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This paper presents a review of optical sensor systems for wearable applications aiming at the new
demands on healthcare motivated not only by the new paradigms in internet of things, but also in
the overview of

photonics development and artificial In this context,

musculoskeletal disorders and the role of wearable sensor systems in such applications are discussed. In

intelligence algorithms.

addition, there is a comprehensive discussion of the components of wearable sensor systems with the
novel developments and approaches in different wearable applications. Thus, the optical fiber sensor
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developments, approaches and applications are discussed for their use in smart textiles, biosensors and
intrusive applications. Moreover, new developments on power supplies are discussed aiming at self-
powered sensor systems. Therefore, this review paper can aid in the development of the new generation
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of wearable sensor systems in healthcare applications using optical fiber sensors and general optical based
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1 Introduction

The internet of things (I0T) and sensor market have witnessed
exponential growth in recent years." IoT refers to the
interconnected network of physical devices, vehicles,
appliances, and even buildings, all embedded with sensors,
software, and other technologies, allowing them to collect
and exchange data.” This data-driven ecosystem has found
applications across various sectors, including healthcare,
agriculture, manufacturing, and smart cities, to name a few.?

Sensors play a pivotal role in the IoT scenario, serving as
the eyes and ears of this interconnected world.® These
devices can capture a wide array of information, such as
temperature, humidity, pressure, motion, and more,
providing real-time data that can be analyzed and acted
upon.” The sensor market has expanded significantly to cater
to the growing demands of IoT applications. Innovations in
sensor technology, including miniaturization, increased
sensitivity, and reduced power consumption, have enabled
the proliferation of IoT devices and applications.®

As a vital application in IoT context, digital health
applications are currently expanding, which comprise
developments on novel technologies for healthcare, especially
remote healthcare and smart sensors and actuators for
monitoring health conditions and mitigating locomotor
disorders.” The population aging throughout the years, where
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sensors, which can overcome or mitigate the shortcomings of conventional sensor technologies.

there is an exponential growth in the elderly population (over
65 years), motivates such growth in digital healthcare.® The
global demographic transition presents fresh challenges across
various domains. From an economic standpoint, the growing
elderly population heightens the strain on pension systems,
particularly when coupled with a diminishing ratio of elderly
individuals to those in the working-age bracket.® Additionally,
there is a distinct healthcare challenge associated with the
aging population, characterized by age-related conditions such
as immunosenescence, urological changes, and sensory
impairments, encompassing issues like hearing loss, declining
visual acuity, and degraded vestibular function.'®

The technology of sensors, wireless communications, and
data analysis has made significant advancements in recent
years. As a result, the assessment of users' health is no longer
limited solely to the clinical environment.™* This enables the
monitoring of various physical and physiological parameters
of patients not only in clinics but also at home, where
continuous monitoring of human activities is desirable for
remote care, including diagnosis, emergency transportation,
and monitoring the patient's health status.'> Concurrently,
there is a growing development of advanced materials
resulting in 2D materials and heterostructures and
metamaterials capable of responding to different optical,
electromagnetic, chemical, thermal, and mechanical
stimuli.”® In this context, intelligent photonic textiles have
been proposed for user monitoring using a fully wearable
and portable technology. From a certain perspective, these
photonic textiles, when incorporated into clothing, can also

Sens. Diagn., 2024, 3, 1135-1158 | 1135


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sd00032c&domain=pdf&date_stamp=2024-07-05
http://orcid.org/0000-0002-9075-0619
http://orcid.org/0000-0002-5063-7603
http://orcid.org/0000-0003-4165-2315
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sd00032c
https://pubs.rsc.org/en/journals/journal/SD
https://pubs.rsc.org/en/journals/journal/SD?issueid=SD003007

Open Access Article. Published on 23 April 2024. Downloaded on 2/10/2026 6:47:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial review

be considered multi-purpose devices (or structures) because
they can simultaneously act as clothing and sensors.™ It is
also important to mention that optical fibers are increasingly
employed in the development of biosensors, through which
various biomarkers, hormonal parameters, and physiological
parameters, in general, can be measured. Thus, the use of
artificial intelligence (AI) and cloud computing, combined
with optical fiber sensing technology, can result in real-time,
accurate, secure, and intelligent decision-making systems
within the field of healthcare."

Considering the wearable technologies for healthcare
applications, there are a number of components to be
analyzed and designed.'® To that extent, the role of optical
fiber sensors in wearable devices as well as in the new
generation of healthcare applications and human life
improvements is not only limited to telecommunications and
local passive optical networks, but also in sensor
technologies and their integration into different structures of
everyday life, including accessories,'” textiles’® and home
devices." In this case, the components for a specific
application generally involve the transduction element, the
signal acquisition and conditioning circuits, the batteries
and the system integration for the desired application,*
where the latter can be intrusive applications or unobtrusive
ones without the same restriction on biocompatibility. The
contribution of this review is the overview and comparison of
all components in an optical fiber sensor system, including
not only the optical fiber sensing approach, but also the
functionalization techniques. In addition, the review includes
the discussion of the applications as well as the possibilities
of textile integration and novel intrusive applications,
including ingestible sensors. As another contribution, this
review also includes the energy harvesting approaches with
the possibility of achieving a novel self-powered optical fiber
sensor system for biomedical applications.

This paper presents a review of the wearable sensor
technologies focused on optical fiber sensors for healthcare
and physiological parameter assessment. This
includes fundamental aspects on optical sensor technologies,
including applications, integration into components,
functionalization and energy harvesting. After this
introduction in section 1, the remainder of this review paper
is divided as follows. Section 2 presents an overview of the
population aging and the main musculoskeletal disorders,
which lead to the main demands and opportunities in
wearable and healthcare sensor technologies. Then, section 3
presents optical fiber sensors with their main technologies,
transduction mechanisms and implementation scenarios.
Section 4 discusses the functionalization of sensor devices
for the assessment of different physiological parameters.
Batteries and new energy harvesting technologies are
presented in section 5 as a possibility of the development of
a new generation of self-powered sensor devices. Thereafter,
sensor integration into textiles and components is discussed
in section 6 with the latest advances in such areas. In another
application  scenario, Dbiosensors (including
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applications and ingestible sensors) are discussed in section
7. Finally, conclusions and future work suggestions are
presented in section 8.

2 Overview of population aging and
wearable sensor applications

Aging is a natural process involving changes characterized by
physical and cognitive modifications resulting from the
passage of time.>" The bodily changes occurring in this
process lead to the deterioration of sensory (visual,
vestibular, and somatosensory), musculoskeletal, and
neuromuscular systems.”> These aspects can result in a
decreased capacity to adapt to functional overloads, reflecting
in postural control, which may predispose to fall
occurrences.**?>

The World Health Organization (WHO) states that the
elderly population represents 20% of the global population,
and the number of elderly individuals (above 65 years old) is
projected to reach 1.5 billion by the end of 2050.>* This fact
is associated with the progressive advancement of preventive
medicine, consequently leading to an extended life
expectancy. However, along with increased life expectancy
comes a rise in chronic-degenerative diseases, with their
metabolic, physical, and emotional consequences, directly
impacting the functionality, autonomy, and quality of life of
many seniors.>’

Therefore, there is an urgent need for the development of
public policies and technological resources that directly
contribute to the improvement and maintenance of the health
of this population segment.*® Geriatric physical therapy is a
specialized field that examines movement and functionality in
elderly individuals. Through clinical assessments, it is capable
of testing and quantifying different types of alterations
stemming from kinematic functional disorders.*”

However, test protocols are currently carried out manually,
relying on the evaluator's expertise. Moreover, the lack of
quantitative data diminishes the precision of protocol
outcomes.”® As a result, there arises a need for sensory
technologies capable of quantifying data and expressing
more accurate and reliable results.

Considering that the elderly present greater physical and
motor limitations, the risks of domestic accidents also
increase. Approximately 35% of individuals (above 65 years
old) experience one or more falls per year, which can lead to
severe injuries and hospitalization with substantial costs to
public health.*® In this context, wearable sensor technology
can aid in improving the overall quality of life for the elderly
by remotely monitoring physiological signals, seeking to
mitigate the consequences and sequelae of falls.****

The primary advantage of wearable systems is their ability
to collect data outside of laboratory and clinical
environments.”> Hence, such systems are viable for analyzing
fall detection and other physiological changes like blood
pressure, heart rate, oxygen saturation, etc.*"** In this regard,
the IoT presents a promising solution to provide continuous,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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objective, and holistic monitoring, alleviating the burden not
only on human caregivers but also reducing the risk of
alterations related to physiological parameters, thus aiding in
clinical decision-making.**

The increase in the elderly population and life expectancy,
along with the consequent rise in the prevalence of chronic
diseases, necessitates improvements in healthcare aimed at
the well-being of this population.®> Although there are many
assessment protocols aiding in prevention, disease diagnosis,
and rehabilitation, almost all of them are conducted
manually and based on qualitative data, which diminishes
result accuracy.®

One of the leading causes of elderly hospitalization is
falls. Falls are considered a serious public health issue,
potentially resulting in severe injuries such as fractures,
mobility changes, functionality alterations, and fear of falling
again.’® One validated approach in the literature to mitigate
harm and prevent falls is the assessment of the elderly's fall
risk using the timed up and go test experimental protocol.*”
Although a simple and widely used test by physiotherapists
to assess mobility and fall risk in the elderly, this protocol is
executed manually, potentially leading to low analysis
precision and the loss of important kinematic parameters.®®

Thus, wearable devices capable of conducting quantitative
analyses of health assessment protocols, with automatic,
portable, remote data collection and temporary data storage,
as well as data transmission, can contribute to better
physiological monitoring of the elderly and, consequently,
improve preventive health measures and aid in clinical
diagnosis and rehabilitation. Fig. 1 shows an illustration of
the role of wearable sensors in healthcare applications
concerning the human being aging. These sensors enable the
measurement of vital signs that can be used to automate
healthcare protocols and provide data-driven decisions
aiming to enhance the efficiency of medical treatments and
the patient's recovery.

