capture strain-induced
vibrations and convert them into usable electrical power for
storage [310], [311], [312]. High energy density, low hys-
teresis, high Curie temperature, and fast response time have
made MR devices viable solutions to actuation, sensing, and
energy harvesting techniques in SHM, robotics, and aerospace
engineering. In terms of strain sensing, these materials can
undergo a large elongation range and provide high sensi-
tivity to compete with traditional strain sensing methods.
Moreover, MR strain sensors can be a feasible option in
difficult locations and real-time monitoring systems due to
their passive and wireless interrogation compatibility [313].
However, this passive noncontact technology is vulnerable to
magnetic field interference and suffers from complex signal
drift at elevated temperatures. This particular disadvantage
prevented magnetostrictive strain sensors from being employed
in harsh environments across many industrial processes.
Many researchers were fascinated by MR strain sensors’
features to create smart composites and intelligent systems
in SHM [314], [315], biomedical applications [316], [317],
and robotics [153], [318]. On the other hand, abundant
studies have concentrated on developing novel composites
with improved magnetostriction coupling and higher sensi-
tivity by doping cobalt ferrite (CoFe,O4) MR material with
metal elements (e.g., Cu, Zr, Tb, and Mn) for tuned lat-
tice configuration [319], [320], [321], [322], [323]. More
interestingly, other researchers worked on examining new
designs and device structures to enhance system accuracy and
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applicability. For example, Pepakayala et al. [324] described
a resonant wireless strain sensor fabricated from 28-pm-thick
foil of Metglas 2826 MB (Fe4oNizgsMo4B;g) with differential
elements for temperature compensation. This prototype of
tracking strain as a resonant frequency shift was designed to
offer tunable sensitivity and adjustable dynamic range to meet
the requirements of a wide variety of monitoring applications.
In addition, Bhame and Joy [325] worked on enhancing strain
sensitivity in MR spinel ferrite (CoFe,O4) by implementing
Zn nanopowder. They reported a 30% increase in sensitivity
with moderate magnetostriction at room temperature. In a
very recent study, Anantharamaiah et al. [326] succeeded in
enabling CoFe;04 alloy for MR strain sensing applications
at lower magnetic fields. By employing the autocombustion
method to synthesize Zn-substituted samples, the researchers
achieved three times higher sensitivity and a reliable magne-
tostrictive response.

For robotics and industrial applications, magnetostrictive
strain sensors can be employed to develop smart tools
and online stress/torque monitoring systems to improve
machining precision and process accuracy with minimal
interventions. This technology can be achieved passively
and wirelessly to examine processes at difficult locations
and moving parts to support maintenance and rehabilitation
schemes. Sections III-C.1 and III-C.2 provide a review of
recent advances in MR strain sensing, focusing on strain sens-
ing mechanisms of force, torque, and pressure, as summarized
in Table IV. This survey focuses on innovative solutions that
can enable “smart” components and intelligent machines for
future factories and digital manufacturing.

1) Force and Torque Sensors: Magnetostrictive force sen-
sors are based on the inverse magnetostriction effect (i.e., the
Villari effect), so, when subjected to a mechanical force, their
permeability varies, leading to a shift in the magnetic field
density that can be translated to the quantity of applied loads.
Different investigations of MR force sensors were reported
to improve accuracy and enable localized load detection.
For example, Ghodsi et al. [327] presented a numerical and
experimental analysis of a giant magnetostrictive (GM) force
sensor utilizing Terfenol-D and scoring a maximum sensitivity
of 0.51 mV/N in a range between 0 and 1000 N. More-
over, Yoffe et al. [328] employed an epoxy-based composite
material filled with Terfenol-D particles to create an online
stress monitoring approach. This prototype of a thin-layer
compressive load sensor was tested, showing considerable
viability in real-life applications. Al-Hajjeh et al. [329] pro-
posed an electrically isolated strain sensor based on the Villari
effect to analyze different orientations of stress and mag-
netic susceptibility axes. They proposed an innovative sensing
approach that offers wireless and nondestructive monitoring
of mechanical stress for smart components and intelligent
industrial processes. Moreover, Karafi and Ehteshami [330]
developed a composite sensor using a tubular MR rod to
monitor torque and axial loads simultaneously. They reported
a force sensitivity of 0.012 mV/N under loads of up to
10 kN and a torque sensitivity of 1.18 mV/Nm in a range
of up to 20 Nm. Unfortunately, the contactless approach
was not achieved due to the hybrid sensor design, and a
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Fig. 11.  Torque and moment wireless magnetostrictive strain sensor:

(a) schematic of the proposed sensor, (b) fabricated prototype, and
(c) sensor response to torque and moment loads under different motor
speeds [339].

