
Academic Editor: Sabina Merlo

Received: 30 June 2025

Revised: 11 July 2025

Accepted: 15 July 2025

Published: 15 July 2025

Citation: Butt, M.A. Photonics on a

Budget: Low-Cost Polymer Sensors for

a Smarter World. Micromachines 2025,

16, 813. https://doi.org/10.3390/

mi16070813

Copyright: © 2025 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

Photonics on a Budget: Low-Cost Polymer Sensors for a
Smarter World
Muhammad A. Butt

Institute of Microelectronics and Optoelectronics, Warsaw University of Technology, Koszykowa 75,
00-662 Warsaw, Poland; ali.butt@pw.edu.pl

Abstract

Polymer-based photonic sensors are emerging as cost-effective, scalable alternatives to
conventional silicon and glass photonic platforms, offering unique advantages in flexibility,
functionality, and manufacturability. This review provides a comprehensive assessment
of recent advances in polymer photonic sensing technologies, focusing on material sys-
tems, fabrication techniques, device architectures, and application domains. Key polymer
materials, including PMMA, SU-8, polyimides, COC, and PDMS, are evaluated for their
optical properties, processability, and suitability for integration into sensing platforms.
High-throughput fabrication methods such as nanoimprint lithography, soft lithography,
roll-to-roll processing, and additive manufacturing are examined for their role in enabling
large-area, low-cost device production. Various photonic structures, including planar
waveguides, Bragg gratings, photonic crystal slabs, microresonators, and interferomet-
ric configurations, are discussed concerning their sensing mechanisms and performance
metrics. Practical applications are highlighted in environmental monitoring, biomedical
diagnostics, and structural health monitoring. Challenges such as environmental stability,
integration with electronic systems, and reproducibility in mass production are critically
analyzed. This review also explores future opportunities in hybrid material systems, print-
able photonics, and wearable sensor arrays. Collectively, these developments position
polymer photonic sensors as promising platforms for widespread deployment in smart,
connected sensing environments.

Keywords: polymer photonic sensors; cost-effective; roll-to-roll; imprint fabrication

1. Introduction
The global demand for real-time, distributed, and cost-effective sensing technologies

has grown rapidly in recent years, driven by applications in environmental monitoring,
healthcare diagnostics, food safety, structural health, and industrial process control [1,2].
The rise of the Internet of Things (IoT) [3,4] and Industry 4.0 [5] has further intensified the
need for sensor platforms that can be produced at low cost, deployed over large areas, and
integrated seamlessly into smart systems [6]. Optical sensors have attracted significant
interest in this context because of their unique advantages, including high sensitivity,
immunity to electromagnetic interference, potential for remote sensing, and compatibility
with multiplexing techniques [7–10].

Despite these strengths, conventional integrated photonic sensor platforms typically
based on silicon [11,12], III-V semiconductors [13], or glass [14] face inherent limitations
when it comes to large-area and low-cost manufacturing. The high capital costs associated
with semiconductor fabrication, the rigidity of inorganic materials, and the complexities of
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scaling up these technologies to large surfaces have restricted their applicability in scenarios
where affordability, mechanical flexibility, and scalability are critical [15]. This has created
a pressing need for alternative materials and fabrication approaches capable of meeting the
growing demands of modern sensing applications [16–19].

Polymer-based integrated photonic sensors have emerged as a highly promising so-
lution to these challenges [20–22]. Polymer materials offer a unique combination of low
cost, mechanical flexibility, and ease of processing that makes them particularly well-suited
for large-area and scalable sensing technologies [23]. In addition to being inexpensive
and lightweight, polymers can be processed using high-throughput, large-area fabrica-
tion techniques such as roll-to-roll (R2R) manufacturing [24,25], nanoimprint lithography
(NIL) [26], soft lithography [27], and inkjet or 3D printing [28]. Their flexibility allows
them to conform to curved and irregular surfaces, enabling new form factors such as
wearable and skin-mounted sensors [29]. Moreover, polymers can be chemically tailored or
functionalized with embedded dyes, nanoparticles, or biomolecules to create active sensing
elements within the photonic structures themselves [30].

The optical properties of polymers, including their refractive indices, transparency
in relevant wavelength ranges, and capacity for birefringence or nonlinearity, can be
tuned to suit a wide variety of photonic device designs [31]. Polymer-based photonic
waveguides [32], Bragg gratings [33], photonic crystal slabs [34], resonators [35], and
interferometers [36] have all been explored as components for integrated sensors, with
applications in chemical detection, biosensing, environmental monitoring, and beyond [20].

At the same time, polymer photonic sensors face important technical challenges. These
include issues related to environmental stability, such as sensitivity to humidity, tempera-
ture, and ultraviolet light, as well as questions of long-term durability and integration with
electronics for signal readout and processing [37]. Nonetheless, recent advances in polymer
chemistry, hybrid material systems, and innovative fabrication methods are helping to
overcome these limitations and are bringing the field closer to delivering scalable, low-cost,
large-area photonic sensing solutions [38].