3 Flexible optical fiber sensor
development

A flexible optical fiber sensor uses optical fibers as the
sensing element and is designed to be flexible and bendable.
These fibers can be easily shaped and molded to fit into tight
spaces or conform to curved surfaces.>® The use of these
sensors is common in applications where traditional sensors
are not suitable for use due to their rigidity or size
limitations. Physical and chemical properties can be
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Fig. 1 The role of wearable sensors in healthcare applications
concerning the human being aging illustration.
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monitored in harsh, underground, or subsea environments
using flexible optical fiber sensors withstanding high
temperatures, chemical corrosion, and electromagnetic
interference.*’

In order to manufacture optical fibers, a variety of
materials can be used, including silica glass, polymers,
multimaterials (combinations of materials, such as silicon
and silica, metals and silica, and polymers and
chalcogenides, for example),”” and biological materials
(spider silk*?). Polymers and silica glass are the most
common materials.”> There are distinct advantages and
limitations to using silica glass fibers and POFs for the
development of flexible optical fiber sensors. Due to their low
attenuation, high transparency, and chemical inertness, silica
glass fibers are ideal for high-performance optical sensing
applications and sensor data transmission over long
distances. The brittle nature of these materials, however,
poses a challenge for applications that require intricate
bending or shaping. On the contrary, POFs, such as those
made from materials such as poly(methylmethylsiloxane)
(PMMA), are highly flexible and biocompatible, making them
suitable  for applications requiring comfort and
conformability, such as wearable health monitoring sensors.
Furthermore, polymer fibers are easier to handle and
fabricate than silica glass fibers, which facilitates the design
of more versatile sensors. The attenuation of polymer fibers
may be greater and their thermal stability may be lower than
that of silica glass fibers, which may adversely affect their
performance in certain sensing applications. Therefore, it is
important to balance the trade-off between optical
performance, mechanical flexibility, and ease of fabrication
for flexible optical fiber sensors when choosing between
silica glass and POFs.**™*®

A multimaterial approach to optical fiber development
offers a pathway for improved performance, increased
functionality, and customization. Multimaterial optical fibers
can achieve improved transmission efficiency, expanded
bandwidth, and reduced signal loss by combining different
materials with complementary properties. With these fibers,
multiple functionalities can be integrated into a single
structure, enabling applications such as fiber amplification
and nonlinear optical processes. Designers are able to tailor
the properties of multimaterial fibers in order to meet
specific application requirements, such as controlling the
refractive index and managing dispersion. Multimaterials
foster innovation in optical fiber technology, enabling new
functionalities in optical communication, sensing, and high-
energy lasers by pushing the frontiers of performance and
enabling new material combinations.””*®

3.1 Intensity variation sensors

The working principle of optical fiber sensors based on
intensity variation consists of the measurement of the intensity
of transmitted or reflected light. This is done when the optical
fiber cable is subjected to a stimulus such as temperature,
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strain, or chemical reaction.”> These external parameters
modulate the analyzed output signal and correspondences can
be established between the monitored parameter and the
intensity of the transmitted or reflected light in sensing
applications.”® They can be used for different applications,
including  structural  health  monitoring,”  biosensor
development,®® and healthcare applications.>* Rocha, Matilde,
et al. have attached POFs to a handspring, and the sensor's
force characterization was evaluated with a tensile tester. The
sensor's sensitivity was characterized by force variations caused
by decreasing the distance between the two handles of the
handspring. At each step, the voltage (correlated to optical
power intensity) was collected using an Arduino. The test was
performed for the decrease of the distance between the two
handles, and the voltage was collected at each step. The
respective intensity of the force applied to the handspring
handle was recorded, and the voltage was correlated to the
optical power intensity variation.”* In another application,
plantar pressure sensors were designed using POFs integrated
into a commercial insole. The optical power intensity was
characterized with respect to load application for monitoring
plantar pressure distribution for ground reaction forces
monitoring during the gait.”?

Intensity variation-based optical fibers can also be
multiplexed for quasi-distributed sensing applications. The
use of time-division multiplexing (TDM) of the sensors in ref.
54 is one possible approach, where the sensors are placed at
different distances from the source and detector, so that,
upon input, a single pulse of the appropriate duration
produces a series of distinct pulses. As the sensors' outputs
are interleaved in a time sequence, these pulses represent
time samples of their outputs. The required duration of the
input pulse is determined by the effective optical delay of the
fiber connecting the sensor elements. With the repetitive
pulsing of the system, each sensor can be addressed by time-
selective gating of the detector output. There is also the
possibility of side-coupling the light source in a POF (POF)
sensor with a lateral section, which is reported in ref. 55. As
a result of this approach, each lateral section is an intensity
variation-based sensor, and each sensor has its own source of
light. Each end of the fiber is equipped with two
photodetectors. Light-emitting diodes (LEDs) are activated by
microcontrollers, and signals are acquired when the LEDs are
active. In order to avoid simultaneous activation of two or
more light sources, the LED array is activated according to a
predetermined sequence and frequency. Consequently, each
LED is turned on one at a time. When the corresponding
LED is active, the signal from each photodetector is acquired.
This results in a matrix with P x D vectors, where D is the
number of LEDs and P is the number of photodetectors. As a
result, it is possible to decouple the effects of different
parameters on each lateral section of the fiber. Experimental
validation of the sensor has been conducted for three degrees
of  freedom applications involving  simultaneous
measurements of temperature, force, and angle. Fig. 2 shows
a schematic representation of the working principle of
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Fig. 2 Intensity variation-based optical fiber sensors' working principle
schematic representation and health care application examples.
Reproduced from ref. 19, 51 and 56 with permission from Optica
Publishing Group, copyright 2023, MDPI AG, copyright 2019, MDPI,
and MDPI AG, copyright 2019, respectively.

intensity variation-based optical fiber sensors. For healthcare
applications, the optical fiber sensor is usually embedded
into a flexible matrix responsible for protecting the cable and
inducing optical loss when the sensing region is bent or
stretched (or coupling LEDs in different regions along the
optical fiber cable). These optical power losses modulate the
output optical power intensity and they can be characterized
according to the desired measurand. This technique can be
employed in healthcare applications such as plantar pressure
monitoring,”’ smart pants for pose classification and
movement intensity measurement,”® and smart carpet for
gait analysis."®

3.2 Fiber Bragg gratings

Uniform fiber Bragg gratings (FBGs) are periodic
perturbations of the refractive index along the optical fiber
length. They are formed by exposing the fiber core to an
intense light interference pattern. The resulting permanent
grating acts as a narrowband reflector, reflecting a specific
wavelength  of light while transmitting all other
wavelengths.”” FBGs have found key applications in routing,
filtering, control, and amplification of optical signals in high-
capacity wavelength division multiplexing telecommunication
networks.”® They are also used in fiber optic sensors and
quasi-distributed thermophysical measurements.”> FBG
sensors can be utilized in the design of flexible optical fiber
sensors by encapsulating them with protective materials to
ensure their functional integrity and survivability under
harsh conditions or by engraving the Bragg gratings in
POFs.°>®" These sensors can be used in structural health
monitoring of civil infrastructure, such as bridges, tunnels,
and buildings,”> mechanical deformation and temperature
fluctuation monitoring in asphalt pavement,®*"®> temperature
and dynamic strain in electrical machine monitoring,® real-
time monitoring of the curing process of resin-based carbon

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fiber reinforced plastic and aluminum alloys,"” and
measurement of deformation accumulation and elastic
recovery of materials in asphalt roads.®® The reflected
wavelength (known as Bragg wavelength) is proportional to
the grating period (distance between subsequent gratings)
and the effective refractive index, where these parameters
change when the optical fiber is subjected to strain and/or
temperature variations where a relationship between the
Bragg wavelength and the monitored parameter is
established in sensing applications.®

In addition to uniform FBGs, there are non-uniform
gratings such as long-period fiber Bragg gratings, chirped fiber
Bragg gratings, phase-shifted fiber Bragg gratings, and tilted
fiber Bragg gratings (TFBGs).”” TFBGs are a type of fiber optic
sensor that consists of a fiber Bragg grating with a certain angle
between the grating plane and the fiber axis. This angle causes
the grating to have a different structural geometry along the
radial, azimuth, and axial orientations.”* This makes TFBGs a
candidate for multifunctional fiber-optic components with
distinct characteristics. In TFBGs, tilting the Bragg grating
causes non-uniform spatial compression (or elongation) of the
grating pitch. This is manifested as a decrease (or increase) in
the tilt angle of the grating plane.”> Due to this non-uniform
spatial compression, the spacing of the grating plane changes
along the fiber cross-section, with the minimum occurring in
the center. Due to the non-uniform tilt plane modulation and
the stress-induced refractive index variation along the fiber
cross-section, the phase matching condition for each pitch
value is partially disturbed.”®

TFBGs have a significantly weaker mode coupling between
the core and the cladding, and the cladding mode coupling
changes significantly, allowing high-sensitivity —bending
response measurements to be conducted in the cladding
mode.”® The resonance wavelengths of TFBG core and cladding
modes are sensitive to temperature, while their transmission
power is temperature-independent. The transmission power of
cladding modes, however, is bending-dependent, while the
resonance wavelengths of both the core mode and cladding
mode are bending-sensitive. As a result of these unique
properties of TFBGs, it is possible to discriminate between
bending and temperature effects simultaneously.”* TFBGs can
be used as sensors in various applications such as structural
health monitoring,””> biomedical sensing,”® and chemical
sensing.”’ Similar to uniform FBGs, TFBGs can be used as
flexible optical fiber sensors encapsulating the TFBG sensors in
flexible structures ensuring sensor integrity while the bending
resistance is increased.”®®® In these applications, the higher
sensitivity to bending compared to uniform FBGs is a key
feature in high-sensitivity flexible optical fiber sensors based on
TFBGs, and it can be employed for real-time monitoring of
human breathing,®" hydrogen sensors,®> and biochemical
sensors.*® Fig. 3 shows the FBG working principle and some
applications. In these sensors, part of a broadband incident
light coupled into an optical fiber cable is reflected by the Bragg
gratings. The reflected wavelength (called Bragg wavelength) is
affected by variations in strain and temperature.®** For sensing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FBG working principle and healthcare applications using FBG
examples. Reproduced from ref. 85-88 with permission from IEEE,
copyright 2023, MDPI AG, copyright 2014, MDPI AG, copyright 2017,
and IEEE, copyright 2019, respectively.

purposes, FBG sensors can be embedded in different structures
in healthcare applications for gait analysis,®> joint angle
measurement,®® pressure plantar monitoring,”” and smart
walker instrumentation®® as examples.