14.8% FSO nonlinearity error was observed. For feasible
tactile systems, Wan et al. [331] developed a cantilever-like
tactile sensor based on the inverse-magnetostrictive effect, the
flexure mode, and the Jiles—Atherton model for a maximum
load of 6 N. More interestingly, Li et al. [332] proposed a
novel magnetostrictive tactile sensor for detecting the force
and stiffness of manipulated objects. They reported a good
prototype of rapid response and force sensitivity of 114 mV/N
in a range of 0-5 N, suitable for various robotic applications.
In a recent study, Weng et al. [333] developed an MR tactile
sensor demonstrating a measurement range of 0-3 N and
an average sensitivity of 126 mV/N. The sensing system
was built upon permanent magnets, Fe—-Ga wires, and Hall
sensors to detect static and dynamic forces. In another field,
Liang et al. [334] prototyped a new force sensor design using
the magnetostrictive DL technique to monitor localized resid-
ual stresses on steel surfaces. With uncertainty less than 2%,
they reported a nonhysteretic response and an automated mea-
surement approach suitable for several industrial applications,
such as additive manufacturing, cold and hot rolling processes,
and steel production. Recently, Shu et al. [335] presented an
MR impact force sensor based on an Fe—Ga tapered cantilever,
reporting nonlinearity errors within 5.8%. They recorded
3.5-34.1 times higher sensitivity compared to the conventional
rod configuration. This customized sensor design can provide
nondestructive monitoring of static and dynamic loads for an
insight-based analysis of machine noise and vibrations. In a
very recent study, Ren et al. [336] presented a moment and
axial force sensing technique using a self-decoupled, passive,
and wireless magnetostrictive sensor. By mounting differential
MR components into the mechanical structure of a joint ball
bearing, they managed to record the moment and thrust loads
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TABLE IV
SUMMARY OF RECENT APPLICATIONS OF MAGNETOSTRICTIVE STRAIN SENSORS WITH THE REPORTED APPLICATION RANGE AND MAXIMUM
SENSITIVITY
Strain Sensor Application Range Max. Sensitivity Ref.
Online dual monitoring for smart tools F=0-343233N F=0.0749 mV/N (343]
MR Force- and manufacturing processes M=0-20Nm M =224 mV/Nm
Torque
Sengglrs Online dual monitoring for smart tools F=0-10,000N F=0.012mV/N (330]
and manufacturing processes M=0-20Nm M=1.18 mV/Nm
Tactile sensing in robotic manipulations 0-3N 23.86 mV/N [154]
Tactile sensing in robotic manipulations 0-3N 126 mV/N [333]
Tactile sensing in robotic manipulations 0-5N 114 mV/N [332]
MR Force Non-destructive load monitoring in
Sensors industrial processes and SHM 0-1,000N 0.51 mV/N 327]
Non-destructive load monitoring in
industrial processes and SHM 0-1,000N 0.40 mV/N [372]
Online torque measurement in robotic + 4 Nm 45 mV/Nm [346]
arms and machine spindles
erel'ess torqug mon{tormg n rf)tary 0—16 Nm 2.87 mV/Nm [352]
MR Torque machines and industrial motors’ shafts
Wireless torque monitoring in rotary
Sensors machines and industrial motors’ shafts 0-16.947 Nm 88.51 mV/Nm [343]
Contactless torque monitoring in solid 071 — 9335 Nm 177 mV/Nm [348]
shafts and heavy-duty equipment
Contactless torque monitoring in solid
shafts and heavy-duty equipment #100 Nm 3.8 mV/Nm [352]
MR Pressure 'Contac.t]ess pressure m'omtorm.g in 0— 300 kPa 0.079 %/kPa 1357]
Sensors industrial and automotive applications
independently as output voltage. In their following study [337], | () Cross. scction View

