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Abstract

Optical fibers revolutionized the rate of information reception and transmission in telecommunications.
The revolution has now extended to the field of physicochemical sensing. Optical fiber sensors (OFSs) have
found a multitude of applications, spanning from structural health monitoring to biomedical and clinical
measurements due to their unique physical and functional advantages, such as small dimensions, light
weight, immunity to electromagnetic interference, high sensitivity and resolution, multiplexing, and
remote operation. OFSs generally rely on the detection of measurand-induced changes in the optical
properties of the light propagating in the fiber, where the OFS essentially functions as the conduit and
physical link between the probing light waves and the physicochemical parameters under investigation.
Several advanced micromachining techniques have been developed to optimize the structure of OFSs, thus
improving their sensing performance. These techniques include fusion splicing, tapering, polishing, and
more complicated femtosecond laser micromachining methods. This chapter discusses and reviews the
most recent developments in micromachined OFSs specifically for biomedical applications. Step-by-step
procedures for several optical fiber micromachining techniques are detailed.
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1 Introduction

The fiber optic field has attracted extensive interest and undergone
tremendous growth and advancement since the first realization of
optical fibers as a telecommunication medium by C. Kao in 1960
[1]. The rapid development of optical fibers has led to the emer-
gence of various high-quality, miniaturized, and affordable optoe-
lectronic components and devices, resulting in numerous ideas for
practical implementations using optical fibers, ranging from high-
speed, long-haul, and large-capacity telecommunications, optical
imaging to high-power light delivery. Optical fibers have also found
applications in the sensing field because of their unique properties,
such as small dimensions, light weight, immunity to electromag-
netic interference (EMI), and low-transmission loss [2].
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Optical fiber sensors (OFSs) have been widely and successfully
used in an expansive range of sensing applications, such as struc-
tural health monitoring, down-hole monitoring, chemical and
biological sensing, medical imaging, and environmental monitor-
ing for the past four decades [3]. OFSs provide a convenient way of
implementing optical sensing using integrated optics, simply by the
direction of light to and collection of light from the regions under
investigation via optical fibers. The OFS for biomedical applications
was initially introduced in the field of endoscopy in the 1960s; to
date, the endoscope has been the most successful biomedical appli-
cation of OFSs [4]. In an optical fiber endoscope device, a fiber
bundle is used for observing and imaging internal organs, where a
portion of the fibers is used as the illumination fiber and the others
are used to collect the images. The use of optical fibers enables the
fabrication of an extremely compact endoscopic device with excel-
lent flexibility and robustness, making it possible to observe and
image internal orifices of the human body that are otherwise inac-
cessible. Due to the advancement of optical fiber sensing technol-
ogy, the scope of OFSs for biomedical applications has expanded
greatly to include measurements of a broad variety of physiological,
chemical, and biological parameters [5]. Compared to conven-
tional sensors employed in biomedical applications, which are
based on solid-state sensing technologies (e.g., piezoresistive
eftect), biomedical OFSs offer outstanding advantages, including
miniaturization, low cost, insensitivity to magnetic fields, chemical
and corrosive inertness, biocompatibility, non-conductive, and the
ability for remote operation. An obvious example is the applications
of OFSs in magnetic resonance imaging (MRI) environments or in
RF radiation treatment, where high magnetic/electric interferences
exist, making it challenging for conventional transducers due to the
metallic wires used for power and communications [6]. Addition-
ally, the unique features of optical fibers for carrying information
provide the possibility of integrating multiples sensors with diverse
measurement capabilities into a single fiber, a task not possible
using traditional electrical devices.

Generally, an OFS functions as the light transducer between
physicochemical parameters of the investigated environment and
light conduction in the OFS. The choice of a proper OFES for a
specific biomedical application is dictated by both technological
and practical issues, such as desired sampling volume, detection
accuracy and limit, (non)invasiveness, environmental interference,
which impose unique biomedical engineering challenges on fiber
optic researchers [7]. Therefore, substantial caution should be used
in the design and fabrication of OFSs with optimized structures and
performance metrics for biomedical applications. Special require-
ments of the optical fiber components are diverse for the construc-
tion of different OFSs for specific applications. Taking advantage of
the micromachining techniques, OFSs with various structures and



Micromachined Optical Fiber Sensors for Biomedical Applications 369

measuring performances are possible. The most commonly used
micromachining process used in OFS fabrication is fusion splicing,
where two pieces of optical fiber having identical or dissimilar
properties are spliced together (e.g., single-mode fiber fused to a
hollow-core fiber) [8]. The angle of cleavage of an optical fiber is
also an important choice in the process of preparation for fusion
splicing. Tapering and polishing of optical fibers are widely used for
fabricating OFSs. Tapering is usually employed in developing
microfibers or nanofibers which are used for ultra-sensitive chemi-
cal sensing [9]. Polishing is a versatile technique to remove a certain
portion of an optical fiber to form special structures, for example,
D-shaped/side-polished optical fibers [10]. On the other hand, by
polishing a fiber endface to a selected angle, the light output from
the optical fiber can be guided in a specific direction, which is
desirable in biomedical applications, e.g., endoscope-internal imag-
ing. In very recent years, with the advancement of laser techniques,
femtosecond laser micromachining has been widely used for pro-
cessing of transparent materials (e.g., glass) [11]. Different func-
tional photonic micro/nano-structures have been successfully
fabricated by micromachining methods applied to different sub-
strates for a variety of applications, including sensing. Combining
the one-step fabrication techniques enabled by femtosecond laser
micromachining and the unique advantages of OFSs opens new
avenues for developing a new generation of assembly-free OFSs
with enhanced robustness, flexibility, and functionality.

In this chapter, we introduce micromachined optical fiber sen-
sors for biomedical applications, including traditional methods of
micromachining and more advanced ultrafast laser micromachin-
ing. The most recent developments in this field are reviewed.

Our review criteria were established to cover most of the recent
advancements in micromachined OFSs for biomedical applications.
Due to the rapid growth and development of micromachining
methodologies and optical fiber sensing technologies, the majority
of recently reported OFSs utilized one or more micromachining
techniques during fabrication processes. However, most of these
advanced sensors have not been demonstrated for in vivo clinical
measurements, but they offer unparalleled advantages compared to
conventional OFSs and they have huge potential to be further
explored for real-world biomedical applications. Therefore, our
review focuses on a basic introduction to the most recent develop-
ments in micromachining-assisted OFSs and their potential appli-
cations in biomedicine. Various optical fiber sensing techniques are
discussed in detail for each specific measurand (e.g., temperature,
pressure, biomarker) in clinical settings. Moreover, a few typical
examples of sensing technique configurations are included for the
reader’s edification. The protocols for the optical fiber microma-
chining methods described in this chapter are based on the authors’
years of experience in the optical fiber sensor arena and might vary
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1.1 Temperature
Sensors

due to the rapid development and advancement of micromachining
technologies.

The past two decades have witnessed the rapid growth of OFSs
in biomedical applications. The light propagating capabilities and
high flexibility of optical fibers attracted the first application of
optical fibers in clinical settings for endoscopy in the 1960s. The
emergence of the optical fiber imaging endoscope has enabled
internal body observation and imaging, making possible the rapid
determination of the presence of tumors, damaged or diseased
tissue, and internal bleeding in organs. Since the 1960s, optical
fibers and OFS have attracted significant attention from the health-
care industry. Besides the traditional endoscope probes, more
advanced imaging techniques based on optical fibers have been
developed, such as optical coherence tomography (OCT) and
photoacoustic imaging, where under-skin and internal scanning
can be made noninvasive. Another advanced area of optical fiber
used in biomedical applications is optical fiber-based biosensors,
including physical and biochemical OFSs. For instance, measure-
ments of a broad variety of different physiological parameters such
as blood flow, heart rate, respiration, temperature, pressure are
enabled by physical OFSs; biochemical OFSs are employed to
identify and quantify particular chemical compounds and metabolic
variables, such as pH, blood oxygen, glucose or to measure specific
biological species (e.g., biomarkers) for diagnostic purposes. This
section will introduce the most recent developments in optical fiber
biosensors for biomedical applications. Particularly, optical fiber
biosensors fabricated by one or more micromachining processes
discussed in Subheading 3 will be mainly focused on.
Temperature is an essential and routinely monitored physiological
parameter in biomedical environments, such as in operating rooms,
therapeutic rooms, and intensive care units. For instance, in recent
years, minimally invasive thermal treatments, such as high-intensity
focused ultrasound ablation, radiofrequency/microwave ablation,
laser ablation, and cryo-ablation, have become an effective and
efficient way of localized tumor removal [12]. Accurate and real-
time measurements of tissue temperatures can provide a clear
end-point for completing tumor ablation. Among a variety of
thermometric techniques used in biomedicine (e.g., thermocou-
ples, thermistors), optical fiber thermometers are particularly suit-
able due to their unique features. Optical fiber thermometers are
especially attractive in temperature measurements where immunity
to electromagnetic interferences are required (e.g., in MRI).

