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A Review of Microfiber and Nanofiber Based Optical Sensors
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Abstract: Rapid advances in optical microfiber and nanofibers (MNF) based sensors have been driven by powerful indus-
tries such as automotive, biomedical and defense, with the increasing demand for highly-sensitive, selective, non-
intrusive, fast-response, compact and robust sensors that can perform in-situ measurements at remote and harsh environ-
ments. A diverse range of MNF based sensors have been developed for measuring refractive index, bio-chemical, tem-
perature, current, displacement, bend, surface, acceleration, force, rotation, acoustic, electric field and magnetic field.
Given the growing interest for this exciting area of scientific research, new designs are emerging continuously at a fast
pace. This paper attempts to provide a comprehensive review of all MNF based sensors reported to-date. Sensors are di-

vided according to their morphology and measurand.
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1. INTRODUCTION

Optical microfibers and nanofibers (MNF), also known
as optical/photonic microwires and nanowires, are optical
fiber tapers with a uniform waist region size comparable to
the wavelength. MNFs are usually manufactured by heating
and stretching [1] regular-sized optical fibers. The result is a
biconical taper that provides a smooth lossless connection to
other fiberized components. By controlling the pulling rate
during the fabrication process, the taper profile can be fine-
tuned to suit the application [2, 3]. Optical materials other
than silica have been used to manufacture MNFs, including
phosphate [4], tellurite [4], lead silicate [5], bismuthate [5]
and chalcogenide glasses [6] and a variety of polymers [7-
11]. The remarkable optical and mechanical properties ex-
hibited by MNFs are constantly exploited for optical sensing
and include large evanescent fields, strong optical confine-
ment, flexibility, configurability and robustness. Such desir-
able characteristics have gathered much attention in recent
years and it is what makes MNFs an excellent platform for
optical sensors. In the next section, the unique waveguiding
properties of MNFs will be discussed, followed by an expla-
nation of the general parameters of a sensor; and lastly, an
overview of both non-resonator-type and resonator-type
MNF based sensors.

2. OPTICAL WAVEGUIDING PROPERTIES OF MNFS

Light launched into a MNF will propagate as core modes
which are defined to be the state when their effective index
lies between the cladding and core indices. The effective
index decreases monotonically along the down-taper transi-
tion, and the mode becomes guided by the cladding/air
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interface. To analyze the mode propagation in the MNF, the
exact solution of the Maxwell equations needs to be found
[12] since the weakly guiding approximation is not valid as a
result of the large index difference between the cladding and
air:
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J, isthe v™ order Bessel function of the first kind, K, is

the v™" order modified Bessel function of the second kind,
Nune @nd N, are the refractive indices of the MNF (~1.45)

and the surrounding medium. g is the effective propagation
constant of the optical mode. r is used to denote the core
radius and correspond to the center from the core-cladding
interface in solid fibers and to the cladding-air interface in
MNFs. The propagation constant of hybrid modes can be
calculated by solving Eq. 1.

1)

The V number can be expressed as:
V=\/U2+W2=27ﬂ-r~NA @)

As it is in optical fibers, MNFs experience single-mode
operation when V < 2.405 [13].
2.1. Optical Confinement

MNFs can confine light to the diffraction limit for
lengths that are only limited by loss and are usually several
orders of magnitude longer than the typical Rayleigh length.
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Fig. (1). Dependence of the spot size on the V number of a MNF. The two troughs represent the points of maximum confinement in the clad-

ding/core.
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Fig. (2). Dependence of the power fraction propagating in the evanescent field ngr on the normalised wavelength A/r in different refractive

index surroundings.

As shown in Fig. (1), when the optical fiber diameter de-
creases, the V number and spot size w initially decreases
until the point of maximum confinement within the core.
After that, the mode is no longer guided in the core and w
suddenly increases to a maximum associated with cladding
guiding. For even smaller diameters, o decreases with de-
creasing V until it reaches a minimum around V ~ 2, before
increasing again. The region below V < 2 is typical of
MNFs: the mode is only weakly guided by the waveguide, so
o can be orders of magnitude larger than the physical diame-
ter of the MNF and thus a larger fraction of the power re-
sides in the evanescent field. For V < 0.6, the beam spot size
can continue to expand until it becomes orders of magnitude
larger than r.

2.2. Evanescent Field

When V << 1, a large portion of the power propagates as
the evanescent field outside the MNF. The extension of the
evanescent field and the fraction of power #gr propagating in
it depend on the ratio A/r and can be obtained from the com-

ponent of the pointing vector along the direction of the beam
propagation S, [13].
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where Jin S, dAand J-Dut S, dA are the integrals of S, over the

MNF cross section and outside the MNF respectively. Fig.
(2) shows the dependence of #gr on the normalized wave-
length A/r for silica MNFs. When the surrounding medium is
air, ngr reaches 0.5 at A/r ~ 4, meaning that half of the power
is propagating outside the MNF when the MNF radius is a
quarter of the wavelength of light propagating in it. #gr in-
creases for increasing surrounding refractive indices when
the normalized wavelength A/r is kept constant. For example,
for a surrounding refractive index of ng,, = 1.373, more than
90% power lies in the evanescent field when A/r ~ 4. There-
fore, to enhance the evanescent field, polymers or Teflon can
be used to embed the MNF. To improve the #gr even further,
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Fig. (3). Hllustration of common non-resonator-type MNF structures reported in literature.

hollow MNFs have also been proposed [14]. Large evanes-
cent field is particular important in sensors and resonators,
where a significant fraction of the propagating power needs
to interact with surrounding medium.

2.3. Bend Insensitivity

MNFs have excellent mechanical properties which allow
them to be bent and manipulated without physical damage.
Due to the large index contrast between silica and air [15],
bending radii of the order of a few microns can be readily
achieved with relatively low bend-induced loss (<1 dB for
90 turn with a bending radius of 5 um in an air-clad 530
nm diameter silica wire [16]). This gives rise to highly com-

pact devices with complex geometry, e.g. two-dimension
(2D) and three-dimension (3D) multi-ring resonators.

3. SENSOR PARAMETERS

The performance of sensors is typically governed by a set
of parameters including: sensitivity, resolution, detection
limit, response time, operating range, repeatability and re-
producibility.

3.1. Sensitivity

Sensitivity describes the change in the detected parameter
as a result of a change in the measurand. For example, in the
case of refractometric sensors a change in the refractive in-
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dex (measured in refractive index units — RIU) is very often
understood in terms of wavelength shift relative to an initial
wavelength. This detection parameter is measured in nm,
yielding the value of sensitivity in nm/RIU.

3.2. Resolution of Detection System

Resolution indicates the smallest detectable change in the
parameter used for detection. The resolution is related to the
precision with which the measurement is made and hence is
usually affected by the specifications of the detection sys-
tem.

3.3. Detection Limit (DL) of Measurand

Detection limit (DL) represents the smallest value of the
measurand that can be detected by the sensor. It is related to
the resolution and sensitivity by the following relationship:

_ Resolution

- Sensitivity @)

3.4. Response Time

Response time (1) is typically defined as the time re-
quired taken for the detection parameter to rise from 10% to
90% of its final value.

3.5. Operating Range

Operating range (OR) is the range of values of the pa-
rameter under examination, which can be measured by the
sensor, and hence by definition large OR values are highly
desirable.

3.6. Repeatability

Repeatability is an indication of the agreement between
the measured performances of the same sample taken under
the same experimental conditions at different times. A good
repeatability reflects the stability and life-time of the sensor
head.

3.7 Reproducibility

Reproducibility is based on the agreement between the
measured performances between different samples taken
under the same experimental conditions. A good reproduci-
bility is ideal for the manufacturing of multiple sensor heads
with the same specifications.

4. MICROFIBER AND NANOFIBER SENSORS

This section summarizes all MNF based sensors reported
to date for the measurement of refractive index, bio-
chemical, temperature, current, displacement, bend, surface,
acceleration, force, rotation, acoustic, electric field and mag-
netic field.

Non-resonator-type MNF sensors come in many different
forms, as illustrated by Fig. (3). The straight MNF is a com-
mon configuration that exploits the strong evanescent field
of the guided mode(s) to interact with the surrounding me-
dium (Fig 3a) [17]. The measured effect is usually a change
in either the intensity or phase of the transmitted light. The
straight MNF is either connected to standard fiber pigtails or
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evanescently coupled to single-ended fiber tapers (Fig. 3b).
To enhance the sensitivity to certain measurands, the surface
of the MNF can be functionalised (Fig. 3c) to identify spe-
cific chemical or biological species [18]. Fiber Bragg grat-
ings (FBG) [19] or long period gratings (LPG) [20] can be
inscribed on the straight MNF that undergo a spectral shift in
response to a change in the ambient conditions (Fig. 3d).
Two strands of MNF can be manipulated to form a Mach-
Zehnder interferometer (MZI) [21] that features high sensi-
tivity to the differential phase between the sensing and refer-
ence arms (Fig. 3e). Alternatively, abrupt tapered sections
can be exploited for modal interferometry in the configura-
tion of either MZI [22] (Fig. 3f) or Michelson interferometer
(M) [23] (Fig. 3g). Modal interferometry can also be real-
ized with LPG on a single MNF [24], and polarimetric inter-
ferometry is possible with rectangular MNFs [25]. The MNF
tip is widely established sensor head for probing and ma-
nipulating atoms and molecules [26] (Fig. 3h). The sub-
wavelength cross-section of the tip facilitates a minimally
invasive analysis of extremely small areas. MNF in an un-
coupled helical arrangement can be employed for detecting
rotations in the state of polarization induced by variations in
the local magnetic field [27] (Fig. 3i).

Resonator-type  MNF sensors comprises all sensors
which exploit resonant structures. MNFs have been used to
manufacture homogeneous resonant sensors, such as loop,
knot and coil resonant sensors. Coiling an MNF onto itself
allows modes propagating in adjacent turns to evanescently
overlap and couple, thereby creating compact, high-Q reso-
nators with predicted Q-factors as high as 10°. These resona-
tors have many advantages including small-size, low fabrica-
tion cost and robustness, that have attracted much interest to
develop them as optical sensors. A variety of configurations
has been reported in the literature, and will be described in
the following paragraph.

The microfiber loop resonator (MLR) is the simplest
form of the homogeneous (all-MNF) micro-resonators. Fab-
rication begins with manufacturing the MNF and bending it
into a self-coupling loop [28]. For example, translation
and/or rotation stages can be used to adjust the loop to the
desired size (Fig. (4a). The resulting MLRs show strong self-
coupling due to the close proximity of the waveguide with
itself at the coupling region, with Q-factors of the order of
10°. The geometric shape of the MLR is maintained by elec-
trostatic and van der Waals interactions at the point of cou-
pling, which means it suffers from a limited stability de-
pendent on environmental conditions [29, 30]. Embedding
the MLR in polymer has been the preferred solution to pro-
vide long term-stability, although it can considerably modify
the transmission spectrum [31]. Fusing the loop contact
points with a CO, laser [32, 33] has been proposed. Al-
though this technique has generally negative effects relating
to the Q-factor, resonators with Q > 10° have nonetheless
been demonstrated [33]. Similarly, CO, lasers have also been
deployed to splice together different silica [34] and soft glass
[35] MNFs. An alternative approach to increase the MLR
long-term stability relies on the use of a copper support rod
to preserve the MLR geometry [36]. Critical coupling has
been demonstrated by tuning the resonator with thermal ef-
fects induced by current flowing in the conductor rod,



36 The Open Optics Journal, 2013, Volume 7

(@)

Chenetal.

Fig. (4). Schematic of MNF homogeneous (a) loop resonator, (b) knot resonator, and (c) coil resonator. In all structures the evanescent field

couples power between different sections of the same MNF.

achieving a Q-factor up to 4000 and an extinction ratio of 30
dB [37].

The microfiber knot resonator (MKR) can be fabricated
by forming a simple knot to couple adjacent MNF sections
(Fig. (4b)). This design requires less alignment precision
than the MLR and benefits from improved stability: Q-
factors of up to ~57000 and finesses of 22 have been
achieved [38]. Q-factor and spectral properties can be tuned
by changing the knot radius and tightness [39].

The micro-coil resonator (MCR) is a 3D resonator (Fig.
(4c) consisting of self-coupled adjacent loops in a helix ar-
rangement [40]. The theoretical Q-factor is in the order of
10°, competing with those achieved using whispering gallery
mode (WGM) resonators [41-43]. MCRs were first experi-
mentally demonstrated in 2007 [44], and subsequently im-
plemented in various applications [45-51]. The highest Q-
factor experimentally achieved in an MCR, at Q ~ 470,000
[52], is still a few orders of magnitude smaller that the theo-
retical maximum. Fabrication involves coiling a MNF
around a support rod of mm/cm scale diameter using a linear
stage that controls the pitch between the turns of the coil and
a rotation stage to adjust the rotation angle of the MNF. Post-
fabrication, the resonator can then be embedded to improve
stability by preventing the ingress of moisture and dust. The
multi-turn MCR transmission has been analyzed during fab-
rication and additional eigenmodes present in MCRs with
multiple loops were detected [53].

