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Abstract: In the realization of photonic integrated devices, materials such as polymers are crucial.
Polymers have shown compatibility with several patterning techniques, are generally affordable, and
may be functionalized to obtain desired optical, electrical, or mechanical characteristics. Polymer
waveguides are a viable platform for optical connectivity since they are easily adaptable to on-chip
and on-board integration and promise low propagation losses <1 dB/cm. Furthermore, polymer
waveguides can be made to be extremely flexible, able to withstand bending, twisting, and even
stretching. Optical sensing is an interesting field of research that is gaining popularity in polymer
photonics. Due to its huge potential for use in several industries, polymer waveguide-based sensors
have attracted a lot of attention. Due to their resilience to electromagnetic fields, optical sensors oper-
ate better in difficult situations, such as those found in electrical power generating and conversion
facilities. In this review, the most widely used polymer materials are discussed for integrated pho-
tonics. Moreover, four significant sensing applications of polymer-waveguide based sensors which
include biosensing, gas sensing, temperature sensing and mechanical sensing have been debated.

Keywords: polymer; waveguide; optical sensor; temperature sensor; biosensor; gas sensor

1. Introduction

Polymers have the potential to be useful for many passive and active sub-components.
One benefit of polymers over other types of materials is that their physical and optical
characteristics may be greatly customized by adjusting the composition and level of poly-
merization. By including the proper molecular moieties in the polymer chain or as side
pendants, functionality may be introduced [1]. Different techniques may be used to process
polymers, such as solution and gas-phase deposition, and they can be made compatible with
substrate chemistry by appropriate surface functionalization (including inorganic building
blocks). Large-scale, inexpensive production of polymers is also a possibility [2]. The opti-
cal waveguide (WG) is one of the fundamental components of integrated photonics [3-6].
Polymer WGs can operate in either single-mode (with core diameters between 2 um and
5 um) or multimode (with core dimensions generally between 30 um and 500 um) regimes.
They are both entirely consistent with the matching optical fiber type due to the similar
mode field diameter. Numerous methods, including photolithography [7], flexographic
and inkjet printing [8], nanoimprint lithography [9,10], femtosecond laser processing [11],
and hot embossing [12], can be used to create these WGs. A stamp structure is transferred
from a stamp onto a substrate through the hot embossing process, which is a replication
process. The method is appropriate for replicating structures with a millimeter to nanoscale
size. Due to its potential for mass production at low cost and integration with roll-to-roll
processes, hot embossing is a desirable manufacturing method for optical applications [13].
By using sustainable and efficient hybrid lithography, a three-dimensional polymer WG
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with a taper structure was exhibited and created [14]. A polymer WG and a polymer taper
structure were created using grayscale lithography and hybrid lithography, respectively.
Gray-scale lithography was intended for laser ablation and shadow aluminum evaporation.
The laser strength, the rate of ablation, and the thickness of the aluminum may all be
adjusted to alter the length of the grayscale zone, which ranges from 20 to 400 pum [14].

Due to their flexible processibility and integration over inorganic counterparts, poly-
mer optical WG devices are crucial in several rapidly evolving broadband communications
domains, including optical networking, metropolitan/access communications, and com-
puter systems [15]. Owing to their many benefits, they are also a perfect integration
platform for the insertion of foreign material systems like YIG (yttrium iron garnet) and
lithium niobate in addition to semiconductor devices like lasers, detectors, amplifiers, and
logic circuits into etched grooves in planar lightwave circuits to enable full amplifier mod-
ules or optical add/drop multiplexers on a single substrate. Additionally, optical polymers
may be vertically combined to produce 3D and even all-polymer integrated optics because
of their flexibility and durability combination [14].

Polymer WG-based optical sensors can be competitors to devices based on photonic
integrated circuits (PICs). Such devices are mainly manufactured based on MPW (multi-
project wafer) on SOI, SiN platforms, or based on Group III-V semiconductors, primarily
InP or GaAs. Type III-V platforms can provide a wide range of active devices, but they
are poorly applicable to passive elements due to high attenuation and low contrast [16-18].
Figure 1 shows the emission wavelength coverage of semiconductor lasers based on III-V
platforms [19]. One can see that their emission region is lower than the Si transparency
window. The transparency range of a polymer WGs depends on the specific polymer
material being used. In general, the transparency range is in the near-infrared (NIR) region
of the electromagnetic spectrum, usually from 700 nm to 1700 nm. Therefore, one can easily
combine them with III-V group light sources in the sensing system’s design. However,
some polymers have higher transparency windows extending into the visible region or
even beyond the short-wave infrared (SWIR) region [20,21]. It is also worth noting that the
transparency range of polymer WGs can be affected by various factors such as processing
conditions, doping, and absorption or scattering losses. SOI platforms, which are well-
compatible with traditional CMOS electronics, have high contrast and small allowable bend
radii [22], making it possible to design small-sized passive sensor devices but not active
components. For example, a sensor based on a Mach-Zehnder interferometer (MZI) with a
double-slot hybrid plasmonic WG [23] provides a high sensitivity of up to 1061 nm/RIU
in liquid refractometry. The micro-ring resonator-based sensors’ sensitivity on the SOI
platform is less than 100 nm/RIU. However, the application of a subwavelength grating
micro-ring makes it possible to achieve a sensitivity of 672.8 nm/RIU [24,25]. Hybrid
integration significantly expands the capabilities of the SOI and III-V platforms, allowing
the design of complex sensing systems, including active devices [26,27]. It is also possible
to expand the capabilities of the SOI platform using IMOS (indium phosphide membrane
on silicon) technology [28].

The paper is organized in the following manner. Section 2 provides a piece of in-
formation on the characteristics of polymer WGs. There are several polymer materials
commercially available and being used in research for the development of photonic de-
vices as discussed in Section 3. The extraordinary optical properties of these polymer
materials include low optical losses at operating wavelengths, well-controlled and tunable
refractive indices, resistance to temperature and chemicals, mechanical stability in a vari-
ety of environments, and environmentally friendly fabrication techniques. Afterward in
Section 4, polymer WG-based sensors are discussed. We have dedicated our research to
polymer WG-based biosensors (Section 4.1), gas sensors (Section 4.2), temperature sensors
(Section 4.3), and mechanical sensors (Section 4.4), which are at present the main focal point
of investigation. The paper finishes with a brief conclusion and outlook as presented in
Section 5. The applications presented in this paper are shown in Figure 2.
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Figure 1. Transparent window of polymers, silicon, and silicon dioxide, and emission wavelength
coverage of semiconductor lasers based on different III-V active regions. InP-based type-I, type-II,

and GaSb-based type-I quantum well (QW) diode lasers, GaSb-based interband cascade lasers (ICLs),
and quantum cascade lasers (QCLs) are included [19].
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Figure 2. Polymer WG-based sensors employed in (a) biosensing [29], (b) gas sensing [30],
(c) temperature sensing [31], and (d) mechanical sensing applications [32], are discussed in
this review.

2. Characteristics of Polymer Waveguides

Using straightforward spin-coating processes, low-temperature processing, and com-
patibility with semiconductor electronics, optical polymers enable the flexible, large-area,
and inexpensive production of WG devices [13]. These WGs are relatively cheap to produce
compared to other materials such as glass or silicon. This makes them a popular choice for
cost-sensitive applications. Glass, quartz, oxidized silicon, glass-filled epoxy printed circuit
board substrate, and flexible polyimide film are just a few examples of the numerous rigid
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and flexible substrates that can be employed. Film thicknesses between 0.1 and 100 microns
can be achieved by adjusting the polymer/solvent ratio and spin speed in the film coating
process. Contrary to other optical material systems, polymers are created and designed by
chemically altering their component molecules to have the desired properties, such as melt
or solution processibility in the form of monomers or prepolymers, enhanced mechanical
properties from photo- or thermo-crosslinking, and matched refractive indices between
the core and cladding layers. Polymer materials have high flexibility, making them ideal
for applications where flexible WGs are required, such as flexible displays or wearable
devices [33]. These WGs are much lighter than traditional glass or silicon WGs, making
them easier to integrate into portable or mobile devices.