Optical fiber temperature sensors rely on a variety of transduc-
tion principles, such as temperature-dependent fluorescence, the
thermal-optic effect, and thermal expansion. Taking advantage of
micromachining techniques, a variety of OFS thermometers have
been proposed and demonstrated. One of the most widely investi-
gated types of OFS thermometers is based on optical interference,
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and embodiments include the Fabry—Perot interferometer (FPI),
the Mach—Zehnder/Michelson interferometer (MZI/MI), the
Sagnac interferometer, and the multimodal interferometer
[13]. These interference-based OFSs are generally modified using
a micromachining process that results in excitation of multi-path
light beams. The optical path difference (OPD) of the light beams
varies under the influence of temperature changes due to thermal
expansion and/or the thermal-optic effect. Fusion splicing and
femtosecond laser micromachining are versatile techniques used
to fabricate these OFSs. A section of a special optical fiber (e.g.,
PCF or multimode fiber) was fusion spliced between two SMFs to
form an FPI device or multimodal interferometer for temperature
measurements [ 14, 15]. A refractive-index-modified dot fabricated
in an SMF by a femtosecond laser together with the fiber-optic
endface was demonstrated as an FPI for temperature sensing
[16]. A miniaturized concave-shaped FPI (<100 pm) was reported
tor high-temperature applications fabricated by an advanced fusion
splicing process [17]. Fiber-in-line MZIs fabricated by femtosec-
ond laser micromachining were also demonstrated for measuring
temperature, where a pair of microstructure were typically fabri-
cated as the cladding mode exciter and combiner [18-21]. The
thermal sensitivity of fiber Bragg grating (FBG) has also been
exploited for medical applications [22]. An FBG is fabricated by
introducing a periodic change in the index of refraction (i.e., Bragg
grating) along a fiber core length by using a phase mask and a UV
laser irradiation technique or by a femtosecond laser point-by-point
(or plane-by-plane) micromachining. By tracking the shift of the
Bragg wavelength of the FBG, the temperature variations can be
determined [23]. Typically, these all-silica-fiber temperature sen-
sors can function in a wide range of temperature environments,
e.g., from —200 to 1000 °C due to the thermal stability of fused
silica with satisfactory measurement resolution (e.g., £0.5 °C).
However, the temperature sensitivities of these sensors are not
high enough due to the small coefficient of thermal expansion
(CTE, ~5 x 1077 /°C) and low thermal-optical coefficient (TOE,
~8.3 x 107°/°C) of silica. A promising solution to this issue is
infiltrating liquid (e.g., liquid polymer, alcohol) with large TOE
(>10"*/°C) into holey fibers through the microholes which can be
fabricated by femtosecond laser micromachining, and using the
liquid-filled fibers as the building blocks for developing tempera-
ture sensors [24-27]. Typically, the sensitivity could be enhanced
by approximate three orders of magnitude, although the dynamic
range is limited to tens of degrees (e.g., 20-80 °C), which is good
enough for most biomedical applications. Besides direct thermal
measurements of bodies, a temperature OFS was also designed as a
respiration sensor in an MRI system by measuring the temperature
variations of airflow in exhaled air [28].
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1.2 Pressure Sensors

Microfibers enabled by tapering micromachining technique
was also explored for developing temperature sensors, where
microfibers with a reduced diameter (e.g., 1-50 pm) were used as
the platform for the construction of the sensors [9]. Various inter-
ferometers were micromachined in microfibers, such as an MZI and
an FPI [29, 30]. Microfiber-based Bragg gratings (MFBGs) have
also been demonstrated for temperature sensing [31]. The EW in a
tapered fiber is greatly enhanced due to the reduced diameter in the
taper waist and is sensitive to the refractive index of the surround-
ings around the tapered region. Therefore, coating the microfiber
sensors with materials having large TOC in the tapered region can
dramatically enhance the temperature sensitivity of the microfiber
[32, 33]. Compared with telecommunication optical fiber-based
OFSs (i.e., fibers with a diameter of 125 pm), microfiber-based
OFSs provide extreme compactness and faster response time. How-
ever, microfiber-based OFSs are generally fragile and require careful
packaging for practical applications.

In addition to these point temperature sensors, OESs also ofter
a prospect for multiplexed or fully distributed temperature sensing
based on FBGs, scattering (Raman scattering, Rayleigh scattering,
and Brillouin scattering), or cascaded fiber-in-line reflectors [34—
39], allowing for mapping of temperature in the area of interest
during medical treatment with high spatial resolution [40—42]. For
example, the temperature distribution inside a liver tissue during an
RF ablation procedure was successfully measured using a device
predicated on Rayleigh scattering based optical frequency domain
reflectometry (OFDR, Luna OBR4600) [40]. In real-time thermal
mapping, the OFDR setup was configured with a spatial resolution
of 200 pum for the entire optical fiber (<20 m), an update rate of
1 Hz, and an accuracy of 0.5 °C. The evolution of the spatial and
temporal temperature changes in the liver tissue during RF ablation
measured by the OFDR system was smooth and consistent with the
anticipated physical effects. In turn, the distributed thermal
mapping capability could be employed for the investigation of the
fundamental physics of RF ablation and the corroboration of theo-
retical models.

Pressure measurements in biomedical applications can be generally
divided into two categories: monitoring isotropic pressure, such as
intracranial and cardiovascular blood/fluid pressure monitoring,
and sensing contact pressure, such as intervertebral pressure,
force, and tactile sensing [43].

Fluid pressure measurements rely on monitoring the move-
ment or deflection of a membrane under the influence of pressure.
Intensity-modulated OFSs were originally demonstrated for mea-
suring pressures in biomedical settings in the 1960s, where a mov-
able reflectance membrane is interfaced with an optical fiber tip
such that the intensity of light reflected and coupled into the
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receiving fiber is modulated by pressure [44]. The applications of
these intensity-modulated sensors are inevitably limited due to the
drawback that the output signal can be modulated by a wide range
of perturbations, such as the light source fluctuation and changes in
reflectivity of the membrane due to oxidation. FPI is an excellent
candidate for pressure measurements which offers the highest sen-
sitivity and can be designed and implemented with great flexibility.
Initially, a Fabry—Perot cavity is bonded to an optical fiber tip in an
extrinsic configuration, where the pressure-sensitive diagram is
larger in diameter than that of an optical fiber (125 pm) (which
might raise a concern regarding further miniaturization)
[45]. More recently, with the implementation of micromachining
techniques, a new generation of miniaturized fiber-in-line FPI
pressure sensors have been proposed, where the pressure-sensitive
diaphragm is designed to be part of the optical fiber with the same
diameter [46—48]. In these miniaturized FPI pressure sensors,
typically, a hollow-core fiber is first fusion spliced onto a cleaved
endface of an SMF, and the other end of the hollow core fiber is cut
off using a fiber cleaver under microscope where the length of the
residual hollow core fiber can be precisely controlled. Subsequently,
a thin diaphragm is bonded to the open end of the hollow core fiber
to form a hermetic cavity, serving as the pressure sensing element,
as schematically illustrated in Fig. 1. The diaphragm deflects under
pressure, which can be accurately captured by the Fabry—Perot
interference that occurs between the optical fiber endface and the
diaphragm. Several materials were explored as the diaphragm for
highly sensitive pressure measurements, such as a polymer—metal
composite film [46], a graphene layer [47], and a nano-silver film
[48]. However, the structural robustness and temperature stability
of these pressure sensors are poor, which hinders their way forward
for practical applications, especially in harsh environments. On the
other hand, all-silica FPI pressure sensors were also developed as an
alternative where harsh environments are involved. Several micro-
machining techniques were employed for fabricating all-silica pres-
sure sensors. A series of all-silica FPI pressure sensors were
successfully fabricated using the traditional splicing-and-cutting
method, followed by polishing or HF etching to further reduce
the thickness of the silica diaphragm, thereby improving the pres-
sure sensitivity [49-53]. Alternatively, femtosecond laser microma-
chining and advanced fusion splicing are also employed to reduce
the thickness of the diaphragm to avoid using hazardous chemical
etching [54-57]. The method of femtosecond laser micromachin-
ing not only reduces the thickness of the silica diaphragm but also
roughens one side to eliminate the additional reflections from the
outer surface of the diaphragm (i.e., reduced parasitic interfer-
ences). Electric arc discharge techniques enabled by commercial
fusion splicers are a more cost-effective way for thinning a dia-
phragm, where the thickness of the diaphragm can be reduced
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Fig. 1 Schematic of a typical diaphragm-based optical fiber FPI pressure sensor. (@) Schematic illustration of
the sensor structure. (b) Response of the sensor to an increase in pressure, i.e., a shift in the reflection
spectrum. As the applied pressure increases, the diaphragm deflects, resulting in a decrease in the cavity
length (i.e., the distance between the optical fiber endface and the diaphragm) and thus a blue-shift of the
reflection spectrum

down to 170 nm [57]. The all-silica FPI pressure sensors fabricated
with advanced micromachining techniques possess excellent
mechanical and temperature stability and are more biocompatible
and chemically resistive than metal-diaphragm-based pressure sen-
sors. Most of these advanced sensors were only validated in the
laboratory, while biomechanical and biomedical applications have
not been demonstrated yet using these sensors.

The FBG is the most widely used OFSs for contact pressure
measurements in the field of biomechanics and rehabilitation appli-
cations, where FBGs could be used for detecting stress in bones and
intervertebral discs, pressure distribution in orthopedic joints and
human-machine interfaces (HMIs), and forces induced by tendons
and ligaments [58]. In minimally invasive surgery (MIS), haptic
perception is of significant importance because it enables the sur-
geon to feel organic tissue hardness, measure tissue properties, and
evaluate the anatomical structure and, therefore, allows the surgeon
to commit appropriate force control actions for tissue manipula-
tions [59]. The high sensitivity, flexibility, and capability of multi-
plexing make FBGs an outstanding candidate for single-point and
multi-point tactile sensing [60]. Recently, an OFS-based technique
was employed to address a common problem in medical proce-
dures, recognized as a medical device-related pressure ulcer, where
a polymer patch-embedded FBG was used to measure the contact
pressure between a medical device and the tissue [61 |. FBG-assisted
bandaging was reported for in vivo observation of the sub-bandage
pressure during compression therapy, where two arrays of FBGs
were entwined in a double helix form with contact-force sensitivity
and immunity to temperature variations, as shown in Fig. 2 [62]. In
addition to FBGs, FPIs have also been demonstrated as a promising
configuration for contact pressure measurements. A miniaturized
optical fiber tactile sensor based on an FPI structure was reported
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Fig. 2 An FBG-based sub-bandage force sensor [62]. (a) In vivo sub-bandage pressure measurement sensor
for monitoring a wounded leg. (b) Pressure measurements at the medical gaiter during simple movements

for high-resolution needle insertion force sensing in high-field MRI
environments [63]. The miniaturized optical fiber force sensor was
integrated into an MRI compatible piezoelectric actuated robot for
prostate brachytherapy applications [64]. Another optical fiber
force sensor was reported for vitreoretinal surgery applications,
where a surgical tool was integrated with a miniaturized OFS
[65]. The prototype device with an outer diameter smaller than
1 mm was demonstrated for simultaneously measuring axial and
lateral forces. In these FPI-based tactile sensors, an extrinsic struc-
ture was employed. Further trends should include the advanced
miniaturized fiber-line structure-based OFSs for force sensing in
biomedical applications. On the other hand, a Rayleigh scattering-
based OFDR system was also employed for tactile sensing where
the sensing SMF is embedded in a soft prosthetic forefinger
[66]. The strain distribution along the forefinger was precisely
mapped with high spatial resolution (~3 mm), opening a new
possibility for perceptive soft robots.
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1.3 Respiratory,
Heart Rate, and Blood
Flow Sensors

