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Abstract: This review compares materials for fiber optics fabrication, focused on polymers for fibers in sensing
applications. Polymer based materials are being increasingly deployed in the field of fiber optics sensors.
Mainly due to their mechanical flexibility and ease of forming into complex shapes, as required by the design
of sensor. One of the additional advantages in some applications as the potential for biodegradability. Optical
and mechanical properties are review of the materials commonly used and recently proposed for fiber optics
fabrication. Principles of sensing mechanisms for U-shape polymer fiber sensors are discussed. Possible
applications of U-shape fiber sensors in fields such as biology, chemistry and industry are presented. This
paper aims to provide researchers with guidelines on the factors to consider when choosing a material for bent
fiber optic sensors depending on the application.
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1. Introduction

Polymer optical fiber (POF) market has shown steady growth for a number of years, with
compound annual growth rate of 11% between 2010 and 2019. The market consists of seven segments,
viz. automotive, industrial, medical, military, office, home and architecture. In 2015 approximately
165,000 km of POF were sold, mostly for applications in home (43%), automotive (30%) and industrial
(18%) sectors. Data transmission at short distances is the most common application of POF (51%),
followed by illumination (46%) and fiber sensors (3%). In Europe home sector is negligible and
polymer optical fibers are applied mostly in automotive (67%) and industrial (29%) sectors, due to
little popularity of optical fiber illumination there (Figure 1) [1].

Compared to glass optical fibers, polymer optical fibers have different properties. Typically,
POFs are multimode fibres, whose diameter of the core is in the range of 250 pm — 1 mm, which is
considerably larger than 50 um and 62.5 um core diameters of the most popular step-index and
gradient index glass optical fibers. Attenuation of POFs is higher than that of glass optical fibers,
typically over 0.1 dB/m for most common Poly(methyl methacrylate) (PMMA) POFs [2], vs. ~0.02
dB/km for a glass optical fiber [3], reaching its minimum at 600-700 nm, making POFs unsuitable for
long-distance signal transmission. On the other hand, polymer materials have higher flexibility. This
feature makes it possible to produce sensors in a variety of shapes [4,5], difficult to attain in glass
optical fibers.

Optical fibers can be used for transmission of information and for sensing several physical,
chemical and biological quantities. Based on Google Scholar search for the query “POF sensor”, it is
apparent that the number of results is increased over the last years, as shown in Figure 1a.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. a) Number of results on query “POF sensor” in Google Scholar [6], b) representation of the
specific business in overall POFs production, c) participation of selected application in overall scheme.
SDT stands for Short Distance Transmission.

The use of POFs in sensing is increasing and its field of application is expanding. There are
numerous benefits of polymer fibers, including lightweight, high flexibility, biocompatibility,
resistance to electromagnetic interference, dielectric structure, suitable for performing direct and real-
time optical measurements. Polymer optical fibers can find application in some environments not
suited for electric conductors and electronic components [7], due to their immunity to high electric
and magnetic fields (Figure 1b). POFs find applications in medicine, e.g. in photodynamic therapy
(PDT) or optogenetic stimulation [8], and optical fiber sensing. Polymer optical fibers are also suitable
for portable handheld sensors that eliminate requirement to gather samples on-site and conduct
analysis in a laboratory setting. A simple optoelectronic sensor requires only a source of optical
radiation (e.g. an LED), a fiber and a photodetector followed by a microcontroller with a display [9].
However, the applications of POFs are mainly focused on short-distance transmission and
illumination rather than on the development of new sensors (Figure 1c). New biodegradable
materials for POFs are constantly being developed based on biodegradable materials [10]. This is not
only to the advantage of the natural environment, but also to benefit of an increasing number of new
applications. A biodegradable fiber can be implanted into a patient’s body for the duration of the
treatment in the bodily tissues and to degrade naturally in a harmless manner after the treatment has
been completed [11].