A large number of resonant sensors utilize a single MNF
to excite or collect light from high Q resonators such as mi-
crospheres [54, 55], micro-toroids [56, 57], micro-capillaries
[58, 59] or bottle resonators [60, 61], which are classified as

heterogeneous resonating sensors. By matching the propaga-
tion constants of the mode in the MNF and the micro-
resonator, coupling efficiencies in excess of 90% have been
demonstrated [62]. Evanescent sensing in these types of
high-Q resonators has been used to monitor chemical and
biological elements positioned in proximity of the resonator
surface.

4.1. Refractometric Sensors

Refractive index (RI) sensing is a prominent subject of
optical sensing that has a broad range of uses including the
inspection of solute concentration in aqueous solutions and
quality control in the monitoring of food engineering proc-
esses. The compact form of MNF based optical sensors
makes sensing RI in microfluidic channels and humidity
environments highly feasible and robust.

4.1.1. Micro-Fluidic Sensors

The first experiments with straight MNFs to confirm its
applicability for RI sensing began as early as 1986, when
Lacroix et al. [17] studied the transmitted core-mode power
as a function of external Rl with varying taper lengths. In
2005, Polynkin et al. [63] reported a simple MNF based RI
sensor consisting of a submicron-diameter optical fiber taper
immersed in a transparent curable soft polymer. Liquid ana-
Iyte surrounded the 3 cm length MNF waist, making the op-
tical loss sensitive to the RI difference between the polymer
and the liquid. The DL was estimated to be 5x10 RIU.
Kude et al. [64] demonstrated another way to fabricate
MNFs for RI sensing through chemical-etching. The lengths
of MNF used ranged from 0.5 cm to 1 cm, and uniform waist
diameters from 6 um to 18 pum. Sui et al. [65] showed an
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alternative method for monitoring the RI-dependent optical
transmission by measuring the phase change via a differen-
tial frequency technique. Their setup has shown a minimum
detectable RI variation of ~10” for n = 1.3322-1.334. Re-
cently, a high sensitivity Rl sensor based on a tapered mul-
timode fiber, rather than the conventional single-mode fiber,
was demonstrated by Wang et al. [66]. The MNF diameter
and length were 30 um and 675 um respectively. The device
was able to achieve a sensitivity of at least 1900 nm/RIU and
DL of 5.23x10° RIU within the RI range of n = 1.33-1.44.
Biazoli et al. [67] also tapered down a multimode fiber to 55
pum spliced between two sections of single-mode fiber to
produce a sensitivity of 2946 nm/RIU in the RI range of n =
1.42-1.43.

Miniaturised refractometric sensors based on tapered
photonic crystal fibers (PCF) have shown higher sensitivity
than regular PCFs. Qiu et al. [68] investigated, both theoreti-
cally and experimentally, the RI sensing properties of PCFs
with different diameters, achieved by acid-etching instead of
tapering. The maximum sensitivity obtained was 750
nm/RIU, 5 times higher than that of the un-etched version.
An enhancement factor of up to 100 times can be expected
by optimizing the etching process to achieve thinner and
more uniform PCF-MNFs. A similar design was proposed
and demonstrated by Liu et al. [69], which also used acid-
etching to “taper” a section of PCF spliced between two sin-
gle-mode fibers. The measured sensitivity of a 60 um diame-
ter PCF/MNF was an order of magnitude higher than that of
the un-tapered version, at 500 nm/RIU. Li et al. [70] fabri-
cated a tapered PCF modal interferometer of 30 um diameter
and 2 mm length. The miniature PCF exhibited a sensitivity
of more than 1600 nm/RIU, which is nearly 8 times as high
as that of an un-tapered PCF interferometer.

One of the first metal-clad MNFs for RI sensing based on
the concept of exciting surface plasmon modes was intro-
duced by Diez et al. [18]. A thin layer of gold was evapo-
rated on a MNF of 30 um diameter and 40 mm length, with
the different surface plasmon modes excited by the fiber
modes. A sharp optical loss occurs when the propagation
constant of the guided mode matches with that of a surface
plasmon mode. Hence, surface plasmon waves are strongly
dependent on the RI surrounding the surface. Bueno et al.
[28] have shown that by adding a dielectric layer to form an
asymmetric double-layer deposition (i.e. 60 nm thick tita-
nium oxide on 8 nm thick aluminium), the response of the
device can be tuned to obtain surface plasmon mode reso-
nances at shorter wavelengths and at a lower RI range. Mon-
zén-Hernandez et al. [71] have studied different hybrid sur-
face plasmon modes that are excited and supported by a
semi-cylindrical metallic shell (25 nm thick gold layer)
around the MNF (27.5 um diameter, 4 mm length). The
transmission spectrum of the device exhibits multiple reso-
nance peaks, three of which are simultaneously monitored.
The measured sensitivity was remarkably high at 127500
nm/RIU for RI between n = 1.44-1.454. A DL of 7x10” RIU
can be obtained, assuming a wavelength resolution of 10 pm.
A tapered Bragg fiber was first proposed and demonstrated
by Ma et al. [72]. A MNF of 4 um diameter and 10 mm
length was fabricated. In their design, the propagation con-
stant of the transmitted light can be manipulated through
altering the core size in order to obtain a desired RI sensing
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Fig. (5). llustration of the MNF grating based on a micro-
structured rod. Inset: cross-section of the support rod.

range. In addition, the intensity of the interacting evanescent
field can be adjusted by changing the number of Bragg mul-
tilayers. The effect of gold nanoparticles coated on a 1 pm
MNF was investigated by Cui et al. [73]. It was found that
the resonant wavelength of the surface plasmon was deter-
mined by the size of the gold nanoparticles. By tracking the
induced wavelength shift, an average sensitivity of 218.67
nm RIU was achieved for RI ranging from n = 1-1.362 with
particle sizes between 20 nm and 100 nm. Liu et al. [74]
showed that the sensitivity of a bare MNF (2.8 um diameter,
14 mm length) based RI sensor can be enhanced by a factor
of 100 using silica nano-spheres (400 nm diameter) as a
modified surface to support Mie-scattering. A tapered fiber
localized surface plasmon resonance sensor was demon-
strated by Lin et al. [75] for RI sensing and label-free bio-
chemical detection. The sensing mechanism is based on the
evanescent field absorption of immobilized gold nanoparti-
cles on the tapered fiber surface. A DL of 3.2x10° RIU was
reported for a MNF of 48 um diameter and 1.25 mm length
with gold nanoparticles of 24 nm in average diameter.

The combination of FBGs and MNFs was first reported
by Liang et al. [19]. A single etched MNF (6 pm diameter)
with FBG and another MNF (3 pum) with a pair of FBGs
forming a Fabry-Perot interferometer was compared. In both
cases, the resonant wavelength shift is proportional to the
external RI. Due to the narrower resonance spectral shape of
the latter configuration, a DL of 1.4x10° RIU was attained.
FBGs in MNFs made with femtosecond infra-red irradiation
by Grobnic et al. [76] were able to measure RI changes
down to 2.5x10™. The 20 mm length MNFs were of 30 um
and 50 um in diameter. Similarly, a 2 pum diameter MNF
with a sensitivity of 231.4 nm/RIU at n = 1.44 was shown by
Fang et al. [77]. A multimode fiber taper with dual FBGs has
been fabricated by Shao et al. [78], which relies on the inten-
sity difference of two reflected signals to deduce the change
of the external RI. The gratings were fabricated using a KrF
excimer laser with a phase-mask technique. The diameter of
the MNF samples was in the order of 20-30 um. The pair of
FBGs makes it possible to simultaneously measure ambient
temperature as a reference. The DL was approximately ~10°
for an RI range of n = 1.3333-1.4206. Xu et al. [79] pro-
posed a method of manufacturing gratings by wrapping a
MNF around a micro-structured rod, as shown in Fig. (5). By
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exploiting the large evanescent field of MNFs, the holes in
the rod can be exploited as microfluidic channels for RI
sensing. This method avoids post-processing thin MNFs and
enables design flexibility. By designing the air hole size and
position in the micro-structured rod, index chirping can also
be realized. The expected sensitivity of the device was simu-
lated to be 10° nm/RIU. Zhang et al. [80] have utilized the
larger evanescent field of high-order modes to achieve a sen-
sitivity of 102 nm/RIU at n = 1.378 for a 6 um diameter
MNF. They claim the RI sensitivity can be further increased
by decreasing the MNF diameter. More recently, Ran et al.
[81] inscribed FBGs on MNFs with diameters ranging from
3.3 um to tens of pm with a 193 nm ArF excimer laser. They
confirmed that thinner MNF and high-order modes resulted
in higher RI sensitivity. The LP,; peak exhibited a sensitivity
of ~600 nm/RIU atn =1.42.

Wang et al. [82] modeled a MNF where the external RI
affects only the central segment of the grating. Due to the
stop-band degeneracy and rapid emergence of spectral
modes when an effective phase shift occurs, a highly sensi-
tive sensor can be realized. A DL of 2.5x10° RIU was esti-
mated for this design, which is an order of magnitude better
than non-phase-shifted FBGs. FBGs with high index contrast
were fabricated by Liu et al. [83], using the focused ion
beam milling technique. Periodic 100 nm deep grooves were
etched on the surface of MNFs with diameters less than 2
pum. Due to the high index contrast of the gratings structure,
the length of the gratings-written MNF can be decreased to
~500 pum. The sensitivity was measured to be 660 nm/RIU.
The performance of FBG based MNFs as RI sensors was
studied by Liang et al. [84]. Attributes such as the MNF ra-
dius, grating period and temperature cross-sensitivity were
investigated theoretically. It was predicted that a 400 nm
radius MNF FBG sensor has a maximum linear response of
1200 nm/RIU in the RI range of n = 1.3-1.39. Moreover, a
DL of 8.3x10° RIU can be achieved using their design. For
devices featuring only a single FBG, it is difficult to separate
the contributions from external Rl and temperature. Re-
cently, Ran et al. [85] have come up with a solution involv-
ing FBGs on rectangular MNFs. The grating has two Bragg
peaks due to the high linear birefringence of the MNF. They
exhibit identical temperature sensitivities because most of
the mode is confined in the MNF and the thermal-optic ef-
fect of silica dominates the temperature response. As a re-
sult, temperature-independent RI sensing can be accom-
plished by monitoring the wavelength separation between
the two peaks. The fabrication and characterization of a LPG
based MNF RI sensor has been reported by Allsop et al.
[20]. The sensor response comes in the form of a spectral
feature that splits and separates with increasing external RI.
A series of gratings were inscribed on a 25 um diameter
MNF using a frequency-doubled argon ion laser with a
point-by-point writing technique. The grating periods varied
from 250-500 um and the length of all grating samples was 5
cm. The resulting devices yielded a limiting DL of 8.5x107
RIU in the RI range of n = 1.33-1.335. A Fabry-Perot inter-
ferometer comprising of a length of MNF as its cavity and
two FBGs as reflectors was demonstrated by Zhang et al
[86]. A heterodyne technique using a dual-wavelength fiber
laser was used to achieve a sensitivity of 911 MHz/RIU be-
tween n = 1.334-1.400 with a 1.455 um diameter MNF.

Chenetal.

It is possible to employ a pair of LPGs with a tapered
section in between to form an in-line MZI. Ding et al. [24]
presented such a design that operates by partially coupling
light to and from a cladding-mode providing interference
with the core-guided mode. A KrF excimer laser with a
point-by-point grating writing technique was used to fabri-
cate gratings with a period of 414 um, in order to excite a
cladding-mode of the ninth order for high sensitivity. A DL
of ~5.8x10° can be achieved assuming the measurement
system has a spectral resolution of 1 pm. The same design
principles were adopted by Cardenas-Sevilla et al. [87].
MNFs with different diameters inserted between the long-
period gratings pair were fabricated and tested. A minimum
DL of ~2.3x10™* RIU in a RI range of n = 1.36-1.402 was
achieved. Allsop et al. [88] provided an alternative design
using only single tapered LPG (400 um period, 5 cm length)
to avoid the common problem of requiring the two LPGs to
be identical and 3 dB in strength for maximum fringe visibil-
ity. The light in this case is no longer guided by the core-
cladding interface but instead it is initially guided between
the cladding and the external medium due to the core-mode
cut-off condition along the 6 mm length MNF. A DL of
1x10™ RIU was obtained within a RI range of n = 1.3-1.34.
A classic Mach-Zehnder interferometer assembled using
MNFs was modeled by Wu et al. [89]. Due to the large eva-
nescent field of the MNF, a small change in the external RI
can result in a large phase shift of the guided mode. Simula-
tions using a MNF of 750 nm diameter and 1 mm length
foresee the capability of detecting RI variations in the order
of 10°. An experimental demonstration was provided by Wo
et al. [21], reporting sensitivity as high as 7159 um/RIU with
a MNF diameter of 2 um. A compact MNF based modal
interferometer was proposed and demonstrated by Salceda-
Delgado et al. [90]. An abrupt taper of 10 um diameter and
30 mm uniform waist length was created with such geometry
that allowed the fundamental mode to excite a high-order
mode during the down-taper. The modes recombine interfer-
ometrically when they enter the up-taper transition. The
minimum DL was ~3.7x10° in the RI range of n =1.33-
1.428. As with all interferometers, the length of the sensing
region influences the sensitivity. Taghipour et al. [91]
showed that by modifying a MNF LPG with gold nanoparti-
cles, the enhanced evanescent wave and penetration depth
around the sensor produces an improvement of 10.3 and 6.6
times in the wavelength and intensity sensitivities respec-
tively. Tan et al. [92] fabricated LPGs with a pulsed CO,
laser by creating six periodical deformations along fiber
length with only one scanning cycle. The length of the re-
sulting MZI was 8.84 mm for a 9.5 pm diameter MNF. The
LPG MZI exhibits sensitivities of 2225 nm/RIU and 11.7
pm/°C.