Respiratory and heart rates are two vital signs of the human body
that are monitored online during medical examinations and proce-
dures. Typically, the respiratory and heart rate OFSs are configured
as strain sensors, which are capable of measuring the periodic
mechanical movement of the chest wall (i.e., contractions and
expansions) induced by breathing or cardiac activities. Sensors
that output modulations of light intensity, based on various
microbending configuration, were originally used for this purpose
due to their simplicity, ease of operation, and low cost
[67]. Recently, due to their high sensitivity for strain measure-
ments, FBGs and long-period fiber gratings (LPFGs) have been
used for measurements of respiratory and heart rates, where the
miniaturized OFSs were embedded into medical textiles to create
wearable inconspicuous sensor devices [68, 69]. These OFSs have
been particularly attractive for monitoring the vital signs of patients
in MRI scanners due to their EMI and electrical insulation
[70]. Besides strain-based monitoring, FBGs were also employed
for measurements and analyses of arterial pulse wavetorms, which
make FBGs good diagnostic tools for clinical examinations and
investigations of cardiovascular diseases [71, 72].

In addition to FBG sensors that sense body movements,
another approach for monitoring respiration employs optical
fiber-based humidity or temperature sensors placed in proximity
to the patient’s nose or mouth [28, 73-76]. The fundamental basis
of this approach is that the exhaled air has higher humidity (~100%)
and is warmer than the surrounding air. A miniature microma-
chined optical breathing sensor based on an agarose-infiltrated
PCF was reported, where the humidity variations between inhaled
and exhaled breath were measured in real-time for predicting the
breathing rate and the breathing status of a patient during respira-
tion [73]. Employing molecular-level self-assembly processing
method, a fiber tip FPI interferometer was constructed by multi-
layered inorganic nanocluster and polymer thin films, showing high
sensitivity to variations in humidity [74]. The performance of the
prototype sensor was compared with a medical nasal thermistor and
showed excellent potential for monitoring advanced breathing air-
flows. A simple PCF interferometer was demonstrated as a breath-
ing sensor by monitoring humidity [75]. Two collapsed regions at
the interfaces between an SMF and a PCF were intentionally fabri-
cated as the cladding mode exciter and combiner by using a mod-
ified fusion splicing process. The PCF interferometer was extremely
sensitive as the water molecules in exhaled air were adsorbed on or
desorbed from the PCF surface.

Optical-fiber-coupled Doppler flowmetry is commonly used
for non-invasive blood flow measurements, which relies on the
Doppler frequency shift of the input light as a result of light
scattering from moving blood cells [77]. The integrated optical
fibers play a role in delivering and collecting light to and from the
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measurement points. Several optical fiber micromachining pro-
cesses were also employed in this application, including fusion
splicing, high-accuracy cleaving, and laser micromachining. For
example, fiber-in-line collimators including a quarter-pitch
graded-index fiber and a micro-spherical lens at the tip of the
delivery fiber were fabricated to enhance the performance of the
Doppler flowmetry system [78].

In addition to physical sensors, in recent years, OFSs have been
extensively explored for measuring a variety of chemical and
biological parameters due to their unparalleled features, such as
miniaturization, high sensitivity, and low limits of detection
(LoD). Traditional OFSs (e.g., refractometers) are not yet suitable
for biochemical applications due to their chemical non-specificity
and non-selectivity, indicating that these types of sensors are not
capable of detecting a particular measurand of interest in a complex
matrix with other interfering measurands. Consequently, two
approaches were developed to empower OFSs with selective
responses, including fiber EW spectroscopy (FEWS) and
functional-film-assisted OFS. FEWS relies on the fact that a wide
range of biochemical molecules have vibrational modes in the
fingerprint region localized in middle infrared (mid-IR) spectral
range, allowing direct analysis of the spectrographs of analytes
due to the interactions between the EW and the analytes
[79, 80]. The optical fibers used in FEWS are typically made of
IR-transparent materials, such as chalcogenide glasses, and fluoride
or silver halide glasses, which support low-loss propagation of IR
optical signals. FEWS has been used in a variety of applications,
such as for the detection of pollutants in wastewater, online moni-
toring in chemical, industrial, and food processes, and biosensing
[81-83]. A concern regarding the potential toxicity of the IR fibers
(e.g., chalcogenide glasses) in biological systems was reported [84].

In a functional-film-assisted OFS, a chemically selective and
sensitive functional coating is deposited onto the fiber surface of
the OFS. The optical properties of the functional coating vary when
it interacts with an analyte of interest, and the variations can be
transformed into changes in the properties of the light propagating
in the OFS. By analyzing the changes in the reflection /transmission
spectrum derived from the OFS, quantitative and qualitative infor-
mation of the chemical analyte can be obtained. The basic idea is
the coupling of a highly sensitive OFS probe to a functional coating
to form a biochemical sensor device. Separately, neither the OFS
nor the functional coating functions as a practical sensor due to the
chemical non-specificity of the former and the challenge in signal
transduction of the later. However, combining the prominent
advantages of the two (i.e., high sensitivity and chemical selectivity,
respectively) offers a universal strategy, which applies to various
functional coatings and consequently many analytes. Moreover,
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Biosensors

the functional-film-assisted OFS motif offers the prospect for the
development of compact, portable, and low-cost devices combined
with cheap light source (e.g., LED) and photodetector. The opera-
tional wavelength of this type of OFS is defined by the coating
properties instead of the absorption features of the analytes, which
provides great design flexibility.

In optical fiber biosensors, biological recognition molecules are
bound to an OFS for the detection and quantification of specific
biological analytes. The biological components can convert the
recognition event into changes in the optical properties, which
can be probed by the OFS. The changes in the optical properties
may render in the form of fluorescence (e.g., emission or quench-
ing), changes in absorbance, variations in the index of refraction,
chemiluminescence, etc. Typical biological molecules can be
enzymes, antibodies, nucleic acids, proteins, or whole cells, and
are chosen for their specificity and affinity [85].

In general, optical fiber biosensors are configured for two
modes: labeled and label-free detections. Fluorescence-labeled
detection was widely employed in biosensors in earlier years,
where the sensors utilize fluorescence labeling of the analytes of
interest and monitor the variations in the fluorescence intensity
induced by the interaction between the analyte and the biological
recognition molecules [86, 87]. In recent years, label-free detection
has been extensively proposed and demonstrated due to its low cost
and ease of operation, where the complex labeling procedures and
associated problems in fluorescence-labeled detection are avoided
(e.g., short lifetime and photo-bleaching of the dye). Label-free
detection typically relies on the measurement of changes in optical
thickness, defined as the product of the index of refraction and
physical length, induced by the binding of analytes of interest to
the biological recognition molecules. In the construction of these
sensors, typically, an OFS sensing platform with enhanced EW is
preferred, such as a polished fiber and a tapered fiber, where the
biological recognition molecules are deposited on the region where
the fiber diameter is reduced [88-91], as shown in Fig. 3.

Besides these tapered or polished fiber-based OFS, long-period
fiber grating (LPFQG)-based optical fiber refractometers have also
been demonstrated as a promising platform for label-free biosen-
sing [92-97]. An LPFG is a core-cladding mode coupling device,
where the high attenuation of the cladding modes results in a series
of resonance bands centered at discrete wavelengths in the trans-
mission spectrum, with each resonance band corresponding to the
coupling of a different order of cladding mode [98]. The interac-
tion between the cladding modes and the surroundings in an LPFG
can provide precise analytical information about the optical thick-
ness of the coating layer. Figure 4a illustrates the effect of the
surrounding refractive index changes on the transmission spectrum
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Analyte

Fig. 3 Schematic illustration of a functional-film-assisted tapered OFS for
biochemical sensing
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Fig. 4 Schematic illustrations of the response of an LPFG to a change in the refractive index of the surrounding
and an LPFG-based biosensor. (a) Schematic illustration of the effect of the surrounding refractive index
changes on the transmission spectrum of an LPFG. (b) Schematic of a functional-film-assisted (sol-gel
overlay) LPFG for biosensing [96]

of an LPFG. Typically, LPFGs are designed to operate at the phase
matching turning point (PMTP) in biosensing, which provides the
highest sensitivity to the surroundings. An LPFG coated with a thin
film of biotin-modified silica core gold shell (SiO0,:Au) by a layer-
by-layer method was reported for streptavidin detection with the
LoD of 2.5 nM [92]. A traditional sol-gel dip-coating technique
was also employed for coating functional film onto the surface of an
LPFG, where the thickness of the film overlay could be flexibly
controlled by adjusting the sol viscosity and the withdrawal speed
during the dip-coating process, as shown in Fig. 4b. A sol-gel-based
titania-silica-coated LPFG functionalized with a methacrylic acid/
methacrylate copolymer integrated immunoglobulin G (IgG) was
proposed as an effective and feasible label-free biosensor for the
detection of anti-IgG with LoD of 10~*' M [96]. LPEG-based
biosensors are also widely used for label-free DNA detection and
quantification in complex DNA samples [93-95].