The range of materials that can be used in polymer optical fibers for sensing applications is
continually expanding. At present, the most commonly used material for polymer optical fiber is
PMMA [2], whose the main advantage is a relatively low cost. The alternatives to PMMA are low-
loss amorphous fluorinated polymers (CYTOP) [12], water absorption-resistant materials like cyclic
olefin polymers (TOPAS and ZEONEX) [13,14], materials with excellent impact strength like
polycarbonate (PC) [15], which can be printed in 3D and biodegradable materials such as poly-d,I-
lactic acid (PDLLA) [10]. New materials are being developed for sensing POFs in order to improve
their optical and mechanical properties, to provide resistance to selected chemical compounds, in
order to enhance the operating temperature range or to tailor the biodegradability of the POFs.

Several types of optical fiber sensors using diverse operation principles can be implemented
using polymer optical fibers. In particular, sensors reported in the literature use intensity [16],
interferometry [17], Bragg gratings [18] and optical time domain reflectometry [19]. The class of
intensity optical fiber sensors known as U-shape sensors was selected for this review, as it apparently
has the most diverse range of POF types that can be employed as its sensing elements.

The purpose of this paper is to review polymer materials that can be used in the sensing part of
U-shape optical fiber sensors. The principles of operation of U-shape sensors are outlined in Section
2. Following, the applications of U-shape optical fiber sensors are briefly discussed in Section 3. The
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review of polymer materials for sensing POFs is presented in Section 4, while Section 5 contains
conclusions and a brief discussion.

2. POF U-Shape Sensor Principles

An optical fiber consists of a core, usually with a circular cross-section, where light is guided,
embedded in a cladding, as shown schematically in Figure 2. Both core and cladding are made from
isotropic dielectric materials having low attenuation of light to be transmitted.

Cone of acceptance Unguided wave

Figure 2. Guiding light into fiber, where O is angle of the cone of acceptance.

Propagation of light in an optical fiber depends on the diameter of the core diameter of the
cladding as wells as on the refractive indices of the core and cladding materials, 7: and nz respectively.
An isotropic material’s refractive index (RI) is determined by the ratio of velocity of light in
vacuum to the velocity of light in the material [20], i.e.:
n==°, (1)
where ¢ — velocity of light in vacuum, v —velocity of light in the material.

A wave incident on the end face of the fiber becomes a guided wave when its direction of
propagation is within the cone of acceptance, as shown in Figure 2. Otherwise, it becomes an
unguided or evanescent wave (EW). The acceptance angle 0 of the fiber is defined as:

0 = sin"1(NA), )
where NA is the numerical aperture of the fiber, defined as:

NA = /n? —nZ, 3)
where n1 - refractive index of the core, n2 - refractive index of the cladding [21]. For the fiber to operate
properly, n1 must be greater than n2 in order to preserve the phenomenon of total internal reflection.
Numerical aperture is used as a measure of light-gathering properties of the fiber. The greater the
NA, the greater the acceptance angle 0 and the wider the acceptance cone, allowing more waves into
the fiber, as shown in Figure 2.

Any wave propagating in the fiber has to satisfy its characteristic equation [22]. The number of
its solutions is finite, and each solution is called a mode. The quantity of modes propagating in a fiber
depends on the radius a of its core, the refractive indices n: and n2 of its core and cladding,
respectively, and the wavelength A of light propagating in the fiber.

For given refractive indices n: and n: it is possible to reduce the radius of the core a to a value
for which only one mode propagates in a fiber for any wavelength A longer than the cutoff
wavelength Ac given by [21]:

Ae=—2a-NA. (4

€ ™ 2405
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A fiber in which only one mode can propagate in the operating wavelength range of the fiber is
called a single-mode fiber, while a fiber in which several modes can propagate in the operating
wavelength range is called a multi-mode fiber.

Attenuation restricts the distance a signal can propagate through the fiber before the optical
power deteriorates excessively. Several factors can cause attenuation, like material absorption,
scattering in material or bending [21]. Attenuation coefficient a, expressed usually in dB/km or dB/m
is defined as:

a= _Tlologw (%), 5)

where L — distance, Pi» — input power, Pout — output power.

Most of U-shape sensors are intensity sensors, operating using measurand-induced intensity
changes. These changes may be caused either by changing the propagation conditions in the fiber, or
by absorption of the evanescent field, as described in Subsections 2.1 and 2.2, respectively.