the prototype was instrumented to a machine tool spindle
for cutting load measurement. By applying MR materials to
the force- and torque-sensitive regions, excellent decoupling
was achieved. Earlier, Tan et al. [338] demonstrated a 2-D
MR stress sensor for long-term detection of mechanical loads
within moving objects in robots and industrial machines. The
proposed sensing method achieved an effective measurement
range of 0—40 N for the tension force and 0—4 Nm for the
applied moment. Very recently, the same group [339] devel-
oped a bending moment and torque measurement approach
for industrial applications. By integrating magnetostrictive
material with a cardan-type structure of flexible ring and thin
sheet assembly (see Fig. 11), the authors managed to establish
a self-decoupled and self-powered system to detect dynamic
loads during machining and metal-cutting processes. At the
system level, Apicella et al. [340] presented a novel mapping
technique with a completely passive force sensor based on
the inverse magnetostriction effect to increase the sensing
accuracy in applications such as robotics, SHM, and metal-
cutting processes. Moreover, Talebian [341] investigated the
linearity and bias in the magnetic field under different ranges
using a force sensor model based on Terfenol-D as a GM
material. Shi et al. [342] developed a high-linearity and large-
range force detection method using a system of Hall element
and GM material. In a range of up to 1000 N, they scored a
load sensitivity of 0.337 mV/N with a bias current of 1.2 A and
a preload of 120 N. Very recently, Mirzamohamadi et al. [343]
utilized Galfenol to fabricate an MR force—torque sensor for
contactless monitoring in industrial tools and manufacturing
applications. With carful calibration, they reported maximum
sensitivity of 0.0749 and 2.24 mV/Nm for axial and torsional
loads, respectively.
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(a) schematic of the proposed sensor design and installation,
(b) schematic description of setup work principle and final sensing
system, and (c) MTV versus strain gauge calibration and dynamic
testing results on propeller shaft of an 84 000-m3 LPG carrier [347].

Magnetostrictive strain sensors have also shown magnificent
results in torsional vibration detection and torque monitor-
ing systems. Earlier, Rao et al. [344] worked on enhancing
the MR performance of Co-Mn alloy synthesized via con-
ventional ceramic technique. The authors proposed a new
prototype to develop an applicable shaft-torque monitoring
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method for automotive and industrial applications involving
heavy-duty motors and engines. Raghunath et al. [345] pro-
totyped a noncontact torque measurement sensor utilizing
Galfenol strips and the Hall effect, acquiring a torque
sensitivity of 88.51 mV/Nm in a range of 0-16.95 Nm.
This contactless technology can be a good candidate for
many tools and components that require preventive actions
against machine malfunctions and excessive loads. Moreover,
Muro et al. [346] designed a robust torque sensor made of a
Fe49Co49 V7, magnetostrictive ring and instrumented to a rigid
shaft. By employing differential detection and signal condi-
tioning techniques, they attained a maximum sensitivity of
45 mV/Nm and a range of +4 Nm with controlled temperature
shifts. In very interesting research, Lee et al. [347] established
a passive, real-time, and intelligent health monitoring system
using MR elements to catch the torsional vibrations of a
rotating shaft. The magnetostrictive ribbons were integrated
with compact magnets and encapsulated by a solenoid coil
to record strains as electrical voltage (see Fig. 12). This
prototype was investigated in a real-life propulsion shaft of a
carrier ship and compared against traditional stain gauges. This
work offered a viable technique to support condition-based
maintenance and early fault detection systems by tracking
component vibrations. Later, Huang et al. [348] reported an
online torque monitoring approach relying on advanced ML
models to harvest magnetization vector deflection angle and
different torsional loads. The authors recorded a maximum
torque sensitivity of 17.7 mV/Nm and a nonlinearity error
of 0.77% FS in a range from 9.71 to 93.35 Nm. This
design can be vital in creating fault-diagnosis intelligent
systems and analyzing the mechanical power of classical
drive shafts to reveal transmission efficiency and operating
conditions. Recently, Hein et al. [349] achieved a success-
ful magnetostrictive torque measurement approach applicable
to several applications in rotary machines. Using Galfenol
and rotating cylinder electrode (RCE) deposition, the sens-
ing element was fabricated circumferentially, leading to a
260% increase in susceptibility and a 150% increase in
torque response. In a later study, Beirle and Seemann [350]
managed to build a remote torque sensor fabricated from
Fe32C046Hf11N12 and Fe4()CO37ZI‘11N12 thin ﬁlms, reaching
sensitivity near 10 MHz/Nm in a range of 0-100 Nm.
In another attempt, Xu et al. [351] equipped a solid rotat-
ing shaft with a magnetostrictive ring and eight permanent
magnets for torque measurement and twist angle detection.
With an error of less than 1%, this configuration was appro-
priate for both static and dynamic conditions. Very recently,
Niu et al. [352] presented a noncontact torque sensing method
that depends on Fe3pCo79 MR material, achieving a sensitivity
of 2.87 mV/Nm and a range of 0—16 Nm. This study confirms
again the magnetostrictive strain sensors’ unique capabilities
for building remote torque monitoring systems for high-speed
and heavy-duty industrial parts in numerous applications.