3.3 Interferometers

The most common interferometer techniques in optical
fibers include the Michelson interferometer, Mach-Zehnder
interferometer, Fabry-Perot interferometer, and Sagnac
interferometer.® In the Michelson interferometer, an input
light signal is split into two different paths by a splitter
(coupled into two separate optical fibers, for example). These
paths contain mirror elements, such as Bragg gratings. The
reflected signals of the two paths are recombined, creating
an interference pattern. This interference pattern is affected
by external perturbations such as temperature and strain
variation. It can be characterized according to the interest
parameter and used as a sensor.””" The working principle of
the Mach-Zehnder interferometer based on optical fibers
consists of splitting a light signal into two different paths by
means of splitters, where one arm of the interferometer
serves as a reference and the other is utilized as the sensing
element. The split signal is then recombined and an
interference pattern is created. This interference pattern is
affected by external perturbations applied to the sensor arm.
It can be used for sensing applications through the
characterization of the interference pattern with respect to
the variation of the monitored external parameter.’>**
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sd00032c

Open Access Article. Published on 23 April 2024. Downloaded on 2/10/2026 6:47:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial review

In optical fibers, Fabry-Perot interferometers work by
interfering with light waves that are reflected back and forth
between two parallel mirrors (such as two Bragg gratings
separated by cavities). In the Fabry-Perot cavity, light from
a source is transmitted through an optical fiber, where it is
reflected between the two mirrors. An optical power detector
receives the reflected light through the fiber. During the
reflection of light waves, constructive and destructive
interference produces the interference pattern. As the cavity
length can be altered by environmental factors, such as
temperature or strain, the Fabry-Perot interferometer is
suitable for use as a fiber sensor.’*®®  Sagnac
interferometers are based on the Sagnac effect, which is the
phase shift of light propagating in a rotating reference
frame. This interferometer splits a light beam from a source
into two beams that travel in opposite directions around a
closed loop, typically a fiber optic coil that maintains
polarization. As the two beams recombine at a detector, the
phase difference between them produces the interference
pattern. The two beams have the same phase when the loop
is stationary, but when the loop rotates, the phase of one
beam is shifted relative to the other beam due to the
Sagnac effect. As the phase shift is proportional to angular
velocity, the Sagnac interferometer can be used as a rotation
sensor.”® Moreover, external perturbations imply a phase
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Fig. 4 Optical circuit representation of Mach-Zehnder, Michelson,
Sagnac, and Fabry-Pérot interferometers in optical fibers and
healthcare application examples using these techniques for sensing
applications. Reproduced from ref. 102-105 with permission from
Optica Publishing Group, copyright 2019, John Wiley and Sons,
copyright 2010, IOP publishing group, copyright 2021, and MDPI AG,
copyright 2023, respectively.

M40 | Sens. Diagn., 2024, 3, 1135-1158

View Article Online

Sensors & Diagnostics

shift of the transmitted optical signal and it can be used
for  monitoring  external parameters in  sensing
applications.®>°”*® For all aforementioned interferometers,
the optical fiber cables can be attached to flexible structures
to develop flexible optical fiber sensors for temperature
monitoring,”® mechanical vibration sensors,'” and
breathing sensors,'”" as examples. Fig. 4 shows a schematic
representation of the optical circuit of Mach-Zehnder,
Michelson, Sagnac, and Fabry-Pérot interferometers in
optical fibers. Furthermore, by analyzing the modulation of
the interference pattern for external perturbations, these
techniques can be used in the monitoring of respiration,'>
the arterial pulse wave sensor,'® the monitoring of human
physiological activity'® and the detection of thrombus,'®
as examples (shown in Fig. 4).

3.4 Distributed optical fiber sensors

In optical fiber distributed sensing, the most common
techniques are based on Rayleigh, Brillouin, and Raman
scattering. They use different reflectometry and demodulation
schemes, including optical time-domain and optical frequency-
domain reflectometry.'®® Rayleigh scattering is based on the
inhomogeneity of the fiber medium, causing localized
variations of density which result in fluctuations of refractive
index. It is an elastic scattering process, which means that
scattered light has the same frequency as the incident light.
The intensity of the backscattered light is proportional to the
local refractive index of the fiber, which is affected by external
perturbations such as temperature, strain, and pressure. By
analyzing the backscattered light, it is possible to determine
the location and magnitude of perturbations along the fiber.""”
Raman scattering occurs when light interacts with the
vibrational modes of a material, resulting in a shift in the
frequency of the scattered light. In optical fiber sensing, Raman
scattering can be used to determine the location of an event by
measuring the arrival time of the scattered light. Raman
scattering is affected by temperature and strain perturbations.
This results in a temperature and strain-dependent scattering
cross-section and spontaneous Raman scattering that can be
used for distributed sensing.'”® When light interacts with
acoustic waves in a material, Brillouin scattering occurs,
resulting in a shift in the frequency of the scattered light. In
optical fiber sensing, Brillouin scattering can be used to
determine the Brillouin frequency shift by measuring the
central frequency of the Brillouin scattered light, which is
linearly dependent on both strain and temperature. By
measuring the scattered signal time, the external perturbation
can be localized along the optical fiber length.'®
Optical-frequency domain reflectometry (OFDR) works by
sending a probe signal into an optical fiber and measuring
the backscattered light as a function of frequency. It is
possible to obtain information about the optical fiber by
analyzing the frequency-dependent backscattered light, such
as the location and magnitude of any changes in the fiber's
refractive index or scattering properties. In this manner, high

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sd00032c

Open Access Article. Published on 23 April 2024. Downloaded on 2/10/2026 6:47:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

spatial resolution and sensitivity can be achieved with
distributed sensing along the length of the fiber. OFDR has
many applications, including monitoring structural health,
measuring temperature and strain, and detecting and
locating fiber faults.'® The working principle of optical-time
domain reflectometry (OTDR) for distributed optical fiber
sensing is based on the observation of coherent Rayleigh
backscattering from a sensing fiber in the time domain. The
backscattering field from each scattering element interferes
with the receiver when light from a coherent pulse reaches
the scattering elements. This backscattering field results in a
distributed coherent speckle pattern whose local phase and
intensity depend on local disturbances when measured over
the entire fiber length. As a result of analyzing backscattered
light changes, it is possible to detect and locate disturbances
along the length of the fiber."'° Transmission-reflection
analysis (TRA) is another approach to distributed sensing
with optical fibers. Using an unmodulated continuous wave
light source, it measures the transmitted and backscattered
optical powers directly. In distributed monitoring systems,
this technique is used to track single perturbations. The TRA
method is simpler and less expensive than other methods
including OTDR and OFDR, which require modulated light
sources and require fast electronics to achieve high
resolution.”"*? Fig. 5 shows a schematic representation of
the working principle of distributed sensors in optical fibers.
In these sensors, part of incident light is scattered and this
reflected signal can be wused to measure external
perturbations. They can be employed in different healthcare
applications, such as upper limb mechanical perturbation
detection,'®  liver  tissue  temperature  distribution
measurement,’”® and shape-sensing guiding system.'™*
Table 1 summarizes the key information about the optical
fiber sensors employed in healthcare settings discussed in
this chapter.

Smart garment for

4 T o 1
mechanical perturbation Liver tissue temperature Shape-sensmg guldlng

system

detection distribution measurement
. Localized
Light Optical perturbation
source coupler
(=]
Photodetector  / microdefects
Data

acquisition
and processing

‘I‘.

Backslcattered light

Fig. 5 Optical fiber distributed sensor working principle schematic
representation and examples of healthcare applications. Reproduced
from ref. 18, 113 and 114 with permission from IEEE, copyright 2020,
IOP Publishing Group, copyright 2018, and Elsevier, copyright 2024,
respectively.
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4 Optical biosensor functionalization

Generally, as the next step after the definition of the
transduction mechanism to be used (among the different ones
in optical fiber sensors'*!), functionalization plays a key role on
biosensor development.’*® In this case, the functionalization
methods and common approaches to achieve higher selectivity
and sensitivity on the biosensors are discussed below.

Surface chemical functionalization is one of the most
common strategies to modify the surface of materials used as
a sensor. It is a simple and effective approach to altering the
surface properties of a material to achieve a specific goal.'*
The success of a biosensor in detecting a specific analyte will
depend on how effective its surface functionalization process
is. This means that both the adhesion mechanism of a
receptor on a substrate (transducer) and the selectivity
provided by it are fundamental steps in the functionalization
of a surface and in the construction of a sensory device.