An in-line MNF based Michelson interferometer was first
reported by Tian et al. [23], using a 500 nm thick gold
coated end facet to reflect the core-mode and the abrupt-
taper-induced cladding-mode that beats together at the ta-
pered section. The MNF has a diameter of 40 pm and uni-
form waist length of 734 um. A change in external RI pro-
duces a phase difference between the two paths of the modal
interferometer that results in a wavelength shift of the inter-
ference fringes. The minimum detectable RI variation was
5.1x10™. Tian et al. [22] also created an in-line Mach-
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Zehnder modal interferometer by concatenating two MNFs
together. This design utilizes one abrupt taper to couple light
from the core into the cladding, and a closely followed sec-
ond abrupt taper to couple the cladding-mode back to the
core. The pairs of MNFs were of 40 um diameter and 707
pum length. The sensitivity to RI changes was measured to be
17.1 nm/RIU. Another double-taper based MNF RI interfer-
ometric sensor was studied by Li et al. [93]. A pair of MNFs
with 56 um diameter and 18 mm length was created by elec-
tric-arc discharge. A high sensitivity of 580 nm/RIU was
reported, for a RI range of n = 1.3348-1.3558. An even
higher performance of 2210.84 nm/RIU was achieved by
Yang et al. [94], using similar operating principles. The dif-
ference is the creation of two abrupt tapered sections along a
length of uniformly thinned fiber. Typical fabricated samples
were of 35-56 pum thinned fiber diameter, 30-49 um taper
diameter and 372 pm taper length. Another double-taper
based interferometric sensor was reported by Chen et al.
[95], with MNF diameters of 58.5 um and 53.7 um, and
lengths of 2.4 mm and 2.2 mm. The RI sensitivity was as
high as 4000 nm/RIU at the operating wavelength of 1.61
pum and n = 1.33. A three-cascaded-taper structure was ex-
plored by Wu et al. [96]. The first and third MNFs are of 20
pum diameter and 6.1 mm length. The second MNF has a
diameter of 76 pm and length of 698 um. The diameters of
the MNFs were chosen such that the core-mode couples into
the silica cladding at the first tapered section, light then cou-
ples into the external medium and couples back at the second
weak-tapered section, before recombining with the core-
mode at the third tapered section. The sensitivity of the de-
vice was 28.6 nm/RIU within a RI range of n =1.332-1.389.

Wang et al. [97] fabricated a structure consisting of a
small core fiber sandwiched between two standard single-
mode fibers, with 20 tapers of 90 um diameter periodically
written along the small core fiber using a focused CO, laser
beam. Owing to the wavelength shift of the multimode inter-
ference, an average sensitivity of 226.6 nm/RIU has been
achieved in the RI range of n = 1.33-1.38. Zhang et al. [98]
reported a MNF based MZI constructed using a down-taper
of 15 um diameter and 168 um length, followed by an up-
taper of 400 um diameter and 280 um length. Experimental
results showed that the RI sensitivity of 82.8 nm/RIU for a
RI range of n = 1.333-1.3869 is nearly 5 times higher than
that of the conventional MZI based on two down-tapers, and
12 times higher than that those based on two up-tapers. In
addition, the sensitivity for n = 1.3869-1.4362 was 232.8
nm/RIU. A similar configuration was investigated by Gao et
al. [99] with a pair of up-tapers of 167 um diameter and 425
pum length, and a down-taper of 77 um diameter and 18.2
mm length in-between, achieving a RI sensitivity of 86.565
nm/cm/RIU in the RI range of n = 1.3332-1.4140. Lu et al.
[100] demonstrated a new approach to RI sensing at an air
and aqueous glycerol solution interface, using an inline MNF
based MZI. Due to the weak coupling between the funda-
mental cladding mode and high-order asymmetric cladding
modes, the 20 um diameter MNF is very sensitive to the ex-
ternal RI at 2.476 dBm/RIU. Lu et al. [101] also proposed
simultaneous RI and temperature sensing using a tapered
bend-resistant fiber. Different phase shifts between the inner
and outer cladding modes of the fiber interferometer gave
rise to shifts in the interference fringes proportional to the
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external RI. The RI sensitivities of the inner and outer clad-
ding modes are 4.0403 rad/RIU and 44.823 rad/RIU respec-
tively. To differentiate RI from temperature effects in a MNF
based MZI with 65 um diameter and 525 pum length, Lu et al
[102] utilized both S-band and C/L-band light sources. Sen-
sitivities as high as 26.087 nm/RIU and 0.077 nm/ °C were
achieved for the interference order of 144. A non-adiabatic
MNF modal interferometer with a large taper slope was re-
ported by Ji et al. [103]. In the RI range of n = 1.3707-
1.3769, the average sensitivity for the 4.61 um diameter
MNF was 15532.24 nm/RIU and the maximum sensitivity
achieved was 18681.82 nm/RIU. With an OSA’s resolution
of 10 pm, the DL for Rl is 5.35x10™.

An ultra-sensitive RI sensor was demonstrated by Li et
al. [25], which utilizes the polarimetric interference of a
rectangular, 3.29 um diameter and 32.15 mm length MNF.
The broadband light splits into orthogonal polarizations at
the highly birefringent MNF and recombines at a coupler.
The measured sensitivity was 18987 nm/RIU around n =
1.33. The high sensitivity was due not only to the RI-induced
birefringence variation but also to its dispersive properties.
The device can detect a R variation as small as 5.27x10™ for
a wavelength resolution of 10 pm. High linear birefringence
that can be created post-fabrication inside a MNF by milling
a slot to break the circular geometry was proposed and mod-
eled by Kou et al. [104]. By inserting the fiberized slot
waveguide inside a fiber loop mirror configuration, a sensi-
tivity as high as 5x10* nm/RIU was predicted. Shi et al.
[105] suggested an in-line Mach-Zehnder interferometer
with the sensor head formed by splicing a tapered thin-core
fiber between two sections of regular single-mode fibers. A
portion of the transmitted light couples into the cladding of
the thin-core fiber due to a mode-diameter mismatch at the
splice interface. At the tapered section (90 um diameter, 700
um length), the cladding-mode overlaps into the external
medium. At the second splice interface, the cladding-mode
re-couples into the larger core of the single-mode fiber. As a
result, the cladding-mode interferes with the core-mode due
to the phase difference. The sensitivity was calculated to be
0.447 nm for a 1% change of RI that ranges between n
=1.333-1.3725. A simple in-line Mach-Zehnder interferome-
ter was fabricated by Yang et al. [106], by applying non-
axial pull in the tapering process by a fusion splicer to form a
single “S”-like fiber taper. The axial offset was 96 um, the
MNF diameter was 65 pum and the length was 660 pm. There
was a high insertion loss of 10 dB due to micro-bending. The
measured sensitivity was 1590 nm/RIU in the RI range of n
=1.409-1.425.

Tapered optical fiber tips are simple yet effective at sens-
ing RI variations within small detection volumes. Tai et al
[107] presented a metal-free sub-wavelength tip that re-
sponds to RI changes in the external medium via an intensity
modulation. The numerical aperture (NA) of the sensor head
was 0.12, obtaining a light intensity change of 8000%/RIU
in the RI range of n = 1.3-1.4. A compact MNF probe based
on a micro-notch cavity fabricated by focused ion beam mi-
cro-machining was reported by Kou et al. [108]. The device
is a hybrid Fabry-Perot and modal interferometer due to the
non-adiabatic geometry of the tapered tip. A sensitivity of
110 nm/RIU was measured. Kou et al. [109] also developed
a metal-dielectric-hybrid MNF probe with milled-gratings
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Fig. (6). Illustration of the embedded MNF loop resonator. The
packaging thickness is controlled such that the evanescent field can
overlap into the surrounding analyte.

replacing the micro-cavity. The 2 mm length tip was coated
with a 30 nm thick layer of gold by magnetron sputtering.
The gold surface provides relatively low absorption in the
infrared and exhibits inertness to oxidation when exposed in
air. The resulting device sensitivity was 125 nm/RIU for RI
in the range n = 1.3739-1.3577.

A tunable refractive index sensor in the form of a 2x2
poly(trimethylene terephthalate) (PTT) MNF coupling split-
ter was implemented by Zhu et al. [110]. The compact struc-
ture was assembled by twisting two flexible 440-nm-
diameter PTT MNFs. The sensor consisted of two input
branches, a twisted coupling region and two output branches.
The highest measured sensitivity was 26.96 mW/RIU for n =
1.3321-1.3565, and a minimum DL of 1.85x107 RIU. A
similar configuration was shown by Liao et al. [111], by
twisting a pair of silica MNFs to form a coupling device. The
highest sensitivity obtained was 2377 nm/RIU at n = 1.368,
for the MNFs with a diameter of 4.2 pum. The sensitivity can
be further increased to 2735 nm/RIU for a smaller diameter
of 2.8 um. A hybrid device integrating a MKR in a Sagnac
loop reflector was proposed for refractive index and tem-
perature sensing by Lim et al. [112]. The fabricated MNF
diameters varied from 3 um to 8 um, and the sensing regions
ranged from 0.5 mm to 2 mm in diameter. The RI sensitivity
was 30.49 nm/RIU in the RI range of n = 1.334-1.348, and
the temperature sensitivity was 20.6 pm/°C from 30 °C to
130 °C. Layeghi et al. [113] incorporated a 300 um length of
tapered high-birefringent optical fiber (40 um) into a fiber
loop mirror interferometer. The resulting RI sensitivity was
389.85 nm/RIU between n = 1.3380-1.3470, and the tem-
perature sensitivity was -1.19nm/°C in the range of 50°C
to 90 °C. In a Sagnac configuration, Kang et al. [114] pro-
posed using a tapered polarization-maintaining fiber to
enhance the RI sensitivity. MNFs with diameters from 36
pum to 57 um were characterized, demonstrating sensitivies
from -5.59 to -16.72 nm/RIU in the range of n = 1.3-1.41.
Unlike the RI sensitivity dependence on the MNF diameter,
their temperature sensitivities remained the same around
~1.30 nm/°C. Bo et al. [115] functionalized two MNFs as a
coupler with 2.5 pm diameter and 2 mm length to measure
ambient RI. Sensitivity of 2723 nm/RIU over the RI range of
n = 1.3340-1.3800, with a maximum sensitivity of 4155
nm/RIU between n = 1.3340-1.3515 was reported. The DL
of this device was determined to be 3.67x10™ RIU.

Resonant sensors have also been used to monitor RI. The
working principle of resonant refractometric sensors is quite
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simple: the embedded MNF resonator has a considerable
fraction of its mode propagating in the fluidic channel, thus
any change in the analyte RI results in a shift in the resonant
wavelength with an approximately linear dependence. Shi et
al. [116] created a theoretical model for the MLR and opti-
mized its structural parameters including the MNF radius,
the loop radius and the length of coupling region for higher
sensitivity, wider OR, and lower DL. Simulations indicated a
DL as low as 10 RIU. However, as MLRs rely on electro-
static surface charges to preserve their geometry, long-term
stability may become an issue in practical devices. Embed-
ded MLRs (Fig. 6) were demonstrated by Xu et al. [117],
and sensitivities of the order of 10° nm/RIU have been pre-
dicted for the sensor specifications of A = 1.55 um and MNF
radius r ~ 300 nm.