This review presents a comprehensive and up-to-date analysis of polymer-based
large-area integrated photonic sensors, focusing on their material foundations, scalable
fabrication processes, structural architectures, and application domains. Section 2 details
the optical, mechanical, and chemical properties of key polymers such as PMMA, SU-8,
polyimides, COC, and PDMS, emphasizing their suitability for integrated sensing appli-
cations. Section 3 explores scalable fabrication strategies, including NIL, soft lithography,
R2R processing, and additive manufacturing, highlighting their compatibility with high-
throughput, large-area device production. Section 4 delves into critical photonic structures
such as waveguides, Bragg gratings, photonic crystals, resonators, and interferometers,
examining their operating principles, integration techniques, and sensing performance.
Section 5 surveys practical applications across environmental monitoring, biomedical diag-
nostics, and structural health monitoring, showcasing the real-world impact of polymer
photonic sensors. Section 6 addresses major challenges, including environmental stability,
reproducibility, and photonic–electronic integration, while also identifying opportunities
in hybrid material systems and co-packaged optics. Section 7 offers a forward-looking
perspective on emerging trends such as smart packaging, wearable sensor arrays, print-
able photonics and polymer photonics for environmental resilience and harsh conditions.
Finally, Section 8 synthesizes the insights gained, reaffirming the potential of polymer pho-
tonic technologies to drive the future of low-cost, high-performance, and scalable sensing
systems in diverse and connected environments.
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2. Polymer Materials for Large-Area Photonic Sensors
The selection of polymer materials plays a critical role in determining the perfor-

mance, scalability, and application potential of large-area integrated photonic sensors [39].
Polymers offer a broad palette of optical, mechanical, and chemical properties that can be
tailored through molecular design, blending, or incorporation of functional additives [40].
This versatility makes them particularly attractive for photonic sensing platforms aimed at
large-area, low-cost, and flexible implementations [41]. The overview of polymer materials
and their characteristics for photonic sensors is presented in Table 1.

Among the most widely used polymer materials in integrated photonic sensors is poly-
methyl methacrylate (PMMA) [42]. PMMA is favored for its excellent optical transparency
in the visible and near-infrared regions, low cost, and ease of processing. Its refractive
index typically ranges from 1.48 to 1.50 at visible wavelengths, making it compatible for
use as a cladding or waveguiding material when paired with higher-index functional layers
or substrates [43]. PMMA is also amenable to NIL and other patterning techniques that are
suitable for large-area fabrication [21].

SU-8, an epoxy-based negative photoresist, is another common material used in poly-
mer photonics [44]. SU-8 offers a higher refractive index, typically around 1.57, and forms
high-aspect-ratio structures with excellent mechanical stability after crosslinking. This
makes it suitable for creating precise, high-resolution photonic structures such as waveg-
uides, resonators, and gratings [45]. SU-8 is compatible with standard photolithography
and imprinting processes and has been widely used in both planar and three-dimensional
polymer photonic devices [46,47].

Polyimides represent another important class of polymer materials for photonic sens-
ing applications [48]. Known for their outstanding thermal stability, chemical resistance,
and mechanical robustness, polyimides can operate in demanding environments such as
high-temperature or chemically aggressive conditions. Their refractive index typically
lies between 1.65 and 1.70, offering strong optical confinement when used in waveguide
structures. In addition, polyimides can be spin-coated or printed over large areas and
patterned using a variety of techniques [49].

Cyclic olefin copolymers (COCs) have attracted attention for their excellent optical clar-
ity, low birefringence, and low moisture absorption [50]. Their refractive index, around 1.53,
and their compatibility with R2R processing make them suitable for large-area photonic
sensors, particularly where low optical loss and environmental stability are required. COCs
are also biocompatible, making them attractive for medical and bio-integrated photonic
devices [51].

Polydimethylsiloxane (PDMS) is a highly flexible, elastomeric polymer widely em-
ployed in soft photonics [52]. PDMS has a refractive index of 1.41 and is valued for its
optical transparency in the visible and near-infrared ranges, its ability to form conformal
contact with surfaces, and its biocompatibility [53]. It is extensively used in microfluidics-
integrated photonic sensors and flexible optical components [54]. Furthermore, PDMS
can serve as both a structural material and a substrate for embedding other photonic
elements [55].