2) Pressure Sensors: Despite relatively good temperature
stability and a high Curie temperature, magnetostrictive strain
sensors are prone to significant signal drifts and material
degradation in harsh environments. Besides thermal-induced
strains, these devices experience complicated thermomagnetic
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dure, (b) fabricated magnetostrictive pressure sensor, and (c) sensor
response to pressure loads and the results of different coil designs of
the proposed prototype [357].

effects and changes in their temperature-driven parame-
ters. While wireless long-term near-field thermometry is a
fascinating topic, the thermal behavior of magnetostrictive
alloys has not been explored yet. On the other hand, some
researchers were inspired by the MR strain sensing tech-
niques to construct wireless pressure monitoring systems
suitable for various microscale industrial applications, such
as microfluidics, humanoid robotics, and minimally invasive
procedures. For instance, Aragén et al. [353] developed an
MR microwires-based ring to track changes in fluid pressure
flowing through a flexible pipeline for wireless localized
monitoring. The researchers achieved an inexpensive and
robust approach suitable for controlling hydraulic circuits in
low-pressure industrial and biomedical applications. Later,
Loffler et al. [354] created a batteryless miniaturized pressure
sensor by integrating a magnetostrictive microcantilever with
a magnetized membrane to harvest delicate pressure-induced
strains. In a later study, Park et al. [355] introduced an MR
pressure sensor that relies on the magnetomechanical trans-
duction of NWs’ array of FegoGayp material. NWs’ deflections
under applied mechanical strains were interpreted as pressure
measurements. This study again focused on low-pressure mon-
itoring necessary for advanced technologies in microfluidics
and microfabrication.

In terms of high-pressure applications, Chang et al. [356]
described a pressure sensor design that contains a planar
coil and magnetostrictive material to collect pressure loads.
In their next study [357], they built a wireless MR induc-
tive pressure sensor with enhanced sensitivity based on the
inverse-magnetostrictive principle (see Fig. 13). Their pro-
totype was fabricated and tested with different designs of
coil turns and magnetic films using a setup of pressurized
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TABLE V

COMPARISON BETWEEN MODERN INDUSTRIAL STRAIN SENSING TECHNOLOGIES

Technology

Pros

Cons

Featured Applications

FBG sensors

Excellent durability and ultrahigh sensitivity.
Wide measurement range (broad spectrum).
Single-point and distributed sensing.
Immunity to high-temperatures and
electromagnetic interference.

Simultaneous loads and temperature
measurement.

Compactness and nonelectrical operation.
Intrinsically safe and nonreactive.

Bulkiness and wiring and installation
requirements.

Physical light source and complex
processing system.

Fragility and relatively higher
footprint.

Temperature compensation and
signal decoupling requirements.
Higher installation and interrogation
costs.

Cutting force sensing and online process
monitoring systems.

Manufacturing robots and robotic assisted
minimally invasive applications.

Pipeline corrosion monitoring and leakage
detection systems.

Liquid-level sensing techniques and smart
flowmeters.