Briefly, the functionalization of a surface to act as a
biosensor has important aspects, such as the orientation of
the receptor, the inert area, and the total area. When united,
these aspects result in fundamental parameters in the
detection of an analyte. The first one is the sensitivity, which
is defined as the variation of the sensory signal as a function
of the variation of the analyte; and the second is selectivity,
which is defined as the difference in response under a variety
of different analytes."**

Plasma-based biosensing can be performed either by
means of a frequency associated with the surface plasmon
resonance in the presence of an analyte (thin film-based
biosensors), or by the intensity of the signal associated with
the analyte (nanostructure-based biosensors).**'*® These
plasmonic nanostructures can be obtained by different
approaches, namely: top-down and bottom-up. Considered
the most expensive and time-consuming, the top-down
approach leads to the fabrication of periodic nanoarrays by
more complex techniques, such as lithography, laser
ablation, ion milling, and chemical etching. In other words,
in the top-down approach, bulk materials are reduced to
nanoscale materials by chemical, mechanical and physical
methods. The bottom-up strategy is the most commonly used
because it is a low-cost, large-scale approach. It results in the
non-periodic or quasi-periodic arrangement of
nanostructures, obtained from the synthesis of self-
assembled plasmonic nanoparticles on transparent and
reflective substrates. That is, the bottom-up approach atomic
or molecular substances are assembled through physical
processes or chemical reactions to produce nanoscale
materials. Although this approach is less sensitive than
biosensing, it can be applied in a scalable way to ensure
greater use of the technique. Manufacturing techniques
include physical or chemical vapor deposition and
evaporation, molecular beam epitaxy, and bio/chemical
processes (production of supramolecular complexes, self-
assembled monolayers, and protein-polymer
nanocomposites).'>¢7%8
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Table 1 Summary of key information about optical fiber sensors applied in healthcare settings

Optical
Application fiber material Sensor sensitivity Sensor technique Ref.
Plantar pressure Polymer — Intensity variation 17
monitoring
Smart pants for pose Polymer Ranging from 1.43 mV mm™" to 568.09 mV mm " Intensity variation 56
classification
Smart carpet Polymer — Intensity variation 19
Joint angle measurement ~ Polymer 0.0229 VA~ Intensity variation 115
Joint angle measurement  Silica 1.20 pm pe* Bragg gratings 116
Smart walker Polymer 1.57 + 0.15 pm pe ' for strain and 20.17 pm °C™" for Bragg gratings 88
instrumentation temperature
Instrumented insole Polymer From 7.71 pm kPa™" to 8.51 pm kPa™ for pressure and ~ Bragg gratings 87
from 18.1 pm °C™" to 18.9 pm °C™" for temperature
Instrumented carpet for Polymer — Bragg gratings 117
gait analysis
Respiration monitoring Silica — Mach-Zehnder interferometer 102
Arterial pulse wave Silica — Michelson interferometer 103
measurement
Rapid monitoring of Polymer — Sagnac interferometer 118
human physiological
activity
Thrombus detection Silica 7 nm uL™" for the micro-tip fiber type and 8.7 nm pL™" Fabry-Pérot interferometer 105
for the single-mode fiber type
Respiratory rate Polymer 0.35 nm/% Optical time domain reflectometry 119
monitoring combined with Bragg gratings
Liver tissue temperature Silica 10 pm °C™* Optical backscatter reflectometry 113
distribution measurement
Protein concentration Silica Ranging from 2.6 nm RIU " to 19.7 nm RIU " Optical backscatter reflectometry 120

quantifying

Several materials with plasmonic properties can be used
for biosensing, among which metals, oxides and nitrides can
be mentioned. Noble metals such as palladium, gold and
silver have excellent plasmonic properties that help to
disperse resonance and absorb light in the infrared and
visible regions, but have disadvantages such as high cost or
ease of oxidation, like silver.'>#'?>° Aluminum has low cost
and process compatibility with silicon technologies and
exhibits plasmonic resonance in the ultraviolet range.
Despite being a promising metal compared to others,
aluminum has high chemical instability and easily forms
oxides, which decreases the effect of plasmonic
resonance.”**™"*>  Copper has near-infrared plasmonic
resonance, low cost and high plasmonic conductivity, but like
aluminum, its surface can be easily oxidized and the
plasmonic  effect  decreases.’*®****3*  Semiconductor
materials, such as metallic oxides, metallic chalcogenides,
metallic nitrides, and silicon, also exhibit plasmonic
properties that result in absorption, scattering and near field
enhancement in nanostructures. Unlike metals that have a
high concentration of carriers and natural resonant
frequencies, the concentration of carriers in semiconductors
is tunable by the doping procedure, allowing control of the
resonant frequencies from visible to far-infrared.”*%"**

SAMs can be obtained by various combinations of
adsorbate-substrate pairs, such as normal alkanoic acids on
aluminum oxide or silver, alkylsilanes on hydroxylated
surfaces, disulfides on gold, alkanethiols on coinage metals
such as platinum, gold, silver, and copper, and non-metals

N42 | Sens. Diagn., 2024, 3, 1135-1158

such as gallium arsenide (GaAs), indium phosphide (InP),
and indium tin oxide."*® Among these, it is likely that SAMs
based on alkanethiols on gold are one of the best options in
biosensing because they show great advantages in device
fabrication, such as flexibility and stability. This occurs
because the bond between gold and sulfur (substrate-
adsorbate) has a high affinity for each other and, therefore, it
is difficult to desorb the organosulfur species (binding
enthalpy is between 167 and 188 kJ mol™*)."*’

Detection based on bioreceptors has become an excellent

detection alternative to more advanced analytical techniques,
138

such as scanning electron microscopy, transmission
electronic ~ microscopy,”” ~ Raman  and infrared
spectroscopy,'*® among others. Bioreceptors are key

components in the detection of an analyte of biological (e.g.
cortisol'" and cholesterol'”?) or synthetic (e.g. micro- and
nanoplastics'*®) origin and play a fundamental role in the
development of biosensors. These components are
constituted by molecules or biological elements that undergo
a conformational change or a biochemical reaction when
they recognize a certain analyte. This phenomenon generates
a type of signal (optical, electrochemical, thermal, acoustic,
etc.) that can be transduced into an electrical signal and
processed by electronics.'>”'**

To achieve a highly effective biosensor that is able to
accurately recognize its target, some requirements are
necessary that are directly related to its bioreceptor. The
selectivity of a biosensor depends specifically on the
bioreceptor's compatibility with the analyte and ability to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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distinguish it from other contaminating species that are
mixed in the sample. Stability also plays a key role in
biosensing when it requires the analyte to be continuously
monitored. In this case, the stability of the biosensor against
environmental weather conditions requires that the
bioreceptor has affinity with the analyte and that it does not
suffer degradation over time."?”

Since bioreceptors are primary components in the
construction of biosensors (alongside transducers and
electronics/display), they provide a broad category based on the
principle of biorecognition."*® The first of these is called
catalytic biosensors, in which their receptors interact with the
analyte and result in a new product of a biochemical
reaction.'*® Receptors based on enzymes, cells, tissues and
microorganisms are considered catalytic biosensors.'*” On the
other hand, non-catalytic biosensors (commonly called affinity
biosensors) are those in which the analyte irreversibly binds to
the receptors, preventing any biochemical reaction.'*®
Antibodies and aptamers (DNA and RNA) can be classified as
non-catalytic biosensors."*® Next, the main types of
bioreceptors found in the literature are summarized and how
their mechanism of biorecognition with the analyte occurs.

1. Enzymes: enzymes are globular proteins composed of
amino acids and whose function is to catalyze biochemical
reactions. They are elements widely used as bioreceptors due
to their high capacity for biorecognition and excellent
catalytic properties when selectively reacting with the
substrate. Enzyme-based biosensors have a recognition
mechanism whose detection efficiency depends on the
catalytic activity of the enzyme and its binding capacity. The
product of the biochemical reaction with the analyte can be
detected directly or in the presence of an indicator.'**™>!
Approaches to improve the use of enzymes in biosensors can
be done by genetic and chemical modification.'*® Genetic
modification consists of facilitating the access of the
substrate to the active site of the enzyme through fusion
protein technology or site-directed mutagenesis.'*> Chemical
modification is used to change the properties of enzyme key
residues or the overall surface’® and approaches such as
site-specific chemical modification, nonspecific modification
of the enzyme surface, chemical cross-linking, and use of
polymers can be cited.*®

A greater number of enzymes with specific biorecognition
elements have been used for direct optical detection of
disease biomarkers, such as glucose, cholesterol, urea,
creatine, lactate (further information is described
elsewhere'®*). However, a direct-assay-type SPR biosensor has
been constructed in recent years to detect chiral amino
acids.'™ Albeit chiral recognition techniques are widely used,
ultra-low concentration of amino acid isomers still remains a
challenge for detection. The enzyme Rasamsonia emersonii
p-amino acid oxidase was used as the receptor for capture of
the specific p-amino acid enantiomer. The detection of the
linear range and the signal amplitude has been improved
when gold nanorods and graphene oxide were combined on
gold film and used to fabricate a sensor assembled with the
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enzyme. As a result, a limit of detection of 1.09 x 10 mM
was achieved, providing a strong capability to determine the
composition of the isomer mixture.

2. Cells: cell-based biosensors consist of genetically
modified living cells and can be of both animal and
microbial origin (bacteria, fungi, algae, protozoa and
viruses). Due to their ability to survive in harsh
environments, similar to bacteria and fungi, whole-cell
biosensors are used to detect specific analytes under
extreme conditions, such as low pH, high temperatures,
presence of pollutants, etc. While many microbial cell-based
biosensors utilize the natural ability of a microorganism to
detect a specific analyte, animal cell-based biosensors are
more complex due to their growth rate, morphological and
structural characteristics, and nutritional
requirements.”>”"***”  Microorganism  immobilization
techniques can be described as physical methods, such as
adsorption and entrapment, or chemical methods, like
chemical binding and cross-linking."”® The immobilization
matrix of microorganisms also plays an important role in
their immobilization and can be reviewed elsewhere.'*®

Different microorganisms, such as bacteria, algae and
yeasts, have been wused in microbial biosensors in
environmental monitoring applications and antimicrobial
susceptibility testing. Tahirbegi et al developed a fast
pesticide detection method through a microfluidic device
with integrated optical pH, oxygen and algal fluorescence for
in situ analysis. The detection of pesticide concentration was
made via metabolism/photosynthesis of Chlamydomonas
reinhardtii algal cells in tap water. The device provides a fast
quantification of pesticides in less than 10 min and detection
in nanomolar concentrations.'®® However, in the case of
animal cells, the growth rate, nutritional requirement and
structural characteristics are very different from those of
microbial cells. Therefore, this specific kind of cell-based
biosensor needs proper design and suitable fabrication.'®!
For example, Caluori et al. placed cardiomyocytes on a
microelectrode array to record the beating-force of diseased
cardiomyocytes through atomic force microscopy.'®*