The optical properties of these polymer materials, particularly refractive index, trans-
parency, and optical loss, are key to their function in photonic sensors. The refractive
index determines the guiding and confinement of light within waveguides or resonant
structures [56,57]. Transparency across relevant spectral ranges ensures minimal absorption
loss, which is crucial for sensitive detection. Most of these polymers exhibit low absorption
loss in the visible and near-infrared regions, although scattering loss due to surface rough-
ness or inhomogeneities can be a concern, especially for structures fabricated over large
areas [58].
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Beyond their intrinsic optical properties, polymers provide exceptional opportunities
for functionalization. Polymers can be doped or blended with a variety of active materials to
impart specific sensing capabilities [59,60]. For instance, nanoparticles such as gold, silver,
copper, or quantum dots can be embedded into polymer matrices to enable plasmonic
or enhanced fluorescence-based sensing [61–63]. Similarly, polymers can be loaded with
responsive dyes that change their optical properties in response to environmental stimuli
such as pH, temperature, or specific analytes [64]. Surface functionalization of polymer
photonic structures with biomolecules, including antibodies, enzymes, or nucleic acids,
can transform passive optical devices into highly selective biosensors [65]. The ability to
integrate functional components directly into or onto the polymer matrix opens up a wide
design space for realizing sensitive, specific, and tunable photonic sensors suitable for
large-area applications.

Table 1. Overview of polymer materials and their characteristics for photonic sensors.

Polymer Material
Typical

Refractive Index
(at 633–1550 nm)

Transparency Range Key Features Role in Photonic
Sensors

PMMA (Polymethyl
methacrylate)

[42,66,67]
1.48–1.50 Visible to NIR

Low cost, good optical
clarity, easy patterning

(e.g., nanoimprint)

Cladding layers,
waveguides, and
disposable sensor

substrates

SU-8 [44,47] ~1.57 Visible to NIR

High mechanical
stability,

high-aspect-ratio
patterning,

epoxy-based

Waveguides,
resonators, grating

structures, and
microfluidic-

integrated sensors

Polyimide [48,49] 1.65–1.70 Visible to NIR

Excellent thermal and
chemical stability,
robust mechanical

properties

Waveguides for harsh
environments,

chemically resistant
sensors

COC (Cyclic Olefin
Copolymer)

[20,49,51]
~1.53 Visible to NIR

Low moisture
absorption, low

birefringence, and
biocompatibility

Large-area substrates,
low-loss waveguides,
bio-integrated sensors

PDMS (Poly-
dimethylsiloxane)

[52–54]
~1.41 Visible to NIR

High flexibility,
biocompatibility,

transparent elastomer

Flexible sensors,
microfluidic-

integrated photonics,
tunable structures

While the optical, mechanical, and chemical properties of polymer materials have
been extensively characterized, it is equally critical to examine how these attributes specifi-
cally support the development of large-area photonic sensors [68]. For instance, PMMA’s
excellent optical transparency and compatibility with NIL enable the replication of fine
photonic features over expansive substrates at low cost, making it suitable for disposable,
large-area sensor arrays [69]. SU-8, known for its high mechanical stability and high-aspect-
ratio patterning, offers structural robustness over wide surfaces, which is beneficial for
maintaining device fidelity in scaled-up systems [70]. However, its rigidity may require
careful handling when used on flexible substrates. Polyimides, with their superior thermal
and chemical resistance, are ideal for harsh environments and can be uniformly spin-coated
across large areas, supporting scalable fabrication while ensuring environmental durabil-
ity [71]. COCs with their low moisture absorption, optical clarity, and R2R compatibility are
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well-positioned for roll-to-roll processing, a key enabler of high-throughput large-area pro-
duction [72]. Meanwhile, PDMS, due to its flexibility and conformal contact with curved
surfaces, facilitates soft lithography on non-planar substrates, making it indispensable
for wearable or skin-mounted sensor platforms [73]. When considered in the context of
large-area applications, these material characteristics collectively underscore the unique
advantages of polymers in enabling scalable, low-cost, and mechanically adaptable pho-
tonic devices. As such, the strategic selection and engineering of polymer materials are
essential not only for achieving optimal photonic performance but also for the successful
implementation of high-performance sensors across expansive and non-uniform surfaces.

In addition to well-established polymers as discussed in this section, several emerging
polymer systems are gaining attention for their potential in large-area photonic sensing ap-
plications. High-index polymers such as polybenzoxazoles (PBOs) [74] and perfluorinated
polymers (e.g., CYTOP variants) [75] offer ultra-low optical loss and high thermal stability,
making them suitable for next-generation photonic waveguides. Organic–inorganic hy-
brid materials based on sol–gel chemistry or ORMOCER® frameworks provide a tunable
balance of optical clarity, mechanical strength, and functionalization potential, which is
especially relevant for multi-modal sensing platforms [76]. Additionally, biodegradable and
biocompatible polymers like silk fibroin and cellulose derivatives emerge in wearable and
transient sensor designs, particularly in biomedical or environmental monitoring scenar-
ios [77]. Functionalized conjugated polymers, including polythiophenes and polyfluorenes,
are also being explored for their intrinsic optical responsiveness and compatibility with
printable electronics [78]. These emerging materials, while still under investigation, hold
significant promise for expanding the design space of large-area polymer photonic sensors,
especially in contexts requiring flexibility, sustainability, or advanced optical functionalities.