Guo et al. [36] reported a MLR refractometric sensor
which was manufactured with the help of a copper support
rod. By tuning the coupling coefficient to compensate for the
circulation optical loss, critical coupling and a Q-factor of
4000 was achieved for a 2.4 um diameter MNF. This wrapped
MLR has a robust structure for sensing RI in liquids and the
flexibility of obtaining critical coupling within a broad spectral
range. It showed high sensitivity and high stability for sensing
in both low- and high- concentration solutions. By performing
measurements around the wavelengths of 2 ~ 1.55 um and 4 ~
1.22 um, DLs of 1.1x10™ RIU and 1.8x10° RIU were ob-
tained in a low-concentration ethanol solution and high-
concentration glycerol solution respectively. Sensitivities were
17.8 nm/RIU and 110 nm/RIU for high index-contrast and low
index-contrast sensing respectively. Wang et al. [118] theo-
retically investigated MLRs for RI and salinity sensing of
seawater. Dependences of sensitivity and DL on probing
wavelength, MNF diameter and ring diameter were calculated.
Their results showed that the sensitivity of MLRs increases
with wavelength and is inversely proportional to the diameter
of the MNF. By optimizing the parameters of the sensing sys-
tem, RI sensitivity and salinity DL can reach 10° RIU and 10°
%%, (10 ppm) respectively.

A Mach-Zehnder interferometer coupled micro-ring was
experimentally demonstrated by Wang et al. [119] that ob-
tained a high sensitivity as well as a large OR. A very large
quasi-free spectral range (>120 nm) was achieved with 400-
500 nm diameter MNF rings. The measured sensitivity was
as high as 111 nm/RIU between a Rl range of n = 1-1.538. A
miniature polarimetric interferometer consisting of a twisted
highly-birefringent MNF loop was developed by Sun et al.
[120]. The transmission spectral characteristics were gov-
erned by the birefringence and the twist degree of the MNF,
with MNF diameters of 5.4-6 um. The structure exhibited a
high sensitivity of 24373 nm/RIU in the RI range of n =
1.355-1.3586, and excellent temperature stability of better
than 5 pm/°C.

MKRs fabricated from multimode MNFs have also been
used as refractometric sensors by Pal et al. [121]. A MKR of
<1 mm diameter was made from etched fibers. The highest
sensitivity of ~172 nm/RIU was observed at n = 1.370. Al-
though MCRs have a more complex structure and they re-
quire a considerably more sophisticated fabrication proce-
dure than other MNF resonators, they have nonetheless been
explored for several sensing applications. Refractometric
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Table I. Comparison of Best-Reported Performances in each MNF Design Category for Micro-Fluidic Refractive Index Sensing

MNF Configuration Sensitivity Detection Limit RI Range Reference
Straight MNF 1900 nm/RIU 5.23x10°® 1.33-1.44 Wang et al [66]
Coated MNF 127500 nm/RIU 7x107 1.44-1.454 Monzén-Hernandez et al [71]

MNF with gratings N/A 2.5%x10°® N/A Wang et al [82]
1200 nm/RIU 8.3x10° 1.3-1.39 Liang et al [84]
Interferometric MNF 18987 nm/RIU 5.27x10” ~1.3 Lietal [25]
5x10* nm/RIU N/A N/A Kou et al [104]
MZI coupled micro-ring 111nm/RIU N/A 1-1.538 Wang et al [119]
MNF tip 8000%/RIU N/A 1.3-14 Tai et al [107]
125 nm/RIU N/A 1.3739-1.3577 Kou et al [109]
Twisted MNF 26.96 mW/RIU 1.85x107 1.3321-1.3565 Zhu et al [110]
24373 nm/RIU N/A 1.355-1.3586 Sun et al [120]
MNF loop resonator 700 nm/RIU N/A ~1.332 Xuetal [117]
. i i - AX 4 i
MNF knot resonator 172 nm/RIU N/A ~1.370 Pal et al [121]
MNF coil resonator 40 nm/RIU N/A 1.49-1.51 Xu et al [46]
MNF with micro-capillaries 17 nm/RIU N/A 1.33-15 White et al [58]
MNF with ring resonator 100 nm/RIU N/A 1.0-1.7 Zamora et al [124]

sensors based on embedded MCR have been proposed [122]
and demonstrated by Xu et al. [46]. A MNF with 50 mm
length and 2.5 um diameter of the uniform waist region was
fabricated by the modified flame-brushing technique and
then wrapped 5 times around a 1 mm diameter PMMA rod.
The entire structure was repeatedly coated with Teflon solu-
tion to form a protective embedding layer. The dried embed-
ded MCR was then treated with acetone to remove the sup-
port rod, which completely dissolved in 1-2 days at room
temperature. Finally, an MCR sensor with a ~1 mm diameter
microfluidic channel and two input-output pigtails was ob-
tained. Fig. (7) shows the schematic and photograph of the
MCR sensor. Due to the 3D geometry, MCRs have an intrin-
sic channel that can be exploited for microfluidic applica-
tions. As for MLR refractometric sensors, the working prin-
ciple involves the overlap between the analyte and the eva-
nescent field of the mode propagating in the MNF. Any
change in the analyte RI is reflected as a resonant wave-
length shift. The wavelength shift is particularly affected by
the r/A ratio and the coating thickness between the MNF and
the fluidic channel. For optimized designs, sensitivities up to
700 nm/RIU and DLs of the order of 107 have been pre-
dicted [122]. Experimental demonstration was carried out by
inserting the MCR sensor in solutions of isopropanol and
methanol. The resonant wavelength experienced a red shift
for increasing analyte refractive indices and a sensitivity of
40 nm/RIU was reported [46].

Micro-capillaries have been used for refractometric sen-
sors and resonant modes in liquid core optical ring-
resonators and Q-factors larger than 10° have been demon-
strated by White et al [58]. The liquid flowing in the micro-
fluidic channel has a higher RI than the surrounding polymer
and the confined modes in the high-RI core are excited by an
external waveguide via resonant tunnelling through the lig-
uid core optical ring resonator. A sensitivity of ~17 nm/RIU
was achieved. White et al. [123] also demonstrated an opto-
fluidic ring resonator platform for SERS-based sensing.
When silver nanoparticles and Rhodamine 6G dye were in-
serted in the ring-resonator, the 1360 cm™ Raman peak was
used for SERS spectroscopy, achieving a DL of <410 pm.
The sensitivity to RI changes in capillaries of submicron
wall-thickness was larger than other reported optical micro-
cavities [124]. The sensitivity was >100 nm/RIU for water
and a maximum of 390 nm/RIU can be achieved. Sumetsky
et al. [59] demonstrated RI sensing via a polymer-matrix-
embedded MNF of 1.7 um diameter, coupled to a 100 um
diameter capillary fiber filled with the liquid under test. A
sensitivity of 800 nm/RIU was achieved by measuring the
wavelength shift of the WGMs. To summarize, a multitude
of MNF-based sensors have been developed for RI sensing.
Table I lists some of the most prominent achievements:
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Fig. (7). (a) llustration of the MCR sensor, and (b) photograph of
the packaged sample.

4.1.2 Humidity Sensors

MNF based humidity sensors typically operate on RI
changes in its external coating in response to variations in
ambient humidity. Corres et al. [125] have coated a MNF
with humidity-sensitive nano-film using poly-diallyldimethyl
ammonium chloride (PDDA) and the polymeric Dye R-478
(Poly-R) as the polycation-polyanion pair that overlap each
other at the molecular level to produce a homogeneous opti-
cal material. Optimization of the humidity response was
studied further [126] by tuning the coating type, coating
thickness, dimensions of the taper and the light source. A
variation of 16 dB in optical transmittance was achieved
with a responses time of 300 ms for changes in relative hu-
midity (RH) from 75-100% [127]. An alternative humidity-
sensitive material is the agarose gel, as shown by Bariain et
al. [128]. A mixture of agarose powder dissolved in water
was heated and then deposited on a MNF of 25 pm diameter
and 0.1 mm uniform waist length. A variation of up to 6.5
dB of the optical transmittance was recorded with RH
changes between 30% and 80%. Gelatin is another material
sensitive to humidity changes. Zhang et al. [129] exploited
this effect by coating a 680 nm diameter, 8 mm length MNF
with an 80 nm thick layer of gelatin. The sensor displayed a
10 dBm change in optical transmittance with an OR of 9-
94% RH, with =70 ms. A fast response time of z = 30 ms
was demonstrated by Gu et al. [9] when exposed to an at-

Chenetal.

mosphere of RH between 35-88%. In their setup, a 410 nm
diameter, 250 um long polyacrylamide MNF was supported
on an MgF; substrate and evanescently coupled to fiber ta-
pers at both ends. Li et al. [130] proposed and demonstrated
a polyvinyl-alcohol-coated multimode fiber taper cascaded
with a FBG. This scheme utilizes the reflective grating to
double the humidity-dependent-attenuation of the transmit-
ted light. A maximum sensitivity of 1.994 uW/%RH was
reported within the OR of 30-95% RH with a MNF diameter
of 50.2 um. The average z of the system was 2 s. More re-
cently, Meng et al. [131] investigated a quantum-dot-
activated MNF sensor (480 nm diameter) for humidity detec-
tion with a very fast response (<90 ms) and an extremely low
power consumption.

A humidity sensor based on tapered PCF filled with
moisture-sensitive polymer was proposed by Li et al. [132].
Theoretical results show the loss varies from 0.063 dB/cm to
75.847 dB/cm when the RH changes from 0% RH to 95%
RH. Humidity sensing using MKRs has been reported [64].
The silica MKR has showed a sensitivity of ~12 pm/10% RH
within an OR of 14-60 % RH.

Wang et al. [133] fabricated micro-rings assembled with
polyacrylamide (PAM) MNFs of 2-3 um diameter for hu-
midity sensing. PAM MNFs absorb water molecules and
inflates monotonically with increasing humidity, resulting in
resonant wavelength shifts. Sensitivities as high as 490
pm/%RH and response times of ¢ = 120 ms were recorded
within an OR of 5-71% RH. Interferometric humidity sensors
based on silica/polymer MKRs were reported by Wu et al.
[134]. The silica MKR sensor (1.2 um diameter, Q of 15000)
factor showed a sensitivity of 12 pm/10%-RH within an OR of
15%-60% RH. The polymer MKR sensor (2.1 um diameter, Q
of 20000) achieved a sensitivity of 88 pm/10%-RH from 17%-
95% RH, with a temporal response of 1< 0.5 s.

4.2. Bio-Chemical Sensors

There has been a rapid development of optical sensors for
the detection of chemicals and biological materials of envi-
ronmental and biomedical interest. The emergence of MNF
based devices gave rise to the capability of interro-gating
samples in the microscopic size regime with minimized in-
trusion, greater stability and shorter response times. In the
following section, sensors are categorized mainly by their
sensing mechanism.

Functionalization
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Fig. (8). Schematic diagram of a coated MNF for bio-chemical sensing.
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4.2.1. Surface Absorption and Fluorescence Sensors

The strong optical confinement and prominent evanes-
cent field of guided light in MNFs give rise to ultra-sensitive
surface spectroscopy of molecules in close vicinity of the
MNF waist region (Fig. 8). Using the guided mode for both
excitation and fluorescence collection, Stiebeiner et al. [135]
performed spectroscopic measurements on 3,4,9,10-
perylenetetracarboxylic dianhydride molecules (PTCDA) at
ambient conditions, using MNFs with waist diameter down
to 100 nm and lengths of 1-10 mm. Fine-tuning of the trans-
mission band of MNFs allow for further optimization on the
surface spectroscopy of organic molecules. A systematic
study of the influence of the fiber profile parameters on the
transmission properties of MNFs as well as the loss mecha-
nisms was also undertaken by Stiebeiner et al. [2]. A MNF
with 120 nm diameter resulted in a transmission of 70% at
485 nm, with more than 99% of the optical power of the
light guided outside the MNF. Warken et al. [136] per-
formed surface absorption measurements on a MNF of 500
nm diameter and 3 mm length with sub-monolayers of
3,4,9,10-perylene-tetracarboxylic  dianhydride (PTCDA)
molecules at ambient conditions. It was concluded that the
sensitivity exceeded free-beam surface absorption spectros-
copy by several orders of magnitude. Takiguchi et al. [137]
performed saturated absorption spectroscopy of acetylene
(C,H,) v1 + v3 band transitions with a MNF. The saturation
parameter was maximized at a MNF diameter of 410 nm.
The measured homogeneous linewidth was 51 MHz, and the
resolution of the MNF spectrometer was 31 MHz. Due to the
high intensity evanescent field surrounding the MNF, a
Lamb dip was observed using a relatively low powered laser
without a cavity. A spectrophotometer based on tapered mul-
timode fiber was developed by Vishnoi et al. [138], by re-
moving the cladding in the central portion and tapering. Dif-
ferent tapering ratios of 1.5, 1.82, 2.0 and 2.4 were prepared
with the tapering length of 1.2 cm. It was found that
zdecreases with increasing tapering ratio. Aqueous dye solu-
tions of concentrations as low as 1 ppm could be detected
using their setup. Zhang et al. [139] reported a compact ab-
sorption sensor by using a 900 nm diameter MNF embedded
in a 125 mm wide micro-channel with a detection length of
2.5 cm. By measuring the absorbance of methylene blue
(MB), the sensor showed a DL down to 50 pM within the
concentration OR of 0-5 nM. The sensor was also functional-
ised to test bovine serum albumin (BSA) and achieved a DL
of 10 fg mL™.

