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Abstract Polymer optical fiber (POF) strain sensors have
attracted increasing attention owing to the unique features
of polymer over silica such as lower Young's modulus,
larger elastic strain limit, higher fracture toughness, bio-
compatibility, and lower production cost. Several POF
strain sensors have been developed in recent years for
applications in various technological fields, including
structural health monitoring in civil construction and
aerospace industries, biomedicine, and robotics. The prin-
ciples of operation, prospects, and challenges of the POF
strain sensors are discussed in this article under five broad
categories: POF fiber Bragg grating sensors, intensity-
based POF sensors, multimodal interference-based sensors,
Brillouin-frequency-based sensors, and Fabry—Perot cavity
sensor. This review aims to highlight areas where further
research is required for improving the performance and
operating range of POF strain sensors.
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Introduction

Polymer optical fiber (POF) sensors are emerging as an
excellent alternative to their silica counterparts, especially
when high flexibility and robustness are required [1].
Several sensing applications have practically explored
some of the attractive features of POF over silica optical
fiber (SOF) such as higher flexibility in bending, biocom-
patibility [2], higher failure strain [3], higher fracture
toughness, and lower production cost. In addition to their
immunity to electromagnetic interference, small size, and
multiplexing capabilities — properties jointly shared with
SOFs — POFs are also easily handled without special care
due to their toughness and durability [4]. The higher
diameter (about 1 mm) of POF, coupled with its flexibility,
enables the application of low precision plastic connectors,
which usually results in a lower-cost system [5, 6]. Besides,
POFs also possess a higher numerical aperture that toler-
ates low-cost laser or light-emitting diode (LED) [7].
Furthermore, POF sensors offer enhanced sensitivity to
strain, stress and force [8], pressure [9], and acoustic wave
detection [10] due to the significantly lower Young's
modulus of POF (2.2-3.8 GPa for polymethyl methacrylate
and 2.0-2.4 GPa for polycarbonate) compared to SOF
(68-74 GPa) [11, 12]. Additionally, POFs are suitable for
measuring strain owing to their ductile behaviour and
elastic strain limit compared to SOFs [6, 11]. For instance,
polymethylmethacrylate (PMMA) has an elastic limit of
around 10% compared to 1-3% for silica [11]. The strain
sensitivity of an optical fiber sensor can be defined as the
phase change in a lightwave propagating through the
optical fiber per unit length of elongation [6, 11]. It is
usually measured by subjecting the optical fiber to a pure
axial strain [6, 11]. The strain sensitivity of a PMMA POF
has been theoretically predicted to be 132.6 x 10° rads
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m™~" using the Pockel’s constants for bulk PMMA, which is
15% greater than that of bulk silica, 115 x 10° rads m™"'
[6, 11]. The measurement of strain and stress is essential in
several technological fields, including structural health
monitoring in civil construction [13] and aerospace [14]
industries, biomedicine, [ 15], and robotics [16]. Moreover,
the large negative thermo-optic coefficient of polymer
compared with the small positive thermo-optic coefficient
of silica [17-19] endows POF sensors with improved
sensitivity to temperature variations [20, 21]. The negative
thermo-optic coefficient also presents new possibilities for
temperature compensation in POF strain sensors [6, 11].
The biocompatibility of POF [2] offers additional appli-
cations in the biomedical sector, and the water absorption
in some polymers such as PMMA can be used for humidity
monitoring [22, 23].

Some of the drawbacks of POFs are their high losses and
their viscoelastic nature [24]. The viscoelasticity of poly-
mers implies that their mechanical properties can vary
remarkably depending on the duration and frequency of the
applied strain [25]. POFs have a nonlinear response when
strained and relaxed [26, 27] due to their viscoelastic nat-
ure. Although polymer viscoelasticity has been widely
studied for bulk materials, the viscoelastic characteristic of
POFs is expected to possess somewhat unique properties
due to the elongated shape and drawing conditions [28].
Besides, viscoelasticity can introduce hysteresis and creep
effects when cyclic loading is applied to the fiber, which
can influence the accuracy of the sensor reading. It has
been demonstrated that these effects can be reduced by
thermally annealing the fibers [29]. The performances of
the POF-based sensors can also be altered by annealing
[24]. For instance, enhanced strain [30] and humidity [31]
sensitivity of POF Bragg grating (POFBG) sensors and
longer temperature operational range [32] have been
reported. Additionally, the outcome of the investigation by
Prospori et al. [24] showed that annealing the polymer
optical fiber tends to increase the strain, stress, and force
sensitivity of the photo-scribed POFBG sensor.

Moreover, the development of optical fiber sensors
introduced new possibilities to monitor the mechanical
health of structures [33]. Remarkably, the excellent per-
formance of fiber sensors for distributed measurement of
strain outclassed the existing sensor techniques resulting in
their huge potentials for specific structural health moni-
toring applications [33]. The fiber sensors offer the great
advantage of measuring strain distributed over the entire
length of the fiber, thereby replacing several standard
electrical transducers. For instance, POF sensors have the
unique ability to measure high strain distributed along the
fiber up to 40% using the optical time-domain reflectom-
etry (OTDR) technique [33]. Additionally, the geometrical
versatility of the fiber sensors eases their integration into
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various structures [33]. Also, the large core diameter and
numerical aperture of the commonly used PMMA POF
enable easy connection and handling on the construction
site without the need for expensive or sensitive equipment
[33]. Apart from enhancing the safety of structures, the
maintenance cost can be reduced considerably through
early detection and repair of damaged structures [33]. Liehr
et al. [33] reported distributed POF OTDR strain sensors
integrated into technical textiles for structural health
monitoring of civil engineering structures and geotechnical
structures. The POF strain sensors were fabricated using
both PMMA POF and perfluorinated graded-index POF
(PFGI-POF). The PMMA POF allows measurement of
high strain up to 40% with a modest spatial resolution of up
to 100 m, while PFGI-POF offers strain detection with a
high spatial resolution of 10 cm up to 500 m length. The
sensor-integrated textiles improved the mechanical prop-
erties of the structure while acting as excellent sensor
support facilitating installation and sensor protection on the
construction site. Different modal tests conducted con-
firmed that reliable detection of soil displacement and
crack openings in masonry structures is possible using
textile integrated standard PMMA POF. Thus, the dis-
tributed POF OTDR strain sensors exhibit great potential
for the monitoring of extended structures, where strong
deformations are expected, and the use of silica fiber sen-
sors is restricted [33].