Another widely used configuration for label-free biosensing is a
plasmonic OFS, which constitutes miniaturized counterparts to a
traditional (localized) surface plasmon resonances (SPR) system
where bulky prisms and microscopes are used [99]. In the con-
struction of optical fiber SPR biosensors, a thin metal layer (e.g.,
gold, ~50 nm) or nanoparticles (NPs) are deposited on a
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micromachined optical fiber for SPR/LSPR generation where the
EW is enhanced and brought in direct contact with surroundings;
bioreceptors or biological recognition molecules are then grafted
and immobilized on the metal surface through covalent bonding
[100]. The EW excited SPR/LSPR is highly sensitive to the bind-
ing of analytes to the bioreceptors. The plasmonic OFS is usually
spectrally interrogated, where changes in the transmission or reflec-
tion spectra are measured. Most of the plasmonic OFESs operate at
visible wavelengths (e.g., 500-800 nm). Compared to other optical
fiber refractometer-based biosensors, the most advantageous fea-
ture of plasmonic OFSs is the high sensitivity and low LoD.

A variety of micromachined optical fibers have been investi-
gated as building blocks for plasmonic OFSs. The most straightfor-
ward way of bringing the core-guided light in direct contact with
the surroundings is to remove the silica cladding entirely or partially
through chemical etching or side-polishing [101-104]. Except for
the polished D-shaped fibers, another similar configuration fabri-
cated by femtosecond laser micromachining was also proposed,
where a narrow trench in the fiber cladding was ablated
[105]. Self-assembled gold colloids were deposited onto the sur-
face of the trench to produce LSPR for refractometry. The refrac-
tometric sensitivity of polished fiber-based plasmonic OFSs can
reach 4000 nm/RIU (RIU, refractive index unit) [100]. Unclad
fibers with cores directly exposed to the surrounding medium were
also employed for plasmonic OFSs. An unclad fiber with a silver and
silicon coating on the core followed by immobilization of an
enzyme (glucose oxidase) using gel entrapment was demonstrated
for low concentration glucose measurements [ 106]. Another build-
ing block for developing plasmonic OFSs is the tapered fiber, where
the EW in the tapered region is greatly improved. Coating a thin
noble metallic layer over the tapered region results in an SPR
refractometer [107-111], where the sensitivity reaches up to
11,800 nm/RIU. A dielectric layer (e.g., indium nitride) was also
explored as an SPR material [108]. Functionalizing these highly
sensitive refractometers with specific bioreceptors makes it possible
to develop selective biosensor with a low LoD. Hetero-core struc-
tures, realized by simply fusion splicing two types of fibers with
different core diameters (e.g., SMF and thin-core fiber), have also
been used in plasmonic OFSs [112]. The core mismatch couples
core-guided light to cladding modes, which can excite plasmonic
interactions at the outer surface of the sensing fiber when it is
coated with a metal layer. The hybrid structure could be bent or
tapered to further enhance the EW field in the sensing region, thus
improving the measurement sensitivity [ 113, 114 ]. Bending a fiber
is the most straightforward approach for bringing core-guided light
to cladding modes due to the perturbations of the total internal
reflection (TIR). Assisted by heating using a flame, U-shaped
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structures with a bend radius as small as 0.5 mm were successtully
obtained with satisfactory repeatability [115, 116]. Gold nanopar-
ticles (GNPs) were bound to the U-bent region to excite LSPR,
which was then functionalized with IgG as the bioreceptor for the
detection of anti-IgG.

Instead of mechanically or chemically removing the cladding to
access the core-guided light, grating-assisted fibers were also
explored for the implementation of plasmonic OFSs without
degrading the mechanical integrity of the silica optical fibers.
LPFG has been demonstrated for this purpose due to the coupling
core mode to cladding modes, which can excite a surface plasmon
wave (SPW) [117, 118]. A traditional FBG is not suitable for
plasmonic sensing since the light is confined in the fiber core,
making it insensitive to changes in the surrounding medium.
Tapering and chemical etching are effective approaches used to
access the core-guided mode in an FBG [119, 120]. In recent
years, a tilted FBG (TFBG) has been proposed with grating fringes
that are not perpendicular to the axial direction of the fiber core.
Cladding modes are consequently excited due to the tilted grating
pattern, resulting in a dense comb-like transmitted amplitude spec-
trum with a series of narrowband cladding mode resonances on the
short wavelength side of the Bragg resonance [121]. One attractive
teature of a TFBG is that the Bragg resonance is immune to the
surrounding medium, indicating that the Bragg resonance can be
used to compensate for unwanted interference coming from tem-
perature variations or light source power fluctuations. Assisted with
a thin metal layer on the grating region, TFBGs have been demon-
strated as plasmonic OFSs [122-125]. Compared with other plas-
monic OFSs, the transmission spectrum of a TFBG-based sensor is
a fine comb of narrowband resonances that overlap with the
broader SPR resonance, providing a unique approach to accurately
detect tiny shifts of the plasmonic resonance. A gold layer-coated
TFBG, functionalized with a thrombin-binding aptamer was
demonstrated to detect the protein human o-thrombin in its
fibrinogen-binding exosite, as schematically shown in Fig. 5a
[126]. The authors of the work also proposed a multiplexed
TFBG-SPR device assisted with a fluidic channel, where multiple
sensors could be embedded, as presented in Fig. 5b. Each of the
SPR sensors can be functionalized with different bioreceptors to
capture different targets, to provide a baseline reference data, or
with the same bioreceptors to improve the LoD through statistical
analysis of the response of the multiple sensors.

Microstructure optical fibers with air tunnels were also
explored for plasmonic generation by coating the holes with NPs
or filling some of the holes with metal [127, 128]. Another inter-
esting plasmonic OFS is based on a single-ended optical fiber,
where the cleaved end facet of the fiber is patterned or covered
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Fig. 5 Schematic of a TFBG-based biosensor and the illustration of the potential multiplexing. (@) Schematic
diagram of a gold-coated TFBG-SPR sensor covered with aptamer receptor molecules. (b) Conceptual
illustration of multiplexed TFBG-SPR sensors embedded across a microfluidic channel [126]

(b)

Fig. 6 SEM images of the optical fiber SPR sensor fabricated by FIB micromachining [133]. (a) Overview of the
fiber tip endface with the fabricated EOT structure. The diameter of the optical fiber is 125 um. (b) An enlarged
view of the EOT hole arrays on the fiber tip. The size of the holes varied from 522 to 625 nm, and the periods of
the hole arrays ranged from 912 to 1056 nm

with an array of NPs [129-133], as illustrated in Fig. 6. In this case,
the NPs are directly exposed to the core-guided mode in the fiber,
yielding the generation of LSPR. Different approaches were
exploited for patterning. For example, E-beam lithography nano-
fabrication was used to pattern gold nano-dot arrays on the fiber
end facet [132]; focused ion beam (FIB) milling machine was used
to directly fabricate subwavelength hole arrays on the gold film
coated on fiber endface [133]; microsphere photolithography was

demonstrated for low-cost fabrication of nano-patterns on the fiber
endface [134].
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The detection of chemical compounds found in the human body in
clinical settings has been extensively explored because it offers the
possibility for noninvasive diagnoses of diseases. The detection of
compounds could be conducted in the gas phase, where the gas
molecules of interest are exhaled in the breath or emitted from the
skin; or, in the liquid phase, in liquid samples, such as blood, urine,
saliva, and other liquids containing human metabolites.

pH is a significant parameter in biology; it is diagnostic of the
functionality of many organs and parts of the human body. Accu-
rate knowledge of pH provides useful and valuable information for
the diagnosis of diseases. The pH of fluids in the human body varies
over a wide range, depending on the functions of different cells
[135]. The most widely used approach of optical fiber-based pH
sensors relies on the use of dye indicators, which are immobilized in
matrix materials and deposited on a cleaved end facet of an optical
fiber [136, 137]. Various pH molecule indicators have been
demonstrated for the construction of OFS-based pH devices,
including acidochrome dye, fluorescein acrylamide, thymol blue,
ethyl violet dye, neutral red, eosin, and other mixtures of organic
molecules [138]. These sensors are typically interrogated by mea-
suring changes in the optical properties of the indicator, such as
absorbance, fluorescence, and fluorescence lifetime, to determine
the variations of pH in the liquid sample. The optical fibers used in
these sensors only play a role in delivering excitation light to the
pH-sensitive dye and collecting the fluorescence emission. To fur-
ther miniaturize the sensor head, tapered fibers are employed
[139]. One concern for pH-indicator-based OFSs is the long-
term deterioration induced by the bleaching of the indicator mole-
cules. In recent years, functional film-assisted OFSs have been
exploited for pH measurements, where the optical properties of
the film change as a function of pH. Specifically, in OFS-based pH
devices, nanostructured films are used, whose morphology, with
emphasis on swelling, depends on pH. Since the refractive index
(RI) of a swellable film (e.g., polyelectrolyte-deposited nanostruc-
tured material) is influenced by pH, one can design pH sensors
through the measurement of the external RI. Various microma-
chined optical fiber refractometers were used as the building blocks
for pH sensors, as discussed in the previous section, such as FPI,
LPFG, TFBG, hetero-core structures [ 138, 140-143]. A thin-core
fiber modal interferometer deposited with poly(allylamine hydro-
chloride) and poly(acrylic acid) nanocoating, employing electro-
static self-assembly techniques, was demonstrated as a wide-range
pH sensor (2.5-10 pH unit) with a resolution of 0.013 pH unit
[138]. The rise and fall times of the sensor were 120 s and 200 s,
respectively. A Fabry-Perot nanocavity pH sensor, in which a
nanostructured film was prepared on the surface of the fiber end-
face, employed white-light interferometry for the measurements of
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pH-induced swelling of the film, which in turn was used to deter-
mine the pH [140].