Wiejata et al. [140] fabricated MNFs with 3.69 pum di-
ameter and 7.1 mm length for fluorescent sensing.
Flourescein solution at concentrations of 10-60 uM was
placed in the waist region. The MNF was excited with light
at 460 nm and the emitted fluorescent light was collected at
516 nm. The coupling efficiency of the spontaneous emis-
sion of atoms to a MNF was theoretically investigated by Le
Kien et al. [141]. For a MNF diameter of 400 nm, it was
found that as much as 28% of the spontaneous emission by a
caesium atom could be converted into guided modes along
the MNF. A systematic formalism was subsequently devel-
oped [142] to calculate the correlation functions of fluores-
cence from a multi-atom system into guided modes of a
MNF. Fiber-mediated superfluorescence was shown to be
possible when the spacing of the atoms in a linear array is an
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integer multiple of the wavelength of the resonant guided
modes. Das et al. [143] showed that the fluorescence emis-
sion spectrum of a few cold atoms can be investigated using
MNFs combined with an optical heterodyne technique and
photon correlation spectroscopy. A MNF of 400 nm diame-
ter and 2 mm length was used to measure 14 laser-cooled C
atoms, by integrating the fluorescence photons for 3 min.
More recently, Nayak et al. [144] discovered that the fluo-
rescence excitation spectrum line-shape of cold atoms in the
vicinity of a MNF evolve with time, due to changing surface
conditions. It was experimentally shown that the loading into
such surface bound-states could be controlled by maintaining
the surface conditions. The label-free detection of bio-
molecules based on the modal interference along a non-
adiabatic MNF was demonstrated by Tian et al. [145], with a
micro-channel chip designed and fabricated for the sensor’s
protection and bio-testing of an 1gG antibody-antigen pair.
The modeling and analysis of localized bio-sensing based on
an effective phase shift in FBG-inscribed MNFs was pre-
sented by Wang et al. [82]. The stop-band degeneracy and
rapid emergence of spectral modes was initially exploited for
RI sensing and it can also be used to detect surface protein or
DNA adsorption with a DL as low as 3.3 pg.mm for surface
mass density and 51.8 fg for total mass.

The influence of the van der Waals interaction between
atoms and the surface of MNFs was studied by Minogin et
al. [146]. For MNF diameters of 100-1000 nm, the van der
Waals red shift was found to increase the red half-width of
the spontaneous emission line by 10-30% while the blue
half-width of the spectral line remain unchanged. Nayak et al
[147] demonstrated efficient coupling of atomic fluorescence
to the guided mode of a MNF. It was reported that the fluo-
rescence of a very small number of atoms could be detected
around MNFs with diameters of 100-1000 nm and 40 mm
length. Likewise, they also confirmed that the fluorescence
excitation spectrum reflects the effect of the van der Waals
interaction between atoms and the MNF surface. Moreover,
Nayak et al. [148] discovered that single atoms around the
MNF reveal a very prominent spectral feature, where the
excitation spectrum splits into two peaks with a separation
smaller than the natural linewidth. The potential of MNFs for
detecting, trapping, and manipulating cold atoms was ex-
plored by Sagué et al. [149]. The interaction of a small num-
ber of cold caesium atoms with the guided mode of a 500 nm
diameter, 5 mm length MNF and the fiber surface was inves-
tigated using high-resolution spectroscopy. Light-induced
dipole forces, van der Waals interaction, and a significant
enhancement of the spontaneous emission rate of the atoms
were observed and discussed. Russell et al. [150] analyzed
the line-shape of the fluorescence emitted by a cloud of opti-
cally excited cold atoms that was evanescently coupled into a
MNF. The efficiency of the fluorescence coupling was stud-
ied and the asymmetry of the line-shape was explained by
the redshifts arising from both the van der Waals and
Casimir-Polder interaction of the atoms with the surface of
the MNF. As a result, the number of atoms and the strength
of interaction can be deduced by measuring the line-shape of
the coupled fluorescence. From the Rayleigh-Gans scattering
theory of spherical particles and evanescent-wave guiding
properties of MNFs, Wang et al. [151] carried out simula-
tions based on the scattered power of nanoparticles in the
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vicinity of MNFs. Theoretical analysis suggest that nanopar-
ticle-induced scattering intensity can reach a detectable level
by optimizing the wavelength of the probing light and the
diameter of the MNF, opening up new possibilities for sin-
gle-molecule detection.

A MNF based pH sensor was presented by Baldini et al
[152]. An acid-base indicator thymol blue (TB) was cova-
lently immobilized on the core of a 200/380 um fiber with an
interaction length of 8 mm by silylation processing the glass
surface. It was found that a tapering ratio of (fiber diame-
ter/waist diameter) of 2.3 lead to an enhancement in the eva-
nescent-field-based sensitivity by a factor 6, and a DL of
0.05 pH units was attained. Lossy resonances generated by a
multi-layered assembly of poly (allylamine hydrochloride)
and poly(acrylic acid) on a 30 pm diameter, 10 mm length
MNF was exploited by Socorro et al. [153] as a pH sensor
by detecting the wavelength shift associated with changes in
pH level. A sensitivity of 87.5 nm/pH unit was observed
between pH 4-6, and the DL was estimated to be 0.05 pH
units. The response time for detecting a pH change was re-
corded to be 60 s. A MNF based surface plasmon resonance
sensor for direct monitoring of bio-molecular interactions
and chemical and biological reactions was developed by
Monzén-Hernandez et al. [154]. Multiple resonance peaks
were visible when 4 mm length MNFs with diameters rang-
ing from 25 um to 40 um were coated on one side with a 26
nm thick layer of gold. This characteristic was experimen-
tally verified to increase the sensing dynamic range re-
markably. A label-free detection of quadruplex formation of
peroxidase-like DNAzyme using the RI sensing ability of
MNFs was investigated by Bagheri et al. [155]. The non-
adiabatic MNF used in their work is around 8-9 um in di-
ameter and 10-15 mm in length. A study of the antibacterial
effect of silver nanoparticles attached to MNFs with 6-8 um
diameter and 17-20 mm length was presented by Saeedian et
al. [156]. It was found that by anchoring and penetrating the
bacterial cell with silver nanoparticles, the RI perturbation
can lead to shifts in the optical transmission of the MNF. A
highly sensitive and fast response molecular sensor based on
a graphene-coated MNF was demonstrated by Yao et al.
[157]. Since the complex RI of graphene can be modulated
by its local boundary conditions when molecules are at-
tached on the surface, molecular concentrations can be
measured by an intensity measurement of the transverse-
electric optical mode. MNFs of 1 um and 1.5 um diameters
were employed as the emitting and collecting fibers, which
were coupled together by van der Waals forces before being
deposited by a layer of graphene by pressure spin coating.

MNF tip sensors facilitate sensitive and selective means
to monitor cellular microenvironments at the single cell
level. Tan et al. [26] were amongst the first to realize this
vast potential. A thousand-fold probe miniaturization, a mil-
lion-fold sample reduction and a hundred-fold shorter re-
sponse time (z< 20 ms) was achieved by combining MNF
tips with near-field photo-polymerization. The wide variety
of medical uses at the cellular level was discussed by Vo-
Dinh et al. [158]. In their report, MNF tips of 30-50 nm di-
ameter were covalently bound with antibodies that are selec-
tive to target analyte molecules (Fig. 9). The sensor head was
excited by light launched into its fiber pigtail and the result-
ing evanescent field at the MNF tip was used to excite target
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Fig. (9). Schematic diagram of a functionalized MNF tip for selec-
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molecules bound to the antibody molecules. The fluores-
cence emission from the analyte molecules was then col-
lected and analyzed via a microscope. Fluorescence intensity
based sensing depends on many parameters, such as light
source, collection geometry, and quenching effects; there-
fore, quantification is usually complicated. Ratio measure-
ments were established as a common method to quantify
fluorescence signals using a sensing and a reference dye.
McCulloch et al. [159] demonstrated a miniaturized pH mi-
cro-optrode by immobilising a fluorescent pH-sensitive rea-
gent within a glass film and deposited on the surface of a
sub-micron diameter MNF tip using a sol-gel process. The
fluorescence yield of the pH-sensitive reagent provided an
indication of the pH level, which ranges from 3 to 10. Opto-
chemical sensors for pH and chloride were developed by
Koronczi et al. [160], by coating silanised MNF tips of 300
nm diameter with polymeric membranes containing lumines-
cent indicators. Luminescence decay time was measured
using a phase-modulation technique. A DL of 0.1 units of pH
or pCl was obtained. A pH sensitive nano-optrode based on
surface-enhanced Raman scattering (SERS) detection was
proposed and demonstrated by Scaffidi et al. [161], as an
alternative to fluorescence-based techniques. The fabricated
MNF tip of <100 nm diameter was coated with a 6 nm thick
layer of silver to make it plasmonics-active. Zamarreno et al.
[162] described an improvement factor of 5 over the reduc-
tion in response time of a MNF tip coated with a pH sensi-
tive film, by depositing a hydrophilic nanostructured layer
before the pH sensitive coating. A MNF tip based detection
of dissolved ammonia in concentrations below 100 upgL™
was presented by Waich et al. [163]. The sensing principle
involves a fluorescent pH indicator bound to the tip of a
MNF (diameters between 10-20 um) that is deprotonated by
the presence of ammonia. A detection limit of 0.5 pg L™ was
achieved within the OR of 0.5-100 pgL™, under a 15 min
response time.

Nitrite- and chloride-selective fluorescent nano-optrodes
made by tapering conventional sized optical fibers down to
0.3-0.7 um in diameter were demonstrated by Barker et al.
[164]. One end of the MNF waist was aluminium-coated and
either prepared with a vitamin B;, derivative ionophore to
sense nitrate, or prepared with an indium porphyrin iono-
phore to detect chloride. For the nitrite nano-optrode, the
sensing dynamic range was 5 UM to 14 mM at pH 7.4. The
DL was measured to be 2 uM activity nitrite. For the chlo-
ride nano-optrode, the sensing dynamic range was 63 mM to
100 M at pH 7.4. The limit of detection was measured to be
16 mM activity chloride. Nitric-oxide-specific sensors of
200-500 nm tip diameter prepared based on the fluorescence
of the cytochromes ¢ [165] achieved a response time of z< 1
s. The response to nitric oxide was linear up to 1 mM, with a
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Fig. (10). Schematic diagram of a MNF coupled to a microsphere for biological detection.

DL of 20 uM. A different NO, selective sensor design was
presented [166], which involves placing a tapered multimode
fiber in a 50 nm gold colloid, before being coated with a
dilute suspension of fluorescent carboxylate-modified poly-
styrene microspheres (40 nm diameter) with 488 nm excita-
tion and 685 nm emission wavelengths. Fluorescence
changes in the presence of NO, were observed to be as fast
as 0.25 s. The measurements were made ratiometric by the
addition of reference dye microspheres. The intracellular
measurement of cytochrome c itself using a MNF was pre-
sented by Song et al. [167]. Plastic-clad silica fibers with
600 um diameter core were pulled to a tip diameter of 40 nm
using a laser-based micro-pipet pulling device, before being
coated with silver to attain a final tip diameter of 150 nm.
The resulting MNF probe combined with an enzyme-linked
immunosorbent assay (ELISA) facilitated high sensitivity
detection due to the enzymatic amplification of target fluo-
rescence on the MNF. A glutamate sensor was introduced by
Cordek et al. [168] by covalently binding glutamate dehy-
drogenase to a MNF tip surface. The detection of glutamate
was made possible by monitoring the fluorescence of the
reaction product, nicotinamide adenine dinucleotide
(NADH). The concentration DL was measured to be 0.22
UM glutamate, with 7< 50 ms.