3. Fabrication Techniques Enabling Low Cost and Large Area
The ability to produce photonic and nanostructured devices over large areas at low

cost is essential for advancing applications in displays, sensors, photovoltaics, and opti-
cal coatings. Conventional high-resolution methods such as electron beam lithography
(EBL) offer unmatched precision but are prohibitively expensive and slow when scaled to
large areas [79]. As a result, several alternative fabrication techniques have emerged that
provide a favorable balance of cost, throughput, and resolution, making them suitable for
commercial-scale production. Key among these are NIL, soft lithography, R2R processing,
and emerging printing techniques like inkjet and 3D printing (Table 2).

Each of these fabrication methods offers distinct advantages depending on the target
application. NIL enables nanoscale precision but requires mold fabrication, making it ideal
for high-resolution photonic structures. Soft lithography provides a low-cost, adaptable
approach for patterning on flexible or curved substrates. R2R processing is unmatched
in scalability and throughput for large-area devices. Meanwhile, inkjet and 3D printing
deliver design flexibility and rapid prototyping capabilities, though typically with lower
resolution. This diversity of approaches allows for tailored manufacturing strategies based
on specific performance, scalability, and cost considerations.

3.1. Nanoimprint Lithography (NIL)

NIL is a promising high-resolution technique that enables direct physical replication
of nanoscale patterns [24]. In NIL, a hard mold typically made of quartz or silicon and
pre-patterned with nanoscale features is pressed into a resist-coated substrate, imprinting
its structure [80]. The resist is then cured (thermally or with UV light), and the mold is
released, leaving behind the desired pattern [81]. NIL can achieve sub-10 nm resolution
and is highly versatile, supporting both rigid and flexible substrates [82]. It is well-suited
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for producing nanophotonic devices, metasurfaces, and anti-reflective coatings [83,84].
However, the high cost and complexity of mold fabrication, potential issues with mold
wear, and challenges in aligning multilayer structures are limitations that must be managed,
particularly for complex or multilayer devices [85].

Park et al. demonstrated a straightforward, single-step method for fabricating flexible
ridge waveguides using nanochannel-guided lithography (NCL) [80]. This technique en-
abled the continuous extrusion of a polymer to form the waveguide’s core ridge directly
onto a polymer undercladding layer. A precisely cleaved mold edge with microtrench pat-
terns was used to slide steadily over a UV-curable resin-coated substrate under conformal
contact. The resin and substrate materials were selected to meet the optical requirements
for the waveguide core and cladding. Localized heating of the mold allowed for control
over the resin’s viscosity, ensuring optimal filling of the microchannels and smooth ex-
trusion, which was then cured using UV light. The extruded polymer core exhibited a
highly smooth surface, advantageous for low-loss optical waveguiding—an effect that
was confirmed through insertion loss measurements. This approach provided a practical
and scalable route for the continuous fabrication of waveguides and integrated photonic
components [80].

Ormocore and Ormoclad are UV-curable hybrid polymer materials supplied by Mi-
cro Resist Technology GmbH (Berlin, Germany), widely used in integrated photonic de-
vices [86]. Ormocore, with a refractive index of ~1.555, serves as the core material, while
Ormoclad, with a slightly lower refractive index (~1.537), is used as the cladding. Both are
based on ORMOCER® technology, combining inorganic siloxane networks with organic
methacrylate groups, offering excellent optical transparency, mechanical stability, and
compatibility with standard lithographic and imprinting techniques. These materials are
particularly suited for fabricating low-loss optical waveguides in the visible to NIR range.

UV-NIL was employed to fabricate single-mode polymer waveguides for both single-
and multilayer passive optical interconnects [87]. The NIL process primarily involves two
stages: the creation of the stamp and the NIL itself. The inverted rib waveguide process,
illustrated in Figure 1a, starts with spin-coating a 30 µm thick layer of a lower-index
cladding material, Ormoclad, to provide optical isolation between the waveguide mode
and the substrate (Figure 1(a1)). An imprint stamp is then brought into contact with this
cladding layer to form trench waveguides, followed by UV curing (Figure 1(a3)). A typical
trench structure is shown in Figure 1b (top-right). These trenches are filled with a higher
refractive index material, a mixture of Ormocore and Ormoclad, applied via spin-coating
to create a slab layer that covers the trenches completely (Figure 1(a4)). It is essential that
this layer is smooth and fills the trenches. After curing the core, a final spin-coating and
curing step of Ormoclad, the lower-index material, is performed on top, completing the
fabrication of the single-level optical waveguide [87].