Oxygen (O,) and carbon dioxide (CO,) are two routinely
measured parameters in biomedical applications as they are valuable
for the analysis of circulatory and respiratory systems in the human
body. Similar to OFS-based pH devices, the most popular approach
used by OFS-based O,/CO, sensors also relies on the use of
fluorescence indicators attached to the tip of an optical fiber
[144]. The optical properties of the indicator molecules change in
the presence of O, or CO,. A single OFS modified with two
different indicators (i.e., O, and CO,-sensitive materials) was
demonstrated for the simultaneous measurement of both oxygen
and carbon dioxide [145]. These two indicators have the same
excitation wavelength but quite different emission maxima, offer-
ing the possibility to distinguish the separate responses of the two
indicators. In very recent years, metal-organic frameworks (MOFs)
were extensively used in the areas of gas separations and storage
because their internal physical and chemical properties can be tai-
lored for these applications using the judicious selection of inor-
ganic and organic building blocks [146]. MOFs have also been
explored for chemical sensing applications due to the great design
flexibility and tailorable chemical selectivity [147]. Optical fiber
CO, sensors based on an LPFG coated with a thin layer of MOF
(HKUST-1) or an etched optical fiber coated with ZIF-8 were
proposed for the detection of CO, with high sensitivity as shown
in Fig. 7 [148, 149]. These MOF-integrated OFSs rely on the
refractive index-based sensing mechanism, where the use of a
MOF-based sensing layer results in an amplification of the increas-
ing values of the effective refractive index associated with the
adsorption of gases.

The identification and quantification of ammonia are also of
interest in biomedical applications due to their correlation to spe-
cific diseases, such as dysfunction in the kidney and liver [150]. The
detection of ammonia in exhaled air or urine provides a valuable
clue for the early diagnosis of some diseases, where typically a
sensor with an LoD of 50-2000 ppb and quick response time is
desired [150]. Although OFESs have not been demonstrated for
detecting ammonia in an individual’s breath as of yet, due to the
limited measurement sensitivity and LoD, the development of
OFS-based ammonia sensors continues. Traditional optical fiber
ammonia sensors rely on measuring the change in fluorescence
intensity of a buffered pH indicator solution, where the presence
of ammonia increases the pH of the solution [151]. More recently,
functional film-assisted OFSs have been explored for ammonia gas
detection [152-157]. Zinc oxide (with graphene oxide) and poly-
aniline are the most widely used coating materials for ammonia gas
sensors, and various optical fiber structures are used as the sensing
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Fig. 7 Etched optical fiber-based CO, sensor integrated with a thin film of MOF material. The light transmission
of the sensor structure as a function of time is plotted above the sensor element [148]

platform, such as LPFQG, tapered fibers (micro/nanofibers), hetero-
core structures, FPI.

In addition to sensing ammonia, the detection of volatile
organic compounds (VOCs) has attracted great interest due to
the high potential as a noninvasive early detection and diagnosis
of microbial diseases. The relationship between the VOCs emitted
from the human body and a disease or disorder was reported
extensively [158]. A variety of “electronic noses” have been devel-
oped to detect and discriminate between the production profiles of
VOC:s from microbial infection in situ [ 159-162]. Combined with
artificial intelligence and web-based knowledge systems, electronic
noses were expected to have a valuable role in monitoring disease
epidemiology [162]. The use of OFSs for this purpose has also
been proposed. Compared to the electronic nose (e.g., an array of
chemical sensors), OFS-based snift systems provide significant
advantages, such as small size, lightweight, ease of fabrication,
low fabrication cost, and capability of multiplexing employing a
single fiber. Preliminary studies have shown that a micromachined
EW-based OFS modified with a functional layer (i.e., dye com-
pound) was able to distinguish skin emissions from several different
volunteers in the test [163]. Taking advantage of optical fiber
micromachining techniques, several OFS-based VOC sensors
have been demonstrated recently based on functional film-assisted
configurations, i.e., micromachined optical fibers (e.g., LPG,
tapered fiber, etc.) deposited with a sensitive layer [164-
166]. These sensors do not yet play a meaningful role in medical
applications due to insufficient sensitivity and chemical selectivity.
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Humidity is another important quantity that is often measured
and monitored in clinical settings. Humidity measurements not
only can be used for respiratory monitoring (as discussed in the
previous section) but also play a significant role in the monitoring
of gas mixtures delivered to patients from ventilator care equipment
[167]. In these applications, humidity sensors with fast response
times and recovery times (e.g., <1 s) are required. One of the most
popular configurations of OFS humidity devices is the FPI, where
various humidity-sensitive films are employed to construct a micro
Fabry—Perot cavity on the tip of an optical fiber [ 168]. The opera-
tional principle of these sensors relies on the detection of the RI
change or swelling induced by the absorption of water molecules
into the film. In addition to FPI configurations, other humidity-
sensitive film-assisted structures, such as TFBG, tapered fibers,
U-bend structures, LPFG, etc., have also been demonstrated for
humidity sensing [169-171]. Very recently, graphene (oxide) has
attracted a great deal of interest as the sensitive film for humidity
sensing due to its two-dimensional structure of one-atom thick-
ness, high specific surface area, chemical stability, and optical prop-
erties [172, 173], which can potentially provide an ultra-fast
response to variations in humidity. A fiber-tip Fabry—Perot humid-
ity sensor modified with a ~300-nm-thick graphene oxide
(GO) film was fabricated (see Fig. 8) and exhibited a wide sensing
range, spanning from ~10% to ~90% RH, and more significantly, an
ultrafast response time of 60 ms and a recovery time of 120 ms
[174]. A GO-coated TFBG was also shown to exhibit an ultrafast
response time of ~42 ms. The rapid response time was due to the
unimpeded permeation of water molecules through the GO inter-
layer [175]. Another important application of humidity measure-
ments involves the monitoring of the microenvironments within
chronic wounds [176], where accurate humidity detection enables

© [_10um |

GO thickness=300 nm

Capillary

Fig. 8 A fiber-tip FPI-based humidity sensor with a GO diaphragm. (a) Fiber-capillary tip with GO diaphragm.
(b) The GO membrane-covered fiber-capillary tip. (¢) SEM image of the thickness of the suspended diaphragm
[174]
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Fig. 9 Proof-of-concept in vivo RH measurement using an OFS humidity sensor. (a) OFS humidity device
embedded in a wound care dressing and covered by a clinical gauze as a secondary dressing for humidity
measurements. The unclad visible part of the sensor is 30 mm long. (b) In vivo humidity measurements on the
palm of a hand recorded with a humidity sensor embedded in a wound care dressing and covered with a
clinical gauze as a secondary dressing [176]. Palm on: placing the hand on the device; palm off: moving the
hand away from the device. The settling and recovery times were ~7.7 and ~9.7 min, respectively. The reason
for the long response time was that the sensor was embedded in the dressing and covered by a clinical gauze

appropriate clinical interventions at proper healing stages, thus
improving wound care (see Fig. 9).

1.4.3  Intracellular The capability to monitor microenvironments at the single-cell
Sensors level has been facilitated by the use of the MNF-based sensing
platform, which takes advantage of optical fiber micromachining
techniques, especially tapering in this case. The realization of intra-
cellular chemical sensing was first reported in 1992, where a sub-
micrometer optical fiber was employed for pH measurements at the
single-cell level [177]. The sensor was fabricated by tapering a
commercial optical fiber down to a submicrometer size, as small
as 0.1 pm, followed by coating the thin fiber with a layer of
aluminum; the endface was left as a transmissive aperture. A copol-
ymer imbued with a pH-sensitive dye was attached covalently to the
silanized fiber tip surface using a photopolymerization reaction, as
shown in Fig. 10. This micro/nano-machined optical fiber tip
sensor simultaneously achieved a thousandfold miniaturization of
the probe head, a millionfold reduction of the sample size, and a
hundredfold reduction of the response time (<20 ms) [177]. Since
then, optical fiber nanoprobes have been extensively explored for
sensing at the molecular and cellular levels in a variety of medical
applications [178, 179]. Generally, antibodies, selective for target
analyte molecules, are covalently bound to the tip of an MNF. The
target molecules bound to the antibody molecules are excited by
the strong EW field at the fiber tip when excitation light at a specific
wavelength is launched into the fiber. The variations in the
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Fig. 10 Schematic illustration of an intracellular sensor based on a functionalized
MNF tip [5]
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Fig. 11 Nano-machined optical fiber for single-cell applications. (@) SEM image of a nano-tip after coating with
100 nm of silver metal, achieving a final tip diameter of 150 nm. (b) Image of optical nanoprobe inserted into a

single live MCF-7 cell [182]

1.5 Lab-in-Fiber

fluorescence emissions from analyte molecules are collected and
analyzed to determine the concentrations of the analyte molecules.
Antibody-based MNF sensors have been demonstrated for mea-
surements of toxic chemicals contained within single cells (see
Fig. 11), such as benzo[a]pyrene tetrol, benzo[a]pyrene [180-
182]. Many efforts have also been put in improving the excitation
and collection of the fluorescence signals by optimizing the geom-
etry of the fiber tip [183, 184]. A hexagonal 1-in-6 fiber configu-
ration enabled by advanced tapering procedures was proposed for
intracellular single-cell pH measurements, which enabled the opti-
mal signal collection and minimal interference [ 183]. In addition to
fluorescence-based MNF biosensors, whispering-gallery-mode bio-
sensors excited by tapered fibers were also employed for label-free
biosensing down to the level of single molecules [185].