The development of MNFs in bio-sensing has also lead to
measurements of toxic chemicals within single cells. Cullum
et al. [169] fabricated MNF tip diameters of less than 1 pum
and coated the end-faces with antibodies to selectively bind
the species of interest, namely benzo[a]pyrene tetrol (BPT)
that is a metabolite of benzo[a]pyrene. A DL of ~0.64x10™
M was reported for BPT. Another antibody-based MNF sen-
sor that offers in situ measurements of the concentration of
carcinogen benzo[a]pyrene in a single cell was manufactured
by Kasili et al. [170]. Kasili et al. [171] have also shown the
capability of MNFs to detect Caspase-9 activity in a single
cell. Leucine-GlutamicAcid-Histidine-AsparticAcid-7-ami-
no-4-methylcoumarin (LEHD-AMC) was covalently at-
tached to the tip of a MNF and cleaved during apoptosis by
caspase-9 to generate free AMC. The evanescent field of a
50 nm diameter MNF tip plus 100 nm silver coating was

used to excite the cleaved AMC and collect the fluorescence
signal resulting from Caspase-9 activity. Fluorescence-based
MNF biosensors have been applied in DNA/RNA detection
without the need for a dye-labeled target molecule or an in-
tercalation reagent in the testing solution, as reported by Liu
et al. [172]. Experimental results have shown that the con-
centration detection limit and mass detection limit for a 105
pum diameter fiber tip and a sub-micron diameter MNF tip
are 0.3 nM and 15 aM, and 10 nM and 0.27 aM respectively.
Zheng et al. [173] have demonstrated that MNF tips can be
inserted into the nucleus of living MCF-7 cancer cells to
detect a biomarker, telomerase. The fluorescence response
indicted a successful detection of telomerase over-expression
in a single living cell for the first time, making it a potential
method for general cancer detection. Plaschke et al. [174]
described a new immobilization concept which consists of
the encapsulation of dextran-linked fluorescence indicators
in an organic hydrogel. This concept allows co-immobili-
zation and stable encapsulation of different indicators. A
compact micro-ball lens structure fabricated at the cleaved
tip of a MNF coupler was proposed and demonstrated by
Harun et al. [175] for sensing various glucose concentrations
in deionized water. The sensing mechanism of this device is
based on the change in the peak power of the transmission
spectrum as the concentration of glucose is altered. The
MNF and micro-ball lens measure 40 um and 102 pum in
diameter respectively. For a concentration change from 0-12
volume%, the output intensity of the sensor decreases line-
arly from -57.4 to -60.5 dBm with a sensitivity of 0.26
dB/%.

An in-line absorption sensor was fabricated with an em-
bedded MCR by Lorenzi et al. [176]. The sensor was tested
by measuring the optical absorption of an aqueous solution
of Brilliant Blue FCF (¢ = 1.3x10°> M™'cm™ at 4 = 630 nm)
with concentration ranging from 6 uM up to 0.18 mM. The
measurements were taken while the analyte flowed through
the tube enclosed by the MCR. The experimental results
have been interpreted as a function of analyte concentration.
Low concentrations of flowing analyte show optical losses in
agreement with a modified Beer-Lambert law and higher
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concentration reached a limit of the measured optical losses
arising from absorption mechanisms.

The simulations of the sensing performance of ring reso-
nator chemical vapor sensors based on a four-layer Mie
model have been carried out by Sun et al. [177]. Two ring
resonator configurations were investigated, where a vapor
sensitive polymer layer was coated on either the interior or
exterior surface of a fused silica cylindrical ring resonator.
Due to the interaction between the polymer and the vapor
analyte, the change in RI and the polymer layer thickness
lead to a spectral shift in the resonance modes. The RI sensi-
tivity and thickness sensitivity were studied as a function of
the polymer coating thickness, external RI, ring resonator
size, wall thickness, resonant mode order and polarization.
This study provides an insight into the WGM interaction
with vapor molecules and enables sensor optimization for
various applications. This proposal was also experimentally
demonstrated by Sun et al. [178], with chemical-vapor sen-
sors based on opto-fluidic ring resonators. The inner surface
of the ring resonator was coated with a vapor-sensitive
polymer. A MNF was used to couple the light from a 1550
nm tunable diode laser into the WGM. Vapor molecules
passing through the ring resonator interacts with the polymer
material, and subsequently changes its RI, leading to a
WGM spectral shift. The ring resonator exhibits sub-second
detection and recovery time with a flow rate of only 1
mL/min. The DL was estimated to be 5.6x10° RIU, which
can further reduced with a thicker polymer layer. Ethanol
and hexane vapors were used as the model system, produc-
ing a DL for ethanol vapor of 200 ppm in concentration or 1
ng in total mass.

Microspheres have also been widely used for biological
detection, as shown in Fig. (10). A microsphere resonator
with Q-factor of ~2x10° was used as the biosensor and its
sensitivity was measured using adsorption of bovine serum
albumin dissolved in phosphate buffered saline on the micro-
sphere bathed in phosphate buffered saline solution. Vollmer
et al. [179] showed that microspheres can also be used to
detect streptavidin binding to biotin. Noto et al. [55] charac-
terized a nano-layer formation of <150 nm on a silica micro-
sphere in an aqueous environment by simultaneously track-
ing the shifts of WGMs at two wavelengths. A portion of the
fiber was acid-eroded down to 3 um diameter for coupling to
the WGMs of a silica microsphere. By monitoring the reso-
nator wavelength shift at two different wavelengths (1, = 760
nm and A, = 1310 nm), in-situ monitoring of bovine serum
albumin monolayers with thickness in the region of 100 nm
was achieved. With this method, not only the growth of
nano-layers was monitored, but also the optical dielectric
constant for the resulting film could be determined. The per-
turbation of an optical microsphere resonator can be used for
high-sensitivity, label-free DNA quantification. The use of
multiple spheres coated first with a dextran-biotin hydrogel
and then with a mixture of biotinylated 27-mer oligonucleo-
tides and streptavidin allowed for the successful detection of
selected DNA strands by Vollmer et al. [180]. The hybridi-
zation to the target DNA leads to a red shift of the optical
resonance wavelength and each microsphere can be identi-
fied by its unique resonance wavelength. The multiplexed
signal from two microspheres allows discrimination of a
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single nucleotide mismatch in an 11-mer oligonucleotide
with a high signal-to-noise ratio of 54. A single Influenza A
virus sensor based on a microsphere resonator was later re-
ported by Vollmer et al. [181]. An equatorial WGM of a
microsphere was excited in an aqueous solution by evanes-
cent coupling to a MNF. Resonance positions were detected
as dips ~5 pm wide in the transmission spectrum and its shift
enabled the detection of a single virus. The use of a micro-
sphere with radius of 39 um and light at a wavelength 4 =
763 nm made it possible to detect a single virion with its
mass ~5.2x10™° g. Detection of single cylindrical bacteria
was carried out by Ren et al. [182] using surface adsorption
and the induced resonance bandwidth broadening due to
scattering losses. The resonance frequency was found to shift
linearly with the increase of bacteria surface density. The
sensitivity of the sensing system was measured to be 1.2x10?
E.coli/mm? which corresponds to ~34 pg/mm? dry-mass
loading or a total of 44 bacteria bound to the sphere surface
at random locations.

Toroidal micro-resonators can provide extremely high Q,
thus they have an obvious application in sensing. Such struc-
tures have been used for distinguishing chemically similar
species. The Q-factor in heavy water (D,0) is different from
that in common water (H,O) since H,O has a stronger ab-
sorption than D,0. By monitoring the Q-factor, concentra-
tions of 0.00001% of D,O in H,O have been detected by
Armani et al. [56]. Another MNF coupled micro-toroid cav-
ity resonator was reported by Zhu et al. [57] for the detection
of single nanoparticles down to 30 nm in radius. The detec-
tion scheme is based on scattering-induced mode splitting of
a WGM in an ultrahigh-Q micro-toroid. Self-referencing is
made possible due to the generation of two standing wave
modes upon the adsorption of a particle, improving the noise
immunity of the detection system.

4.2.2 Gas Sensors

One of the first demonstrations of using MNFs for sens-
ing gaseous elements was an oxygen sensor by Rosenzweig
et al. [183]. The operating principle is based on the fluores-
cence quenching of tris-(1,10-phenanthroline)ruthenium(ll)
chloride in the presence of oxygen or dissolved oxygen. The
Ru compound was implanted in an acrylamide polymer at-
tached to a silanized 0.1-0.5 um diameter MNF tip by photo-
initiated polymerization. The minimum sample volume re-
quired for measurements was 100 fL. An absolute DL of
1x10™" M was achieved, with response times less than 1 s.
Villatoto et al. [184] deposited a thin film of palladium along
the uniform waist of a tapered multimode fiber. Palladium
converts into palladium hydride when exposed to hydrogen,
changing the RI of the external medium and thus the absorp-
tion of the evanescent field. MNFs of various diameters
ranging from 30-60 um and 10 mm length were coated with
a 14 nm thick palladium film. It was found that decreasing
the MNF diameter increases the signal amplitude. The aver-
age twas 30 s. By reducing the interaction length to 2 mm
and the MNF diameter to 650 nm, the response time was
improved to t=10 s [185]. Functionalized polymer MNFs for
gas detection were reported by Gu et al. [9], which include
poly-(methyl methacrylate) (PMMA), polystyrene (PS),
polyacrylamide (PAM), and polyaniline/polystyrene
(PANI/PS) nanowires. A 250 nm diameter PANI/PS MNF
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for sensing NO, was fabricated from a polymer-blend solu-
tion. It was found from the spectral absorption that the oxi-
dation degree of the MNF increases with the concentration
of NO,. A DL below 0.1 ppm and z=7 s has been achieved.
For sensing NHjz, a 270 nm diameter bromothymol-blue
(BTB) doped PMMA was used as the sensor head. As the
NHj3 gas diffuses into the MNF, the BTB reacts with NH3
and changes from acidic form to basic form, resulting in evi-
dent absorption of the probing light. A DL of better than 14
ppm has been demonstrated with 7=1.8 s. By employing a
dual-wavelength measurement technique, the selective detec-
tion of NH3 and humidity in gas mixtures was made possible
with a PANI/PS MNF [186]. The underlying mechanism
involves different levels of sensitivity to NH3 in the presence
of RH at long and short wavelengths. MNFs coated with
PdAu nanoparticles have shown reversible transmission
changes when exposed to low concentrations of hydrogen
gas (up to 8%). Monzén-Hernandez et al. [187] deposited a
0.6 nm thick Au layer followed by a 1.4 nm thick Pd layer
on MNFs with diameters between 5-10 pm and lengths be-
tween 1-8 mm. Response times between 2-6 s were ob-
served. Gas flowmetry with MNF based transducers was
investigated by Lee et al. [188]. As a 188 um diameter, 9
mm length Poly(dimethylsiloxane) (PDMS) MNF exhibits
good elastic properties, a straightened MNF was first placed
between two circular apertures and then exposed to gas flow:
the resulting fluidic drag force bent the MNF and displaces
the output beam, which was translated into a decrease in the
output power. A sensitivity of 9.8 dB/SLM was obtained.
This scheme can also be extended to measure the flow rates
of liquids.

4.3. Temperature Sensors

Over the past few decades, temperature sensing has ma-
tured into a profound technology which has been success-
fully deployed in many industrial sectors, including ecologi-
cal monitoring, fire detection, leakage detection, oil and gas
exploration, plant and process monitoring, power cable and
transmission line monitoring, storage tanks and vessels, and
structural health monitoring. The compactness of MNF
based structures in conjunction with its inherent immunity to
electromagnetic interference has recently attracted consider-
able interest.

A simple modal interferometer was constructed by Zhu et
al. [189], by coating the waist region of a MNF (4 mm uni-
form, 8 mm total length) with a high thermo-optic coefficient
material. The ambient temperature has a great influence on
the RI of the coating film and thus the interference pattern.
The optical response was studied under different MNF di-
ameters varying from 1.6 um to 20 um and a temperature OR
of -20-80 °C. Veilleux et al. [190] pursued a systematic in-
vestigation on the thermal and optical properties of lyotropic
liqguid crystal decylammonium  chloride/water/NH4CI
(DACI-LLC) from 40 °C to 80 °C. A method of combining
this thermo-sensitive medium and fiber tapers was proposed
and studied. A different way of detecting ambient tempera-
ture changes was demonstrated by Zhang et al. [191]. A
MNF was coated by a sol-gel thin film entrapping quantum
dots, which provided variations in photoluminescence with
temperature ranging from 30 °C to 70 °C. The fabricated
MNFs were subjected to thermal treatments under a nitrogen
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flux to protect the nanoparticles from oxidation. A sensitivity
of 1%/°C was observed. An inline Mach-Zehnder was con-
ceived by Lu et al. [102], using two cascaded MNFs to ex-
cite and recombine the cladding mode with the core mode.
The MNFs were of 65 um diameter and 525 um length. The
highest sensitivity obtained was 0.077 nm/°C between 20 °C
and 60 °C. A similar design by Chen et al. [192] using ta-
pered sections of 35 pum diameter and 200 pm length
achieved a sensitivity of 0.081 nm/°C in the range 22-32 °C.
The device can also be used to measure liquid levels. Zhang
et al. [193] usad femtosecond laser to fabricate an intrinsic
Fabry-Perot etalon of 100 um length on the waist of a 30 pm
diameter MNF. For a temperature OP of 0-100 °C, the sensi-
tivity was 12 pm/°C. Temperature and strain discrimination
was peaformed by André et al. [194] using multimode interfer-
ence in a tapered coreless multimode fiber. A temperature sen-
sitivity of 16.56 pm/°C was observed for a 87 pm diameter
MNF and 13.95 pm/°C for a 25 um diameter MNF. Sensitiv-
ity to strain as high as -23.69 pm/ue was achieved for a 15
pm diameter MNF. The device is capable of simultaneous
measurement of temperature and strain with resolutions of 1.6
°C and 5.6 pe respectively. Lu et al. [101] proposed tempera-
ture sensing using a tapered bend-resistant fiber with different
phase shifts between the inner and outer cladding modes. The
temperature sensitivities are -0.0253 rad/°C and -0.0523 rad/°C
respectively. Ji et al. [195] proposed a multiplexed optical
temperature sensing system using MNFs with Bragg gratings
as end reflectors. Experimental results showed a sensitivity of
9.7 pm/°C between 20-70 °C.