Additionally, these characteristics are modifiable by formulation changes. In addition
to the traditional photoresist patterning, there are other methods for forming polymer WGs,
such as direct lithography, soft lithography, embossing, molding, and casting. This enables
the quick and inexpensive structuring of components like active films, Faraday rotators,
or half-wave plates for the creation of WGs as well as material removal for grating. This
adaptability also makes polymers an excellent hybrid integration platform, allowing for the
insertion of semiconductor devices like lasers, detectors, and logic circuits into an etched
groove in a planar lightwave circuit to facilitate full amplifier modules or optical add/drop
multiplexers on a single substrate. These foreign material systems include Yttrium iron
garnet (YIG), lithium niobate, and foreign material systems [34].

The fact that polymeric materials’ refractive indices change more quickly with tem-
perature than more traditional optical materials like the glass is a key distinction between
the two. When ambient temperature increases, the refractive index of the polymer mate-
rial drops at a rate of 10~%/°C, which is significantly—faster than inorganic glasses. As
opposed to the interferometric devices that are required in silica-on-silicon, for example,
this large thermo-optic coefficient and poor thermal conductivity allow for the realization
of thermo-optic switches with low power consumption, digital thermo-optic switches, and
thermo-optic switches based on adiabatic WG transitions.

Polymers are more sensitive to humidity compared to inorganic materials. The impact
of humidity on the refractive index may also be examined using the return-loss method [35].
If the core and cladding modifications were different, the refractive index change caused
by humidity would have an impact on single-mode WG performance. It would also have
an impact on the device’s return loss if index matching were utilized as a return loss
reduction technique. Devices like Bragg gratings and AWGs may function differently even
though the core and cladding change is the same because the humidity may alter the WG's
effective index.

Many optical systems rely on the exclusion of any wavelength-dependent optical ef-
fects outside those that were physically intended. Material dispersion should thus typically
be avoided. The values for the polymers on the order of 107® nm ™! are substantially lower
than those for semiconductors or doped glasses, although being equivalent to those for
SiO; [7]. Because polymeric materials are susceptible to yellowing with thermal aging,
the thermal stability of optical qualities is a crucial property for practical applications.
Such aging is often caused by the production of partly conjugated chemical groups, which
exhibit wide UV absorption bands and weaken over the visible spectrum. The chemical
composition of the original polymer has a significant impact on this yellowing.

Polymer materials have a limited operating temperature range, which can make
them unsuitable for high-temperature environments. These materials are more prone to
mechanical degradation, such as cracking or breaking, compared to other materials such
as glass or silicon. They are also sensitive to environmental factors such as moisture, heat,
and UV light, which can affect the performance and longevity of the WG. Overall, polymer
WGs have some advantages such as low cost and flexibility, but also have some limitations
in terms of optical quality and mechanical stability. Whether or not to use polymer WGs
will depend on the specific requirements and constraints of the application.
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3. Polymer Materials for Integrated Optics and Fabrication Methods

In the past, optical crystals like lithium niobate [36], lithium tantalate [37], and ru-
bidium titanyl phosphate [38,39] as well as semiconductors like silicon [4,5,40], silicon
nitride [41,42], indium phosphide [43,44], III-V compound, and silica have been utilized to
create optical WGs. In recent years, there has been much study on highly integrated optics
and photonic devices made of polymers. Polymer materials, as compared to the materials
mentioned above, have easier manufacturing procedures, which result in produced optical
devices with much-reduced material and production costs [45]. As a result, new types
of polymers for optical and photonics uses have been produced in several laboratories
throughout the world in recent decades, and some of them are now accessible on the mar-
ket. These materials include UV-curable epoxy polymers Su-8, EpoCore/EpoClad [46,47],
siloxane LIGHTLINKTM XP-6701A core, LIGHTLINKTM XH-100145 clad, and benzocy-
clobutene (Dow Chemical, Midland, MI, USA) Polymers [48], ZPU resin, and polymers
(ChemOptics Inc., Daejeon, Republic of Korea) [49], OrmoClear®FX (micro resist technology
GmbH), and SUNCONNECT are examples of inorganic—organic hybrid polymers (Nissan
Chemical Ltd., Tokyo, Japan) [20,50], Truemode Backplane Polymer (Dow Corning, Mid-
land, MI, USA) [51], UV exposure optical elastomer OE-4140 core, and OE-4141 cladding
(Exxelis, Ltd., Washington, DC, USA) [52], Sylgard 184, LS-6943, polydimethylsiloxane
(PDMS) [53], etc.

Polymethyl Methacrylate (PMMA) is a widely used polymer material for optical WGs
due to its transparency, high refractive index, and low cost. Polycarbonate (PC) is a thermo-
plastic polymer that is commonly used for optical WGs due to its high transparency, high
mechanical strength, and good thermal stability. Polystyrene (PS) is a transparent polymer
that is widely used for WGs due to its low cost, easy processability, and good transparency
in the visible and near-infrared regions of the spectrum. Polyimide (PI) is a heat-resistant
polymer that is widely used for high-temperature applications due to its excellent mechani-
cal stability, high transparency, and high refractive index. Polyethylene (PE) is a flexible
and lightweight polymer that is widely used for applications such as fiber-optic sensing
and flexible displays due to its low cost and high transparency. Polyvinyl chloride (PVC)
is a low-cost polymer that is widely used for optical WGs due to its good processability
and high transparency in the visible and near-infrared regions of the spectrum. Cytop
and cyclic olefin copolymer (COC) polymer materials are widely used for WGs in optical
communication systems and other optical applications. These materials have a low-loss,
high-refractive-index polymer material that offers a combination of transparency, high
mechanical strength, and good thermal stability. They are some of the most used polymer
materials for optical WGs, but many other polymers can also be used, depending on the
specific requirements of the application.

These polymer materials have exceptional optical qualities, for instance, low optical
losses at working wavelengths (including in the infrared spectrum), well-controlled and tun-
able refractive indices, resistance to temperature and chemicals, mechanical stability in a va-
riety of environments, and environmentally friendly fabrication methods [54,55]. Polymers
are used to create common types of fiber sensors: fiber Bragg gratings (FBG) [56,57], surface
plasmon resonance (SPR) sensors [58,59], and intensity variation-based sensors [60,61]. To
realize optical and photonic devices, optical planar WGs are essential building blocks. Sev-
eral distinct manufacturing methods for polymer optics WG devices have been documented.
These fabrication techniques include the use of mask photolithography in conjunction with
wet etching [62], photo-resist patterning and reactive ion etching [63], two-photon poly-
merization [64], laser direct writing [47], electron beam writing [65], flexographic and
inkjet printing [8], the hot embossing process [66-68], photo-bleaching [69], and others.
These processes need numerous processing steps, which can result in lengthy fabrication
periods and poor yield. For mass production, technologies like stamping processes [70]
are being researched. The roll-to-roll (R2R) nanoimprint lithography technologies [71,72]
and roll-to-plate nanoimprinting are two examples of these techniques. Polymers, which
are excellent material candidates for applications needing low-cost mass manufacturing,
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can be used with these roller-based methods [72]. Flexible electronics are created using
these methods [73]. Additionally, current research is looking into potential uses in optics
and photonics. Additional information on thin-film coating processes can be found in [13].
We should notice that the soft-lithography fabrication process provides high geometrical
accuracy [74], which guarantees sensors’ fabrication reproducibility.

Several researchers have looked at the development of optical WGs using hot emboss-
ing in recent years [12,66,68,75]. Numerous stamp production methods, including LIGA
technology, photolithography, micro-machining, and etching, were investigated. The inves-
tigation of several polymer materials also included thermoplastics and photoresists [76].
The manufactured WGs were utilized for optical communication and sensing applications
and worked in the single-mode and multi-mode regimes. The WG transmission loss varies
from several dB/cm to values under 1 dB/cm depending on the embossing stamp and
the polymer materials. Despite its advantages, the hot embossing process also has some
disadvantages such as requiring specialized equipment, which can be expensive and may
not be readily available for all users. The hot embossing process requires high tempera-
tures, which can cause thermal stress and degradation of the polymer material. It requires
complex tooling, such as molds and stamps, which can be difficult to design and fabricate.
Moreover, it is limited to certain types of polymer materials such as thermoplastics, which
may not be suitable for all applications. The surface finish of the embossed component
may not be as high as other fabrication methods, which can affect the optical properties of
the component and can result in non-uniform embossing, which can then affect the perfor-
mance of the component. Furthermore, it may not be suitable for high-volume production,
as it is a relatively slow and labor-intensive process. Table 1 shows the most frequently
used polymer materials and their physical characteristics.