In recent years, various POF strain sensors have been
developed to enhance the sensitivity and dynamic range of
the sensing system for a wide range of applications. These
sensors are reviewed in this paper under five categories:
fiber Bragg grating sensors, intensity-based POF sensors,
multimodal interference-based sensors, Brillouin-fre-
quency-based sensors, and Fabry—Perot cavity sensor. The
principles of operation, prospects, and challenges of the
POF strain sensors are discussed. This study aims to
highlight areas where further research is required for
improving the performance and operating range of POF
strain sensors.

POF fiber Bragg grating strain sensors

Strain sensing is one of the most common purposes of fiber
Bragg grating (FBG) sensors, and numerous reports have
been provided mostly on the FBGs inscribed in standard
silica single mode fibers (SMFs) [34]. For instance, a strain
sensitivity of 6.3 nm/% has been reported at ~ 800 nm
[34, 35]. However, silica SMFs are relatively fragile and
cannot withstand strains larger than ~3%. One solution to
this problem is to employ polymer optical fibers (POFs)
[34, 36] which have incredibly high flexibility and can
sometimes withstand strains of 50% or larger [34, 37].
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Therefore, FBGs inscribed in POFs (POFBGs) have
attracted considerable attention to enhance the strain
dynamic range of the sensors [1, 34].

Fasano et al. [38] reported a high-temperature-resistant
FBG strain sensor inscribed for the first time in a solid-core
polycarbonate microstructured optical fiber (mPOF).
Polycarbonate (PC) optical fibers consist of the core made
of polycarbonate, with a polyolefin-based material as the
cladding. This material has become a top candidate for
optical fiber fabrication owing to its well-balanced optical
and mechanical properties. It is transparent to visible light
[39], making it a natural alternative to PMMA. In addition,
PC usually yields and breaks at elevated values of strain
[39] and is highly flexible in bending. Thus, it is a suit-
able material for POF strain sensor. Additionally, its glass
transition temperature (Tg) of 145 °C is one of the highest
among transparent plastics, thereby resulting in a broader
available temperature range. These properties make PC
fibers particularly attractive for those applications requiring
high-temperature-resistant polymer sensors, provided the
specific application does not involve long-term exposure to
a high-humidity environment at high temperature. Early
investigations have shown that humid heat may cause
premature aging of PC POFs [40].

The solid-core PC mPOF was fabricated by using a drill-
and-draw technique starting from casting of plastic gran-
ulates [41]. The diameter of the final fiber was about
150 pm, whereas the core diameter was 7 um. The FBG
inscription into the PC mPOF was performed with a 50
mW CW HeCd laser operating at 325 nm (IK57511-G,
Kimmon) using phase mask technique. The FBG was
characterised in terms of sensitivity to strain and temper-
ature by using a fiber coupler, a supercontinuum source,
and an optical spectrum analyser. The fiber was gradually
stretched up to 3% (loading phase, “forward™), and then,
the strain was slowly decreased until the original dimen-
sion was recovered (unloading phase, “reverse™). Fig-
ure la displays the strain response of the PC mPOFBG at
room temperature. The Bragg wavelength exhibited a lin-
ear response over the strain range 0-3%, with a sensitivity
of 0.701 £ 0.003 pm/pe calculated by linear regression.
Thus, the sensitivity compares well with 0.71 pm/pe
reported for PMMA 3-ring mPOFBGs at 850 nm [42] and
827 nm [43], and similar to 0.64 pm/pe measured for a
TOPAS 2-ring mPOFBG at 870 nm [44]. Moreover, no
hysteresis was displayed by the fiber in the unloading
phase, since the forward and reverse curves perfectly
overlapped, as illustrated in Fig. la. Similarly, the strain
sensitivity in the reverse phase was calculated to be the
same as the forward one (0.701 £ 0.003 pm/pe).

Figure 1b illustrates the temperature response of the
unstrained PC mPOFBG. The PC mPOFBG displayed a
linear response between room temperature (23.6 °C) and