2.1. Sensing with Propagation Conditions in the Fiber

Light propagating in an unperturbed POF is attenuated according to (5). However, when a
section of cladding is removed and replaced with another liquid or solid material that exhibits little
absorption, the propagation conditions in that fiber segment start to depend on the refractive index
of that material [23]. In particular, when its refractive index is greater than that of the cladding, the
NA decreases (c.f. (3)), some light becomes unguided and is coupled to the outside medium. The
amount of light coupled out depends on the length of the section. Additionally, the bending of the
fiber into an U shape introduces additional changes in the propagation conditions, making the sensor
more sensitive. Sensitivity can be also tailored by tapering [24] or polishing [25] the core. Coatings
whose thickness is well below the wavelength of the light propagating in the fiber can be applied on
the core to protect it from the environment in which the sensor operates without substantially
changing the properties of such sensors.

2.2. Sensing with Evanescent Field

When light is transmitted in an optical fibre, part of its energy, called evanescent wave, is
propagating in the cladding. When EW extends into the medium surrounding the core, its amplitude
E decays exponentially:

E = Ey + e, (6)
where, Eo is the amplitude of the field at the surface of the core, z is the distance from the surface of
the core, and dp is the penetration depth, that can be expressed as:

A
dp = 2mynZsinf-n?2’ (7)

where: A is the wavelength in vacuum, 0 is the incident light angle [26].

Interaction between the evanescent wave and the substance surrounding the fiber takes place
when a significant part of energy propagating in this wave extends into that substance. This
interaction can be promoted by a partial or complete removal of the cladding of the fiber, as shown
in Figure 3a. Increased evanescent wave power enhances sensitivity, by provides more evanescent
waves to interact with the surrounding medium [27]. As the energy loss of the evanescent wave
depends in particular on the length of the sensing fiber section and on the refractive index, and
absorption coefficient of the surrounding substance, changes in the two latter quantities can be
detected by measuring the intensity of light exiting the sensing fiber section.
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Figure 3. (a) Schematic representation of evanescent waves for U-shape fiber sensor, (b) energy of
evanescent field E as a function of the distance from the surface of the core dp.

2.3. U-Shape Fabrication

Flame or other heat source can be used to soften the optical fiber and bend it into a suitable shape
that will be retained after it cools down. Parameters such as the bend radius or angle could be hard
to repeat, so a mold is proposed, e.g. in the form of a glass tube [28] or curved blunt needles [29]. In
addition, the glass tube can then be filled with glue to help retain the shape of the fiber and form a
structural package for the sensor. Another method that can help control the parameters of bending is
to use heated metal molds [30]. In general, it can be stated, that the use of thermoplastic polymers as
material bases for U-shaped fiber optic sensors is well justified regarding to the fundamental issue of
forming the shape of the active part of the sensor. The properties of the materials in this group allow
for a relatively straightforward execution of the bending. Also it is possible to achieve shape retention
by heat treatment which relaxes the internal stresses and decreases the tendency for fiber re-
straightening.

Cladding removal can be performed mechanically, by stripping and polishing, or using chemical
agents, such as acetone or ethyl acetate [9] depending on the materials of core and cladding.

Fiber Bragg Gratings (FBG) can be used to aid and modify the performance of U-shape fiber
optic sensors [31]. The FBG is a type of optical filter that reflects specific wavelengths of light and
transmits all others in an optical fiber. It is created by inducing a periodic variation of refractive index
changes within the core of an optical fiber, which leads to constructive interference of light at the
Bragg wavelength and destructive interference at other wavelengths. FBG is often used as a sensing
element in various applications such as temperature, pressure, strain, and vibration sensing.
Combination of U-shape fiber and FBG exhibits an increase in signal power while grating being in
stretching mode and therefore located on the outer part of the bent fiber [32].

3. Applications of U-Shape POF

U-shape POF sensors find applications in various fields, such as biosensing, chemical sensing
and physical sensing [33,34]. The U-shape design of the fibre allows for a larger sensing area and
increased sensitivity compared to straight fiber sensors.

An U-shaped fiber optic sensor can be used to identify variations in the refractive index of its
surrounding environment. The probe can be dipped into a solution with varying refractive index,
typically below the RI of the core of the fiber. This sensing principle can be used for measurement of
all quantities that modify the RI of the solid or liquid material surrounding the core of the sensing
fiber.