3. Antibodies:  antibody-based  bioreceptors  (or
immunosensors) are extensively used as diagnostic tools due
to their excellent specificity and affinity with their cognate
antigen. These biosensors have antibodies as biorecognition
components and use the antibody-antigen interaction as an
analyte detection mechanism. Antibodies are proteins
composed of two heavy and two light peptide chains, and
have the shape of a Y, through which interactions occur.
Typically, these interactions develop between antibody
paratopes and antigen epitopes and allow multiple
recognitions to take place according to the nature of the
antibody."®***® Technically, the immobilization of antibodies
on substrates can occur using two different approaches,
namely random and site-directed antibody immobilization.
The first consists of a simpler method of random adsorption
of antibodies onto a surface, while the second approach
improves the availability of the antigen binding site.'®®
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Recently, Ucci et al. designed a lab-on-fiber optrode
assisted by an oriented antibody immobilization strategy.'®’
Lab-on-fiber technologies integrate functional materials onto
optical fiber substrates at the micro and nanoscale to provide
a multifunctional all-in-fiber device for many applications,
ranging from optical processing, safety, and environmental
monitoring.'®® The authors investigated the immobilization
strategies to improve them through the use of hinge
carbohydrates by involving homemade antibodies. First, an
optimized protocol wusing microfluid surface plasmon
resonance was created and then transferred to the lab-on-
fiber platform to improve the biofunctionalization protocols.
The capability of antigen recognition in ultra-low detection
limits was achieved and the proposed oriented antibody
immobilization strategy was able to detect Cripto-1 at a
concentration of 0.05 nM, ie, a 10-fold enhancement
compared to the random approach.

4. Aptamers: aptamers are synthetic nucleic acids (DNA
and RNA sequences) formed by small single-stranded
oligonucleotides that bind to their cognate target (proteins,
peptides, amino acids, drugs, metal ions and whole cells)
with high affinity and selectivity. The high affinity is due to
its ability to be able to integrate into the structure of
macromolecules or to incorporate small molecules into its
own structure. The high stability of aptamers over a wide
range of temperature and pH, the possibility of chemically
synthesizing them and the ability of thermal refolding bring
several advantages to biosensors based on aptamers.'®™”* As
approaches for the immobilization of aptamers on a gold
surface, the techniques that have recently been used can be
cited, such as immobilization via direct thiolation or
thiolated short linkers, streptavidin/biotin interaction, as well
as DNA nanostructures and reduced graphene oxide as
immobilization platforms. More information can be found in
more detail elsewhere.'”

In this regard, Ning et al. developed a J-shaped optical
fiber localized surface plasmon resonance (LSPR) aptasensor
able to detect pathogenic bacteria from actual water samples
in one step for only 30 min without any sample pre-

Table 2 Classification of sensors based on signal detection and measurand
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treatment. For the first time an LSPR aptamer biosensor was
designed for the rapid and ultrasensitive detection of
Helicobacter pylori (H. pylori), reaching a detection limit as
low as 45 CFU mL ™" and a wide linear range from 1.0 x 102
CFU mL™" to 1.0 x 108 CFU mL™". A further enhancement in
LSPR signal response occurs when a spacer nucleic acid with
a short stem-loop structure is adopted to control the aptamer
density on gold nanoparticles on the surface of the J-shaped
optical fiber probe.'”®

In addition to the preparation of the device using
functionalization mechanisms, the detection of physical and
chemical quantities is performed following a transduction
mechanism, some of them were discussed in section 4 for
optical fiber sensor applications. It is also worth noting that
the evolution of artificial intelligence associated with the IoT
indicates that the wuse of sensors tends to increase,
increasingly integrating with human beings.'”®

Sensors can be classified into several categories."”’
Depending on the type of measurement performed and the
detection signal identified, it is possible to classify different
types of sensors, as shown in Table 2. Those based on
recognition of biological systems are called biosensors.
Receptor-based biosensors provide more efficient binding in
terms of sensitivity and selectivity. In general, biosensors can
be classified according to the biomolecule which can
successfully identify the biological analyte, i.e., anti-bodies,
aptamers or enzymes (Fig. 6), main bioreceptors.'”®

In summary, analytes contained in biological samples are
bound to biological macromolecules and produce a biological
signal that is passed to the transducer for further processing.
Once the analytes are trapped on the surface of these
bioreceptors, the interaction can cause changes in the form
of light, heat, pH, mass change, charge change, etc."**

This leads to another common classification of sensors
that occurs by the way the detected signals are converted for
analysis, which can be optical, thermal, electrical,
electrochemical or piezoelectrical mechanisms.*5?

In this context, the science of biosensors has become an
area independent of modern analytical chemistry, due to the

Signal detection Signal conversion Measurand Ref.
Physical PhotoElastic Acoustic wave - sound pressure (dB) 179
Piezoelectric Physiological signals - pressure (kPa) 180
Thermoelectric Heat flux of human body - calorific power (W) 181
Thermomagnetic Temperature - radiation (Gy h™") 182
Magnetoelectric Magnetic microbeads - magnetic field (kA m™) 183
Chemical Chemiluminescence (CL) Propranolol - CL intensity (au) 184
Chemiacoustic Ammonia - S11 (dB) 185
Chemoresistive Breath acetone - resistance (au) 186
Chemocapacitive CWA and VX gas - capacitance change (%) 187
Electrochemical Nitrate - current (pA) 188
Biological Photoelectric Urea (enzyme) - transmission (%) 189
Chemoresistive miRNA-21(DNA) - resistance (au) 190
Chemiluminescence (CL) Bacteria (DNA) - CL intensity (au) 191
Electrochemical TCA and nitrite (Hb) - current (pA) 192
Electrochemical Cortisol (antibody) - current (pA) 193
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Fig. 6 (a) Classification of sensors based on the detection signal and
(b) biosensor biorecognition system.
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Fig. 7 Optical biosensor schematic representation.

combination of a biological component with a physical-
chemical detector.'®> Optical biosensors combine the high
specificity of the bioreceptor with the high sensitivity of
optical transducers, ie. the analyte/bioreceptor interaction
causes changes in light parameters, specifically (Fig. 7).
Currently, the main research centers in the world's
demand for biosensors with greater efficiency, precision and
economy, seeking to meet the growing demand for clinical
purposes related to the constant advancement of molecular
biology and the need for diagnosis and disease prevention.

5 Energy harvesting for wearable
sensor systems

In the development of actuators, sensors and active
components, the power supply is always a significant
element.'*® Considering the additional demands of size and
power density of wearable devices, the demands of such
systems are even larger and significant research in this field
has been conducted in the last few years.’®” In this context,
self-powered sensors and devices emerged in the last few
years as a sustainable and affordable option for wearable
device development.'®® For this reason, different technologies
for energy harvesting are proposed and we discuss some of
them in this section. It is important to mention that this is
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not an exhaustive review in energy harvesting (interested
readers are advised to check review papers focused on this
topic'?°2°%). However, piezoelectric, triboelectric, and solar
concentrators, as well as thermoelectric approaches are
discussed in this section.

Certain crystals and ceramics have a unique way to
generate energy. The phenomenon of the materials that are
capable of generating an electrostatic charge when subjected
to mechanical stress are known as piezoelectricity.’*® The
stress causes a polarization in the piezoelectric crystal, which
leads to an opposite charge configuration, when the stress is
released, it goes back to the initial state. The conservation of
mechanical energy is satisfied generating electrical energy in
an external circuit.>**

The mechanical energy from movements and vibrations
surrounds us in multiple ways and typically is wasted due to
the lack of commercialization of the appropriate technology
for its capture. This kind of technology has been studied
since the end of the last century and brought recent progress
that can be used into our daily life such as promising
technology for medical applications and other areas where
energy is limited or difficult to obtain.

An important piezoelectric energy harvesting method was
proposed by ref. 205. The study focuses on the human gait as
an energy harvesting model and how different loads impact
the project. Also, the material selection for this kind of
project is essential to obtain high quality results. Bimorphs
and plectra were responsible for generating electrical energy
from mechanical movements. The research concluded that
the replacement of batteries with the renewable source of
energy afforded by energy harvesters has reduced
maintenance and consumption. Another application of
piezoelectric technology is in the implantable field, such as
an organ harvesting system.”’® This research focuses on
conformal piezoelectric energy harvesters (CPEHs) that utilize
the natural contractile and relaxation movements of organs
to generate electrical energy. The primary organs under
analysis are the heart, lungs, and diaphragm, all of which
exhibit a significant energy potential. This could enhance the
applicability of such technology in biomedical monitors and
wearable electronics.

The concept of tribology appears in many situations
during our daily tasks. For example, wheels, trains and
moving cars.>”” Triboelectricity is based on the friction
between different materials to generate electrostatic charges
that can be harvested by an external circuit.?** Furthermore,
it allows us to construct or integrate wearable power supply
mechanisms. As another important approach for energy
harvesting in wearable applications, the triboelectric
nanogenerators (TENGs) represent an important recent
technology that offers numerous advantages, including
energy harvesting capabilities, biocompatibility and self-
powering capabilities.**®

Utilizing human biomechanical energy and TENG
technology,®” a self-sustaining system that provides a
continuous source of electricity for mobile electronics is
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proposed. The project involves a multilayered attached-
electrode contact-mode TENG and a power management
circuit. This specific type of TENG was designed with a Kapton
film and electrodes to harness human biomechanical
energy.”*® The act of walking or running by humans creates
contact between the Kapton film and the electrodes, generating
energy. The advantage of this technology is the ability to stay
connected without the need to pause and recharge devices,
including wearable technology, sensors and more.