125 °C, showing a negative Bragg wavelength shift with
increasing temperature. No malfunctioning was also
observed even at the highest temperatures. The maximum
temperature applied in the characterisation of the PC
grating (125 °C) was more significant than the one previ-
ously demonstrated using a high-Tg TOPAS mPOFBG
(110 °C) [45], and well above the maximum operating
temperature of PMMA (92 °C) reported in [46, 50].
Temperature sensitivity of — 29.99 + 0.17 pm/°C in the
forward test and — 29.78 + 0.09 pm/°C in the backward
test was calculated for the FBG over the temperature range
of 23.6-125 °C. No significant hysteresis was observed as
the temperature was ramped down, as also confirmed by
the almost unaltered sensitivities. The thermal stability of
the fiber was due to the high Tg (145 °C) of the PC and the
combined effect of the two distinct annealing phases per-
formed at 120 °C and 130 °C on the fiber. Early investi-
gations have confirmed that the annealing process
significantly contributes to enhancing the thermal stability
of polymeric FBGs and extending the linearity in their
response to temperature [46, 47]. Thus, PC FBGs represent
a step towards the development of a reliable high-temper-
ature-resistant polymer-based FBG technology. Moreover,
the excellent thermal stability of the PC POFBGs, coupled
with their ability to withstand high temperatures up to
125 °C, has qualified them as potential candidates for
applications in automation technology and automotive.
Although POF-based FBG sensors have several advan-
tages over their silica fiber counterpart such as a lower
Young's modulus and a higher breaking strain, the slow
viscous response of POF FBGs could be a potential prob-
lem [28]. This problem was investigated by performing a
long-term quasi-static measurement of the response of POF
FBGs for strain levels up to 0.9% and strain times of up to
50 min [28]. The POF-based FBG comprised an in-house
fabricated PMMA mPOFs using a POF draw tower. An
FBG was inscribed into the fiber using the phase mask
technique [48]. The relaxed FBG peak wavelength was at
618.7 nm after annealing the fiber for 48 h at 85 °C. A
silica fiber was used to launch light into the POF and
collect the reflected response of the FBG. The initial length
of the fiber was 14 cm and was subjected to a maximum
strain of 0.9% avoiding too high strains that might cause
material deformation [49]. The fiber was strained with the
help of a motorised stage, and the fiber relaxation (recov-
ery) was monitored through the reflected FBG peak. While
the motorised stage moved consistently, due to the vis-
coelastic nature of polymer, the FBG peak had a time lag in
relaxing to the initial position. The experiment was per-
formed in a controlled environment with a temperature
change of less than 2 °C, and the change of relative
humidity (RH) was less than 2% to prevent cross-sensi-
tivity. Yang et al. [49] demonstrated that the fiber, when
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Fig. 1 a Strain response of the PC mPOFBG at room temperature. b Temperature response of the unstrained PC mPOFBG [38]

relaxing from strains of up to 0.9%, exhibited a two-phase
recovery: initially fast linear (elastic driven) and subse-
quently slow nonlinear (viscoelastic driven) contraction.
The linear elastic relaxation wavelength range depends
both on the strain level and on the strain duration. The slow
viscous wavelength regime of the POF-based FBG sensor
was monitored for 10 repeated cycles of strain and relax-
ation. The experimental result showed that any hysteresis
initially present was eliminated after enough strain relax-
ation cycles. Hence, the slow viscous response saturates
while the fast elastic response, during which the sensor can
rapidly follow the strain, stayed above 65% of the total
wavelength interval. The authors claimed that if a POF
FBG sensor is sufficiently pre-strained, then it can always
follow the applied strains investigated in real time.
Cross-sensitivity to temperature and humidity is a major
challenge for using POFBG to measure strain by moni-
toring wavelength shift because temperature and humidity
variation can also cause wavelength shift [50]. To over-
come this drawback, Min et al. [50] proposed a chirped
mPOFBG based on taper technology for strain sensing
application. The mPOFBG combined the merits of tapered
chirped Bragg grating and fundamental POF characteris-
tics. Previous investigations have shown that tapered
Chirped FBGs (CFBGs) are effective for strain sensing
with a 3-dB bandwidth modulation remaining insensitive to
humidity and temperature variations [30]. Endlessly single-
mode BDK-doped PMMA mPOF [51] was produced by
using the centre hole doping technique. A CFBG was
inscribed using the phase mask method (total length
10 mm) and a single 15 ns pulse from a 2.5 mJ pulsed
Coherent Bragg Star Industrial-LN krypton fluoride (KrF)
excimer laser at 248 nm. Figure 2 depicts the experimental
set-up used for the strain characterisation of the CFBG. The
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Fig. 2 Strain measurement set-up [50]

fiber was fixed with epoxy to avoid sliding. The axial strain
was applied to the fiber through longitudinal displacement
controlled by a 3D translation stage. The grating reflected
spectrum was monitored using a super luminescent diode
(Superlum SLD-371-HP1) and an optical spectrum analy-
ser (Yokogawa AQ6373B) with 20 pm spectral resolution.
Figure 3a shows how the reflected power spectrum of the
grating changes with strain. As illustrated in Fig. 3a, a
12.62-cm section of POF had strain applied on the grating
in 200 um steps, causing a positive wavelength shift.
Figure 3b indicates that the central wavelength of the
grating increases with strain. The strain sensitivity of
0.90 + 0.02 pm/pe was obtained, higher than that of a
uniform POFBG in the same material and geometry
(~0.71 pm/pue) due to the tapered etching of the fiber [52].
Figure 3¢ displays the bandwidth of the grating increase
with strain, which could also be used to measure the strain
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Fig. 3 a Spectral reflected power vs strain; b wavelength shift versus
strain; ¢ bandwidth versus strain [50]

sensitivity provided temperature and humidity sensitivities
are compensated.

The experimental results obtained showed that the 3-dB
bandwidth remained constant at 2.00 £ 0.05 nm over the
temperature increase from 22 to 52 °C with 60% humidity
and 1.25% strain. This result confirmed the temperature
independent of the CFBG strain sensor. Besides, the 3-dB
bandwidth decreases with increase in humidity and a sen-
sitivity ~ — 4.2 £+ 0.4 pm/% was obtained under high
strain condition and 60% humidity fluctuation. Thus, the
excellent performance of the CFBG in POF is comparable
to that of its silica counterpart. The grating response time
was significantly improved by measuring the 3-dB band-
width, which is a great benefit towards commercial strain
sensing applications using POFBGs, especially under
variable temperature and humidity conditions.