Table 1. Most commonly used polymer materials and their characteristics.

Polymer Chemical Formula Young Modulus Optical Loss Transparency Region, nm Refractive Index
NOA 73 N/A 11 MPa [77] N/A 370-1250 [78] 1.559 [78]
PDMS (CH3)3SiO[Si(CH3 ), OInSi(CH3)3 [79] 1.32-2.97 MPa [80] 0.027 dB/cm [81] 400-1600 [81] n(T) =1.4176 — 4.5 x 104t [82]
PMMA [9,83] (C5HgO)n [84] 3-3.7 GPa [85] 2.5dB/cm [83] 400’2‘2‘2;’$‘é§32§’ﬁ%?“0“ 1.48-1.505 [87]
NOA 68 N/A N/A N/A 450-1250 [88] 1.54 [88]
CcOoC cyclic olefin copolymer 29-237 MPa [89] 05 dB/CE‘égg?;ﬂT;égf dB/em N/A 1.5-1.54 [90]
SU-8 epoxy polymer 4.54 GPa a;ll: 11((11.—[[; [t:;|?24 GPa at 1.36 and Z%lvlzg)/[c;z](TEoo and N/A 1,67 at UV [92]
Ormocer inorganic-organic hybrid polymers 1-17,000 MP [93] 0.64 dB/cm [94] N/A From 1.5382 to 1.59 at 633 nm [95]
ZIF-8 2-Methylimidazole zinc salt 3 GPa[96] N/A N/A 1.355 4 0.004 at 589 nm [97]
PHMB polihexanide N/A N/A N/A 1.48-1.5[98]
BCB benzocyclobutene 9.58 GPa [99] 0.81 dB/cm at 1300 nm [100] N ;;ﬁ;‘ﬁohmg at
FSU-8 fluorinated epoxy resin N/A N/A N/A 1.495 to 1.565 at 1550 nm [102]
NOA 63 N/A N/A N/A 350-1250 1.56 [103]
PEI polyethylenimine 3.5-3.6 GPa [104] N/A 400-800 [27,105] 1.66 at 546 nm [106]
PSS polystyrene sulfonate N/A N/A
PAH polyallylamine hydrochloride 100 MPa [107] N/A N/A 1.51 at 550 nm [108]
Ma-P 1205 n/a N/A N/A N/A 1.644 at 633 nm [109]
PMATRIFE P“""%}fig‘i\gﬁ:‘]g;'yyll:‘e of N/A N/A N/A 1.409 [110]
PC [33] plastic polycarbonate N/A 10dB/m 750-850 1.586 [111]
CYTOP [33] amorphous perfluorinated polymer 10 db/km 950-1100 1.34 at 587.6 nm
From 0.4 dB/cm on 500 nm to
PDLLA poly(D,L-lactide) N/A 0.12 dB/cm on 800 nm with C-H 500-850 [86] N/A

adsorbtion peak at 720-740 nm [45]

Rapid and extensive duplication of structures with dimensions ranging from the

microscale to centimeter scale is possible using hot embossing [68]. Figure 3 provides a

detailed illustration of the fabrication processes. The top and lower phases, respectively,

were initially covered with a structured stamp and a PMMA sheet. Then, they were heated
to 140 °C, which is both lower than the PMMA melting point and higher than the glass
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transition temperature. The PMMA sheet was in a rubber condition at this temperature,
making it appropriate for the ensuing embossing of structural patterns. The structural
stamp was applied with an embossing force to the PMMA sheet during the embossing
process. A further cooling procedure was used to maintain the embossing force while
chilling the stamp and PMMA sheet. A further cooling procedure was used to maintain
the embossing force while chilling the stamp and PMMA sheet. The embossing force was
withdrawn once the temperature reached the demolding temperature (50 °C). Manual
separation of the PMMA sheet and stamp is possible [68].

ﬂa) Upper stage (b) e (C) Embossing

Upper stage
Stamp E Upper stage
PMMA sheet —— m—— : =—— :> T
Lower stage Lower stage Lower stage

(@) woram  (f) e (€) (d) .

/ Upper stage
Upper stage
Lower stage Lower stage
PMMA waveguide MOF film growth Demolding Cooling

Figure 3. Manufacturing process of MOF-coated WGs by employing hot embossing, (a—g) Step by
step fabrication process of PMMA based WG [68].

4. Polymer WG-Based Sensors

The characteristics and needs of a certain application will determine how a sensor
is designed for that purpose. It is helpful to list the qualities that one would need in a
perfect sensor for chemical and biological species. In a perfect world, the sensor would
have sufficient sensitivity (in certain situations down to the level of a single molecule) and
a wide dynamic range. High selectivity for the target species and resistance to sample-
matrix interferences should also be present. A perfect sensor would also be suited for
multicomponent measurements, have a quick reaction time, be reversible, and have high
long-term stability. The ideal sensor should also be capable of self-calibration and be strong,
dependable, easy to make, affordable, and have a compact size.

The most significant benefit of optical sensors over other types is their broad range of
applications: optical sensors may detect analytes for which other (bio)chemical sensors are
ineffective [112]. Additionally, optical sensors can be used for “indirect” analyte identifi-
cation, which makes use of an auxiliary reagent, as well as “direct” analyte detection, in
which the spectroscopic characteristics of the analyte are detected. Such a reagent experi-
ences a modification in an optical property, such as elastic or inelastic scattering, optical
path length, absorption, luminescence intensity, luminescence lifespan, or polarization
state, when it interacts with the analyte species. This type of indirect detection is essential
because it merges chemical selectivity with the spectroscopic measurement’s capabilities
and frequently overcomes interference issues that would otherwise be problematic.

There are several subcategories of optical sensors. There are “intrinsic” and “extrinsic”
sensors, for example. A WG is simply utilized as a light link to connect external instruments
to a sampling point or an optical sensing element in an extrinsic sensor. In biomedicine,
environmental monitoring, process control, and safety, extrinsic sensors are already widely
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employed [113]. Due to several appealing qualities they possess, including simplicity,
electrical passivity, inherent safety, chemical robustness, thermal tolerance, compatibility
with telemetry, and use of a common technology to produce sensors intended for various
(bio)chemical and physical measurements, they have found success in both commercial
and practical purposes. Extrinsic sensors may also frequently be made simpler, work with
in vivo applications, and be applied in situations that are contaminated by electromagnetic
and microwave waves.

In an intrinsic sensor, the WG itself contributes to the conversion of (bio)chemical
data into an analytical signal that is usable [114]. In addition to the common qualities
of most extrinsic sensors, intrinsic sensors offer a variety of useful features [115,116]. By
using evanescent-wave-based optical discrimination, intrinsic sensors may be employed to
study interfacial processes and thin films. By adjusting the parameters of the waveguiding
configuration and, in the case of indirect sensors, the parameters of immobilized reagents,
they also provide flexibility in the selection of their sensing mode and their analytical
properties. For instance, the architecture of the WG, its cladding, and any reagents nearby
the WG can all affect how much an evanescent wave interacts [117,118]. The choice of the
physical, chemical, or biological characteristics of the analyte species to be monitored is
often the first stage in the construction of a good sensor. One could decide to analyze an
analyte’s absorption, fluorescence, or Raman spectra, for instance. This decision will deter-
mine the sensor’s instrumental needs as well as its analytical performance. It is frequently
helpful to take into consideration a combination of detection techniques since doing so may
frequently result in a significant performance gain. A fluorescence-based sensor combined
with time-resolved detection, for instance, can enhance a sensor’s selectivity, sensitivity,
and long-term stability.