Good reliability and high sensitivity.
High response and wide dynamic range.
Immunity to high levels of radiation and
electromagnetic interference.

Sensitive to fabrication quality and
crystal selection.

Adhesive aging and signal drifting.
Mounting and packaging
requirements.

Unstandardized calibration

Manufacturing process monitoring in the
metal cutting processes (e.g., milling and
turning).

Torsional vibrations and torque measurement
systems in the automotive and rotary
machines.

Passive and non-contact performance.

temperature drift effects.

Micro-scale pressure monitoring in robotics

e Dual loads and temperature monitoring. procedures and complex dynamic e Smart tools and remote load-temperature
SAW sensors e In-situ thermal cross-effect compensation. behaviour. monitoring in health monitoring systems.
e Passive and wireless interrogation. e Limited distributed sensing based on ~ ® Wireless pressure/temperature online
o Applicability to complex geometries and wireless interrogation range. monitoring in harsh environments.
minimal footprint. e Measurements decoupling and e Ultrahigh temperature tracking in the thermal
e Wafer-scale manufacturing and affordable temperature compensation treatment vessels and combustion engines.
processing system. requirements. e Simultaneous multi-sensing of loads,
o Relatively high interrogation costs. chemicals, and magnetic field intensity.
e Fast response and feasible installation. o Sensitivity to magnetic interference. e Thrust and torsional loads monitoring in the
e Wireless interrogation compatibility. e Complex thermomagnetic behavior. automotive and industrial systems.
e Low hysteresis and temperature stability. o Relatively higher material costs. e Torque and speed remote monitoring systems
. i isiti i i for heavy-duty rotating machines.
MR devices : Simple acquisition hardware. e Magnetic field saturation and y-duty g
L]

Non-destructive monitoring in difficult
location and complicated structures.
Minimal depreciation and longer lifespan.

Relatively lower sensitivity.
Limited temperature applicability
(below Curie Temperature).

and minimal intervention procedures.
Non-destructive high-pressure monitoring in
industrial processes.

nitrogen gas. They recorded a maximum pressure sensitivity of
0.079 %/kPa under pressures of up to 300 kPa and a gauge fac-
tor that is 12 times greater than that of traditional piezoelectric
pressure transducers. Very recently, Liu et al. [358] proposed
a resonant pressure sensor based on the magnetostriction effect
induced in magnetostrictive/piezoelectric material. An assem-
bly of a Terfenol-D bar and PZT-5 elements was designed
and tested, reaching a pressure sensitivity of 11.63 Hz/kPa
in a range of 0-360 kPa. Despite insufficient literature, these
studies have shown promising results of wireless pressure
sensing across industrial and automotive applications where
conventional sensing methods cannot be used.

[V. CONCLUSION AND OUTLOOK

The development of smart tools and intelligent systems has
had a substantial impact on the future of global manufacturing.
The concept of a “’smart” future factory adopted in the Indus-
try 4.0 paradigm connects both physical and cyber innovations
to enhance the productivity, reliability, and operability of man-
ufacturing units in the era of the IoT. Sensors, which are the
physical building blocks of robotics and automated systems,
have offered a great opportunity to intellectualize classical
machines and equip industrial processes with real-time moni-
toring and ultraprecise tooling. In this review article, modern
industrial strain sensors, including FBG sensors, SAW sensors,
and magnetostrictive sensors (MRs), are reviewed, focusing
on innovative solutions for capturing mechanical and thermal
strain data. As illustrated in Table V, the key advantages

and major limitations of industrial strain sensors are sum-
marized, showing featured applications in a wide range of
industries.