In particular, U-shape sensors can be applied to measure temperature and find the location of
the heat source [35]. In chemical sensing they can be employed for measurement of water salinity
[36], sugar or alcohol concentration in water, or detection of contaminants in water. More advanced
applications of U-shape sensors rely on functionalization of the surface of the core of the sensing
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fiber. An example sensor used fiber whose surface was functionalized with silver nanoparticles and
was tested in an alcohol solution [37]. U-shape sensors in biological applications were used for the
detection of bacteria in tap water, with the sensing region tapered to achieve a higher sensitivity [24].

Immunosensors were also demonstrated. In particular, biosensors with U-shape were fabricated
for detection of copper ions in blood serum [38]. The sensors were functionalized with
immunoglobulin G as the receptor molecule and copper concentration measurement was performed
by measuring the change in absorbance. An immunobiosensor of chikungunya protein was
demonstrated using a system functionalized with gold nanoparticles and an antibody as a label for
detection, relying on the measurement of absorbance change [39]. For bacterial detection U-shape
fiber sensors were functionalized with antibodies and were tested for E. coli detection [40].

Constructing a sensor with a new polymer material can lead to the creation of novel sensors and
finding of new applications. The development of technologies for functionalization and geometric
modification of fiber optics offers numerous possibilities for modification and optimization of U-
shape sensors performance.

4. Materials for Polymer Optic Fibers

Polymer optical fibers (POFs) are used as an alternative to glass optical fibers (GOFs).
Advantages of POFs include low-attenuation window in the visible wavelength range (400-700 nm)
and flexibility, especially in fibers of larger diameter (~1 mm). The main criteria for the selection of
material for the optical fiber are the refractive index, melting point, proper flexibility, mechanical
strength and suitable resistance to the factors in the environment where the sensors operate.

4.1. Conventional POFs

POFs can be manufactured from a wide range of polymeric materials, some of which are listed
below:

1. Conventional POFs (PMMA, polycarbonate (PC), polystyrene (PS)),

2. Hydrogel Optical Fibers (HOFs),

3. Bio Polymer Optic Fibers (BIOPOFs),

4. High Performance Polymers (HPP),

5. UV curable and sol-gel based acrylics, water-based polymers and urethanes.

PMMA also known as “Plexiglas” is the most commonly chosen material for POF fabrication
and is widely available commercially [42]. PMMA is resistant to water and oil, but under humid
conditions PMMA tends to absorb water up to 2% [43]. The refractive index of PMMA is 1.49 [44].
The PMMA material performs well in the visible spectrum with the optical windows in the range of
400-700 nm and in infrared ~850nm. Standard working temperature ranges from —40 to +85 °C, and
at 130°C the material approaches its melting point [44]. For high temperature applications, the
material used for the optical fiber must be capable of function at temperatures exceeding 100°C.
PMMA can be used in 3D printing, however the use of this technology results in high transmission
losses experienced by the final product [45]. The tensile strength reaches approximately 76 MPa [46].
The material exhibits biocompatibility [47] and good compatibility with the human tissue [48]. After
15 days of PMMA exposure on 40W UV lamp (290-315nm) the transmittance reduction of 5% occurs
[49].

Commercially, standard PMMA POF is multi-mode, with high numerical aperture (NA) (~0.5),
which makes it easier to connect to low-cost sources and detectors. The most popular size of 1 mm is
dominant on the market, but different sizes are also available, ranging from 0.25 mm to 1 cm. The
attenuation profile of typical PMMA fiber is shown in Figure 4a. The most common fiber cladding
material is modified (fluorinated) PMMA polymer, which has lover refractive index than the core (RI
= 1.35). In POF the cladding represents usually around 2-5% of the fibre diameter.
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Figure 4. a) Attenuation spectrums of sample 7 PMMA POF (-) before and () after surface
fluorinating (reproduced with permission from Ref. [2],Wiley Copyright 2023), b) transmission loss
fiber made by PC material (adapted with permission from [15], © The Optical Society), c) transmission
loss for SI-POF fiber made with Zeonex and Topas materials (reproduced with permission Ref. [80],
Elsevier Copyright 2023), d) attenuation of silica and polymer: PMMA and CYTOP fibers (based on
ref [41]).