Surface plasmon resonance (SPR) [119], grating, micro-ring [120-122], and MZI [123]
structures are only a few of the basic structural types found in polymer optical WG sensors,
as shown in Figure 4a-d [124-126]. A commercial chemical detection device based on prism-
coupling technology is included in the SPR structure. Its limitations include susceptibility
to temperature and test media composition, as well as optical loss due to the gold film. The
grating structure has a very low grating period—only a few hundred nanometers—but
it also has demanding production and spectral analysis constraints. Temperature and
outside stress might affect longer grating times. The micro-ring structure’s radius is many
tens of micrometers, making it desirable for sensor downsizing. The equivalent contact
length of the WG and test medium is greatly increased by the optical signal resonance
phenomena to provide adequate sensitivity. Nevertheless, it is difficult to manage the
coupling distance between the micro-ring and straight WG without using a high-precision
construction procedure. The micro-ring may also result in more bending loss.

In the MZI structure, one WG branch acts as the sensing arm and the other branch as
the reference arm. The evanescent field of the light wave in the core layer may be made
to make contact with the test medium by detaching the upper cladding layer of the WG
from the sensing arm [127]. The refractive index (RI) of the test medium varies, which
affects how the optical fields between the sensing and reference arms are phased. The
output optical power varies because of the phase shift. The MZI construction is affordable,
simple to construct, and capable of simultaneous multi-channel identification without the
need for spectral detection. An integrated MZI-based methane sensor that is covered in a
styrene-acrylonitrile film that contains cryptophane-A is presented [126]. A supramolecular
molecule called cryptophane-A that can selectively trap methane increases sensitivity by a
factor of 17 when it is present in the cladding [126].
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Figure 4. Different types of sensors based on polymer WGs, (a,b) SPR [124], (c) Micro-ring res-
onator [125], (d) MZI structure [126].

4.1. Polymer WG-Based Low-Cost Biosensors

Today, biosensors are widely used in biological diagnostics as well as a variety of other
fields, including forensics, environmental monitoring, food control, drug development,
and point-of-care monitoring of illness progression [128,129]. The creation of biosen-
sors may make use of a broad variety of methodologies. As a result of their interaction
with high-affinity biomolecules, a variety of analytes may be sensitively and specifically
detected [130,131]. Every biosensor contains a particular set of static and dynamic prop-
erties [132,133]. The efficiency of the biosensor is enhanced by the optimization of these
properties [134].

4.1.1. Selectivity

Perhaps the most crucial component of a biosensor is selectivity. A bioreceptor’s
selectivity refers to its capacity to identify a particular analyte in a sample that contains
various admixtures and impurities. The interplay of an antigen and an antibody is the
greatest illustration of selectivity. Antibodies often serve as receptors and are immobilized
on the transducer’s surface. The antigen is then introduced to a solution (often a buffer
including salts), which is subjected to the transducer, where antibodies only bind with
the antigens. Selectivity is the key factor to be taken into account while developing a
biosensor [135].

4.1.2. Limit of Detection

The limit of detection (LOD) of a biosensor is the lowest conc. of analyte that it can
detect [136]. A biosensor is necessary for several medical and environmental monitoring
applications to confirm the existence of traces of analytes in a sample at analyte conc.
as low as ng/mL or even fg/mL. For instance, prostate cancer is linked to blood levels
of the prostate-specific antigen (PSA) of 4 ng/mL, for which doctors recommend biopsy
procedures. As a result, LoD is thought to be a key characteristic of a biosensor.

4.1.3. Stability

The biosensing system’s stability refers to how susceptible it is to environmental
perturbations within and outside of it. A biosensor under study may experience a drift in
its output signals because of these disruptions [137]. This may result in a conc. measurement
inaccuracy and compromise the biosensor’s quality and precision. In situations where a
biosensor needs lengthy incubation periods or ongoing monitoring, stability is the most
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important component. The reaction of electronics and transducers may be temperature-
sensitive, which might affect a biosensor’s stability. To achieve a steady response from
the sensor, proper tuning of the electronics is necessary. The degree to which the analyte
attaches to the bioreceptor—the affinity of the bioreceptor—can also have an impact on
stability. High-affinity receptors promote the analyte’s covalent or strong electrostatic
connection, which strengthens a biosensor’s stability. The deterioration of the bioreceptor
over time is another element that has an impact on a measurement’s stability.

4.1.4. Repeatability

The biosensor’s repeatability refers to its capacity to provide the same results under
identical testing conditions. The transducer and electronics in a biosensor are precise and
accurate, which defines repeatability. When a sample is tested more than once, accuracy
refers to the sensor’s capability to offer a mean value that is near to the real value while
precision refers to the sensor’s ability to produce identical findings every time. The in-
ference built on a biosensor’s response is very reliable and robust when the signals are
reproducible [137].

The optical sensors based on evanescent wave monitor changes in the RI. These sensors
make use of the confinement of the electromagnetic waves in a dielectric and/or metal
structure to generate a propagating or localized electromagnetic mode. The evanescent
wave is created when a portion of the confined light disperses into the surrounding medium
as shown in Figure 5. Local changes in the optical properties of the excited electromagnetic
mode, most significantly a change in the effective RI, are brought on by RI shifts in the
surrounding medium through this evanescent wave [116]. When a receptor layer is affixed
to the guiding structure’s surface, the corresponding analyte is exposed to it, and the
resulting (bio)chemical interactions between them change the RI locally. The interaction’s
amplitude may be measured by comparing it to the analyte’s conc. and the interaction’s
affinity constant. The evanescent wave only reaches the exterior medium up to hundreds
of nanometers and perishes exponentially; consequently, the background from the external
medium will be little impacted. As a result, only variations near the sensor surface will
be noticed.

External medium
Analytes

Evanescent wave L

YLY LY

Receptor

A

Figure 5. Evanescent field sensing mechanism.

The interferometric evanescent wave sensing technique is used by planar-integrated
optical biosensors to provide highly sensitive label-free detection of biomolecules. Using
injection molding and spin-coating, a novel polymer WG device design is proposed that
enables the production of disposable sensor chips at a cheap cost [138]. To couple light
into and out of the biosensor, surface grating couplers and lateral tapers were included. By
adding a thin layer of inorganic high-index material to these polymer gratings, the coupling
strength is improved, allowing for grating size reduction and effective lateral tapering into
single-mode WGs [138].
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For detecting effective medication doses of ginkgolide A for the suppression of pul-
monary microvascular endothelial cell (PMVEC) apoptosis, a fluorinated cross-linked
polymer Bragg WG grating-based optical biosensor is developed [139]. PMMA was created
as the sensing window cladding and fluorinated photosensitive polymer SU-8 (FSU-8) as
the sensing core layer. Pharmacological experiments were used to examine and examine
the ginkgolide A medication conc. range that was most efficient for inhibiting PMVEC
apoptosis (5-10 g/mL). The device’s framework was built to be created and manufactured
using direct UV writing technology. With varying refractive indices of various drug conc.,
the characteristics of the biosensor were simulated. The biosensor’s sensitivity was deter-
mined to be 1606.2 nm/RIU. The limit of detection (LoD) and resolution were specified as
3 x 107° RIU and 0.05 nm, respectively [139].

A multilayer polymeric-inorganic composite WG arrangement was used to produce an
evanescent field sensor [140]. The low RI polymer layers are covered by layers of a Ta,O5
thin film that was produced by sputtering, creating the composite WG structure. According
to the results, the polymer-based sensor can detect molecules adhering to surfaces down to a
limit of around 100 fg/mm? for molecular adsorption detection and an LoD of 3 x 10~7 RIU
for RI sensing. The inorganic coating on the polymer layer was discovered to successfully
limit water absorption into the WG, which led to stabilized sensor operation in addition to
greatly increasing sensitivity. By examining antibody-antigen binding interactions, it was
demonstrated that the created sensor can be used in precise molecular detection [140].

For the detection of biomolecules in the lower nano-molar (nM) range, a surface
plasmon resonance (SPR) biosensor based on a planar-optical multi-mode polymer WG
structure is presented in [141]. With a measuring resolution of 4.3 x 103 RIU, the fun-
damental sensor exhibits a sensitivity of 608 nm/RIU when subjected to variations in RI.
C-reactive protein (CRP) was detected in a buffer solution with a response of 0.118 nm/nM
by integrating the SPR sensor with an aptamer-functionalized, gold-nanoparticle (AuNP)-
enhanced sandwich assay. The biosensor is highly suited for low-cost disposable lab-on-a-
chip operations because of the multi-mode polymer WG structure and the straightforward
concept. It may also be employed with very straightforward and affordable equipment.
The sensor specifically offers the ability for quick and multiplexed identification of various
biomarkers on a single integrated technology [141].