While FBGs have been extensively reviewed compared to
other technologies, many efforts are still needed to address
several difficulties at the device and system levels. With a
blatant tradeoff between the maximum attainable sensitiv-
ity and the application range, future work must focus on
developing genuine structures and engineering FBG cores to
amplify collected strains and expand the elongation range.
In addition to temperature compensation and crosstalk issues,
the virtue of FBGs’ distributed sensing is typically tackled by
wiring infrastructure and costly processing hardware. There-
fore, more innovative designs for viable differential sensing
and localized signal decoupling are necessary for robustness
and accuracy. Researchers should also work on reducing strain
data processing burdens for more efficient FBG multiplexing
and multimodal sensing. By seizing the current “hype” about
data science and Al, advanced models of sophisticated ML
algorithms can be coded to optimize computational power and
time requirements. Regarding complete applications, FBGs
were widely employed in numerous fields as force, torque,
pressure, liquid-level, and flow sensors. From robotic manipu-
lations and minimally invasive procedures to industrial process
monitoring and “smart” flowmeters, FBG strain sensors offer
ultrahigh sensitivity and a wide range of simultaneous online
measurements. Unfortunately, device bulkiness and the need
for a physical broadband light source are still major drawbacks
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preventing FBGs from being equipped with rotating compo-
nents and tight spaces.

On the other hand, SAWs have a set of unique proper-
ties compared to other industrial strain sensing mechanisms.
Besides their few-millimeter footprint, SAW strain sensors
can be operated wirelessly and passively in difficult locations
and on rotating shafts. SAWs also offer excellent immunity
to the most severe environments of destructive irradiations
and ultrahigh temperatures. However, this technology is poorly
addressed in the literature, especially in the mechanical strain
sensing field. Unlike FBGs, more serious investigations are
needed to explore this younger technology. Enhancing mate-
rials’ piezoelectricity, strain amplification structures, dynamic
performance analysis, and high-quality microfabrication are
some challenges to be met at the device level. More impor-
tantly, standardized calibration procedures and innovative
solutions to minimize temperature drift, cross-sensitivity, and
adhesive aging effects are still essential for SAWSs’ commer-
cialization. Researchers need to acquire a full understanding of
device hysteresis and residual stresses associated with mount-
ing and packaging procedures. From a broader perspective,
SAWSs have shown promising potential in process monitoring
and fault-diagnosis systems; however, issues such as reliable
wireless communication and sufficient interrogation range are
still unsolved.

Magnetostrictive (MR) strain sensors are great solutions for
batteryless and contactless measurement systems suitable for
nondestructive monitoring. In different automotive and indus-
trial applications, MRs have been successfully implemented as
force and torque sensors for monitoring shaft torsional loads
and motor mechanical power. Features such as responsiveness,
low hysteresis, durability, and simple interrogation circuits
have made them able to compete with other sensing technolo-
gies, especially when high installation and interrogation costs
need to be avoided. Among their various properties, MRs’ high
energy density was the most attractive reason for researchers
to work on developing reliable energy harvesters and actua-
tors. Similar to SAWs, however, MR strain sensors are not
addressed adequately and require additional studies. While
some publications dealt with proposing novel composites and
chemically enabled MR alloys, more investigations are needed
to create cost-effective models and maximize magnetostriction
coupling coefficients. In-depth studies on magnetron sputtering
and metal doping techniques, as well as nanomaterial-based
MR components, are still important for achieving higher sen-
sitivity and more efficient MR devices. Other interesting topics
such as thermomagnetic effects, temperature compensation,
signal interference, and magnetic field saturation have not been
fairly explored yet. Hence, breakthroughs in MR material and
device improvements can lead to a giant leap in wireless and
passive measurement techniques, allowing for the harvesting
of valuable data in medical and industrial applications.

Several prototypes were reported showing promising results
for FBGs, SAWs, and MRs in numerous applications. How-
ever, for all these sensing technologies, consistent strain
sensitivity, device miniaturization, multimodal sensing, stan-
dardized calibration, wider applicability, and cost-effective
high-volume fabrication are still major barriers ahead.

To accelerate the development of self-learning and sustainable
industrial systems, a sophisticated design based on one or a
combination of these modern techniques can upgrade a variety
of conventional processes into an automated facility. Many
studies have also shown the exceptional potential of industrial
strain sensors in improving detection accuracy, reducing hys-
teresis, and establishing efficient compensation and decoupling
techniques for robotics and manufacturing tools. Moreover,
these strain sensing mechanisms can play a significant role
in future factories by providing an online monitoring system
to optimize available resources and support condition-based
maintenance. Nevertheless, from nanotechnology to Al, the
winding path to “smart” manufacturing must first be paved
with innovative solutions to many challenges at both device
and system levels.
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