Crystallizable polymers contain both crystalline and amorphous regions, but amorphous
polymers are favoured as a core material due to their uniform density. PC-based optical fibers have
very similar Rl to the PS (1.58) and lower optical losses than PS, however, higher compared to PMMA.
PC also exhibits greater heat resistance. The higher glass transition temperature (Tg=150°C) allows
PC to withstand a high operating temperature (up to 130°C) [46].

The blend of optical and mechanical attributes of PC makes it suitable for optical fiber
applications. POFs made of polycarbonate have relatively large NA, as compared to other POFs,
which can be explained by high refractive index of PC. The PC fibres provide efficient short range
optical transmission within visible range. The absorbance characteristic of the solid-core PC shown
in Figure 4b suggest more absorbance between 800 and 900 nm. The average tensile strength is also
similar to PMMA material 62.7-64.5 MPa [50]. One disadvantage of PC is the tendency of its yellowing
due to aging and losing transmission quicker than PMMA [47]. The relative transmission drops with
aging several times quicker than in PMMA fibres. Material can be used for 3D printing, also for fiber
fabrication [51]. The PC material can be used for the fibre core fabrication in various shapes [52].
Multi-mode PC polymer optical fibers offer easier coupling with light transmitters and receivers
using economical connectors [53]. Currently fiber optics made of PC, have been replaced on the
market by POF made of PMMA.

Polystyrene (PS) material is suitable for making optical fibers, but its optical properties are
inferior compared to the mentioned synthetic polymers fibers. Hitherto there has been no reason to
replace the PMMA POFs by PS fibers.

An U-shaped PMMA POF biosensor coated with gold has been developed for the detection of
E. coli. The POF functions as a refractive index sensor without the necessity of cladding removal. U-
shaped probes coated with gold with thicknesses of up to 18 nm exhibit behavior comparable to
uncoated probes, with bending loss being the primary sensing mechanism. Probes coated with thin
layer of gold, below 50 nm, are ineffective for that sensing application. In contrast, probes coated with
70 nm and 100 nm of gold demonstrate the predominance of surface plasmon resonance (SPR) effects,
enabling the biosensor to detect bacterial concentrations as low as 1.5x10* CFU/mL [54].

M. Lomer et al. fabricated a refractometric sensor based on PMMA POF for measuring power
losses in liquids. The operating principle relies on induced losses occurring in the transition region
of a curved side polished POF fiber [25]. Ara Rashid et al. presented the POF fiber composed of a
PMMA core and a fluorinated polymer clad with refractive index of 1.49 and 1.41 respectively. They
tested the sensor for the E. coli detection [55]. Shumin Wang et al. developed a double side-polished
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U-shaped POF sensor made of PMMA for RI application. Sensor promises great potential in liquid
RI measurement from 20 to 50°C [30]. A PMMA based U-shaped POF sensor has been applied in real-
time monitoring systems and utilized for detecting scale deposition in hot spring water sources [56].

4.2. Hydrogel Optical Fibers (HOFs)

Hydrogels offer versatility in adjusting the optical and mechanical properties of the material by
manipulating the polymer to water ratio, resulting in transparency, flexibility, and stability. [51]. As
common HOFs fabrication raw materials, agarose, alginate, gelatine, cellulose derivatives, PVA,
poly(ethylene glycol) (PEG), PEGDA, P(AAm-co-EGDA), and polyacrylamide (PAAm) [57].

For poly(ethylene glycol) (PEG) based hydrogel fiber the refractive index can be changed by
precursors concentration. Reported PEG fiber with alginate hydrogel clad has low-loss light guiding
(<0.42 dB/cm) over the entire visible spectrum [58]. Obtained core size in range of 250-1000 pum, and
a different size of cladding depends on the number of layers. Hydrogel fiber can be soft, have low
cytotoxicity and good selling stability, which make them suitable for use in photomedical
applications in tissues, like photothermal and photodynamic therapy [59].

Currently, PEDGA is a widely studied synthetic polymer material due to its broad range of
applications, attributed to its key properties such as nontoxicity, softness, and suitability for use in
implantable devices. This material is particularly well-suited for biomedical applications due to its
simple gelation process with divalent cations [57].