There is much interest in polymer-based materials used in photonic circuits, such
as benzocyclobutene (BCB), SU8, and PMMA, for label-free, cost-effective biosensing
and communications applications [142,143]. It is simple to embed optical components
and electronics into polymers [144]. In comparison to low-contrast polymer-based WGs,
high-index contrast materials like silicon and silicon nitride give substantial loss inside
wall scattering [145,146]. This eliminates any manufacturing limitations and enables the
construction of polymer-based WGs with a large footprint in a silicon wafer and minimal
side wall scattering loss. These polymer materials may be used in a variety of devices,
and by doping impurities, one can adjust the material’s optical, thermal, and electrical
properties. High sensitivity is provided by an RI-based biosensor using a unique horizontal
slot WG structure composed of cost-effective polymer material in an MZI configuration as
shown in Figure 6a [147]. The possibility of creating novel hybrid WGs for sensors using
silicon wafer-based polymer material has arisen because of the recent need for low-cost
point-of-care biosensors. The core of the sensor is made of SU8 material, the outside layer
of the sensor is made of PMMA, and the inner layer is made of BCB.

It is suggested and quantitatively proved that a novel evanescent wave biosensor
based on the modal interaction between the fundamental mode and the second-order mode
is possible [148]. It is feasible to create a device where only the fundamental and second-
order modes may propagate, without stimulation of the first-order mode, by considering
the characteristics of their symmetry as shown in Figure 6b. Due to the significant contact
between the evanescent field and the outer surface as a comparison to prior evanescent
wave-based biosensor designs, it is feasible to obtain a high sensitivity response in the
biosensor arrangement with this mode selection. The LoD of the device is ~7.34 x 10~7 RIU.
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Although polymeric WGs have been suggested as a means of lowering production costs,
it has not been feasible to create biosensors with sensitivity levels that are on par with
those made available by silicon photonic technology due to the polymeric material’s low RL
Therefore, a multimode interferometer has two special features that combine to improve
the sensitivity of a modal biosensor interferometer: first, a novel modal interferometer with
greater penetration depth by high order mode evanescent tail; and second, a high modal
interaction by coupling mode theory optimization. This feature is essential for making
lab-on-chip technologies accessible and widely manufactured in underdeveloped parts of
the globe [148].

It is the first time that an all-optical plasmonic sensor platform based on integrated planar-
optical WG structures in a polymer chip has been published as shown in Figure 6c [149]. The
detection of 25-hydroxyvitamin D (250HD) in human serum samples using an aptamer-based
assay was performed to show the sensor system'’s usefulness for biosensing. The devised
assay allowed for the achievement of 250HD conc. between 0 and 100 nM with a sensitivity of
0.752 pixels/nM. It is possible to simultaneously detect several analytes, including biomarkers,
because of the WG structure of the sensor’s miniaturization and parallelization capabilities. It
is possible to fabricate large-scale, economically priced sensors by integrating the entire optical
setup onto a single polymer chip. The proposed concept is particularly appealing for its
wider use in lab-on-chip solutions due to the widespread use and accessibility of smartphone
electronics [149].
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Figure 6. Polymer WG-based biosensors, (a) BCB and SU-8 photonic WG in MZI architecture for
point-of-care device [147], (b) Multimode interferometer [148], (c,d) SEM image of the polymer WG
resonator [150].

Numerous studies are being conducted on optical micro-ring resonators as a possible
label-free biosensing technology for use in environmental monitoring and medical diagnos-
tics. The surface mass loading or the change in RI brought on by the presence of analytes in
the surrounding media is investigated in these micro-rings using the evanescent fields of
the resonant light [3]. It is suggested to use the high-quality SU-8 micro-ring resonators
made by NIL for biosensing applications [150]. The SEM image of the ring resonator is
shown in Figure 6d. Due to its exceptional optical and mechanical qualities, strong corro-
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sion resistance, and high thermal stability, SU-8 polymer has received extensive research in
the fields of photonics and microfluidics. Its high level of cross-linking has a special ability
to build sidewalls with straight profiles and large aspect ratios. A record-high intrinsic
Q-factor of 8.0 x 10° is attained by UV imprinting the device with a transparent polymer
mold that was copied from a smooth-sidewall silicon master mold.

4.2. Polymer WG-Based Gas Sensors

For detecting various harmful gases, several optical WG-based techniques have been
put forth [151]. These methods may be roughly divided into two subgroups: RI sensing
and optical absorption sensing [118,152]. The principle behind RI sensing is to track
changes in the analyte’s RI, which would affect the output light’s frequency or phase.
Since each gas has a distinct absorption wavelength, optical absorption spectroscopy-based
WG sensors are more selective than RI sensing. The conc. of the gas can be estimated by
analyzing the light attenuation that occurs when the light of a certain wavelength flows
through the gas [153]. According to the Lambert-Beer Law, increasing the optical path—the
distance over which light interacts with the analyte—will lower the LoD [154]. For optical
WG sensors, the ambient gas interacts with the WG’s evanescent field and serves as its
cladding [155].

Beginning in the early 1980s, conducting polymers including polypyrrole (PPy),
polyaniline (Pani), polythiophene (PTh), and their derivatives were utilized as the ac-
tive layers of gas sensors [156]. The sensors built of conducting polymers offer numerous
better properties in contrast to most of the widely viable sensors, which are often based on
metal oxides and operated at high temperatures. These feathers in particular are guaranteed
to be at room temperature and have high sensitivity and rapid reaction times. Conducting
polymers are simple to make using chemical or electrochemical methods, and it is simple
to change their molecular chain structure via copolymerization or structural derivations.
Additionally, conducting polymers have outstanding mechanical qualities that make it
simple to fabricate sensors.

The selective and sensitive sensing of harmful greenhouse gases is a significant chal-
lenge in the environmental and industrial domains due to the growing emphasis on
environmental protection and monitoring [113,118]. Carbon dioxide (CO,) is one of the
principal greenhouse gases that is created in the environment. According to the operat-
ing environments and application areas, several specific kinds of CO, sensors have been
produced during the last few decades. CO, sensors can be broadly categorized as electro-
chemical gas sensors, optical gas sensors, and acoustic gas sensors based on the detecting
processes they use [118,157,158]. The choice and design of the sensing material used in
a sensing device have a substantial impact on how well the sensor performs since a gas
sensor relies on active interaction between the sensing layer and the target gas. Metal
oxide, polymers, carbon compounds including carbon nanotubes (CNTs) and graphene,
metal-organic frameworks (MOFs), and composites of these materials are the most often
employed active materials in CO; sensing [159,160]. A flexible CO, gas sensor working at
room temperature based on CNTs is developed on a low-cost polyimide substrate [159].
Resistive networks are utilized in gas detection to create very uniform CNT thin films using
a trustworthy and repeatable transfer technique. When the ambient CO, gas conc. was
800 ppm, the flexible gas sensor had a high sensitivity of 2.23%.

MOF-based optical gas sensors, which focus primarily on light-gas interaction within
a thin MOF layer, are preferable due to their properties of minimal drift, high gas selectivity
to other gases—pertinent for the optical gas sensing part—and the high porosity, large
surface area, and tailor-made pore sizes related for the optical gas sensing part. Metal—
organic frameworks are porous crystalline solids that are put together by the coordination
of inorganic building units by organic linker molecules. Because MOFs’ pores may be
replaced with different substances, they are appealing for use in a variety of applications,
including gas storage, gas separation, catalysis, and sensing.
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Air and hydrogen mixes may catch fire easily. Therefore, hydrogen sensors are crucial
for quick leak identification during handling. Existing solutions, nevertheless, fall short of
the high-performance standards established by stakeholders, and deactivation brought on
by poisoning—such as that caused by carbon monoxide—remains a significant issue. In a
plasmonic metal-polymer hybrid nanomaterial idea, deactivation resistance is supplied by
a specially designed tandem polymer membrane, while the polymer coating lowers the
apparent activation energy for hydrogen transport into and out of the plasmonic nanoparti-
cles [161]. This provides subsecond sensor response times in conjunction with the optimum
volume-to-surface ratio of the signal transducer given exclusively by nanoparticles. In
addition, sensor LoD is improved, hydrogen sorption hysteresis is reduced, and sensor op-
eration in challenging chemical conditions is made possible without long-term deactivation
symptoms [161].