Intensity-based POF strain sensors

Leal-Junior et al. [53] reported a POF strain gauge based on
the principle of light coupling between two fibers applied
on a lower limb orthosis to measure the human-robot
interaction forces. The advantages of this sensor include
low cost, ease of implementation, and simplicity on signal
processing since it is an intensity variation-based sensor
[54]. Additionally, the proposed strain gauge does not
suffer from cross-sensitivity to temperature. The fiber can
be positioned on the structure without using glues or resins
since the employed POF has 1 mm of diameter. Besides,
the POF viscoelastic response does not produce errors on
the sensor strain measurement because there is no stress
directly applied to the fiber [7]. The light coupling prin-
ciple employed on the POF strain gauge (POF-SG) is based
on the misalignment between two POFs — illuminated POF
and non-illuminated fiber POF. The misalignment between
the two POFs causes power attenuation which is propor-
tional to the strain on the structure that the fibers are
attached.

The proposed POF sensor was applied to an active
orthosis for knee rehabilitation exercises through flexion/
extension cycles. The controller of the orthosis provided 10
different levels of robotic assistance on the flexion/exten-
sion movement. The POF strain gauge was tested at each
one of these levels. The experimental results obtained
displayed a good correlation between the optical and
electronic strain gauges with root mean squared deviation
(RMSD) of 1.87 Nm when all cycles were analysed, which
represents a deviation of less than 8%. For the application,
the proposed sensor presented higher stability than the
electronic one, which can provide advantages on the
rehabilitation exercises and on the inner controller of the
device. However, the POF-SG does not possess the mul-
tiplexing capabilities of FBGs, which is desirable for
measuring more points of interaction between the user and
the robot. Therefore, the application of FBGs on the mul-
tipoint measurement of human robot interaction forces
constitutes an area of further research to this application of
the POF-SG.

Furthermore, Becker et al. [55] proposed a POF strain
sensor based on the phase measurement of an intensity-
modulated light wave using a step-index POF (SI-POF).
The sensor scheme is simple and competitive. An LED can
be used as the light source and an optical receiver is
required to convert the intensity-modulated optical power
at the end of the fiber into a modulated electrical voltage.
When the fiber is strained, the modulation phase at the end
of the fiber changes, resulting in a phase shift Ad.

The strain state of the sensing fiber can be observed
using a commercially available low-cost integrated circuit
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to monitor the phase difference between the measured
signal and a reference signal. The authors investigated the
impact of strain on a SI-POF and evaluated the conse-
quences for the responsivity of a strain sensor based on the
phase measurement of an intensity-modulated signal. In
comparison with a single-mode polymer optical fiber (SM-
POF), the light propagation in a SI-POF (a multi-mode
fiber) is affected by additional effects, including modal
dispersion and the angular dependency of the refractive
index of the strained fiber. Therefore, the geometrical
deformation of the fiber and the impact on the angular-
dependent refractive index were considered. By integrating
the known effects into a novel fiber model, the authors
were able to simulate the responsivity of the sensor for
different scenarios and compared the predictions to
experimentally obtained data.

In an ideal fiber, in which only one axial mode propa-
gates, the phase of an intensity-modulated light wave is
linear to the length L of the fiber:

Pidear(L) = 2"—L"u_fmml (N
o

where ng is the refractive index of the core, ¢ is the
speed of light in vacuum, and f,,,,4 is the modulation fre-
quency. Considering only the length change due to strain
and neglecting the impact on the refractive index, the ideal
phase change can be expressed as:
Bt = PuaL+ BL) = (L) = 2ot
_ 27t514)"(lf;nml (2)

o

where ¢ is the strain which is defined as the ratio of the
length change of the strained fiber AL to the length of the
unstrained fiber L. Equation (2) shows the linear depen-
dency of the ideal phase change on the strain. However, in
the case of a real fiber, the development of the modulation
phase in an SI-POF is not strictly linear to the length of the
fiber due to influences such as modal and chromatic dis-
persion, attenuation, and scattering, this is also applicable
to an unstrained SI-POF. Therefore, the modulation phase
in an SI-POF, including the mentioned influences, is
expressed as

Preat(L) = Pigear(L) + AP (L) (3)

A¢(L) accounts for the deviation of the development of
the real modulation phase from the ideal phase, depending
on the length of the fiber. Thus, Eq. (3) depicts the non-
linear dependency of the modulation phase on the length of
the fiber.

The responsivity of the sensor can be expressed as the
ratio of the real phase change A¢,,, to the ideal phase
change Adpqr
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A¢, .. is the modulation phase change which is obtained
from two measurements at different strain states or from
the simulations performed with the fiber model. The non-
linear dependency of the modulation phase on the length of
the fiber is considered by the fiber model.

Furthermore, the simulations with the fiber model led to
the conclusion that the angular dependency of the refrac-
tive index was negligible. It was reported that the measured
responsivities were larger than the simulated ones. This
was possibly attributed to the Poisson’s ratio of an SI-POF
being larger than the assumed value of n = 0.345. It might
also be caused by the assumed photoelastic constants since
they were obtained for bulk PMMA, they could be different
for an SI-POF as well. The results obtained also confirmed
that the scattering behaviour of a SI-POF is strain-depen-
dent, which was further proven by measuring the far field at
the end of a SI-POF under different strain conditions.
Additionally, the proposed sensor has excellent potentials
for structural health monitoring and other applications
considering the general benefits of fiber optical sensors
(such as light weight, immune to electromagnetic inter-
ference) and particularly the advantages of POF. This is
especially true since it has been shown that a SI-POF can
be strained to more than 40% while maintaining its light-
guiding properties [56].

Kamimura and Furukawa [57] demonstrated strain
sensing based on a radiative emission—absorption mecha-
nism using a dye-doped POF. The core and cladding of the
fiber were doped with Coumarin 540A (donor) and Rho-
damine 6G (acceptor), respectively. Compared to the
conventional fiber-optic sensors based on FBG and Bril-
louin scattering, the strain sensor employed a simple and
low-cost mechanism to detect stress by comparison of two
luminescence peaks from a pair of energy transfer organic
dyes. Figure 4a illustrates the principle of the POF strain
sensor showing the donor/acceptor (D/A) dye pairs for the
radiative emission—absorption mechanism doped in the
optical fiber core and cladding, respectively.