The fibers derived from cellulose-based materials exhibit renewability, biocompatibility, and
biodegradability. The value of 1.6 dB/cm attenuation coefficient was measured at 637 nm for reported
fibers mode of carboxymethyl cellulose (CMC) hydrogel without cladding. These optical fibers found
successful applications in touch sensing and monitoring respiratory rates. Furthermore, high-speed
signal transmission at 150 Mbit/s was demonstrated over short distances using CMC fibers [60].

The poly(D,L-Lactic Acid) (PDLLA) is another suitable natural material for the relatively fast
degradation required POF applications. Degradation over time has been reported for fibers made
from PDLLA material. A decrease of over 80% was observed within 3 months. Similar to other
degrading optical fibers, the degradation time depends on parameters such as the material's thickness
and morphology. Larger diameter fibres tend to degrade faster than those with smaller diameters.
Optical parameters for PDLLA fibers are: attenuation 0.16 dB/cm at 650 nm and 0.13 dB/cm at 850 nm
[11].

Biodegradable POF with faster degradation time and improved transmission properties have
been reported. By creating a fiber with a core made from poly(D,L-lactic-co-glycolic acid) and a
cladding made from poly(D,L-lactic acid). The lowest attenuation 0.26 dB/cm at 950 nm and weight
loss of 91% over 3 months was achieved [61].

Hydrogel optical fibers (HOFs) exhibit several advantages, including flexibility, low
cytotoxicity, and excellent structural stability. However, their primary limitation is high optical
attenuation, which restricts effective light transmission to few tens of centimeters. This poses a
significant challenge, particularly for applications requiring longer transmission distances. To
address this issue, ongoing research is focused on the development and implementation of novel
materials that can enhance the optical properties of HOFs.

d0i:10.20944/preprints202412.0713.v1
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4.3. Bio Polymer Optic Fibers (BIOPOFs)

The environmental factors have attracted cellulose and its derivatives as new biopolymers for
BIOPOFs applications [62]. Cellulose has excellent biocompatibility and can be blended with another
biopolymer of spider silk which is also biocompatible and has shielding properties to make novel
POF as a promising material in medical applications.

Due to optical characteristics, those materials exhibit promise for utilization in optoelectronic
devices. Besides fiber fabrication, cellulose and its derivatives have found versatile applications
including OLED technology, flexible touch displays and solar cells. [63]. Goudbut et al. developed a
dual-core fiber structure with cellulose butyrate tubes as core and shell materials. This was achieved
by utilizing two types of biodegradable cellulose with differing refractive indices, enabling the
fabrication of the optical fiber. This approach leverages the refractive index contrast between the
materials to guide light effectively, while maintaining biodegradability and environmental
sustainability [64]. An optical fiber tailored for water sensing applications was fabricated through the
direct processing of cellulose, as reported by Orelma et al. Regenerated cellulose was dissolved in the
ionic liquid, coagulated in water to form a regenerated fiber, and subsequently coated with cellulose
acetate. The resulting BIOPOFs exhibited minimal attenuation of 5.9 dB/cm at a wavelength of 1130
nm [10]. Cellulose based optical fibers have great potential, through their biocompatibility and low
environmental impact, unfortunately research is still needed to improve optical properties [65].

Another notable biopolymer material is silk, which can be derived from silkworms or spiders
[67]. An optical structure based on silk derived from silkworms was demonstrated by the group of
Omenetto et al. The material exhibited toughness and excellent optical transparency in the visible
range, with a transmittance of approximately 92% [66]. Furthermore, Parker et al. used silkworm silk
protein hydrogels for bioprinting it on a borosilicate glass substrate with a lower refractive index
than the silk protein fiber making waveguide [68]. These studies combined a similar approach of
using surrounding media with lower refractive index.