Compact and functional lab-on-chip (LOC) devices on planar or
multilayered platforms have kept advancing the biological and
chemical laboratory processes [186]. Optofluidic devices, enabled
by LOC developments that include combining microfluidic
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channels with optical sensing elements, have been exploited to
harness the novel opportunities of integrated micro/nanostructure
photonics [187]. A migration of integrated LOC devices into
optical fiber platforms would open the revolutionary prospect of
creating novel lab-on-fiber (LOF) or lab-in-fiber (LIF) devices for
multifunctional sensing [ 188]. Recently, LOF has been extensively
investigated for a variety of applications, including label-free chem-
ical and biological sensing, as discussed in the previous sections.
One of the main challenges for LOF sensing is bringing the core-
guided light to the fiber cladding surface where sensing structures
or functional chemicals can be introduced. Several mechanical or
chemical strategies have been developed for addressing the chal-
lenges of transferring light from the core to the cladding, such as
tapering, polishing, chemical etching, femtosecond laser microma-
chining. These methods are efficient in bringing a strong probing
evanescent field to the cladding surface but with the disadvantage
of degrading the mechanical integrity and strength of the fibers. On
the other hand, the LIF concept provides the revolutionary pro-
spects of optimizing the packaging and densification of multiple
sensing elements, which are not possible for LOF. Three-
dimensional patterning inside optical fibers by femtosecond laser
direct writing, together with selective chemical etching, has been
demonstrated as a powerful tool to inscribe all-in-fiber optical
waveguides and gratings as well as microchannels and optical reso-
nators [188-191].

An all-in-fiber assembly-free optofluidic device fabricated
employing the FLICE technique was reported, consisting of hori-
zontal and vertical microchannels [190]. The horizontal micro-
channel was conceived as an FP cavity while the vertical one was
used as the inlet/outlet to the cavity. The novel device was demon-
strated for measurements of the refractive index of the liquids that
filled the microchannel. Also, the device afforded unique features,
such as great design flexibility, ease of fabrication, mechanical
robustness, and miniaturization. A more complicated LIF inside
an SMF fabricated by an advanced FLICE technique was demon-
strated recently, where optically smooth surfaces (~12 nm rms)
were realized with ultra-low insertion loss [188]. Cladding wave-
guides, X-couplers, fiber Bragg gratings, microholes, mirrors, opto-
fluidic resonators, and microfluidic reservoirs were fabricated in an
SMF and a spliced piece of coreless fiber. These components were
combined and integrated into multicomponent 3D optofluidic
fiber sensors with enhanced functionality, improved intelligence,
and capability for sensing enriched information (see Fig. 12). The
LIF system for sensing applications was demonstrated as (1) fluo-
rescence excitation and detection in the microhole through the
SMF core waveguide, (2) in-line refractometry through the FPI
in a coreless fiber, (3) the combination of a cladding FPI with an
FBG for simultaneous measurements of refractive index,
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Fig. 12 Schematic illustration of LIF sensing architecture: (1) a through-hole
traversing across the SMF core waveguide for fluorescence detection or
absorption spectroscopy, (2) an FBG concentric with the SMF core waveguide
for temperature or strain detection, (3) an in-line FPI in a coreless optical fiber
probed by laser-formed waveguides concentric with the spliced SMF’s core for
optofluidic applications or pressure sensing, and (4) an X-coupler tap and laser-
formed waveguide for probing a cladding FPI for refractive index, pressure, or
bend sensing. TIR mirrors are used to tap light either into or out of the fiber
cladding for an alternative probing method or for scrubbing undesired cladding
modes [188]

temperature, pressure, and bend. The flexible 3D writing techni-
ques and multiplexed sensors were expected to open powerful
prospects to migrate the advantages of LOCs into a more flexible
and compact platform, optical fibers, via the LIF concept for highly
functional and distributed sensing capabilities. Combined with the
traditional optical fiber biosensing techniques, a new generation of
multiplexed, extremely compact, highly functional, distributed
smart biosensors can be developed, e.g., smarter catheter.

2 Materials

A typical OFS system consists of four basic components:

1. Light source, e.g., a tunable laser or broadband laser.

2. Light delivery component, e.g., optical fiber cable, optical fiber
coupler, optical fiber circulator.

3. Photodetector or optical spectrum analyzer.

4. Micromachined sensor head.
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The light source provides the EM wave for optical interroga-
tion, which is typically a laser, a white light source, or an LED. The
light characteristics offer a wide range of properties for different
means of interrogation, including intensity, phase, wavelength/
frequency, and state of polarization. The light delivery component
delivers the light from the source to the OFS and also collects and
directs the light from the OFS to the light detector via the same or
different optical paths. The delivery component usually includes
the optical fiber for light transmission and fiber coupler/circulator
for light coupling. The sensor head, i.e., OFS, is essentially the light
modulator, which can alter the properties of the input light
through the influence of external perturbations (i.e., variations of
physical and chemical parameters of interest). In other words, the
external perturbations are correlated to the probing light signal via
the OFS by modulating the properties of light. The light detector is
employed to read and monitor the variations in the properties of
the light that is guided back from the sensor head to the interroga-
tor. Different renderings of the changes in the light properties (e.g.,
intensity variation, wavelength shift, etc.) are used for different
OFSs and applications. Figure 13 shows two typical OFS character-
ization systems: (a) reflection mode and (b) transmission mode.
The materials used in four different types of micromachining tech-
niques for fabricating optical fiber sensors are listed below.

. Two sections of optical fiber cables that need to be connected.
. Optical fiber stripper and cleaver.

. Lint-free Kimwipes.

1
2
3
4. Isopropyl alcohol or acetone.
5. Optical fiber fusion splicer.

6

. Optical fiber protection sleeve heat shrinkable tube.

. A section of optical fiber cable that needs to be tapered.

. Two motorized linear translation stages.

1
2
3. A heat source, e.g., oxy-hydrogen torch.
4. Two optical fiber clamps.

5

. Optical fiber stripper.
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2.3 Polishing

2.4 Femtosecond

6. Lint-free Kimwipes.
7. Isopropyl alcohol or acetone.

8. A laser source and a photodetector or an optical spectrum
analyzer.

9. Optical microscope.

. A section of optical fiber cable that needs to be polished.
. Quartz block with a V-groove.

. Epoxy.

. Optical fiber stripper.

. Optical fiber polishing machine.

. Polishing powders and polishing pads.

N O\ Utk N~

. Optical microscope.

—

. Femtosecond laser amplifier.

Laser Micromachining 2. A micromachining workstation that includes an imaging sys-
tem (a camera and a lens assembly), a high-precision three-
dimensional translation stage assembly, and lens assembly that
directs the laser beam from the laser amplifier to the sample
holder on the stage assembly.

3. Two optical fiber magnetic clamps.
4. A section of optical fiber cable that needs to be micromachined.
5. Two sections of spacer fiber.
6. Microscope slide and cover-slip.
7. Index-matching gel.
3 Methods

3.1 Traditional
Micromachining

3.1.1 Fusion Splicing

Fusion splicing is the process of joining two optical fibers together
by applying high temperature to the interface between the two
fibers. The local high-temperature field is usually generated by an
electric arc or laser irradiation. Fusion splicing is the most widely
used method for connecting two optical fibers either of the same
type or different types [192]. Compared to conventional connect-
ing methods such as mechanical connecting, fusion splicing pro-
vides the lowest transmission loss and reflectance at the connecting
point, as well as offering a reliable and somewhat robust mechanical
joint. The instrument used for fusion splicing two fibers is called a
fusion splicer. A schematic of a typical optical fiber fusion splicer is
shown in Fig. 14b.
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Fig. 14 An overview image and schematic of a typical commercial optical fiber fusion splicer. (a) Photograph
of a fusion splicer. (b) Schematic of a fusion splicer

The process involved in fusion splicing two optical fibers

includes stripping, cleaning, cleaving, and splicing. Specifically,
the details of the procedures are described as follows:

1.

Strip the out jacket, the buffer layer, and the plastic coating to
expose a certain length of bare fiber (e.g., 2-3 cm).

. Clean the fiber to remove residual material and dust using lint-

free Kimwipes. Ethanol /acetone is used to moisten the Kim-
wipe for cleaning fibers.

. Cleave the exposed bare fiber using a fiber cleaver to get a flat

end face.

4. Place the fiber into the fusion splicer and clamp it.

. Repeat steps 1-4 above for the second fiber to be spliced.
. Align the two fibers in the fusion splicer and set the gap

between the fiber endfaces to approximately 1 mm.

. Choose the appropriate fusion splicer program (including the

arc power and arc time duration, etc.) and execute the program
(see Note 1).

. Remove the fusion-spliced contiguous fiber, and if appropriate,

protect the spliced fiber section with a rigid heat shrink tube
(see Note 2).

For advanced fusion splicers, steps 6 and 7 can be done auto-

matically. Examples of fusion splicing single-mode fibers (SMF)
with several different types of optical fibers are shown in Fig. 15.
Figure 15a shows a microscope image of the fusion joint of two
SMFs; Fig. 15b shows an optical microscope image of a section of
hollow-core fiber (HCF) spliced to two SMFs; Fig. 15¢ shows a
microscope image of the fusion joint of an SMF and a photonic
crystal fiber (PCF). It should be noted that when fusion-splicing
holey core fibers (e.g., HCF and PCF), the splicing parameters
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Fig. 15 Examples of fusion splicing single-mode fiber (SMF) with different types of optical fibers. Microscope
images of SMF fusion splicing with (@) SMF, (b) hollow-core fiber (HCF), and (c) photonic crystal fiber (PCF)
[193]

e

Fig. 16 Examples of advanced fiber in-line structures fabricated by various advanced fusion splicing
techniques [194-197]: (a) lateral offset, (b) up-taper, (c) down-taper, (d) peanut-shaped structure, and (e)
S-taper. These advanced structures could be used as cladding mode exciters in constructing fiber in-line
interferometers for sensing applications with improved compactness and enhanced measurement sensitivity
and resolution

should be properly chosen to mitigate the micro-hole collapse
effect which could induce extra insertion loss.

In addition to connecting two optical fibers, fiber-in-line spe-
cial structures have also been fabricated using advanced fusion
splicing techniques. Figure 16 shows examples of (a) lateral offset,
(b) up-taper, (c¢) down-taper, (d) peanut-shaped structure, and
more complicated structures, such as an (e¢) S-taper. These struc-
tures are widely employed as building blocks (e.g., mode exciter
and combiner) for constructing micromachined OFSs with
improved performance (e.g., compactness, measurement sensitiv-
ity, and resolution).