Ding et al. [196] demonstrated a compact MNF coupler
tip capable of sensing temperature up to 1283 °C with a 2-
dimensional resolution of <200 um. The device exploited the
temperature dependence of intermodal coupling in the cou-
pler uniform waist region, exhibiting a sensitivity of 11.96
pm/°C and DL of 0.836 °C when the wavelength resolution
is 10 pm. Kou et al. [197] presented an all-silica high tem-
perature sensor based on a reflective Fabry-Perot modal in-
terferometer. A micro-cavity of 4.4 um was fabricated into a
section of MNF tip with less than 10 um diameter. The inter-
ference between the fundamental mode and excited high-
order modes features a temperature sensitivity of 20 pm/°C
between 19-520 °C, and a DL of 0.58 °C when the wave-
length resolution is 10 pm. A similar temperature probe us-
ing a first-order FBG instead of a micro-cavity was pre-
sented by Kou et al. [198]. The 61-period FBG was of 6.5
pum diameter and 36.6 um length, fabricated by focused ion
beam machining a MNF tip with 200 nm deep shallow
grooves. The probe demonstrated a similar sensitivity of 20
pm/°C operating up to 500 °C. Another device combining a
MNF tip and FBG was reported by Feng et al. [199]. This
time, an 11-period FBG of 12 um length was engraved in a 5
pum diameter MNF tip by focused ion beam milling. The
grating exhibited a temperature sensitivity of 22 pm/°C.

An experimental investigation on tapered PCF coated
with a layer of liquid crystal was presented by Rajan et al.
[200]. Several in-line interferometers were fabricated by
tapering a small section of PCF by collapsing the air holes
and thinning down the collapsed region to micron-scale.
Temperature tuning of the spectral response of the tapered
interferometers with different waist diameters coated with
high and low index liquid crystal materials were carried out.
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Fig. (11a). Photograph of a packaged MCR sensor, and (b) close-
up view on the MNF coiled around the support rod.

Semenova et al. [201] fabricated a MNF coupler with 6 um
diameter overlaid with a liquid crystal layer whose Rl can be
temperature-tuned. A sensitivity of 0.2 nm/°C was shown for
an OR of 50-78 °C.

In the case of MLRs, the positions of the transmission
resonances are very sensitive to variations in the effective RI
and circumferential length of the micro-ring, which are af-
fected by the surrounding temperature. A temperature sensor
has been reported by Sumetsky et al. [30] in a free-standing
MLR, which has a larger interfacial contact area with the
ambient environment than a micro-ring resonator mounted
on a substrate. By monitoring the changes in the transmitted
power at a wavelength near resonance, temperature varia-
tions of 0.4 °C were measured with a fast response time of
7=3 ms due to the extremely low thermal mass. The tem-
perature DL of this temperature sensor could be as small as
~0.1 mK. Harun et al. [202] presented an embedded MLR
temperature sensor. The extinction ratio of the transmission
spectrum was linearly proportional to the ambient tempera-
ture and the slope of the extinction ratio reduction against
temperature was calculated to be 0.043 dB/°C.

MKRs have been reported for temperature sensing by
Wu et al. [203]. An MgF; crystal plate was adopted as sub-
strate and sensing knots were covered by a thin MgF; slab to
keep it steady and immune to environmental fluctuations. A
thermally induced resonance wavelength shift resulting in a
sensitivity of 52 pm/°C was recorded in the range 30-700 °C
with a temporal response of z ~ 1 ms for a silica sensor
MKR. A polymer based MKR sensor showed a sensitivity of
266 pm/°C within 20-80 °C and a response time of =5 ms.
Better performance can be realized by improving the Q-
factor of the MKR. More recently, the same research group
presented theoretically and experimentally a high precision
and simultaneous multi-point temperature sensor, by cascad-
ing two MKRs and measuring the shift difference between
the first and second-order resonance peaks [204]. Zeng et al.
[205] studied an embedded silica MKR coated with low re-
fractive index fluoro-polymers (Efiron UV-373) that pro-
vided sensitivities as high as 0.28 nm/°C in the temperature
OR of 25-135 °C, which corresponds to a DL of 0.5 °C.

MCRs embedded in the Teflon (Fig. 11) with opposite
thermo-optic coefficients were proposed and demonstrated
as a temperature-insensitive device by Chen et al. [206]. By
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Fig. (12). Photograph and schematic diagram of spun MNF embed-
ded in polymer for characterization.

coiling three turns of MNF of 3 um diameter, a sensitivity of
<6 pm/°C was achieved in the room temperature range. It
was found that sensitivity can be optimized by tuning the
MNF diameter. Chen et al. [207] also showed the tempera-
ture sensing capability of Teflon-embedded MCRs with a
demonstration using MNF of 4-5 ym diameter and 14 pm
length, coiled around a PMMA rod of 2 um diameter. The
sensitivity to temperature was observed to be 80 pm/°C. The
application of MCRs as a tool for the rapid inspection of
electrical wires for insulation faults and current surges was
demonstrated by Chen et al. [208]. The MCR was integrated
on a sliding probe that maps the local temperature to identify
positions with insulation faults that can result in electrical
arcing. Defects can be distinguished by an increase in heat
signature. The ring-shaped detection area facilitates rotation-
ally symmetric coverage and thus removes the need for ra-
dial alignment of the sensor head. A sensitivity of 95 pm/°C
from 26 °C to 76 °C was demonstrated with a MNF of 2 um
diameter and 15 mm length, coiled around a polymer-coated
Teflon capillary of 1.8 mm diameter.

4.4, Current Sensors

There are well known advantages in using optical current
sensors over conventional current transformers. Due to the
dielectric nature of optical fibers, its sensors have the robust-
ness to take measurements in high voltage or high magnetic
induction noise fields and immunity from saturation effects
that otherwise may limit conventional current transformers.
In addition, optical current sensors have a high linear re-
sponse over a wide frequency bandwidth that allows them to
detect transient electrical faults, inspect noise on direct cur-
rent (DC) lines for the monitoring of partial discharges dur-
ing automatic control, and protection of high power equip-
ment and vital electrical components. Their compactness,
lightweight and potentially available at low-cost makes them
an attractive choice as sensors.

The short optical path length of coiled MNFs leads to a
high operating bandwidth compared to regular fiber coils,
which are much bulkier due to the minimum bend radius
restriction. Belal et al. introduced coiled MNFs as a compact
current sensors, by wrapping a MNF around a conductive
wire. Alternating currents can be detected by either a po-
larimetric technique via the Faraday Effect [27], or by track-
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ing thermally induced phase shifts when incorporated into
the sensing arm of an interferometer [209]. For the former
configuration, a sensitivity of 16.8 prad/A was achieved for a
25-turn device. For the latter configuration, the measured
sensitivity was 1.28x10 rad/I%. In both cases, the MNF was
of 5 um diameter, ~10 cm length, and the sensitivity was
expected to increase with the number of MNF turns. How-
ever, birefringence played a major factor in the quality of
fabricated micro-coil sensor heads. The net power transfer
between the fast and slow axes due to Faraday rotation is
maximum after quarter of a beat length, and reduces to zero
over half of a beat length. In order to improve the general
sensitivity and reproducibility of the samples, spun MNF
was introduced by Chen et al. [210], as shown in Fig. (12). It
was found that spinning a side-polished optical fiber during
the tapering process packs enough intrinsic linear birefrin-
gence to resist bend- and packaging-induced birefringence,
and sufficient circular birefringence to support efficient
Faraday rotation.

By wrapping MLR around a copper rod, the resonance
wavelength can be tuned by applying an electric current
through the copper rod. For a MLR with Q-factor of 4000,
an approximately linear dependence of wavelength shift on
the electric current was demonstrated by Guo et al. [37] with
a slope of 26.5 pm/A. Using similar principles, Lim et al.
[211] achieved current sensing by wrapping a MKR around a
copper wire. The wavelength shift was measured to be line-
arly proportional to the square of the current and a maximum
tuning slope of 51.3 pm/A? was obtained. MLRs were theo-
retically investigated by Chen et al. [212], and were found to
exhibit optimum geometries that could host efficient Faraday
rotation despite the presence of birefringence. A set of de-
sign rules were established for manufacturing non-ideal
MLR sensor heads with a high sensitivity to current.

MCRs have also been exploited for current sensing ap-
plications by Chen et al. [213]. Due to the increased optical
path length under resonant conditions with respect to the
actual physical dimension, an MCR with a Q-factor of 17000
exhibited a factor of 3.1 enhancement in Faraday rotation
between on- and off- resonance. Sharper resonances and
lower loss were expected to considerably improve the sensi-
tivity of the MCR. To improve the optical stability of MCR
based sensors from environmental effects, Chen et al. [214]
proposed two stabilization techniques. The passive technique
involves a redesign of the typical geometry of MCRs by
chirping the RI of successive pairs of turns to widen the
resonance shape. The active technique utilizes a piezo-
ceramic transducer as the support disc of the MCR, which
can tune its geometry to compensate for drifts in the resonant
wavelength. Sulaiman et al. [215] demonstrated a Mach-
Zehnder structure with MNF coiled around a copper wire in
the sensing arm. As direct current (DC) current passes
through the MNF-wound inductor, thermal effects induce a
spectral shift of the interference pattern. Experimental results
indicated maximum tuning slope of 0.54 nm/A?, between | =
0Aand25A (DC).

4.5. Displacement Sensors

This category of sensors can be found in a wide variety
of industrial applications including semiconductor process-
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ing, assembly of disk drives, precision thickness measure-
ments, machine tool metrology and assembly line testing.
The aforementioned characteristics of MNF based structures
enable such optical sensors to operate in confined spaces.

The bending effects in MNFs were experimentally inves-
tigated by Arregui et al. [216] to yield a set of design rules
for implementing displacement sensors. In their work, the
MNF diameters ranged from 22 um to 66 pum. It was found
that narrower waist diameters lead to a higher spatial resolu-
tion, whilst wider waist diameters enabled a broader meas-
urement range. A locally bent MNF bimodal interferometer
was presented by Luo et al. [217] as a displacement sensor,
based on spectral shifts resulting from the beating between
the fundamental mode and the first excited high-order mode.
The MNF diameter was carefully chosen at 1.92 pum such
that the thermo-optic coefficients of the two modes are
equal, leading to temperature-insensitive measurements. The
optical sensitivity to micro-displacements was 102 pm/um. Ji
et al. [195] demonstrated the feasibility of a multiplexed
optical displacement sensing system using cascaded MNF-
Bragg-gratings. The fiber taper of each sensing branch acted
as sensor head to provide a displacement-induced curvature-
dependent bend loss. The FBG provided the end-reflection
that identified the particular sensor head with a unique Bragg
wavelength. The resulting optical signals were then distin-
guished by their wavelength and the displacement in each
case was proportional to the individual peak intensity. Ex-
perimental results showed a sensitivity of 0.11 dB/um for
displacements within an OR of 0-400 um. Yoon et al. [218]
proposed and fabricated a grating structure using a periodic
arrangement of 76 um diameter MNFs with 1.3 mm separa-
tion. By analysing the resonant wavelength shift and inten-
sity variations resulting from mode coupling effects, it is
possible to distinguish between the sensitivities to displace-
ment-induced strain (-0.55 nm/me, -0.32 dB/mg) and tem-
perature (49.6 pm/°C, -0.01 dB/°C).

As previously mentioned, the MLR transmission spec-
trum is strongly dependent on the loop size. As a result, they
have been exploited as displacement sensors by Martinez-
Rios et al. [219]. Typically, one of the loop pigtails was at-
tached to the moving surface. The principle of operation is
based on the interaction between the fundamental cladding
mode propagating through the MNF waist and the excited
higher order cladding modes when the MNF is deformed to
form a loop. The notch wavelength resonances shift as a
function of the loop diameter. A sensitivity of 0.116 nm/um
has been achieved in a displacement OR of 3.125 mm and
the maximum wavelength shift was 360.93 nm. Alterna-
tively, a sensitivity of 2.7 nW/um was recorded when the
measurements were carried out around a center wavelength
of A= 1280 nm with a low power LED source of 100 nm
bandwidth and a Ge-based photodetector. A micro-ball lens
structure fabricated at the cleaved tip of a MNF coupler was
demonstrated for displacement measurements by Jasim et al.
[220]. The diameter of the MNF and micro-ball measures 40
pum and 102 pm respectively. The device operates on the
interference between the reflected beams from the micro-ball
lens and the reflector, with an increased Q-factor for larger
displacements.
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4.6. Bend Sensors

Bend or curvature sensors have various applications in
the areas of mechanical engineering, robotic arms, structural
health monitoring and turbulence sensing. With immunity to
electromagnetic interference and compact size, the advan-
tages of MNF based devices couldn’t be clearer.