4.4. High Performance Polymers POF (HPPPOFs)

Perfluorinated polymer material known as CYTOP can operate in 200 to 2000 nm and achieves
~0.2 dB/m attenuation [11]. This makes it a better material for transmission of telecommunication
signals than PMMA (Figure 4d). CYTOP refractive index equals 1.34 at 584 nm [69], tensile strength
of 41-49 MPa with practically no water absorption [70]. Fiber made with CYTOP is “GigaPof”
manufactured by Chromis Fiberoptic in the USA. The CYTOP material has better transmittance
compared to PMMA. CYTOP polymer was developed aimed at mitigating the limitations imposed
by molecular vibrations in the near-infrared (NIR) region. Notably, the C-H and O-H bond vibrations,
which typically appear within the 1100-1700 nm range, pose a significant challenge for applications
requiring high transparency in this spectral window. To overcome this, researchers proposed
substituting hydrogen atoms with heavier isotopes such as fluorine in CYTOP structure. This
substitution effectively shifts the vibrational modes of the C-F bond toward longer wavelengths,
thereby reducing their impact in the NIR range. As a result, CYTOP exhibits enhanced performance,
expanding the potential applications of polymer optical fibers (POFs) in this critical spectral region
[71]. Due to low refractive index the material presents low signal dispersion [72], which makes this
material the most suitable for communication applications. For this reason, medium is mostly used
for data transmission, but also in long array of sensors [73]. CYTOP in use as a sensor most often uses
a fibre Bragg grating for measuring temperature, strain and humidity [74]. Subsequent applications
are structural health monitoring, in mechanical and civil engineering, rehabilitation, robotics [12].

Another example of worthy material for use in optic fibres is the Cyclo Olefin Polymer (Zeonex).
It has good transparency and signal loss is relatively low in the visible range. Compared to PMMA,
it exhibits a very low affinity to water, at least 30 times, but poor resistance to oils. The tensile strength
for Zeonex is in the range of 63-70 MPa [75]. For fiber made of Zeonex a minimum recorded loss is
2.34 dB/m at 690 nm, in near infrared propagation loss increases significantly [76]. The refractive
index is equal to 1.52 [77]. The Zeonex material is proper for multicore fibers and other high-quality
microstructure fabrication in the fiber. Although a single-mode fiber can be fabricated from Zeonex,


https://doi.org/10.20944/preprints202412.0713.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 December 2024 d0i:10.20944/preprints202412.0713.v1

10

it exhibits higher minimum losses, recorded at 3 dB/m at 796 nm. The maximum operating
temperature of 123°C was recorded [78].

A material similar to Zeonex is Topas. The main difference between those two materials can be
seen in terms of their optical loss within visual and NIR range (Figure 4c), which suggests that fiber
loss for Topas is higher in the visible range. Additionally, as compared to PMMA, Topas has lower
water absorption <0.01%. Some materials of the Topas group are resistant to short-term high
temperature exposure of up to 170 °C, but the melting point is above 190 °C. The refractive index of
Topas material is 1.53 and the tensile strength for Topas is in the range of 58-63 MPa [13].

The single mode step index fibre fabricated with a Topas core and Zeonex cladding has a loss of
4.55 dB/m at 850nm. Other single mode step index POF available commercially are very lossy
(500db/m at 850 nm) [79].

A U-shaped fiber optic sensor for humidity measurement in the range of 15-85% RH has been
presented by Zhao et al. The sensor was fabricated by coating a single-mode optical fiber bent into a
U-shape with a layer of polyvinyl alcohol (PVA). The sensor achieved a sensitivity of 318 pm/%RH
[80]. Another authors attempt to improve the sensor by adding graphene quantum dots (GQDs) to
the humidity sensor probe. The electrospun optical fiber coated with PVA-GQDs film onto the
surface of an U-shaped optical fiber has been explored, with experimental results showed the average
sensitivity of transmission to -0.131dB/%RH [81].

The functionalization of PMMA core U-shape POF fibers with Polyethyleneimine (PEI) enables
the release of amines for antibody fixation. By bending, the sensitivity was increased by contact
between the curved sensor component and the biological sample is achieved. The sensor formed this
way can be then used with the Evanescent Field technique for sensing. Escherichia coli concentrations
of 108 CFU/mL and 10* CFU/mL were detected by this biosensor using the designed optoelectronic
data collecting device [82].

Chuanxin Teng et al. created a double-sided polished U-shape POF-based SPR sensor based on
polydimethylsiloxane (PDMS) film, the sensor was used to measure temperature and RI at the same
time [83].