The donor-exciting wavelength A..p is coupled to the
core and propagates down the fiber. The donor dye in the
core emits at the wavelength A.,p. At locations where
stress is applied to the fiber, the deformation induces Aepnp
leaks to the cladding. It has been reported that doping
luminescent dye in the optical fiber core enhances light
leakage from the core to cladding [58]. Hence, after
absorbing this leaking light, the acceptor dye in the clad-
ding emits A.p,a, Which is detected at the fiber output end
and represents the extent of the stress load. The stress
information can be displayed as a large phase shift by the
strain POF sensor. The excitation and emission spectra of
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Fig. 4 a Principle of the POF
strain sensor using the radiative
emission absorption
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the D/A dye pairs showed that Ae,p and Ae,a peaks are
about 100 nm apart. This difference can be detected with
simple optical components instead of the spectral analysis
required in conventional fiber-optic sensors. Therefore,
because of its simple structure and mechanism, it could be
easily analysed in various types of situations at low
installation and/or operational costs.

Measurements were taken for different A.p and Ae s
values, or either, to demonstrate the sensor principles.
Stress was applied to the POF using macro-bending of the
fiber [57]. The applied stress could be detected as an
increase in cladding intensity. Due to this deformation,
emission from the core dye leaks to the cladding and
excites the cladding dye. For various laser wavelengths, the
change in the near-field pattern and visible emission
spectrum upon variation in the fiber bending diameter was
evaluated. The cladding intensity increased slightly when
the core centre was launched by A.p. Spectral analysis
showed a continuous increase in the donor peak A.,p as the
bending increased. For instance, Fig. 4b shows the output
spectra of the fiber for different bending conditions and for

450 500
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60cmx ]
30emx3
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1
550 600 650 700 750

Wavelength (nm)
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a 406-nm input. The intensity was normalised with respect
to the A.,p peak to reveal changes in the Rhodamine 6G
peak. In agreement with the principle depicted in Fig. 4a,
the increase in the A4 peak was confirmed as the bending
increased. Thus, the experimental results established that
the fabricated structure could realise the proposed sensing
principle [57]. In addition, the resolution of the fabricated
sensor can be optimised by adjusting the waveguide
parameters since a low-NA fiber exhibits enhanced sensi-
tivity [57]. The sensor performance can also be enhanced
by using better choices of materials with the excitation and
emission wavelengths of the dyes matching the optical
window of the host polymer [57].

Moreover, one possible interrogation technique for
fused-POF-based sensors is to exploit the light intensity
variations with respect to physical parameters, such as
refractive index [59], acceleration [7], angle [60], temper-
ature [61], torque [62], and strain [63]. Intensity variation-
based fiber-optic sensors generally present the advantages
of cost efficiency and simplicity of signal processing [54].
Recently, a dynamic mechanical analysis on the fused and
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non-fused POFs was performed [64], and the fused POFs
were shown to be potentially higher in performance for
strain sensing applications. Leal-Junior et al. [65] charac-
terised the fused POFs for strain and transverse force
sensing. The response of the fused POFs to these param-
eters were compared with those of the non-fused POFs.
Afterwards, both fused and non-fused POFs were also
characterised for temperature and moisture absorption, to
evaluate the cross-sensitivity of the strain and transverse
force sensors to these environmental parameters. The POF
employed in the experiment had a perfluorinated graded-
index core with 50 pm diameter made of doped polyper-
fluorobutenylvinyl ether, a cladding of the same material
without doping with 25 pum thickness, and an overcladding
(composed of polycarbonate) that resulted in an outer
diameter of 750 pm.

Furthermore, the strain characterisation results revealed
that the non-fused POF exhibited a strain sensitivity of
0.0060% " which is 1.4 times higher than that of the fused
POF (0.0042%"). However, the fused POF demonstrated
a higher linearity 0.999 than the non-fused POF (0.985).
The root mean squared errors (RMSEs) between the ref-
erence strain applied and the one measured by the POF
sensors for the fused and non-fused POFs with respect to
the strain were 0.002% and 0.111%, respectively. Thus, the
fused POFs possessed lower errors than the non-fused
POFs. One possible reason for the high linearity of the
fused POF is the linear relationship between stress and
strain in this strain range. When the POF is under strain (or
induced stress), its refractive index varies due to the stress-
optic effect. The refractive index variation induces changes
on the transmitted power owing to the variation of the
critical angle and number of modes [66]. Thus, the linear
deviations on the fiber stress may lead to linear variations
of the POF power, which also accounts for the lower errors
of the fused POF. The lower sensitivity of the fused POF
can be attributed to its lower Young's modulus value which
resulted in lower power attenuation than the non-fused POF
[64, 65]. Moreover, the sensitivity of the fused POFs was
higher in transverse force and temperature sensing, due to
the higher sensitivity to the curvature that the transverse
force creates on the POF and the more significant varia-
tions of the refractive index with temperature increase.
Besides, the fused POFs exhibited lower moisture absorp-
tion than the non-fused POFs. The results obtained indicate
a great potential of the fused POFs intensity-variation-
based sensing applications of various physical parameters.