Alopecia is a common topic of debate within the scientific
community. This is primarily due to the fact that 50% of all
men suffer from alopecia by the age of fifty,*'® prompting the
exploration of new solutions for this issue. The study of
triboelectric nanogenerators (TENGS) is proposed as a means
of providing therapeutic electrical stimulation (ES). TENG-ES
enhances hair growth cycles by promoting capillary blood flow,
stimulating cellular proliferation and differentiation, and,
more importantly, can serve as a self-sufficient treatment
without the need for third-party equipment interventions.”®

Moreover, a wearable electrical stimulation device (M-ESD)
was designed by ref. 211. As is common in TENG projects, it
harnesses body movements as a source of energy to enhance
blood vessel growth factors and increase the number of hair
follicles. The M-ESD consists of a TENG with two friction
layers connected by a soft Ecoflex belt and a pair of interlaced
electrodes. Such results indicate that the TENGs are not only
used for energy harvesting proposes, but also can enhance
the wearable and healthcare device capabilities by promoting
therapeutic alternatives for different applications.

The solar energy harvesting technology involves using
solar cells to convert sunlight energy into electrical energy via
the photovoltaic effect.’’® Solar cells are made of
semiconductor junctions that have a characteristic energy
level called a band gap. When incident photons have higher
energy than this band gap, the solar cell generates an
electrical current.>'® The generated power is then optimized
by a conditioning circuit and stored in an energy storage
device (ESD) or used to power an electronic load.*"* The
input from the solar cell goes through a boost converter
controlled by a Maximum Power Point Tracking (MPPT)
algorithm. MPPT algorithms force the solar cells to work
around their Maximum Power Point (MPP), which is normally
at 80% of their open circuit voltage.>"® The performance of
solar energy harvesting systems depends on many factors,
such as the operating conditions of the load (sensor
measurements and connectivity), time, location and position
of the solar cells. It is also difficult to theoretically estimate
the generated power when solar cells are included in a
wearable device. Therefore, testing the performance of the
solar energy harvesting system under different daily life
scenarios is necessary.>'* Additionally, the cost of large-scale
production and fabrication of energy harvesting wearable
devices is a concern.

For example, they can be used to power physiological
sensors that monitor vital signs such as the heart rate, blood
pressure, and body temperature. This can be especially useful
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for patients who need continuous monitoring, such as those
with chronic conditions or those recovering from surgery.*'®
Additionally, solar-powered wearables can be used to power
wireless communication modules that transmit data from
the sensors to healthcare providers, allowing for remote
monitoring and telemedicine. This can improve patient
outcomes and reduce healthcare costs.*">

In addition, wearable luminescent solar concentrators
(LSCs) can be integrated with fiber solar cells to harvest
additional photons and fully utilize the advantage of
harvesting light from all directions.'** LSCs are made from
an amphiphilic polymer conetwork matrix and luminescent
dyes, and they assist in enlarging the photon harvesting area,
recycling lost photons, and utilizing the complete surface of
the fiber dye-sensitized solar cells (FDSSCs). The results of
the study showed a remarkable FDSSC power conversion
efficiency enhancement of 84%, LSC concentration factor of
1.57, and device optical efficiency of 7.85%.'** Additionally,
wearable LSCs demonstrated a sustainable power conversion
efficiency after 1000 Dbending cycles, which
demonstrates their wearability.

A thermoelectric generator (TEG) is a device that converts
heat energy into electrical energy using the Seebeck effect.”°
The Seebeck effect is a phenomenon where a temperature
difference  between two  dissimilar conductors or
semiconductors produces a voltage difference between
them.?’® In a TEG, two different types of semiconductors (p-
type and n-type) are connected in series, forming a
thermocouple. When one side of the thermocouple is heated
and the other side is cooled, a voltage difference is generated
between the two sides, which can be used to power an
electrical load. The efficiency of a TEG is determined by the
thermoelectric properties of the semiconductors used, such
as the Seebeck coefficient, electrical conductivity, and
thermal conductivity.>*° TEGs have a wide range of
applications, including waste heat recovery, power generation
in remote locations, and energy harvesting from body heat.
Drawbacks of thermoelectric generators include their
relatively low efficiency compared to other energy conversion
technologies, their high cost, and their limited power output.
Additionally, thermoelectric generators are often sensitive to
temperature changes and may require complex thermal
management systems to maintain optimal performance.*!”

Applications can be found in various wearable electronic
devices, such as health monitoring systems, performance
monitoring systems, and wireless communication devices.
These TEGs can harvest energy from the human body heat
and convert it into electrical energy to power these devices,
eliminating the need for external power sources or batteries.
The TEGs can be attached to the skin or clothing, making
them convenient and unobtrusive for the user. The high
power density of these TEGs also makes them suitable for

even

applications that require continuous and long-term
monitoring. Additionally, they can be used for personalized
thermoregulation.””” Fig. 8 shows an illustration of

harvesting energy applications: energy harvesting and storage
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Fig. 8 Applications of energy harvesting using human physiological
systems. Reproduced from ref. 218-220 with permission from |IOP
Publishing Group, copyright 2016, Springer Science and Business
Media LLC, copyright 2015, and American Chemical Society (ACS),
copyright 2020, respectively.

from motions of the heart,'® smart insole for biomechanical

energy harvesting,®'® and knee-joint piezoelectric energy
harvester.”*® These devices are capable of harvesting energy
to develop self-powered sensor systems in healthcare settings.
Table 3 summarizes some key features of the aforementioned
energy harvesting systems.

6 Sensor integration into textiles and
components

A number of challenges are involved in developing and
implementing smart textiles for biomedical applications,
including their dependability and washability, their high
manufacturing costs, and their effectiveness after washing.
Researchers around the globe are continuously working to

Table 3 Summary of energy harvesting systems key features
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advance smart textile-based biomedical devices, but the
development of wearable smart textile standards and testing
procedures is now the focus of intense activity. Additionally,
smart textiles have the potential to provide doctors with a
complete picture of physiological responses, motivate people
to take more active roles in their healthcare, assist in
exercise, and record progress.>*!22¢

Structures that incorporate sensors, actuators, and other
components have the capability of sensing, responding, and
adapting to changes in their environment. A variety of
materials can be incorporated to construct these structures,
called smart structures. These materials include metals,
polymers, and composites, and they can be rigid or flexible.
In smart structures, sensors and other components can be
used to monitor their conditions, detect changes in their
environment, and respond to those changes. A smart
structure can, for instance, be used to detect and diagnose
equipment failures, monitor production lines, and track the

movement of goods and materials within a manufacturing
227

facility. Besides their use in aerospace and civil
engineering,>*®**° they can also be applied to biomedical
engineering.>*>%!

Due to their high flexibility and impact resistance, optical
fiber sensors, specifically POFs, are well-suited to smart
textiles and intrusive applications. Optical fibers based on
silica can be more prone to breakage than polymer fibers,
which may result in injury to users when there is a breakage
due to glass punctures. Moreover, POFs can be embedded in
soft structures, making them a suitable instrumentation
option for wearable robots and biomedical applications.®
Compared to electronic sensors, they include compactness,
lightweightness, flexibility, immunity to electromagnetic
interference,  chemical stabilityy, and  multiplexing
capabilities.’®*** These features have pushed POF sensor
technology into a wide range of smart textile
applications.>®>3%2%3

Optical fibers can be embedded into textile fabrics using
various textile fabrication techniques. Weaving, knitting, and
non-weaving techniques are among them. In weaving, the

Application Energy type System voltage Output power Ref.

Human gait as an energy harvesting mode Piezoelectricity =~ 20 V (peaks observed  2.06 + 0.3 mW 205
during the gait cycle)

Organ harvesting system Piezoelectricity — 3.7V Time-averaged power 206

density of 1.2 uW cm™

Energy harvesting from wheels, trains, and cars Triboelectricity = — 1.044 mW (7.34 W m™>) 207

Energy harvesting in wearable applications using triboelectric Triboelectricity ~ 10-100 V 1-100 mW 208

nanogenerators

Energy harvesting from human activities (e.g. running and walking) ~ Triboelectricity =~ — — 209

Harnessing of body movements as a source of energy to enhance Triboelectricity 6.2V 5.488 to 70 uW 211

blood vessel growth factors and increase the number of hair follicles

Feeding physiological sensors for vital sign monitoring Solar energy Ranging from 90 V Ranging from 90 uW 215
to 2 kv to 0.2 mW

Feeding wireless communication modules used in healthcare devices Solar energy 1.7996 V 159.1 mW 212

Skin-attached device for energy harvesting Thermoelectricity Ranging from 1.27 — 217

© 2024 The Author(s). Published by the Royal Society of Chemistry
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most commonly used technique, warp and weft yarns are
interlaced in a basic woven structure. In order to ensure
effective transmission and sensing, optical fibers are
commonly woven into fabrics in an unbent condition or with
a limited bending angle through the weaving technique.”**
External perturbations can modulate the optical output signal
in sensing applications, as reported in ref. 235, where a POF
is embedded into a textile for respiration frequency
monitoring using a smartphone-based interrogation
technique and remote access to information through a Web
server. Leal-Junior, Arnaldo, et al. have proposed a smart
textile in a similar approach, where POFs embedded into a
textile were used to monitor the displacement caused by
respiration, vibration due to heartbeat, and bending induced
in the gait while a user is operating a smart walker**® and to
assess the heart rate under dynamic movements.>*” Najafi,
Bijan, et al. have demonstrated smart socks embedded with
highly flexible optical fibers where temperature and pressure
were assessed for the management of biomechanical risk
factors associated with diabetic foot amputation.”*® Li,
Tianliang, et al. have proposed a smart-textile-based gesture
recognition application with additional monitoring of
respiratory signals under different postures using fiber Bragg
gratings embedded into textiles.**® Avellar, Leticia, et al. have
proposed POF-based pants for a fully optical fiber-integrated
smart textile for remotely monitoring the biomechanics of
lower limbs.”® These reported applications highlight the
suitability of optical fiber sensors for the development of
wearable devices and smart textiles due to the
aforementioned advantages compared to electronic sensors.
Besides the aforementioned biomedical applications,
optical fiber sensors can be embedded into structures for
structural health monitoring, as reported in a review study
conducted by Sasy Chan, Y. W., et al. where they provided

Plantar pressure assessment;