The fabrication tolerances associated with imprint lithography were thoroughly in-
vestigated, and an experimental approach was developed to quantify subtle variations in
the refractive index contrast between the core and cladding of the fabricated structures.
Demonstrations included 1 × 2 optical splitters, realized through directional couplers and
multimode interference (MMI) devices, which achieved insertion losses below 0.45 dB and
exhibited minimal output power imbalance, measured at 0.02 ± 0.01 dB. Furthermore,
an optical via was fabricated to facilitate vertical signal transfer between optical layers,
maintaining an insertion loss of less than 0.45 dB. A 1 × 4 two-dimensional optical port
was also demonstrated, successfully dividing the input signal among four outputs with a
measured insertion loss of 1.2 dB [87].
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Figure 1. (a) Sequential fabrication steps for multilayer inverted rib waveguides using UV-NIL,
(b) Illustrations and SEM images depicting the inverted rib waveguide process (top) and the rib
waveguide process (bottom) [87].

3.2. Soft Lithography

Soft lithography, including microcontact printing, is a low-cost, versatile technique
that uses elastomeric stamps commonly made of polydimethylsiloxane (PDMS) to transfer
patterns onto substrates [88]. The stamps are molded from a master template and can
conform to both flat and curved surfaces, enabling patterning on non-planar substrates [89].
Soft lithography is especially attractive for patterning organic materials, biomolecules, and
for applications such as microfluidics and flexible electronics. Typical resolution is around
50 nm, although achieving features smaller than 30 nm can be challenging due to stamp
deformation and ink diffusion [90,91]. While inexpensive and easy to implement, soft
lithography is less suited for producing very high-density or high aspect-ratio structures
compared to NIL [27].

Soft lithography replica molding was used to fabricate microring resonator filters com-
posed of unclad polystyrene (PS) and clad SU-8 [92]. The PS resonator was demonstrated
to possess an intrinsic quality factor of 1.0 × 104 at a wavelength of 1.55 µm, whereas the
SU-8 resonator has shown a quality factor of 7100. Extinction ratios of −12 dB for the PS
filter and −20 dB for the SU-8 filter were measured, with net insertion losses of 6.7 dB and
9.9 dB, respectively. These findings, characterized by high quality factors and significant
extinction ratios, have confirmed the practicality of soft lithography replica molding for the
fabrication of integrated optical devices [92].

A polymeric waveguide Bragg grating filter was produced using a soft lithography
method [92]. The master grating pattern was created through electron beam lithography.
Through capillary forces and an elastomeric stamp, consistent grating patterns featuring
ultra-thin residual layers were transferred onto a UV-curable polymer, eliminating the
need for an imprinting device. The waveguide layer, made from BCB optical polymer,
was formed via standard optical lithography. The grating transfer process is illustrated in
Figure 2a–c. The master grating was patterned on a silicon wafer using e-beam lithography
and then etched by reactive ion etching. The groove dimensions are as follows: 515 nm
period, 200 nm depth, 100 µm width, 2 cm length, and 0.5 duty cycle. The elastomeric stamp
was made by casting PDMS over the master and curing at 75 ◦C for 2 h before peeling it off.
A 5 mm thick PDMS layer sufficed for replication, although composite stamps can enhance
pattern fidelity [11].
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Figure 2. Process flow for transferring the grating pattern: First, a pre-polymer is spin-coated onto
the wafer (a). Next, a PDMS stamp is carefully placed onto the coated layer and exposed to UV
light to cure the polymer (b). After curing, the elastomeric stamp is peeled away from the wafer,
transferring the pattern (c). The patterned area is then examined under an optical microscope (d),
followed by detailed surface imaging using atomic force microscopy (AFM) (e). Finally, scanning
electron microscopy (SEM) provides a close-up view of the grating structure, including the residual
layer (f) [27].

The PDMS stamp was used to imprint the grating onto a low-viscosity UV-curable
pre-polymer (OG 146). The pre-polymer was spin-coated (~1 µm thick) on a silicon wafer
with a 7 µm oxide layer. The PDMS stamp was placed gently onto the polymer, allowing
capillary action to fill its grooves. UV exposure for 5 min cured the polymer, after which
the stamp was removed, leaving the grating on the substrate. To evaluate uniformity and
residual layer thickness, the pattern was transferred to a silicon wafer. Figure 2d shows a
uniform optical image of the grating. The SEM cross-section in Figure 2f reveals a groove
depth of ~200 nm and a residual layer thickness of ~100 nm, which depends on the initial
polymer thickness. Figure 2e shows the AFM image confirming the 200 nm depth. Thermal
contraction of PDMS during curing causes a 1–3% reduction in grating period, adjustable
by curing temperature. This shrinkage allows fine tuning of the grating period by up to
~10 nm, shifting the Bragg resonance wavelength by about 30 nm. This technique offered a
straightforward and efficient process for fabricating Bragg grating filters [27].