The development of affordable PCB-integrated optical WG sensors is shown using
a unique platform [162]. The sensor design depends on the utilization of multimode
polymer WGs that can be created directly on common PCBs and chemical dyes that are
readily accessible in the market, allowing the assembly of all crucial sensing elements
(electronic, photonic, and chemical) on low-cost substrates. Furthermore, it uses WG arrays
functionalized with various chemical dyes to permit the detection of many analytes from
a single device. The devices may be made using PCB manufacturing techniques that are
standard practice, such as pick-and-place assembly and solder-reflow operations. An FR4
substrate is used to construct an ammonia gas sensor that is PCB integrated as a proof of
concept. The sensor’s functionality depends on the way ammonia molecules affect the
optical transmission properties of chemically functionalized optical WGs. In addition to
the basic modeling and characterization investigations, the manufacturing and assembly of
the sensor unit are discussed. At normal temperatures, the device achieves a sensitivity
of around 30 ppm and a linear response of up to 600 ppm. Finally, principal-component
assessment is used to show how it is possible to identify numerous analytes from a single
device [162].

For the detection and sensing of CO,, a cheap gas sensor based on planar polymer
optical WGs with an embedded zeolite imidazole framework-8 (ZIF-8) thin film is pre-
sented [68]. The PMMA planar optical WGs are formed by hot embossing, which makes
them flexible and economical. A simple solution approach is used to evenly produce thin
ZIF-8 films on the surface of WGs, which is essential for the envisioned mass manufacturing
of metal-organic framework-based sensing devices. The microscope image of the WG
without MOF film and with MOF film is shown in Figure 7a,b, respectively.

Figure 7c depicts the recording of optical signal transmission out of the MOF-coated
WG with a gas switching time interval of t = 1 min. Several cycles were repeated. The
alternate purging of N and CO; caused the transmission signal to shift frequently and
reproducibly. When CO, was released into the gas cell, the transmission rapidly fell and
maintained a largely constant level. The repeated cycle tests provide additional evidence of
the proposed MOEF-based polymer WGs' resilience and effectiveness as sensors. A further
experiment with t = 30 s was carried out to test the optical response of the planar WG sensor
to CO, exposure during shorter gas changeover times. Figure 7d depicts the outcome. The
optical signal leaving the WG here also changes regularly due to the alternate purging
of N and CO,. Additionally, it can be shown that the short gas switching time results
in a high-power level when N is purged that lacks a clear steady state. The time from
the response’s beginning to 90% of its maximum in a steady state is referred to as the
adsorption and desorption times. The MOF-coated PMMA WG used in this study exhibits
CO; adsorption and desorption times of approximately 6 s and 16 s, respectively, as shown
in Figure 7e. These findings show that the diffusion of gases into the MOF sensing layer
from the surrounding medium occurs at a very high rate. According to experimental
findings, the developed optical elements have good reversibility of the gas molecules’
adsorption and desorption, a sensitivity of 2.5 uW /5 vol% toward CO; [68].
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Figure 7. Microscope images of (a) uncoated [68], (b) ZIF-8 coated WG [68], (c) response of the MOF-
coated WG to CO, with gas switching time intervals of 1 min [68], (d) response of the MOF-coated
WG to CO, with gas switching time intervals of the 30 s [68], and (e) adsorption and desorption time
of MOF-coated WG sensor [68].

4.3. Polymer WG-Based Temperature Sensors

In several industries and applications, including healthcare, consumer electronics,
transportation, and aerospace, temperature sensors are crucial [163,164]. To meet the
expanding demands for automation in production and monitoring, there is an expanding
market for temperature sensors that are high-performing, trustworthy, and affordable [165].
Such sensors are increasingly being included in materials (such as composites) during the
manufacturing process. Conventional electronic-based temperature sensors are unsuitable
for several tasks because of their sensitivity to electromagnetic interference [166].

Optical WGs on a planar substrate are an intriguing solution to fibers for sensing since
they may incorporate splitters, optoelectronic components, or even whole Bragg grating
interrogation systems [167,168]. Comparatively to single fiber sensors, the use of planar
foils makes it easier to position and align the sensors during integration. Due to the wide
range of materials that are readily accessible, each with unique features and optimized for
certain manufacturing methods, Bragg grating-based sensors in polymer WGs are becoming
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more and more popular in several applications [169-175]. Because of its high thermo-
optic coefficient, superior thermal stability, and relatively low absorption loss from visible
to telecom wavelengths, Ormocer, an inorganic-organic hybrid polymer, is an excellent
option to be utilized in the implementation of a Bragg grating-based temperature sensor.
Additionally, the material is economical, simple to utilize, and risk-free to handle without
specific safeguards. However, due to its oxygen inhibition and liquid condition during UV
exposure, traditional contact mask lithography makes it challenging to define nanometer-
scale WG features. An equivalent has been imprinting-based technology; however, because
of the rather thick residual layer, the reported structures made with this approach are
inverted-rib WGs [176]. To create a highly sensitive Ormocer-based WG Bragg grating
temperature sensor, a novel capillary filling-based duplication technique is suggested [177].
A series of polymer WGs imprinted with a wide area grating is patterned on top of an
under-cladding layer to create the sensor, which has a sensitivity of —249 pm/°C at ambient
temperature and a working wavelength of 1530 nm [177].

The use of switchable molecular compounds in a polymer WG-based temperature
sensor system is described in [178]. A maskless lithographic optical system is used to
manufacture the polymer WG cladding, and hot embossing equipment is used to copy it
onto polymer material (for instance polymethyl methacrylate (PMMA)). The substance
used to monitor changes in outside temperature is a molecular combination of iron, amino,
and triazole. A mixture of core material (NOAG68) is used to fill the WG’s core for this
purpose, and doctor blading and UV curing are used to solidify the molecular complex. In
the low-spin state, two distinct absorption bands are present in the molecular complex’s
UV/VIS light spectrum. A spin-crossover transition takes place when the temperature
gets close to room temperature, which causes the molecular complex to go from violet
pink to white (or spectral characteristics). With a hysteresis width of around 12 °C and a
sensitivity of 0.08 mW/°C, the measurement of optical power transmitted through the WG
as a function of temperature displays a memory effect. In situations where electromagnetic
interference might skew the results, this permits optical rather than electrical temperature
detection [178].

A polymer WG incorporated in an optical fiber micro-cavity-based MZI was pre-
sented [179]. Femtosecond laser micromachining, fiber splicing, and single-mode fibers
were used to create the micro-cavity with two symmetric apertures. The 70 um long
polymer WG was then fabricated using the two-photon polymerization manufacturing
technique and incorporated into the micro-cavity. A complete interference spectrum and
over 25 dB of fringe visibility were displayed by the MZI. The suggested MZI's temperature
sensitivity exceeded 447 pm/°C because of the strong thermo-optical coefficient of the
polymer material. Due to its flawless linearity (99.7%) and persistence, it may be utilized as
a trustworthy temperature sensor [179].

It is suggested to use an asymmetric MZI with varying widths in the two interferometer
arms as the foundation for an ultra-sensitive polymeric WG temperature sensor [180].
The device’s sensitivity was improved by using a polymer with a higher thermo-optic
coefficient (TOC). The effect of the two arms’ distinct widths and the cladding materials’
various TOCs on the sensor’s sensitivity was investigated and experimentally proven.
The devices were created by combining a straightforward all-wet etching method with
conventional photolithography. The sensitivity of the WG temperature sensor was found
to be 30.8 nm/°C when the cladding material Norland optical adhesive 73 (NOA 73) and
the width difference of 6.5 um were used. Additionally, the lowest temperature resolution
was almost 0.97 x 1072 °C. The sensor has the specific benefits of high sensitivity, high
resolution, simple manufacture, low cost, and biological compatibility, making it potentially
useful for temperature detection of organisms, molecular analysis, and biotechnology [180].