@ Springer

Multimodal interference-based strain sensors

Strain sensors based on the interference of multiple guided
modes in multimode fibers (MMFs) have continued to
attract considerable attention owing to their system sim-
plicity, cost efficiency, and high sensitivity [67, 68].
Mizuno et al. [68] reported a strain sensor based on modal
interference in a multimode fiber (MMF) comprising a
perfluorinated graded-index POF (PFGI-POF). The MMF
which serves as the sensing fiber was sandwiched between
two single-mode fibers (SMFs)—a widely used configura-
tion known as “single-mode- multimode-single-mode™
(SMS) structure [67, 68]. The performance of the SMS-
based strain sensor when strain is partially applied to fiber
sections with different lengths was evaluated. The MMF
was made of 1.0-m long PFGI-POF with a core diameter of
62.5 pm, a cladding diameter of 72.5 um, and an over-
cladding diameter of 750 pm.

Strain was applied partially to the middle of the PFGI-
POF using translation stages. The lengths of the strained
sections were set to 0.1, 0.2, 0.4, 0.6, 0.8, and 0.93 m. The
length of the whole POF excluding the connectors at both
ends was 0.93 m. Irrespective of the lengths of the strained
sections, the same amount of displacement of up to 500 pm
was applied. Figures 5a and b illustrate the spectral
dependence and dip wavelength dependence on displace-
ment, respectively, when the length of the strained section
was 0.93 m. As displacement was increased, the dip shifted
to shorter wavelength with a dependence coefficient of —
48 pm/pe. Figure 5S¢ indicates the variation of the absolute
value of the measured strain sensitivity with the length of
the strained section.

The strain sensitivity was almost proportional to the
strained length with a coefficient of 51.7 pm/pe/m. Thus,
the spectral dip shifts for the same amount of wavelength
regardless of the strain magnitude or the strained length,
provided the displacement of the POF is constant. Besides,
the SMS-based strain sensors can be regarded as dis-
placement sensors whether strain is applied to the whole
length of the POF or only to part of the POF. The outcome
of this investigation can form a relevant guideline for the
application of SMS-based strain sensor to monitor condi-
tions of civil structures.

Furthermore, most of the SMS-based sensors in the lit-
erature are two-end-access systems, in which both ends of
the MMF are physically connected to SMFs. However,
from a practical viewpoint, single-end-access configura-
tions with an enhanced degree of freedom in embedding
the sensors into structures are preferable. Kawa et al. [67]
developed a single-end-access configuration of SMS-based
strain and temperature sensing systems exploiting Fresnel
reflection at the distal open end of the MMF (PFGI-POF).
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Fig. 5 a Applied displacement 30 1485
dependence of the spectral dip
at 1470 nm when the length of
the strained section was 0.93 m. _ £ 1475 F v
b Corresponding dip s & =
wavelength plotted as a function T 5 .
of displacement. ¢ Measured 5 -35 2 1465 F
strain sensitivity (absolute E 'g -
value) plotted as a function of 2 “
the length of the strained 1455 F
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Figure 6a describes a conceptual set-up of the conventional
two-end-access (or transmissive) configuration. When light
is injected from an SMF to an MMF, a few lower modes
are excited in the MMF owing to the spot-size difference
between the fundamental (or Oth) modes in the SMF and
the MMF. Assuming that the MMF and SMFs are axially
aligned, the modes excited in the MMF are axially sym-
metric, and the optical power Pout output from the SMS
structure can be expressed as [69]

Pou = | + aexpi(By — By)L + azexpi(By — Br)L + .|
(5)

where q; is the field amplitude of the ith mode at the first
SMF-to-MMF interface, f3; is the propagation constant of
the ith mode, and L is the MMF length. This equation
indicates that the optical output power is influenced by
physical changes (notably, the changes in the propagation
constants and in the MMF length) caused by strain and
temperature. Thus, by measuring the shift of spectral dips
(or peaks), strain and temperature sensing can be per-
formed. Figure 6b depicts a conceptual set-up of the single-
end-access (or reflectometric) configuration. The light
injected from an SMF into an MMF via an optical circu-
lator is Fresnel-reflected at the distal open end of the MMF
and then propagates back along the MMF and the SMF; the
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output spectrum is finally observed at the third port of the
circulator. High strain and temperature sensitivities of —
122.2 pm/pe and 10.1 nm/°C, respectively, were obtained.
These values were comparable to those in the two-end-
access configurations.

Brillouin-frequency-based strain sensors

Fiber-optic sensors exploiting Brillouin scattering have
attracted considerable attention owing to their capability of
entirely distributed measurement based on frequency
information [70-73]. Their sensor heads are conventionally
composed of glass optical fibers, which are easily broken
when a strain of only ~3% is applied [74]. To extend the
maximum measurable strain, polymer optical fibers (POFs)
have been vigorously studied recently as alternatives to
glass fibers because POFs are generally so flexible that they
can withstand strains > 50% [75-79]. However, the max-
imal detectable strain using Brillouin scattering in POFs
was a mere ~ 5%, because of a Brillouin-frequency-shift
(BES) hopping phenomenon accompanied by a slimming
effect peculiar to polymer materials [80].

Furthermore, the BFS dependence on considerable strain
in a slimmed POF was investigated by Mizuno et al. [80] to
extend the strain dynamic range. The fiber under test (FUT)
was made of a 0.58-m-long multimode perfluorinated
graded-index (PFGI-) POF [81]. The POF had a three-
layered structure consisting of core, cladding, and over-
cladding (diameters: 50, 70, and 490 pm; refractive indi-
ces: ~ 1.35, ~ 1.34, and 1.59, respectively). Figure 7
describes the experimental set-up, which was based on self-
heterodyne detection [82]. All the optical paths except the
FUT were silica SMFs. The BFS was observed to be non-
monotonically dependent on strain, in like manner with a
non-slimmed POF, but without the BFS hopping phe-
nomenon. With increasing strain, the BFS first decreased
with a coefficient of =76.5 MHz/% (0-1.2% strain) and
then increased with a coefficient of + 16.6 MHz/% (up to
30%). The BES at 1.2-3.0% strain was almost independent

Fig. 7 Experimental set-up for
investigating the strain LD
dependence of the BES in a
slimmed POF. EDFA: erbium-
doped fiber amplifier, ESA:
electrical spectrum analyser,
LD: laser diode, PD:
photodetector [80]

2| Springer

Scrambler

of strain and cannot be directly used for strain sensing. This
feature may potentially enable strain-insensitive tempera-
ture sensing by applying, for example, 2.0% strain to the
slimmed POF beforehand. Besides, by applying 3.0%
strain to a slimmed POF in advance, as large as > 25%
strain can be measured simply by using the one-to-one
correspondence of the BFS to the strain. This strain
dynamic range was at least 5 times as wide as the con-
ventional value using a non-slimmed POF.