3.1.2  Tapering Tapering is a process of stretching an optical fiber at an elevated
temperature generated by a heat source such as flame, microheater,
or CO, laser irradiation. A schematic of a typical home-built optical
fiber tapering setup is shown in Fig. 17a. The tapering setup
includes two motorized linear translation stages separated by a
specified distance (e.g., ~15 cm). Each stage has an optical fiber
clamp mounted on the top of the stage, which is used to secure the
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Fig. 17 Schematics of a typical optical fiber tapering setup and a tapered optical fiber. (@) Schematic of a
typical home-built setup for tapering optical fibers [198]. (b) Schematic illustration of a tapered optical fiber
[43]. A typical tapered optical fiber consists of two regions: the taper waist and the taper transition

optical fiber to be processed. The process involved in tapering an
optical fiber is described as follows:

1.

Strip the plastic coating in the middle of a section of an optical
fiber to expose a certain length of bare fiber (a few centimeters)
using the optical fiber stripper.

. Clean the fiber to remove residual material and dust using lint-

free Kimwipes. Ethanol/acetone is typically used to moisten
the Kimwipe for cleaning the fiber.

. Secure the two ends of the optical fiber onto the left and right

stretching stages in the tapering setup shown in Fig. 17a with
the stripped optical fiber section in the middle between the two
stages.

. Approach the heat source toward the stripped optical fiber

section to heat the optical fiber; turn on the motors of the
two stages and set them to a constant moving speed.

. A loss detection system and an imaging system are typically

integrated into the tapering setup for monitoring the tapering
process in real-time (see Notes 3 and 4).

. After reaching the desired parameters of the taper, stop the

movements of translation stages and remove the heat source.

. Remove the tapered optical fiber from the setup and character-

ize the dimensional parameters of the taper using a microscope.

A tapered optical fiber consists of two regions: the taper waist

and the taper transition, as illustrated in Fig. 17b. The tapered waist
is a region of fiber with reduced but uniform diameter, while the
taper transition is a conical section of fiber where the diameter
changes to merge the taper waist with the original lead-in/out
fiber. The geometrical parameters of a tapered optical fiber, includ-
ing the diameter of the taper waist and the transition length, can be
precisely controlled by the length of the heating region, heating
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3.1.3 Polishing

time, and the pulling speed of the stages. The processes of tapering
optical fibers were initially developed for fabricating directional
couplers, where two or more tapers were fused for light coupling.
In fact, tapered optical fibers provided several unique features for
sensor development, such as compactness, user-configurability, and
strong evanescent wave (EW). Generally, the diameter of the taper
waist can be reduced down to a few micrometers or even nan-
ometers, making it attractive for biomedical applications where a
minimally invasive intrusion is required. More importantly, taper-
ing not only exposes the evanescent field to the surroundings but
also increases the evanescent field and penetration depth due to the
reduced diameter of the optical fiber, which degrades the confine-
ment of the propagating electromagnetic (EM) wave. The smaller
the diameter of the taper waist, the stronger the EW. The enhanced
EW will interact with the surrounding medium, making a tapered
optical fiber an excellent candidate for chemical /biological sensing.
Figure 18 shows several scanning electron microscopy (SEM)
images of microfibers/nanofibers (MNFs) fabricated by the taper-
ing technique.

Another application of tapered optical fibers for sensor devel-
opment is as cladding mode exciter (see Fig. 16¢), where part of the
transmitted light in the optical fiber core is coupled to the cladding
when it passes through the tapered region. By employing a pair of
in-line tapered optical fibers, a fiber-in-line Mach-Zehnder inter-
ferometer can be constructed for sensing applications, such as for
measurements of strain and refractive index [202, 203].

Fiber polishing is a micromachining technique developed to treat
the side cylindrical surface or endface of an optical fiber for proper
light guidance. Side-polished fibers are one of the most successful

Fig. 18 SEM images of tapered optical fibers with various structural features. (a) A simple tapered fiber tip
[199]. (b) A micro-ring made with a 520 nm diameter silica microfiber [200]. (c) A coiled silica microfiber (with
a diameter of 260 nm) with a total length of 4 mm [200]. (d) A fiber Bragg grating inscribed on a silica
microfiber where the diameter of the fiber was tapered to 1.8 pm [201]
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outcomes of the fiber polishing technique. In side-polished fibers,
portions of the fiber cladding on one side of the optical fiber are
normally removed by the polishing process, as illustrated in
Fig. 19a (front view) and b (cross-sectional view), resulting in the
exposure of the EW to the surroundings. Side-polished fibers have
been extensively studied for evanescent field coupling applications,
as well as for sensing due to the enhanced EW in the polished
region. Side-polished fibers are also used as a platform for inscribing
grating structures for sensing applications [204, 205]. The most
significant parameter determining the strength of the EW in side-
polished fibers is the thickness of the residual cladding, the thinner
the residual cladding, the stronger the EW, thus the stronger the
interaction with the external surroundings. Bending the polished
region can also greatly enhance the EW, thus improving the sensi-
tivity of the device for sensing applications.

Since optical fibers are generally too small (e.g., with a diameter
of 125 pm) to be directly polished alone, blocks used to support
fibers during the polishing process are typically required. Quartz or
fused silica has been widely used for this purpose because it is
essentially the same material as silica fibers. A typical step-by-step
side polishing process is schematically illustrated in Fig. 19¢ and is
described below:

1. Strip the plastic coating in the middle of a section of an optical
fiber to expose a section of bare fiber with a length that is
similar to the length of the V-groove used in the polishing
setup (sec Note 5).

2. Clean the fiber to remove residual material and dust using lint-
free Kimwipes. Ethanol/acetone is typically used to moisten
the Kimwipe for cleaning the fiber.

3. Place the stripped optical fiber section onto the curved
V-groove with the application of a pre-strain.

4. Immobilize the optical fiber in the groove by gluing the fiber
(see Note 6).

5. Examine the secured optical fiber under an optical microscope
to ensure that the central region of the optical fiber sits properly
in the groove.

6. Place the block with the embedded optical fiber on the mount-
ing plate that is secured to the polishing jig of a polishing
machine.

7. Polish the central region of the optical fiber using polishing
powders and polishing pads with appropriate parameters (e.g.,
grit size ~0.05 pm, see Note 7).

8. Repeatedly clean and wipe the polished surface of the optical
fiber during the polishing process.
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Fig. 19 Overview of a polished optical fiber and the associated fabrication process. Schematic of a side-
polished fiber (a) front view and (b) cross-sectional view in the polished region of the fiber. RCT residual
cladding thickness [206]. (¢) Schematic illustration of a typical step-by-step fabrication process for a side-

polished fiber [207]

The thickness of the residual cladding after polishing can
be estimated by the liquid-drop method [10] or checked under
a microscope.

Another application of the fiber polishing technique is endface
polishing, where the endface of an optical fiber can be polished to
various angles. Optical fibers with angled endface are especially
attractive for developing endoscopic probe or imaging device
because the direction of propagation of the light output from the
optical fibers can be guided to the internal organs and tissues of
interest by the angled fiber endface [208]. Figure 20 shows a
miniaturized surface-mountable optical fiber pressure sensor with
a cross-axial configuration [209]. The cross-axial configuration was
enabled by an optical fiber with a 45° angled endface, through
which the incident probing light is directed to the sensing dia-
phragm engineered on the sidewall of the fiber. The cross-axial
configuration is especially desirable for pressure measurements in
fluids such as in blood vessels because the cross-axial configuration
is easy to install and can distinguish the static pressure from the
surface flow. The effect of dynamic pressure, i.e., the pressure
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Fig. 20 Schematic of a miniaturized surface-mountable Fabry—Perot
(FP) pressure sensor constructed with a 45° angled fiber [209]. The 45°
angled fiber was used to direct the incident probing light to the diaphragm
engineered on the sidewall of the optical fiber to form the cross-axial
configuration

variations induced by the flow hitting at the diaphragm if the
diaphragm is perpendicular to the flow, is eliminated.

Lasers with high intensities have been rapidly developed and used
for precise material processing (e.g., welding or cutting) since the
first demonstration in the 1960s [210]. With the advancement of
laser technologies, especially mode-locking and chirped pulse
amplification techniques, the intensities of commercial femtosec-
ond laser (with ultrashort pulse width, in fs scale) have reached up
to 10" W/cm?. Under the irradiation of lasers with such high
intensities, most materials, especially transparent materials, will be
ionized and exhibit nonlinear behavior, and consequently undergo
a phase or structural modification, leaving behind a localized per-
manent change in the material (e.g., a change in refractive index or
a void space) [11]. In recent years, femtosecond laser three-
dimensional (3D) micromachining has found niche applications in
material processing and one-step fabrication of photonic micro/
nanostructures [211]. Due to the ultra-high intensities, femtosec-
ond lasers can be employed to eliminate materials from the surface
of solid structures (ablation) or to transform the local properties
within hard or soft solid material structures (irradiation). Com-
pared with traditional long-pulse lasers, femtosecond lasers offer
unparalleled features when utilized in fabrication processes, such as
high precision, negligible cracks, reduced or eliminated heat-
affected zones, and the ability for subsurface 3D fabrication. Fem-
tosecond laser micromachining involves methodologies centered
around the interactions and 3D manipulations of femtosecond
lasers with materials. OFSs involves methodologies centered
around probing-light-measurand encoding and interrogation of
the modulated light waves. Combining femtosecond laser
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Fig. 21 Schematic of a home-built femtosecond laser micromachining system [189]

micromachining methodologies with optical fiber sensing technol-
ogies prompts a new research topic, the lab-in/on-fiber
(3D structuring of multiplexed components in/on fiber), which
enables the opportunity to fabricate a novel generation of assembly-
free smart sensors with combined advantages from the two differ-
ent arenas.

A home-built femtosecond laser micromachining system is
schematically illustrated in Fig. 21. A typical process involved in
femtosecond laser micromachining an optical fiber is described
below:

1. Load an optical fiber to be processed (with/without polymer
coating) in the sample holder on top of a microscope slide. The
sample holder is fixed on top of a high-precision translation
stage assembly.