With the use of bottom metal printing technology, multimodal responsive optical
WG sensors that make use of a stable cross-linking gel polymer electrolyte have been
successfully created [181]. Figure 8a depicts the prototype optical WG multimodal sensor’s
schematic structure diagram. First, Si substrates with SiO, buffer layers are used to fabricate
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metal thermo-inducting electrode designs. Spin-coating and UV curing are used to cure a
gel polymer electrolyte that was self-created as a sensing WG material on metal electrodes.
By using the bottom metal printing process, the MMI WG sensing structure is directly
defined through electrode areas. The lift-off technique is used to detach the polymer films
off the thermo-inducting electrodes’ pads on both sides. Next, a printed circuit board
(PCB) is attached to the overall sensing WG chip using adhesive. On either side of the
chip, two further PCBs are connected. Copper and aluminum metal electrode pads on
two different PCBs with holes that are aligned to them might make a thermo-inducting
contact. Figure 8b provides the packed chip’s complete model diagram. Figure 8c,d show
the measurement systems of the multimodal photonic chip for temperature and humidity
sensing applications, respectively [181].

Gel polymer

( a) clectl_m- |

sensing region copper region

Al self-electrode (b) Humidity Temperature sensing

Temperature sensing measurement
C Digital signal ; ; Laser source
generator - .. -
(238se \_ /—74,

Digital Coupling fiber

oscilloscope -’-._'- "

Photoelectric

detector [ :
Vs o an or ar o D S S D S EP D G D D G D D D D D D S D G D G D D G S D G D G D G G G ED G G GG G GGG G W G Ee e
(d) Dryair ____ Humidity sensing measurement 77T
: + = : P
: MFC
: + o= t
! Humid air / ] Output
: ) optic}lsjgnal
: Laser M.mm: - P o p\'mﬂ
NP 40
r R ,/.In|l:ou_t " Optical
\ optical signa power meter

Figure 8. Graphical illustration of (a) the prototype of optical WG multimodal sensor [181],
(b) packaged photonic multimodal sensor [181], (c) measuring systems of the sensor for temper-
ature [181], and (d) measuring systems of the sensor for humidity [181].

It is simulated to characterize temperature and humidity sensing using a polymer
electrolyte. Considering the study of ion relaxation dynamics, the multimodal responsive
features of the photonic chip are established: optical attenuation and phase variables for
temperature and humidity sensing, respectively. The device’s temperature and humidity
sensitivities were measured at 0.5 rad/°C and 1.14 dB/ % RH, respectively, in the monitoring
temperature (36.0-38.0 °C) and relative humidity (45%—65%) ranges. The multifunctional
sensor’s quick reaction times may be calculated to be 4.21 ms and 1.32 s, for temperature
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and humidity, respectively. This study offers a workable plan for the development and use
of temperature and humidity sensors in possible medical procedures [181].

4.4. Polymer WG-Based Mechanical Sensors

Polymer WG-based mechanical sensors are devices that use the optical properties of a
polymer WG to detect mechanical changes. When the WG is deformed due to mechanical
stress or strain, the refractive index of the material changes, which alters the way that light
propagates through it. This change in the optical properties of the WG can be measured and
used to detect the presence and magnitude of the mechanical stress or strain. Polymer WG
mechanical sensors have a number of potential applications, including in structural health
monitoring, biomedical sensing, and environmental monitoring. There are different types
of polymer WG-based mechanical sensors, including cantilever-based sensors, micro-ring
resonator sensors, and Mach-Zehnder interferometer sensors. Each of these sensors has
its own advantages and disadvantages, and the choice of sensor depends on the specific
application requirements.

Optical sensors with low residual stress, straightforward manufacturing, and low
cost have been created employing polymer-based WG systems. In general, the mechanical
characteristics of polymers may be described in a manner quite similar to those of metals
or other common crystalline materials. This is especially true for elastic moduli and other
classes of strength measures like yield and tensile strengths. A wide range of biomedical
applications in sensing, diagnostics, and phototherapy have demonstrated considerable
potential for biocompatible polymeric optical WGs with soft and flexible mechanical fea-
tures [182]. Today, transparent touch-sensitive panels for portable devices like smartphones
and tablet computers are commonly used. These panels have become more functional and
versatile, enabling multipoint touch interaction in addition to single point touch, which is a
growing trend in touch sensing in electronic devices. Besides contact detection, pressure-
based touchscreen interaction increases usability. For instance, a touch-sensitive keyboard
performs better when pressing the keys. Recently, flexible or even stretchy touch sensors
were developed so they can work with flexible screens [166].

A high sensitivity of 8.2 ppm/Pa has been established for an optomechanical pressure
sensor employing polymer multimode interference (MMI) couplers [183]. It has been
established that a polymer WG sensor with a symmetric multilayer design may be used
to detect low humidity conc. [184]. When water molecules diffuse into the polymer WG,
the sensor records the resultant optical phase shifts. It is possible to reach a sensitivity
of several parts per million for humidity levels. Additionally, the sensor provides the
absolute sign of the movement of the generated interference fringes, which makes it simple
to identify trends in the index (increase or reduction) in the sensing layer. This work shows
a very promising future for the development of a small, disposable optical sensor with a
cheap cost for humidity sensing applications [184].

Stretchable polymeric optical WGs have also been researched for wearable body tem-
perature readings in addition to mechanical sensing [185]. One of the most important
physiological indicators that accurately identifies stages of health is body temperature.
The reading of wearable temperature sensors should be resistant to body motions and
independent of mechanical deformation for continuous and long-term temperature mon-
itoring. Utilizing PDMS optical fibers that have integrated upconversion nanoparticles,
a unique stretchable optical temperature sensor that can maintain its sensing capability
despite massive strain deformations (up to 80%) has been produced [185].

The main criteria, such as thin-film design, localized force sensing, multiple-point
identification, and bending resilience, as well as a quick response for a tactile sensor
functioning on curved surfaces, are satisfied by a polymer WG-based transparent and
flexible force sensor array [186]. A contact force with a location at 27 different spots is
detected by the force sensor array separately. The sensor array is elastic, thin (total thickness:
150 um), as well as very transparent (transmittance: up to 90%). The force sensor can detect
contact forces at one or more points with a quick response (response delay: 10 ms), high
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replicability (Pearson correlation coefficient: as high as 0.994, hysteresis: as low as 6.7%),
high sensitivity (as high as 16% N~!), and high bendability (10.8% sensitivity degradation
at a bending radius of 1.5 mm), all without utilizing any electronic components. Without
noticeably degrading its function, the sensor can detect pressure on curved objects as well
as soft ones like the human body. For detecting dynamic contact forces on different surfaces,
the force sensor could be employed in a variety of applications [186]. The fabrication
process of the sensor is shown in Figure 9a. The SEM image and an optical microscope
image of the sensing area is shown in Figure 9b,c, respectively. Despite its multilayered
configuration, the WG layer exhibits excellent optical transparency of 90% in the range
of 550-1000 nm, allowing removal from the stiff substrate without mechanical damage
as shown in Figure 9d. Due to the soft nature of the materials utilized for both the clad
and core, the WG-based thin force sensor is mechanically resilient to bending, twisting, or
folding and is capable of close contact with a forearm with great transparency and flexibility
as shown in Figure 9e—g [186].

Spacer Clad R, tunable coating
Pre) B
Core l Touch layer
| N-/L\
Casting Masking Peel off
3 = —
Dry etching (RIE) Curing Dry etching (RIE) Final product

1000 pm

N Multi-waveguide

Force sensor

Figure 9. (a) Fabrication process of a WG-based sensor, (b) SEM image, and (c) optical microscope
image of a WG [186], (d) an image showing the construction of the waveguide layer being peeled from
a Si wafer [186], (e) photo demonstrating the close proximity of a thin-film sensor to a forearm [186],
(f) the transparency of the sensor [186], and (g) a photograph and an optical microscope image (inset)
of a force sensor deformed by mechanical bending [186].
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A photopolymerizable resin solution that self-writes a strain sensor WG is described
as an experimental demonstration [187]. The sensor is created between two multi-mode
optical fibers using ultraviolet (UV) light waves, and it functions as a sensor by examining
the power that is passed through the WG in the infrared (IR) wavelength range. Following
sensor failure brought on by loading, the WG uses UV resin to re-bridge the gap between
the two optical fibers. Measurements reveal similarities in the responses of the original and
self-repaired sensors under strain [187].