3D facet
fiber end

Smart
textiles

'

| monitoring

Fig. 9 Applications of textile integrated with sensors as examples.
Reproduced from ref. 244-246 with permission from MDPI AG,
copyright 2019, IEEE, copyright 2021, and Optica Publishing Group,
copyright 2024, respectively.
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state-of-the-art optical fiber sensing technologies and their
practical application in railway infrastructures®*® and for
real-time damage detection in smart composites proposed in
ref. 241. Moreover, the recent advances in aerospace
composite structure monitoring through optical fiber-based
sensors are reported in ref. 242 and 243. Finally, it is worth
mentioning that these applications demonstrate that optical
fiber sensors are a flexible technology that has been explored
in sensor integration for a wide variety of applications, from
biomedical to industrial applications, enhancing the
efficiency and safety of these applications by providing
measurements that can be utilized for data-driven decisions.
Fig. 9 shows some examples of textiles integrated with
sensors for plantar pressure assessment,*** impact
monitoring,>** and gesture recognition (Table 4).>*°

7 Sensors for vital sign monitoring

In healthcare settings, monitoring vital signs is crucial as it
enables early detection of deterioration. This can be achieved
by, for example, analyzing blood pressure, respiratory rate,
temperature, and oxygen saturation. The use of sensors in
vital sign monitoring enables healthcare providers to obtain
accurate and realtime data regarding a patient's
physiological parameters. When analyzing the data obtained
by the sensors, clinical decisions can be made with respect to
treatment plans, medication doses, and the need for a
further evaluation.247 Furthermore, the interest in
development of sensors to monitor vital signs is growing,
with the World Health Organization predicting that 1 in 6
people will be over the age of 60 by 2030. The number of
people aged 60 years and older is expected to increase from 1
billion in 2020 to 1.4 billion by 2050.>*® Additionally, aging is
accompanied by a natural decline in physical capabilities,
including muscle strength, power, and endurance. Several
factors contribute to this decline, including changes in
muscle mass, neuromuscular function, and cardiovascular
capacity.>*® As a result of these factors, there is an increasing
demand for sensor development for healthcare applications.

In addition to optical fiber sensors, various sensor
modalities such as electromechanical sensors, thermistors,
accelerometers, electrodermal activity sensors, acoustic
sensors, and RFID tags find utility within healthcare
contexts.>®® Optical fiber sensors offer different advantages
for healthcare applications, including high sensitivity
allowing precise measurement of vital signs, miniaturization
facilitating integration into wearable or implantable devices
for continuous monitoring, immunity to electromagnetic
interference ensuring compatibility with medical equipment,
and multiplexing capability enabling
monitoring of diverse vital signs at different anatomical
locations.>”® The employment of optical fiber sensors for
monitoring vital signs is already well-consolidated.

A POF-based sensor was proposed by Leal-Junior et al. for
simultaneous measurement of breath and heart rate under
dynamic movement.>*” As part of the employed setup, the

simultaneous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Summary of key information about optical fiber sensor integration into textiles and components

Application Structure Sensor technique Ref.
Respiration frequency monitoring using a smartphone-based interrogation =~ Smart garment  Intensity variation-based using POF 235
technique

Cardiorespiratory frequency monitoring during smartwalker operating Smart garment  Intensity variation-based using POF 236
Plantar pressure and temperature monitoring Smart socks Intensity variation-based using POF 239
Remote monitoring of the lower limb biomechanics for pose classification Smart pants Intensity variation-based using POF 56

and motion quantifying
Real-time damage detection in smart composite

Aerospace composite structure health monitoring

sensor is positioned on the subject's chest in various regions to
record both breathing and heartbeat-induced body vibrations.
The sensor is lightweight and flexible, allowing for comfortable
wear during a variety of activities. Furthermore, signal
processing techniques were applied to the sensor data to
eliminate the influence of body movement on the sensor
response. To further reduce the effects of movement, the
analysis is conducted in the frequency domain. As a result of
this approach, the sensor was able to accurately measure both
the breath rate and heart rate even during dynamic movements
such as walking or other activities.

Haseda Y. et al. have proposed a polymer optical fiber
Bragg grating sensor for blood pressure measurement.>*> The
objective of this study was to measure pulse wave signals and
calculate blood pressure using a setup comprising polymer
optical fiber Bragg grating (POFBG) sensors. A POFBG sensor
was placed on the brachial artery of the left elbow, while a
silica-FBG sensor was located nearby for comparative
purposes. Using reference blood pressure measurements
obtained from an electrical sphygmomanometer, a
calibration curve was constructed using pulse wave signals
sampled at 1 kHz. In order to measure pressure changes, the
FBG sensor system consists of a laser light source and an
interrogator that detects shifts in the Bragg wavelength. To
enhance the accuracy of blood pressure calculations, data
processing techniques such as filtering and partial least
squares regression (PLSR) were applied. As a whole, the setup
and working principle of POFBG sensors demonstrated their
potential for non-invasive and wearable vital sign monitoring
with improved safety and reliability.

Leal-Junior et al. have proposed smart textiles for wearable
sensing using optical fiber sensors.>*® This study proposes a
smart textile system that integrates multiplexed optical fiber
sensors within a neoprene textile fabric. Between two layers
of the fabric, sensors consisting of POFs and flexible light-
emitting diodes (LEDs) are embedded into the textiles. In this
setup, it is possible to simultaneously measure multiple
parameters, such as temperature and interaction forces, with
high sensitivity, linearity, repeatability, and resolution. Using
controlled pressures and different temperatures to the
sensors, the sensors are able to detect pressure interactions
between the wuser and the environment, enabling the
measurement of body temperature and the tracking of

© 2024 The Author(s). Published by the Royal Society of Chemistry

Composites Fiber Bragg gratings and Fabry-Pérot 241
interferometer

Aerospace Brillouin-based distributed sensing 243

composites

activity levels. With low crosstalk between sensors, the system
ensures accurate and independent measurements, making it
a promising technology for wearable health monitoring.
Avellar L. et al. have proposed a fully portable smart textile
integrated with optical fiber sensors.”® This setup involves
integrating POF sensors into a flexible textile for monitoring
lower limb biomechanics and activity recognition. These
sensors used multiplexed intensity variation to detect
movements such as walking, squatting, and kicking. Each
sensor was characterized by vertical displacements to enable
machine learning algorithms to normalize the data. These
data can be used for posture monitoring, which provides

Breath and heart rate

measurement

Wakking fast Squating

Walkingsow
\ '
~ Activities ) _—
classification 5
Backkick

/ Siting on the floor

1

T3

$)aoc/100gm (2)35°C/205
3) awc/10s
@) a0c/20

Body temperature monitoring

Fig. 10 Examples of vital sign monitoring applications using optical
fiber sensors. Reproduced from ref. 56, 237, 252 and 253 with
permission from Elsevier, copyright 2019, MDPI AG, copyright 2019,
Springer Science and Business Media LLC, copyright 2020, and Optica
Publishing Group, copyright 2023, respectively.
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Table 5 Summary of vital sign monitoring using optical fiber sensors concerning the sensor type

Application Sensor type Ref.
Simultaneous measurement of breath and heart rate under dynamic movement Intensity variation-based using POF 237
Blood pressure measurement Polymer optical fiber Bragg gratings 252
Body temperature monitoring Intensity variation-based using POF 253
Posture monitoring Intensity variation-based using POF 56

valuable insights into daily activities and biomechanical
patterns. Patients with mobility impairments or chronic
conditions may benefit from the ability to monitor their

movements in real time, which can contribute to early
detection of movement abnormalities and improve their
quality of life. Finally, Fig. 10 summarizes the

aforementioned applications for monitoring vital signs using
optical fiber sensors. Table 5 summarizes the vital sign
monitoring using optical fiber sensors discussed in this
chapter concerning the employed sensing technique.

8 Biosensors and intrusive
applications

The need to continuously monitor the metabolites of the
human body can provide additional understanding about the
patient's diagnosis and improve the treatment needed for his
recovery. Alternative monitoring is often done by devices
located in specialized laboratories and requires skilled labor
to carry out the measurements. Typically, fluids are sampled
from patients at regular intervals and taken for analysis. This
means that monitoring performed in this way has a high
susceptibility to human errors and can mask the diagnosis.
As an alternative to these typical procedures, biosensors can
be wused as invasive monitoring devices and provide
continuous detection of chemical and biological species in
medical applications.?>*

Briefly, there are three different types of biosensors that
can invasively monitor patients: wearable (applied to the
skin), ingestible (ingested into the gastrointestinal tract) and
implantable (implanted into the body directly in contact with
the skin).?°" Despite the advantages that invasive biosensing
can provide in clinical analysis, it still has some problems
that need to be overcome, such as its stability,
biocompatibility, and calibration. In addition, no approach
has been able to couple all the analytical requirements for
biosensing, often presenting different performance on the
benchtop with in vivo monitoring.>>® However, new materials
and manufacturing processes have emerged to minimize
these deficiencies associated with biosensors and overcome
the inherent challenges of invasive monitoring.

Regarding the manufacturing processes of these
implantable and wearable biosensors, it is essential to
consider the mechanisms for converting biological
recognition into a detectable signal. This requires that the
manufacturing process be seen as an important step in the
development of a biosensor, not only considering the
production costs with respect to the technique used, but also

150 | Sens. Diagn., 2024, 3, N35-1158

the minimization of instrumental errors and the possibility
of transitioning to non-invasive sensing.*”® Invasive or
minimally invasive biosensor fabrication techniques, such as
lithography, screen printing technology and inkjet printing,
can be cited as viable and low-cost approaches and will be
described as follows.