2. Secure the optical fiber using two magnetic clamps that are
integrated into the stage assembly. A pre-strain is applied to the
optical fiber between the two clamps to ensure the fiber section
is straight (see Note 8).

3. Add two spacers (a small section of an optical fiber) on each side
of the secured optical fiber on the microscope slide. Position
the two spacers parallel and close to the optical fiber to be
processed.

4. Add a drop of index-matching gel on top of the optical fiber to
be processed and make sure that the index-matching gel is
contained between the two spacers.

5. Place a microscope cover-slip on top of the optical fiber to be
processed and make sure that the optical fiber is covered with a
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uniform layer of the index-matching gel with no air bubble
mixed in the gel.

6. Adjust the focus point of the femtosecond laser beam on the
surface of the optical fiber for ablation or within the optical
fiber for irradiation, according to the desired purpose, by
moving the stage assembly. An online monitoring system com-
posed of a camera and lens assembly is used to assist the
alignment and visualize the fabrication process.

7. Open the shutter of the femtosecond laser amplifier for a short
period of time (e.g., 20 ms) to cause minute visible damage in
the optical fiber to precisely locate the focus point of the laser.
Corresponding adjustments of the fiber position can then
be made.

8. After fabrication, remove the processed optical fiber from the
sample holder for characterization or follow-up chemical
treatment.

It should be noted that for the irradiation process, the fiber
sample is typically immersed in water, oil, or index-matching
gel to eliminate spherical aberrations due to the cylindrically
shaped fiber. The properties of the micromachined features
on/in an optical fiber are determined by the scanning speed
of the translation stage, and the parameters of the femtosecond
laser, which include pulse energy, repetition rate, polarization
state, and beam profile (se¢ Note 9).

Since the discovery by Davis et al. that tightly focused femtosecond
laser beams can induce permanent modification to the local refrac-
tive index parameter inside a glass, numerous photonic micro/
nanostructures have been developed for functional 3D optical cir-
cuits in a glass substrate [212]. The unique advantages of 3D
femtosecond laser direct writing have also made it attractive to
the fiber optic field. Successful examples that have been achieved
using femtosecond laser direct writing in optical fibers include
grating structures (i.c., fiber Bragg gratings and long-period grat-
ings), ultra-weak in-line reflectors, micro-cavities, waveguides, 3D
circuits, and other complex structures (e.g., a micro-cantilever), as
shown in Fig. 22. All these microstructures have been demon-
strated as building blocks for a new generation of assembly free
smart OFS, which are desirable in biomedical applications over
traditional OFSs due to the extreme compactness, robustness,
improved flexibility, and enhanced functionality and intelligence.
In femtosecond laser direct writing of optical fibers, the accu-
racy of fabricating design elements of 3D microstructures strongly
relies on the size of the focused laser spot. The relationship between
the radius of the laser spot (7) and the numerical aperture (NA) of

the objective lens used in the femtosecond laser system is approxi-
mated by [215]:
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Fig. 22 Examples of microstructures created on/in optical fibers by direct femtosecond laser writing.
Microscope images of a waveguide-integrated fiber Bragg grating (FBG) device: (a) waveguide written in
coreless fiber, (b) cross-sectional view of the device, and (c) FBG written in the waveguide [213]. (d)
Microscope image of a helical structure in an optical fiber [189]. (e) SEM image of a micro-cantilever on
the tip of an optical fiber fabricated by femtosecond laser ablation [214]
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where 4 is the wavelength of the femtosecond laser beam, and # is
the refractive index of the fiber sample. For a given femtosecond
laser micromachining system (fixed 1) and a given fiber sample, the
larger NA will contribute to a smaller laser spot, resulting in greater
accuracy of fabrication. However, there is always a tradeoft between
fabrication time and accuracy. A general guide to choosing a proper
objective in a femtosecond laser direct writing system is given by
the following three guide points [189]:

1. Choose a microscope objective with a low NA (<0.1) for the
rough fabrication of large-area surface elements.

2. Choose a microscope objective with an NA ranging from 0.1 to
0.5 for subsurface modification and high-precision surface
ablation.

3. Choose a microscope objective with a large NA (e.g., liquid
immersive lens) for high-accuracy modifications and ablation of

a fiber.
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In recent years, optofluidic systems have attracted extensive
research interest due to their unparalleled features for chemical,
biological, and biomedical sensing applications [187]. In an
optofluidic-based system, microfluidic architectures are synergisti-
cally integrated into an optical waveguide, where the liquid of
interest with an extremely small volume (e.g., microliter, nanoliter,
or picoliter) can travel through the microfluidic architectures (e.g.,
microchannels) and then be analyzed using optical methods. Fem-
tosecond laser irradiation followed by chemical etching (FLICE)
has recently emerged as a promising method for fabricating micro-
fluidic systems in waveguides [216]. The combination of the
FLICE technique with femtosecond laser 3D direct writing in
optical fibers has afforded a novel means of integrating optical
circuits and microfluidic systems, which enables the emergence of
ultra-compact, alignment-free all-in-fiber optofluidic devices
[190]. Specifically, the FLICE technique relies on the high suscep-
tibility of the femtosecond laser-irradiated region to chemical etch-
ing, such as hydrofluoric acid (HF) and potassium hydroxide
(KOH). Employing the femtosecond laser direct writing tech-
nique, arbitrary 3D optical circuits can be fabricated inside an
optical fiber. After laser irradiation, the etching process can be
conducted. The etching rate of the laser-irradiated region is up to
two orders of magnitude faster by than that of the un-irradiated
region in the fiber cladding. Given sufficient etching time, satisfac-
tory quality of microfluidic architectures with good surface rough-
ness can be obtained. Compared to holey fiber (e.g., PCF)-based
optofluidic devices, a FLICE-enabled lab-in-fiber offers much
higher flexibility, where multi-microfluidic components can be
integrated in 3D to achieve highly functional and multiplexed
optofluidic sensing. Figure 23 shows several examples of micro-
channels fabricated in optical fibers using the FLICE technique.

In addition to FLICE-enabled fabrication of 3D microfluidic
systems, an arbitrary microchannel can also be directly fabricated in
an optical fiber using the femtosecond laser-induced water break-
down (FLIWD) method, where no hazardous chemicals are
required [218]. The FLIWD technique relies on the interaction
between the femtosecond laser and the water breakdown phenom-
enon. Compared to the FLICE technique, the FLIWD approach
provides a more uniform diameter of the microchannel. However,
in FLIWD micromachining, the surface roughness degrades and
thus introducing significant insertion loss [189].

4 Notes

1. The model of the fusion splicer used in the fabrication was
TYPE-36, Sumitomo Electric Industries, Ltd. The parameters
for splicing two single-mode fibers were as follows: an arc
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Fig. 23 Examples of microfluidic architectures in optical fibers fabricated by the FLICE method. Microscope
images of a blind microhole inside an SMF (a) before HF etching and (b) after HF etching [189]. Microscope
images of an all-in-fiber optofluidic device (c) before HF etching and (d) after HF etching [217]

duration of 1.5 s, a prefusion of 0.1 s, an arc gap of 10 pm, an
overlap of 15 pm, and an arc power of 64 steps. Note that for
splicing a single-mode fiber with a hollow-core fiber, the arc
duration and arc power should be correspondingly decreased
to avoid the collapse of the hollow-core fiber at the joint point.

2. The fusion-spliced joint is not as strong as the original optical
fiber, so a protective sleeve (e.g., a heat-shrinkable tube) is
usually used to cover the joint and to protect it.

3. Aloss detection system is always integrated with an optical fiber
tapering setup for in situ monitoring of the transmission loss of
the fiber under tapering. Two free ends of the optical fiber to
be processed are connected to a laser source and a photodetec-
tor (or an optical spectrum analyzer).

4. A complete optical fiber tapering setup is also integrated with
an imaging system (e.g., a microscope or simply an objective
combined with a camera) for visualizing the tapering process
such that the process can be immediately ceased once the
desired dimensional parameters of the optical fiber taper are
reached.

5. The parameters of the side-polished fiber, i.e., the length of the
polished region and the thickness of the residual cladding, are
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determined by the geometric parameters of the V-groove in the
supporting block (the length, width, and depth of the groove).

6. In the immobilization of the optical fiber in the polishing
process, epoxy should be applied to the central region of the
optical fiber in the groove, and the fiber sections in the outer
region should be glued after the applied epoxy in the central
region cures. The process is necessary to minimize the possible
motion of the optical fibers in the central region that will be
polished.

7. Cautions should be taken in selecting an appropriate particle
size of the powder and the proper polishing pad. If the particle
size is too large (>1 pm), a large number of scratches could be
created on the polished fiber surface, which randomly scatter
transmission light.

8. It is necessary to apply a pre-strain to make the fiber straight
when the optical fiber to be processed is secured using the two
clamps. This process will greatly facilitate the subsequent align-
ment process especially when a relatively large structure
(in length) needs to be fabricated, e.g., a fiber Bragg grating
with a length of 5 mm.

9. The properties of the fabricated structure by femtosecond laser
irradiation depend not only on the parameters of the femtosec-
ond laser (including pulse energy, repetition rate, polarization
state, and beam profile) but also on the movement of the
translation stage during fabrication, coupled with the align-
ment accuracy. An example includes using the femtosecond
laser to write a fiber Bragg grating structure by the point-by-
point technique. During the fabrication, the translation stage
moves at a constant velocity (v) along the longitudinal axis of
the fiber; femtosecond laser pulses with a constant repetition
rate are focused into the fiber core to cause a localized change
in the refractive index. Each laser pulse produces a single
grating line in the fiber core. The Bragg wavelength of the
fabricated fiber Bragg grating is proportional to the ratio of
the velocity of the translation stage to the repetition rate of the
laser pulses. Therefore, the point-by-point femtosecond laser
inscription of a fiber Bragg grating offers unparalleled design
flexibility, where the Bragg wavelength and the index modula-
tion profile can be easily adjusted.
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