A compact curvature sensor based on concatenating two
MNFs of 60 um diameter has been demonstrated by Mon-
zon-Hernandez et al. [221]. When the device is bent, the
symmetry of the straight taper is lost and light from the first
taper excites cladding modes. In the second taper, a fraction
of the light guided by the cladding modes couples back to
the fundamental mode, producing an interference pattern in
the transmission spectrum. Wang et al. [222] established a
technique for creating periodic tapers in an lead silicate soft-
glass fiber using a focused CO, laser beam. The bend sens-
ing ability of the periodically tapered structure of 140 pum
diameter and 390 um pitch was also investigated. A sensitiv-
ity of -27.75 pW/m™ was achieved by means of measuring
the bend-induced change in light intensity. A vector bend
sensor was proposed by Zhang et al. [223], consisting of a
lateral-offset splicing joint and an up-taper formed through
an excessive fusion splicing method. The diameter and
length of the expanded section are 168 pm and 280 pm re-
spectively, with a lateral-offset of 6.5 um. At the first lateral-
offset fusion-splicing joint, the input light is split into fun-
damental core and cladding modes. The cladding modes
couples back into the core when propagating through the up-
taper, forming a MZI due to the phase difference between the
core and cladding modes. For a curvature OR from -3 m™ to
3 m?, the bend sensitivities at 1463.86 nm and 1548.41 nm
are 11.987 nm/m™ and 8.697 nm/m™ respectively. Wu et al.
[224] reported the construction of an in-line MZI by combin-
ing a MNF with a LPG in a section of all-solid photonic
bandgap fiber. The MNF was of 94.5 um and 350 um length.
The LPG had a pitch of 160 um and a length of 6.40 mm.
The sensing mechanism can be attributed to mode coupling
caused by bandgap-shifting as the fiber diameter is abruptly
scaled down.

4.7. Surface Sensors

The detection and minimization of surface and bulk non-
uniformities of MNFs are of critical importance for reducing
their optical loss during fabrication. These sensing tech-
niques can be extended for quality control of regular and
special types of optical fibers.

Chenetal.

Birks et al. [225] devised and tested a simple way of
measuring the diameter uniformity of optical fibers. The
proposed method uses a MNF as the probe, which translates
across small distances along the fiber under test and periodi-
cally touches it for discrete measurements. At these points,
the MNF transmission spectrum exhibits whispering-gallery-
mode resonances that shift in wavelength depending on the
effective radius of the local region of fiber. Scanning MNF
surface and bulk distortions with sub-nanometer accuracy
was developed by Sumetsky et al. [226]. Their method em-
ploys a partially stripped single-mode fiber as a probe that
slides along a MNF transmitting the fundamental mode. The
intensity of light absorbed by the probe depends on the local
distribution of the mode propagating in the MNF. By meas-
uring variations in the transmittance of the probe output, the
uniformity of the MNF can be determined. Sumetsky et al.
[227] also improved upon the first demonstration by Birks et
al., to reach a DL of angstrom-scale. A phase-locked loop
based topography measurement of ultra-precision machined
surface was presented by Lee et al. [228] using ball-lensed
and tapered-lensed fibers. Although interferometric fringes
were not found in the case of the ball-lensed fiber, the ma-
chined surface could be measured by autofocusing and inten-
sity methods. On the other hand, it was found that phase-
locked loop based Fizeau interferometry can be applied to
measure the surface profile with the tapered-lensed fiber.

4.8. Acceleration Sensors

Accelerometers are well established in the commercial
landscape. They are employed in earthquake monitoring,
guidance systems, inertial navigation, platform stabilization,
vibration monitoring in portable electronics, machinery, ve-
hicles and vessels. Such optical sensors are highly desirable
since they are unaffected by electromagnetic interference
from static electricity, strong magnetic fields and surface
potentials.

A MNF based flexural disc was first suggested and dem-
onstrated by Chen et al. [229]. Conventional flexural disc ac-
celerometers are well known for their relatively high band-
width and high sensitivity that is proportional to the disc ra-
dius. Axial acceleration induces extensive and compressive
strain in the MNF depending on the phase of motion, as shown
in Fig. (13). This translates to a phase modulation that can be
measured interferometrically. However, for applications re-
quiring compact solutions, such sensors cannot perform ade-
quately. The minimum bend radius of MNFs allows very
small device dimensions to be feasible without the problems
of bend loss or depolarization. In addition, the low volume-to-
length ratio of MNFs reduces the load during the flexing mo-
tion of the disc and thus enables higher sensitivity. The influ-
ence of design parameters was studied and an efficient surface
winding technique for the MNF was proposed [230]. A sensi-
tivity of 4 rad/g has been demonstrated for a 60 mm length
MNF embedded on a 25 mm diameter flexural disc composed
of pyrolytic graphite. The performance of the sensor can be
improved with longer lengths of MNF.

A MNF based vibration sensor based on an optical trap-
ping mechanism was proposed by Wang et al. [231]. A poly-
styrene microsphere with a diameter of 10 pm was used as
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the mass block, enclosed in a sensing cavity filled with re-
fractive index matching liquid. Two MNFs were inserted
such that vibration-induced location variations of the micro-
sphere will change the amount of light collected by the MNF
tips. An OR of 15-1000 Hz was demonstrated in the pre-
liminary results.

High Q-factor MLRs and MKRs have also been demon-
strated as accelerometers by Hou et al. and Wu et al. [232,
233] in the OR of 20 g. The resonators were individually
fixed on to the surface of a cantilever beam and attached to a
micro-machined silicon proof mass. The MLR based sensor
(1 pm diameter, 250 um loop diameter) provided a sensitiv-
ity of 624.7 mV/g, while the MKR based sensor (1.1 um
diameter, 386 um knot diameter) reached a slightly higher
performance of 654.7 mV/g.

4.9, Force Sensors

Force sensors have gathered increasing interest over the
years and have established its role in many fields such as
biomechanics, civil engineering, fluid flow measurements,
motor sport, process monitoring and control. For optical fi-
ber based sensors, the sensitivity tends to scale inversely
with the fiber cross-sectional area. Therefore, it is possible to
increase force sensitivity by using MNFs instead of conven-
tionally sized fibers. The small dimensions of MNFs also
minimize the intrusiveness of taking sensitive measurements.

A FBG inscribed along the uniform waist of a MNF has
been demonstrated by Wieduwilt et al. [234]. The force-
induced axial strain produced a shift in the Bragg wave-
length, inducing a sensitivity of 1900 nm/N for a 3.5 um
diameter, 8 mm length MNF. Forces as small as 25 uN could
be measured with this sensor. The thermal and mechanical
properties of MNFs were investigated by Wang et al. [235].
It was found that the temperature or strain induced spectral
shifts are strongly related to the RI change of the fundamen-
tal mode. A MNF of 6 um diameter and 25 mm length re-
sulted in a sensitivity of 620.83 nm/N. Wang et al. [236]
proposed combining MNFs with a frequency-domain reflec-
tometry technique to create a high sensitivity and high reso-
lution force sensor. The cross-correlation wavelength shift in
the uniform waist region of the MNF is related to the RI
change of the fundamental mode. The force sensitivity was
significantly improved due to its reduced diameter. A force
sensitivity of 620.83 nm/N and DL of 6.35 uN was demon-
strated with a spatial resolution of 3.85 mm for a MNF of 6
pum diameter, which is about 500 times higher than that of its
SMF equivalent.

4.10. Rotation Sensors

Rotation sensors have numerous applications, notably
employed in inertial navigation systems, control, stabiliza-
tion, and positioning systems. Although both mechanical and
optical techniques exist for rotation sensing, the latter was
found to provide higher sensitivity and lower drift rates. Mi-
cro-resonators are advantageous in the sense that they can
permit enhancements in the sensitivity without enlarging the
dimensions of the device.

Rotation sensors and gyroscopes with enhanced sensitivi-
ties have been predicted for MCR based structures using the
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slow light effect by Scheuer et al. [51]. The combination of
slow-light and conventional propagation effects leads to the
enhancement of the rotation-detection sensitivity. Simula-
tions estimated that for a lossless MCR, the sensitivity to
rotation could improve by four orders of magnitude with
respect to the case of un-optimised conventional optical fiber
gyroscopes with similar parameters. However, a later theo-
retical analysis by Digonnet et al. [237] revealed that gyro-
scopes made from MCRs are actually less sensitive than
conventional resonant fiber-optic gyroscopes consisting of a
single loop. The sensitivity is proportional to the total group
delay of light through the structure and the maximum
achievable group delay is limited in the same manner by
loss.

4.11. Acoustic Sensors

The commercial use of acoustic sensing spans several
decades, and is one of the most successful applications in the
field of optical fiber sensors. Rapid advances in this area
have been driven by the increasing demand from industries
such as defense. The acoustic signatures of tanks, aircrafts,
helicopters and submarines can be monitored for high preci-
sion battlefield awareness and surveillance. MNF based de-
vices offer less intrusion and easier deployment, making
them an attractive choice.

A simple vibration sensor based on a non-adiabatic MNF
was shown by Xu et al. [238]. The environmental vibrations
were detected by demodulating the transmission loss of the
22 um diameter MNF. The sensing system displayed a wide
frequency response, ranging from a few hertz to tens of kilo-
hertz.

Chen et al. [239] proposed and demonstrated a compact
microphone comprising of a 2 um diameter, 35 mm length
MNF coiled around a 3 mm diameter air-backed mandrel.
Acoustic waves induce local pressure variations that change
the mandrel diameter and thus the optical path length of the
mode propagating in the MNF. The phase modulation was
detected via a single-fiber polarimetric interferometer em-
ploying balanced detection. The device in shown in Fig. (14)
exhibited an average acoustic sensitivity of -137 re.
rad/m.uPa and -142 dB re. rad/m.uPa between 40-500 Hz
and 1.5-4 kHz respectively. The average DL measured with
no noise averaging between 40-500 Hz and 1.5-4 kHz are
38.9 dBsp, and 44.3 dBsp,_ respectively.

4.12. Electric Field Sensors

Optical electric field sensors have attracted the attention
of several industrial segments due to the fact that they can
act as dielectric receiver antennas. MNF based sensor probes
have excellent performance as field receivers compared to
metal-based electric field probes due to their immunity to
electromagnetic interference. Such low-invasive and noise-
rejecting quality exhibits the ideal way of detecting of local-
ized electric field distributions. Moreover, such sensors offer
reduced power consumption and smaller size than their con-
ventional electronic counterpart.

Veilleux et al. [240] have demonstrated control over the
light transmission of a MNF using a layer of electric-field-
tunable liquid crystal (Merck, ZL1-1800-100). The MNF was
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of 15 um diameter and 5 mm length. When the voltage ap-
plied between two electrodes changed from 0 V to 350 V,
the external Rl changed from 1.33 to 1.48. Such a device
could be adapted into a compact electric field optical sensor.

4.13. Magnetic Field Sensors

Magnetic field sensors have coexisted alongside electric
field sensors due to their duality transformations. Fidelity,
compactness and configurability are the most important pa-
rameters for a good magnetic field sensor design. Thus,
magnetic field sensing with MNF devices has inherent ad-
vantages when it comes to meeting these requirements. The
broad range of possible applications includes automotive,
navigation, proximity sensors, spatial and geophysical re-
search, transducer for micro-actuators, traffic counting and
vehicle detection.

A MKR was demonstrated as a magnetic field sensor by
Li et al. [241]. The device was submersed in a magnetic
fluid that can be modulated to influence the effective index
and thus the resonant wavelength of the MKR. A linear sen-
sitivity of 0.3 pm/Oe up to 300 Oe, and a DL of ~10 Oe was
reported.

5. CONCLUSIONS

In conclusion, optical microfiber and nanofiber based
sensors is a rapidly growing field. MNFs exhibit many desir-
able characteristics such as excellent optical confinement,
strong evanescent field, bend-insensitivity and could be
made into resonators. The resulting sensors hold numerous
advantages over regular optical fiber based counterparts,
including small-size, non-intrusive, selective, robustness,
fast-response, high sensitivity, low detection limit and the
feasibility of extremely high-Q resonators. With sensing ar-

eas spanning refractive index, bio-chemical, temperature,
current, displacement, bend, surface, acceleration, force,
rotation, acoustic, electric field and magnetic field, the future
of MNFs looks exceptionally bright and promising. We have
no doubt that new applications will continue to arise from
the development of MNF based sensors.
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