1. Lithography is an excellent procedure that allows the
components of a biosensor to be built systematically by
superimposing layers. It is a technique with wide
applications and that covers several possibilities of surface
fabrication. Lithography is a technique that depends on the
medium which is used to transfer the geometric pattern to
the substrate and therefore is broadly classified in different
ways, which can be cited as the most used photolithography,
stereolithography, and electron beam lithography.>>**>”
Without a doubt, photolithography is one of its best-
established and most widely used aspects in industry, mainly
due to its large-scale production and low cost.”® In this
process, UV light is used to transfer a geometric pattern
established by a mask onto a substrate coated with a
photoresist material. Despite its resolution of
approximately 1 pm, approximation and
photolithography are still widely used throughout industry
and modern research.**®

2. The  stereolithography  process
photopolymerization or light-initiated polymerization and
allows three-dimensional structures to be constructed. First,
the digital models of the 3D figure are converted into a
standard tessellation language file format so that they are
virtually cut into sequential layers. This information is sent
to the stereolithography apparatus which builds the 3D
figure. The apparatus emits a high-energy laser that writes on
the surface of the resin and traces the model of the 3D figure
layer by layer by sequential polymerization. In other words,
the construction of the 3D object is done by polymerizing
two-dimensional cross sections.>®® 1Its application in
biosensing can be done by the manufacture of biosensors
and their components or in the development of integrated
devices. 3D printing technology in electrochemical
biosensors, for example, has been widely used because it can
provide customizable manufacturing of its electrodes,
allowing full control over the shape and size of the desired
electrode and printing on a specific matrix.>**

3. Electron beam lithography (EBL) is a process used to
create nanostructures with a high standard of resolution
and alignment accuracy. These nanostructured
arrangements are formed by sweeping a focused electron
beam over a surface coated with an electron resist film.

low
contact

relies on
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After immersing the device in an appropriate solution,
exposed or unexposed resist will be completely removed
from the surface.’®?%? In the field of biosensors, silver
nanodisks have already been designed by EBL on a sapphire
substrate and used to detect heat-killed Escherichia coli.***
Nanoelectrode arrays were also obtained by EBL by creating
nanoholes in thin polycarbonate films deposited on a
macroelectrode.?®*> In another case, EBL was used to
fabricate nanostructures resembling filamentous virions on
Si/Si0, substrate, as reported by Agrawal et al.**®

4. Screen printing technology (SPT) is a manufacturing
process for microelectronic devices or components. The
method is highly competitive among other means of
manufacturing microelectrodes due to its low cost, easy
operation and scalability. It consists of painting different
types of substrates, such as ceramics, plastics, and paper,
using specific paints or pastes that allow adaptability,
design and modifications according to manufacturing
needs.”®* This ink or paste is squeezed through a frame or
woven mesh and printed onto a matrix.>®> SPT is widely
used in the fabrication of electrode systems used in
electrochemical biosensors. The working electrode, reference
electrode and counter electrode can be printed on inert
substrates and enable an electrochemical system for the
manufacture of the biosensor.?®® In addition, its
miniaturized dimension allows only one drop of solution,
ie., on a microliter scale, to be analyzed. The diffusion
distance is also reduced (distance from the analyte to the
surface of the receptor), decreasing the incubation time and
providing a lighter measurement.>®”

5. Finally, inkjet printing technology consists of a printer
containing an ink chamber and a channel that takes the
ink to an injector nozzle, where the ink is digitally
controlled. An inkjet printer is classified as a drop-on-
demand (DOD) printer, which implies the ejection of ink
only when necessary to avoid spending on necessary
materials.”®® The versatility of the technique, added to its
low cost and manufacturing speed, allowed the technology
to be wused to print electronics®*® and allowed
manufacturing 2D*’° and 3D structures.>”" The development
of biosensors manufactured using inkjet printing began in
the mid-1990s and since then, it has been a field extensively
investigated by academic research and highly viable for
industry. They fall into virus sensors, enzymatic biosensors
and non-enzymatic biosensors, which may be reviewed in
greater detail elsewhere.>®®

In summary, biosensor devices of high quality and
precision require techniques that allow the fabrication of
complex arrangements and that use multiple components.
Lithography, screen printing technology and inkjet printing
technology start to play a role as more functional techniques
in the manufacture of these devices by enabling the
formation of sensory components by simplified methods and
offering versatility of operation. In addition, variations in
techniques allow the miniaturization of biosensor devices to
be manufactured and used in an invasive way, in which the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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size of the device plays a fundamental role when implanted
in the individual to monitor body fluids.

Ingestible biosensors are used as an alternative to
implantable and wearable biosensors as they allow access to
places within the human body that are impossible for the
other two types. Thanks to advances in bioengineering,
microelectronics and materials science, these biosensors
could be manufactured in the form of capsules (and for this
reason they are called ingestible biosensing capsules, IBCs)
that are capable of monitoring multiple functions.””” Its
small capsule size (in the order of a few centimeters) and its
tablet format contribute to the IBC being swallowed easily
and allowing the monitoring of biomarkers of interest in the
gastrointestinal tract to be carried out.””

Lu et al. have classified IBCs into two categories according
to their locomotion, with passive IBCs being those that follow
the peristaltic motion of the gastrointestinal tract and active
IBCs being those that can be magnetically guided.””” This
was only possible thanks to the significant advances in the
miniaturization of processors that made it possible to
manufacture devices that are smaller, smarter, and more
operationally efficient. Advances in battery technology also
played an important role in the development of ingestible
biosensors, allowing them to operate for long periods with a
tiny device.?”*

The use of ingestible biosensors makes it possible to
measure a wide range of biomarkers from the mucous
membrane of the guts, including electrolytes, metabolites,*”?
hormones, enzymes, and gases,””> for example. The by-
products of the microorganism ecosystem that inhabit the
gastrointestinal tract, i.e., the human gut microbiota, can
also be monitored by these devices.”’*>”® A list of possible
markers can be monitored in this way, such as the gastric
juice electrolytes that control pH (hydrochloric acid,
potassium chloride and sodium chloride),>””*”® digestive
enzymes (amylase, pepsin, trypsin, etc.),>’**”? O,-equivalent,
H, and CO, gases, and microbial community,*****' beyond
imaging,*®* temperature monitoring,*®* pressure,”** and drug
delivery units.>*®

Regarding materials for manufacturing this kind of
device, some essential components can be highlighted, such
as structural materials and packaging, materials for
electronic components, logic devices, communications and
power sources, as reported by Bettinger, C.**® For
encapsulation, some substances are considered generally
recognized as safe (GRAS), such as gelatin, cellulose, zinc
oxide, and metallic iron, among others. Polymers, ceramics,
pigments, metals, and minerals are also classified as GRAS
and can be used in encapsulation as well as device
electronics.”®® Galvanic couples, such as Zn|Cu, Mg|Cu,*®’
and melanin|ceramics®®® are very energy efficient and can
supply large voltages to the system when needed. On the
other hand, energy collected from bodies of living subjects
in chemical, thermal and mechanical ways is under
development and could be wused for self-powered
electronics.”®
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Fig. 11 Schematic representation of an ingestible biosensor.

In summary, the amount of information that an ingestible
biosensor can provide about the gastrointestinal tract is
enormous. Knowledge about the microbiome and how it
impacts the other organs of the human body, the behavior of
metabolites and hormones in the face of changes in the
gastrointestinal and understanding about
electrolytes in the intestine in response to the ingestion of
food, medication and supplements are some of the questions
that can be answered with the use of ingestible devices.*”*
Fig. 11 shows a schematic representation of an ingestible
biosensor with its main parts highlighted. Table 6
summarizes some key information about the aforementioned
biosensors used in intrusive applications.
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9 Conclusions

This paper presented a review of wearable sensor
applications for healthcare using optical fiber sensors. In
this case, the overview of population aging and the
demands that led to the development of new healthcare
technologies are discussed. Then, the development of
wearable and healthcare sensors is discussed considering all
steps and components on the wearable optical fiber sensor
fabrication, namely the optical fiber sensor approaches,
fiber functionalization and novel technologies for power
supply and self-powered sensor systems. In addition, the
applications with textile integrated sensors as well as
biosensors and intrusive applications are presented. Thus,
this review presents an overview of wearable devices and
indicates the possibility of combining the aforementioned
technologies for the new generation of wearable devices,
where the self-powered integrated optical systems for both
unobtrusive and intrusive applications can be used for
different healthcare devices and approaches.

It is possible to envisage the popularization of the optical
fiber biosensing techniques using low cost platforms due to
their advantages related to miniaturization, flexibility and
multiplexing techniques, where multipurpose structures can
be developed for vital sign monitoring. In the future, it may
be possible to integrate the optical fiber biosensing platforms
with the energy harvesting systems discussed in this paper to
achieve a self-powered optical fiber sensing platform for
biomedical applications. Another advantage of such systems
is the possibility of using both in continuous monitoring and
as need-based devices, since the optical fiber sensors can
provide continuous monitoring of different parameters with
low energy consumption. It is also worth mentioning that
commercially available optical fiber sensors are already
available with some startup companies beginning the
commercialization of smart textiles and glucose sensors.

Table 6 Summary of key information about the discussed biosensors used in intrusive applications

Application Locomotion  Sensor description Ref.
Biomarkers for metabolites Passive The proposed sensor composition includes a battery-free ingestible 273
biosensing system that integrates a self-powered glucose biofuel cell
biosensor
Biomarkers for gases Passive This biosensor is an ingestible electronic capsule that incorporates 275
electronic components for measuring H,, CO,, and O, concentrations
in the gut. It uses a combination of thermal conductivity and
semiconducting sensors, with high accuracy for measuring gas
concentrations
Monitoring of by-products of the Passive The capsule utilizes a combination of thermal conductivity and 274,276
microorganism ecosystem that inhabit the semiconducting sensors, with the ability to adjust sensor heating
gastrointestinal tract elements for selectivity and sensitivity to different gases
Monitoring of microbial community Passive The proposed ingestible sensor is a miniaturized detector and 280, 281
transmitter packed into a capsule for tracking and quantifying
bioactive compounds in the gut to assess microbiome effectiveness
Drug delivery unity Passive Ingestible device designed for highly predictable intraluminal drug 285

delivery in the gut. It features a drug reservoir, pH and temperature
sensors, a stepper motor, and a transceiver for real-time wireless
communication. The device can relay data to a computer, allowing for
precise drug delivery control based on pH and temperature changes in

the gut
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