Due to the weak mechanical strengths of most synthetic hydrogels, hydrogel optical
WGs are frequently brittle and unstable when subjected to strain deformations. Due to
the possibility of WG structural damage from body /tissue movement, this property limits
their use in wearable or implanted sensors. For the creation of optical fibers, hybrid
ionic/covalent hydrogels with high stretchability and toughness were used to produce
great deformability and robustness. Hybrid alginate—polyacrylamide hydrogels have been
molded and dip-coated to create robust, stretchable hydrogel optical fibers with an overall
step-index profile [188]. Table 2 presents the recently proposed polymer WGs employed
for biosensing, gas sensing, temperature sensing, and mechanical sensing.

Table 2. Recently proposed polymer WG-based biosensors, gas sensors, temperature sensors, and

mechanical sensors.

. s Temperature e Fabrication . .
Polymer Sensor Design Application Range (°C) Sensitivity Method Numerical/Experimental Ref.
NOA73 MZI Temperature - 30.8 nm/°C Wet etching Experimental [180]
Gel polymer MZI Temperature 36-38 0.5t rad/°C me tlzf—t;?ir:tmg Experimental [181]
NOA 73 MZI -Temperature 25-75 —431 pm/°C CMOS Experimental [189]
PDMS PhC Temperature 10-90 0.109 nm/°C - Numerical [82]
PMMA BG Temperature —10-70 —48.6 pm/°C Direct laser writing Experimental [190]
NOA68 Planar WG Temperature 18-35 0.08 mW/°C Hot embossing Experimental [178]
COC BG Temperature 30-160 —7.3 pm/K Single writing step Experimental [191]
PDMS Metasurface Temperature 30-60 —0.18 nm/°C - Numerical [192]
PDMS FPI-AWG Temperature 3040 —0.854dB/°C - Experimental [193]
SU-8 T rimodal WG Temperature 22-27 0.0586 dB/°C Direct laser writing Experimental [194]
interferometer
Ormocer BG Temperature 20-110 —150 pm/°C Imprinting Experimental [195]
ZIF-8 Planar WG CO, - 2.5 uW/5 vol% Hot embossing Experimental [68]
PHMB Modified BG CO, - 226 pm/ppm - Numerical [196]
- Planar WG CO - - NIL Experimental [197]
Photonic crystal .
PMMA nanocavity - 287 ppb/vHz EBL Experimental [198]
PHMB Plasmonic WG CO, - 135.95 pm/ppm Numerical [199]
PHMB Metasurface CO, - 17.3 pm/ppm Numerical [98]
19,280 nm/RIU
BCB and SU8 MZI Biosensing - and 16,500 N/A Numerical [147]
nm/RIU
FSU-8 and BG Drug conc. - 1606.2 nm/RIU Direct UV writing Experimental [139]
PMMA
PMMA and Planar WG S ; Hot embossing and . )
NOA 63 structure Vitamin D - 0.752 pixel/nM doctor blading Experimental [149]
PMMA and Planar optical C-reactive Hot embossing and . ,
NOA 63 multi-mode WG protein ) 608.6 nm /RIU doctor blading Experimental [141]
PELPSSand  phase-shifted BG NaCl - 579.2 nm/RIU cMos Experimental [200]
Ormocore Micro-ring Biosensing - - Soft UV NIL Experimental [201]
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Table 2. Cont.

. s Temperature e Fabrication . .
Polymer Sensor Design Application Range (°C) Sensitivity Method Numerical/Experimental Ref.
Ma-P 1205 _ Trimodal Biosensing - 2050 27t/RIU - Numerical [109]
interferometer
SUS/PMATRIFE K8 re;‘/’[rz‘?tor and Glucose - 17,558 nm/RIU CMOS Experimental [202]
Ormocore MZI Biosensing - 10* nm/RIU - Numerical [203]
PEI-B MZI STA-biotin - - Inkjet printing Experimental [204]
Error compared
Polymer optical Breath and with reference: ; -
PMMA fiber heartbeat - 1 cpm (breath) B Experimental [205]
4 bpm (heartbeat)
Polymer optical Smart textile:
PMMA y fiberp Bending, - - Melt-spinning Experimental [206]
compression
Polvmer optical Smart textile:
PDMS y fiberp Bending, - - Moulding Experimental [206]
compression
Polymer optical Up to .
PMMA fiber BG Pressure - 719 + 03 um/MPa - Experimental [207]
Optical fiber-based
- Fal:l))(;l;—r;:ot Gas pressure - 3.959 nm/MPa 3D-printed Experimental [208]
interferometer

5. Conclusions and Outlook

The global sensor market is rapidly expanding due to the establishment and expansion
of new applications, such as medical devices that use noninvasive optical sensors and
environmental monitoring, which is gaining prominence due to an increase in the demand
for both indoor and outdoor air quality measurements. Several planar WG systems have
appeared in the last 10 years. They are characterized by the materials systems employed
and their distinct qualities, which confer restrictions and benefits on each. For a very
long period, most of these platforms were developed primarily to support applications
from the telecommunications industry. Because of the wide variety of chemical structures
and inherent features that polymers may take on, they have long been regarded in the
engineering community as exceptional materials systems. However, due to their ease of
manufacture in recent years, polymer optics have drawn increased interest.

Polymer WGs can be designed with small core diameters, which increases the sensitiv-
ity of the sensor to changes in the environment. These WGs are typically less expensive to
manufacture than other types of optical fibers, making them an attractive option for cost-
sensitive applications and can be bent and shaped into a variety of configurations, which
allows for easy integration into various applications and environments. These WGs are
typically lighter than other types of optical fibers, which makes them ideal for portable and
mobile applications. They are typically more durable and resistant to damage than other
types of optical fibers, which makes them suitable for use in harsh environments, and can be
easily integrated with other optical components, such as lenses, detectors, and electronics,
which makes them a flexible and versatile option for a variety of applications. Keeping in
mind the potential of polymer WG sensors, four main sensing applications which include
biosensing, gas sensing, temperature sensing, and mechanical sensing are reviewed.

Nevertheless, polymer sensors are not significantly inferior to sensors based on in-
tegrated photonics or classical FBG sensors. We have previously mentioned that the
sensitivity of FBGs based on polymer fibers can exceed 1600 nm/RIU. At the same time, the
sensitivity of refractive index sensors based on inorganic FBGs varies in different sources.
Thus, in [209], a sensitivity of 1210.49 nm/RIU is shown. In [210], the sensitivity of a
phase-shifting FBG is 463.7953 nm/RIU. At the same time, in [211], the sensitivity varies
from 1008 dB/RIU for the high Rl range to 8160 dB/RIU for the low RI range; however, a
high sensitivity value is achieved by optimizing the cladding diameter, which is a techno-
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logically complex process. The sensitivity of sensors based on integrated photonics devices
is often inferior to polymer sensors. In this case, the advantage of integrated photonics is
the ability to implement the entire sensor system (including the interrogator) on a single
chip [212,213].

A wide range of polymeric materials and methods of their use suggests expanding
areas of application and production methods. For example, [214] shows the possibility of
creating polymer fibers based on natural cellulose, transparent in the wavelength range
from 500 nm to 4000 nm. The work [215] shows broad prospects for the creation of
MWIR-range (Mid-Wavelength Infrared) devices, opening up with the use of organically
modified chalcogenides (ORMOCHALC). The work shows the prospects for the creation of
polymer optical fibers based on multi-materials (PMMA and Polycaprolactone (PCL)) for
use in sensors. Finally, work [216] demonstrates the possibility of increasing the sensitivity
of the SPR sensor when using meta-dielectric materials up to 1700 nm/RIU. Thus, the
development and application of polymer-based sensors is a rapidly developing field of
knowledge with a wide range of applications and prospects.
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