3.3. Roll-to-Roll (R2R) Processing

R2R is an industrial-scale fabrication method that excels in producing large-area de-
vices on flexible substrates at very high throughput [25,93]. In R2R processing, a flexible
substrate is continuously fed from a roll through various stations that perform coating,
printing, embossing, or curing steps. This technique is widely used for manufacturing flexi-
ble displays, organic photovoltaics, and disposable sensors [94]. Although the achievable
resolution is generally limited to about 100 nm or larger, unless combined with techniques
like nanoimprinting, R2R’s key advantage lies in its ability to produce enormous areas
rapidly and cost-effectively. The main technical challenges involve precise control of web
tension, alignment, and layer registration during processing [95].

The sequential dewetting mechanism was investigated, and a continuous fabrication
method for polymeric microstencils was developed using an R2R imprinting system [96].
To enable residual-free patterning via dewetting, the mold material, polymer resin, and
substrate were selected based on interfacial surface energy analysis. A paraffin-coated
film was chosen as the substrate, as its low surface energy allowed efficient dewetting,
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while providing stronger adhesion than the PDMS mold, facilitating smooth, continuous
demolding during the R2R process.

Figure 3 presents a schematic overview of the continuous fabrication process for
flexible microstencils using an R2R UV imprint lithography system. The process began
with the fabrication of a soft mold embedded with a periodic pillar array, which was
produced through a straightforward molding technique (Figure 3a). This flexible mold
was subsequently wrapped around a rotating roller, forming the core of the R2R system
used to transfer micro-patterns onto a UV-curable resin layer coated on a flexible substrate
(Figure 3b). As the roller advanced, the mold came into conformal contact with the resin-
coated substrate, enabling pattern transfer. By tailoring the interfacial surface energies
among the mold, resin, and substrate, localized dewetting of the liquid resin was triggered.
This occurred specifically at locations where the mold’s pillar tips compressed the resin,
thinning the layer enough to expose the underlying substrate. Following UV exposure,
the patterned resin layer was cured. The resulting microstencil, featuring well-defined
perforations, was then carefully separated from the mold and peeled off the substrate,
thereby completing the continuous fabrication process.

 

Figure 3. Diagram of the R2R system designed for microstencil production. (a) Process flow for
preparing the PDMS mold; (b) configuration layout of the R2R apparatus used in continuous fabrica-
tion [96].

Key process parameters, including imprinting speed, mold aspect ratio, and applied
pressure, were experimentally varied, and their effects on microstencil geometry were
evaluated. Optimal conditions were identified under which microstencils were fabricated
continuously with high yield and feature resolution reaching 20 µm in diameter. The
method developed was validated as a versatile, scalable, and material-specific approach
for high-throughput production of microstencil structures suited to flexible and mass-
production applications [96].



Micromachines 2025, 16, 813 10 of 38

3.4. Inkjet Printing and 3D Printing

Inkjet printing and 3D printing represent additive, mask-less fabrication approaches
that are increasingly being explored for photonic device production [97]. Inkjet printing
offers flexibility in pattern design, minimal material waste, and low startup costs, as
no physical masks or molds are required. Entry-level research inkjet systems typically
cost between USD 5000 and USD 20,000, while more advanced systems can exceed USD
150,000, depending on resolution and material compatibility. Material costs, such as
nanoparticle-based inks, range from USD 100 to over USD 1000 per liter. It is well-suited
for rapid prototyping and custom components. Three-dimensional printing, including
advanced techniques like two-photon polymerization, allows for the fabrication of complex
three-dimensional photonic structures with feature sizes down to the sub-micrometer or
even tens-of-nanometer scale [98]. However, such high-resolution systems, such as two-
photon lithography platforms, can range from USD 200,000 to over USD 1 million, and
require specialized photoresist materials costing USD 300 to USD 1000 per milliliter. While
3D printing offers superior resolution, it is generally slow and less suited for large-area
production. Additionally, issues such as ink formulation, nozzle clogging, and surface
roughness must be addressed to ensure consistent, high-quality results [99].

In terms of comparative performance, NIL offers the highest resolution (<10 nm)
at moderate cost, particularly when mold costs can be amortized over large production
volumes [100]. Soft lithography provides lower resolution (typically ~50 nm) but at very
low cost and with greater substrate versatility [91]. R2R processing delivers unmatched
throughput and the lowest per-area cost, but at the expense of resolution, unless inte-
grated with higher-resolution patterning techniques [101]. Inkjet and 3D printing provide
design flexibility and low setup costs but generally lag in throughput and resolution for
large-area fabrication. The choice among these techniques depends heavily on the spe-
cific requirements of resolution, scale, cost, and substrate compatibility for the intended
application [102].