Moreover, Wang et al. [83] proposed a wide-range strain
sensor based on Brillouin frequency and linewidth in a
50 ecm-long  As,Ses-polymethyl  methacrylate  (As,Ses-
PMMA) hybrid microfiber with a core diameter of 2.5 pm.
The chalcogenide-PMMA (As,Se;-PMMA) hybrid optical
fiber is fabricated by using chalcogenide (As,Se;) as the
core and PMMA as the cladding. The hybrid structure
provides sufficient mechanical robustness and flexibility,
which allows the fabrication of tapers with As,Se; core
diameters at the sub-wavelength scale. The fabrication of
As,Se;-PMMA taper was proposed due to its ultra-high
nonlinearity y = 133 (Wm)~"' [84]. Wang et al. [83]
explored the possibility of using As,Se;-PMMA hybrid
microfiber for wide-range strain sensing based on Brillouin
optical time-domain analysis (BOTDA). No strain memory
effect was observed over the15000 pe range since Young's
modulus for As,Se; (17.8 GPa) [85] is larger than that of
POF (3.5 GPa) [86]. Hence, the strain measurement is
repeatable, even though the uncertainty is higher. Besides,
the ultrahigh nonlinearity of As,Se; enables low peak
power of pump pulse for simulated Brillouin scattering
(SBS) generation. For the first time, the authors demon-
strated the Brillouin-frequency shift (BFS) and Brillouin
linewidth dependence on strain over wide-range strain
sensing in the As,Se;-PMMA hybrid microfiber.

The relationship between the BFS (vg) experienced by
scattered light in the SBS process and longitudinal acoustic
velocity (V) in the As,Se;-PMMA hybrid microfiber is
given by [87]

POF

i «— Strained —>'

{ «— Slimmed—> |

ESA
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where /,, is the pump wavelength, n.; is the effective
refractive index, ¢ is the Poisson’s ratio, £ is Young's
modulus, and p is the density of the As,Se; as the SBS
occurs in the core of the hybrid fiber. Thus, the hybrid
microfiber can be used for strain sensing based on BFS as
the n.; and V, are dependent on the strain variation. The
linear dependence between strain variation (Ag) and the
change of BFS (Avp) is expressed as

1 oV,

Avg(e) = vp (L Oney

Nefr O¢

where ‘;:';,'1'- is the photoelastic coefficient and 9(-\‘-:‘- is the
acousto-elastic coefficient.

The experimental results obtained demonstrated the
linear strain dependence of the Brillouin-frequency shift
and nonlinear dependence of the linewidth in a wide-range
strain up to 15,000 pe. When the strain was larger than
1500 pe, the hybrid microfiber was deformed which was
detected by measuring the distributed BFS and Brillouin
linewidth. The strain errors obtained based on BFS mea-
surement in the range of 0-1500 pe and 1500-15,000 pe
were 42 pe and 105 pe, respectively. For strain dependence
of Brillouin linewidth, the error was 65 pe at 0-1500 pe,
and the maximum error of 353 pe was recorded when the
tensile strain was 15,000 pe. The As,Se;-PMMA hybrid
microfiber is a promising candidate for wide-range strain
sensing owing to its ultrahigh nonlinear coefficient, small
core size compared with POFs, and the low power
requirement in pump pulse for SBS generation. The pro-
posed strain sensor is suitable for monitoring civil infras-
tructures such as railway and bridge with steel structures
that require large strain beyond that of SiO, limited to less
than 1% [83].

Minakawa and Mizuno [74] examined the strain-tem-
perature cross-sensitivity effect on the BFS in POFs. The
strain and temperature dependencies of BFS are expressed
by Eq. (6), which serves as the fundamental principle of
Brillouin-based sensing. All the parameters in Eq. (6)
except 4, depend on strain and temperature [81, 88]. The
BEFS dependence on the strain at different temperatures was
first measured, then followed by the BFS dependence on
the temperature at different strains in the temperature range
of 32-60 °C. The experimental results obtained showed
that the strain coefficient of the BFS was dependent on the
temperature. As indicated in Fig. 8, the temperature
dependence of the BFS coefficient on the strain was linear
with coefficients of 1.5 and — 0.3 MHz/(%-°C) in the strain
ranges of 0-1.2% and 4.0-9.0%, respectively. Likewise,
Fig. 9 shows that the temperature coefficient of the BFS

exhibited a linear dependence on the strain with a coeffi-
cient of 1.5 and — 0.3 MHz/(%-°C), in the strain ranges of
0-1.2% and 4.0-9.0%, respectively. Therefore, to correctly
detect the magnitudes of the strain and temperature in POF-
based Brillouin sensing, temperature (and strain) compen-
sation for the strain (and temperature) sensitivity of the
BFS is required [74] [81]. However, it was confirmed
experimentally that temperature sensing with no sensitivity
to strain is potentially feasible using the BFS in POFs for
strains > 13%.