4.5. Other POFs (UV Curable and Sol-Gel Based Acrylics, Water-Based Polymers and Urethanes)

UV curable, sol-gel based acrylics (urethane acrylates, silicon acrylates, fluorinated acrylates and
methacrylate’s) and water-based polymers (urethanes, rubbers based systems) has an important
potential for POF applications in future. A. Evertz et al. [84] has developed a UV-curable and a dip-
coating technique (optically compatible coating, RI=1.4 (Fospia/Efiron)) to apply cladding material
onto previously extruded POF cores (PMMA, RI =1.49) with diameters of about 16 um. They also
mentioned that at least 20 um diameter is needed for a stable and continuous process. The best
measured attenuations were determined as 3 dB/m for fibers with a core diameter of 46 um. Rune
Inglev et al. developed POF sensor for the dissolved oxygen sensing by phase fluorometry [85]. The
sensing matrix (luminophore platinum-octa ethyl porphyrin and the luminophore coumarin to
increase the brightness) is applied as a film on the PMMA fiber end-surface. This approach can be
extended to other polymers and luminophores. UV polymerization fabrication method also used for
polymer composite based optical fiber sensor fabrication [86].

4.6. Comparison of Several Parameters Corresponding to POFs of Different Core Compositions

Fiber optics are made with the core composition listed in the Table 1, but to make an U-shape
sensor not all materials will be suitable. Based on optical losses, the best choice seems to be CYTOP.
Unfortunately, its low refractive index is associated with a low numerical aperture, which causes a
low number of propagated mods. CYTOP is well suited for communication applications, but not for
making U-shape sensors which are based on propagation loss in sensing area. On the other hand,
choosing a PDLLA with losses of 11 dB/m may prove to be a problem. Losses at this level necessitate
making the sensor as short as possible, using a high-power source and a sensitive detector. The high
attenuation of PEGDA fibers means that light can only be guided for a few tens of centimeters.
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Table 1. Comparison of material for POF u-shape sensor.

Glass
) Refractive index of Optical loss Tensile strength  trans.
Material core [dB/m] [MPa] temp. Ref.
[-C]
PMMA 1.49 @850nm 0.2 @650nm 76 105-120 [43,44,46]
CYTOP 1.34 @589nm 0.06 @850nm 41-49 108 [69,70]
ZOENEX 1.52 @589nm 2.34 @690nm 63-70 139 [50,75-78]
PDLLA 1.45 @656nm 11 @772nm nrt 58  [11,90]
PEGDA 1.46 @532nm 40 @532nm 2.8-9.5 26.3-51 [88,89,91]

*n.r. — non recorded.

Zoenex and PMMA have similar parameters, when it comes to refractive index and tensile
strength, but optical loss for PMMA is a few fold lower. Therefore, PMMA seems to be the most
suitable material for the manufacture of U-shape POF sensor. An additional advantage is that the use
of PMMA for POF is the most popular [87]. The ranking of all mentioned materials based on their
properties (from 1 to 5) is shown in Figure 5, where a higher rank indicates a higher property value.
This representation allows for a straightforward comparison of these materials in terms of their
potential applications.

8 PMMABCYTOP B ZOENEX B PDLLA | PEGDA

GLASS TRANSITSION TEMPERATURE

REFRACTIVE INDEXf 'OPTICAL LOSS

TENSILE STRENGTH

Figure 5. Spider plot showing the material properties of POFs presented in Table 1. The values are
ranked from 1 to 5, where a lower property value corresponds to a lower rank.

5. Conclusions

Polymer Optical Fibers offer numerous benefits in sensing applications. In particular, their
refractive index can be tailored to the needs of application in a relatively broad range while their size
can be also varied. Their flexibility and ability of some POFs to be produced using additive
manufacturing techniques, offer greater freedom in designing the sensing fiber section.
Biocompatibility and biodegradability of selected POF materials, such as PMMA and PDLLA,
facilitates their use in medical applications. Properly selected POFs are also able to operate in a
relatively wide range of environmental conditions. POFs also provide numerous opportunities for
geometrical modification or fabrication with additional layers of functional coatings.

In most of the cases light can be easily coupled into POFs. This makes it possible to work with
low-cost electronic components such as LEDs and photodiodes. The sensor created with POFs allows
near real-time measurements. New materials for fiber fabrication are constantly being engineered, to
achieve improved optical, chemical and mechanical properties. Through the variety of materials,
fiber optics can be used in a variety of conditions, such as environment measurement or in biological
tissues.
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