Techniques like inkjet, electrohydrodynamic, and aerosol printing, classified as non-
contact methods, have garnered significant interest for their ability to precisely deposit
functional materials essential for applications in printed electronics, photonics, biotechnol-
ogy, microfluidics, and optoelectronics. Theiler et al. presented a method for fabricating
tapered optical waveguides via printing, achieving propagation losses as low as 0.19 dB/cm,
with an average of 0.61 ± 0.26 dB/cm [103]. Continuous structural features are critical for
ensuring functionality in printed designs, yet they are frequently disrupted by capillary
effects. An inkjet printing approach was utilized that harnesses these capillary forces to
form liquid bridges, guiding them into continuous, smooth lines even on substrates with
varying wettability [103].

Figure 4a outlines the fabrication strategy. The process begins with the deposition
and stabilization of discrete spherical caps, which act as anchoring sites. When droplets
are subsequently introduced between these caps, capillary forces drive the formation of
self-aligned liquid bridges. These bridges naturally align into straight paths and can then
be solidified to form smooth printed lines. Achieving optimal results requires that fresh
ink properly wets the previously deposited caps. To ensure isolation between bridges
and prevent bulging, the volume of each bridge must be carefully controlled relative to
the spacing between caps. Each bridge should contact no more than half of each adjacent
cap, allowing distinct bridges to form without fluid transfer between them. Under these
conditions, the behavior of individual bridges can be analyzed independently, without
compromising the accuracy of the physical model. Importantly, capillary bridges are not
restricted to forming between two identical caps. Configurations involving three or more
caps can be used to construct more complex geometries, such as junctions and sharp turns.
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As illustrated in Figure 4b, simulated liquid bridges generated using Surface Evolver
demonstrate a variety of forms that can serve as primary structural elements in printed
patterns.

Figure 4. Overview of the printing technique. (a) Sequential droplet placement results in the formation
of self-aligned liquid bridges, enabling the construction of complex structures. (b) Examples of
capillary bridges (shown in blue) formed between two or more anchoring caps (shown in white),
with surface profiles generated using the Surface Evolver software. (c) Attenuation of 650 nm light
in straight, printed waveguides. (d) Loss across waveguides with induced defects. Insets highlight
bulges causing ~0.8 dB scattering loss. (e) Fully printed chip integrating optical, electrical, and fluidic
components on flexible film. Inset: red laser light outcoupled into a blue sucrose-filled microchannel
(arrow) [103].

Figure 4c illustrates the attenuation of optical power along straight, defect-free printed
waveguides. To assess optical losses after the bend section, the sliding prism technique was
employed (see setup photograph in the inset of Figure 4c; the curved configuration prevents
direct laser exposure to the sensor). By incorporating measures such as substrate blackening,
masking of adjacent waveguides and other scattering sources, and performing background
correction (via reference measurements without the prism), the light output was accurately
recorded using a photodiode. These measurements, conducted at a wavelength of 650 nm,
revealed an average optical loss of 0.61 ± 0.26 dB/cm across ten samples with cladding
layers thicker than the optical wavelength, regardless of whether PET or glass was used
as the substrate. In optimal conditions, where waveguides were particularly smooth (see
top-right inset in Figure 4c), losses as low as 0.19 dB/cm were observed. Such performance
is comparable to conventional fabrication methods like photolithography or reactive ion
etching. Surface quality was found to be a critical factor: for instance, even slight surface
roughness could increase losses to around 0.8 dB/cm (see middle inset of Figure 4c).
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Figure 4d demonstrates the impact of structural defects on light transmission. Waveg-
uides containing intentionally introduced bulging irregularities showed a minimum of
0.8 dB loss per defect. These findings emphasize the importance of producing optically
smooth structures, which is a feature that the presented capillary-bridge-based printing
technique can consistently achieve. This printing strategy is not confined to optics alone.
By selecting different ink materials, the method can be extended to fabricate devices with
a wide range of functions. It opens the door to cost-effective, customizable, and fully
integrated optical systems produced via additive manufacturing on a single platform.
As shown in Figure 4e, the versatility of this approach is exemplified by a fully printed
prototype comprising a microfluidic channel, a tapered optical waveguide (with light
visibly coupled into the blue-dyed fluid), and a metallic comb capacitor. This integration
demonstrates the method’s promise for creating multifunctional, flexible devices even on
delicate or uneven surfaces [103].

Table 2. Characteristic comparison of NIL, soft lithography, R2R processing, inkjet printing, and 3D
printing for the fabrication of polymer sensing devices.