Fabry-Perot (F-P) Cavity Strain Sensor

The large-range and high-sensitivity strain measurement in
high-temperature ambiance is a great challenge in engi-
neering applications [89]. Though the optical fiber made of
silicon dioxide with a melting point of approximately
1700 °C has excellent high-temperature tolerance, its lim-
ited stretchability severely restricts the dynamic range of
strain measurement. To overcome this limitation, Yi and
Changyuan [89] developed a hybrid silica/polymer optical
fiber Fabry—Perot (FP) cavity sensor, which can accom-
modate extraordinarily large strain at high temperatures.
Figure 10a illustrates the structure of the hybrid silica/
polymer F-P optical fiber sensor. The FP sensor consists of
two silica up-taper fibers and a continuous polyimide (PI)
tube with a length of L mm. The end faces of silica optical
fiber can move freely as the PI tube stretches. The up-taper
fibers used in the experiment were fabricated by a laser
fusion tapering technique (Fujikura FSM-100). The CO,
laser was focused on a standard commercial fiber (Corning
SMEF-28) with a core diameter of 8.2 ym and a cladding
diameter of 125 pum, while the fiber was compressed with
programmed moving platforms. Two up-taper fibers with
flat end faces are inserted into the PI tube to form an F-P
cavity sensor. The fibers were fixed with a little of high-
temperature adhesive at two ends of the tube, separated by
a distance L. Figure 10b describes the signal interrogation
system and calibration system of the sensors.

Moreover, as depicted in Fig. 10b, the inverse rela-
tionship between the period of the reflected spectrum of F-
P and the cavity length was verified theoretically and
experimentally,). The experimental result strongly agreed
with the theoretical result. The axial strain € and the period
of the reflected spectrum P also exhibit inversely propor-
tional relationship, expressed as [89]

Al 22 (1 pr- Py
A A (1 1) 1= 8
=% " 2nlo (P P(,) 2nlyP P ®)

where Py = 27;‘.3)7, is the initial period of the reflected
spectrum corresponding to the initial cavity length /y, 4/ is
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Fig. 8 Temperature
dependence of the BFS
coefficient on the strain
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the cavity length change, [, is the initial cavity length, 4y is  PI tube can be determined using the cavity length change.
the optical wavelength in vacuum, and n is the refractive  Also, the strain sensitivity of the sensor can be expressed as
index in the air. According to Eq. (8), the axial strain in the
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For large strain situation, Eq. (9) shows the strain sen-
sitivity increases rapidly which corresponds to the cavity
length longer than 200 pm. The simulation results show the
sensor has a large dynamic range and high sensitivity [89].

According to the experimental results obtained, the
proposed optical fiber sensor was able to withstand an
ultimate tensile strain of 35%, which is 35 times larger than
traditional fiber. A phase tracking method was used for the
sensor to achieve high sensitivity of 28 pm/ue, which is 28
times larger than that of the traditional FBG sensors.
Additionally, because of the excellent high-temperature
endurance of PI and adhesive, the sensor can resist the high
temperature of up to 220 °C. The large-strain, high-sensi-
tivity, and high-temperature performances indicate that the
proposed hybrid silica/polymer optical fiber F-P sensor has
the potentials to monitor deformation in plastic products,
structure health in composite materials such as carbon fiber
reinforced polymer (CFRP) used for aircraft parts, and
even strain in biomaterials.

Conclusion

The extremely high flexibility of POFs coupled with their
unique capacity to tolerate strains of 50% or larger have
earned them a centre stage in measuring stress and strain in
a wide range of applications including structural health
monitoring in civil construction and aerospace industries,
biomedicine, and robotics. The recent developments in
improving the sensitivity and dynamic range of POF strain
sensors have been reviewed in this study under five main
categories: fiber Bragg grating sensors, intensity-based
sensors, multimodal interference-based sensors, Brillouin-
frequency-based sensors, and Fabry-Perot cavity sensor.
With a strain sensitivity of 0.701 + 0.003 pm/pe combined
with the ability to withstand high temperatures of up to
125 °C, the PC mPOFBGs have set the pace for the
development of a reliable high-temperature-resistant
polymer-based FBG with applications in automation tech-
nology and automotive. Tapered Chirped FBGs (CFBGs)
are effective for strain sensing with a 3-dB bandwidth
modulation remaining insensitive to humidity and tem-
perature variations. The CFBG, inscribed in the endlessly
single-mode BDK-doped PMMA mPOF, possessed a strain
sensitivity of 0.90 4 0.02 pm/pe, higher than that of a
uniform POFBG in the same material and geometry
(~0.71 pm/pe) due to the tapered etching of the fiber. The
light coupling-based POF strain gauge offered a higher
stability than the electronic type when applied to active
orthosis for knee rehabilitation exercises. The strain

dynamic range of the slimmed POF was boosted to mea-
sure as large as > 25% strain — five times as wide as the
conventional value using a non-slimmed POF — obtained
by using the one-to-one correspondence of the BES to the
strain. Additionally, the As,Se;-PMMA hybrid microfiber
possesses huge potentials for wide-range strain sensing
owing to its ultrahigh nonlinear coefficient, small core size
compared with POFs, and the low power requirement in
pump pulse for SBS generation. It is suitable for moni-
toring civil infrastructures such as railway and bridge with
steel structures that require large strain beyond that of SOF.
Moreover, it has been confirmed experimentally that tem-
perature sensing with no sensitivity to strain is potentially
feasible using the BFS in POFs for strains > 13%. The
hybrid silica/polymer optical fiber F-P sensor is a top
candidate for monitoring structural health in CFRP aircraft
parts due to its high sensitivity, large dynamic range, and
high temperature tolerance. The POF strain sensors are
poised to continue their dominance over conventional
strain sensors including SOF considering the steady
improvement in their performance and dynamic range.
Besides, the prime market for the POF strain sensor is
projected to be the monitoring of civil engineering struc-
tures and earthworks.
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