Technique Resolution Throughput/
Scalability Cost Material

Compatibility
Design

Flexibility

Typical Use in
Polymer
Sensors

Nanoimprint
Lithography
(NIL) [104]

High
(sub-10 nm

possible)

Moderate
(batch or step-

and-repeat;
scalable via
R2R NIL)

Moderate
(expensive

tooling but low
per-unit cost)

Broad
(polymers,
composites,
functional

layers)

Low (pattern
fixed by mold)

High-
resolution

features for
nanoscale

sensing
structures

Soft
Lithography

[105]

High
(100 nm–1 µm

typical)

Low to
moderate (lab

scale, small
batch

production)

Low to
moderate (low

tooling cost,
manual steps)

Wide
(elastomers,
hydrogels,

various
polymers)

Moderate
(mold defines
pattern, but

flexible
fabrication)

Microfluidics,
flexible sensor

substrates,
surface patterns

Roll-to-Roll
(R2R) [106]

Moderate
(10 µm–100 µm

typical)

Very high
(continuous,

large-area
production)

Low (low cost
per unit at

scale)

Mostly flexible
substrates (PET,

PEN, flexible
polymers)

Low to
moderate

(depends on
integrated

patterning tech)

Large-area
flexible and

wearable
sensors

Inkjet Printing
[107]

Moderate
(20 µm–50 µm

typical)

Moderate
(depends on

printer speed)

Low (digital, no
masks required)

Solution-
processable
polymers,

functional inks

High (digital
patterning, easy

to modify
designs)

Patterned
electrodes,

sensing layers,
functional
coatings

3D Printing
(e.g., extrusion,
photopolymer-
ization) [108]

Low to
moderate

(10 µm–100 µm,
depending on

method)

Low to
moderate (slow

compared to
R2R)

Low to
moderate

(depends on
printer type)

Limited
(depends on

printable
polymer and

ink
formulation)

Very high
(complex 3D
geometries
possible)

Prototyping,
custom sensor

housings,
integrated
structures

4. Polymer Photonic Structures for Sensing
The sensing capabilities of polymer photonic devices are fundamentally defined by

the optical structures that guide and manipulate light within the sensor. These architec-
tures enable precise control over light–matter interactions, translating external physical,
chemical, or biological changes into detectable optical signals. This section reviews the
principal photonic structures employed in polymer-based sensors, each offering distinct
advantages in terms of sensitivity, compactness, and fabrication compatibility. Planar, rib,
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and slot waveguides (Section 4.1) leverage strong evanescent fields for efficient refractive
index sensing. Bragg gratings (Section 4.2) provide narrowband spectral responses suitable
for temperature, pressure, and chemical detection. Photonic crystal slabs (Section 4.3)
utilize bandgap effects and resonant cavities to enhance analyte interaction. Ring and
disk resonators (Section 4.4) offer compact, high-Q platforms ideal for detecting subtle
environmental changes. Lastly, interferometric configurations such as Mach–Zehnder
interferometers (Section 4.5) deliver high-precision phase-based sensing. Each structure is
uniquely enabled by the material and processing advantages of polymers, facilitating inte-
gration into flexible, low-cost, and scalable sensing platforms. The following subsections
detail the operating principles, fabrication techniques, and sensing performance of these
key architectures.

4.1. Waveguides (Planar, Rib, Slot)

Planar and rib polymer waveguides provide a compact platform with strong evanes-
cent fields beneficial for sensing refractive-index changes [109,110]. Polymers like SU-8,
BCB, PMMA, and Cytop enable easy fabrication via UV imprinting, hot embossing, or R2R
nanoimprinting, offering low cost, biocompatibility, and tunable thermo-optic properties
for temperature and biomarker detection [111]. For example, SU-8 and BCB waveguides in
Mach–Zehnder configurations have been used for real-time clinical assays and environmen-
tal monitoring [112]. Slot waveguides offer strong potential for optical sensing due to their
ability to concentrate light in low-index regions, enhancing analyte interaction [113]. Bet-
totti et al. showed that sensitivity in such structures depends more on careful design than
on index contrast alone [114]. This enables high-performance sensing even with low-index
materials like polymers. Polymers further provide advantages in cost, functionalization,
and fabrication, while remaining compatible with CMOS processes and integrated pho-
tonic circuits. Low-index slot waveguides are promising as compact alternatives to fiber
capillary sensors and in ring resonator designs. These findings align with the capabilities
of established polymer photonics technologies [114].

A flexible, low-cost CO2 sensor was demonstrated using PMMA planar waveguides
coated with a uniform ZIF-8 film [43]. Fabricated by hot embossing and simple solution
processing, the device achieved ≈2.5 µW/5 vol% sensitivity, rapid ~6 s response, and
excellent adsorption–desorption reversibility offering a scalable platform for on-chip gas
sensing. In another work, a highly sensitive refractive index sensor was designed and
implemented using a Young interferometer integrated with a slot waveguide structure
(Figure 5a) [115]. The sensor was fabricated on a polymer-based platform through a simple
molding process and operated at a visible wavelength of 633 nm. The SEM image of the
slot and standard ridge waveguide is shown in Figures 5b and 5c, respectively.

To evaluate its performance, phase shifts in the interference pattern were measured
using glucose-water solutions of varying concentrations under both TE and TM polariza-
tion modes. Experimental results showed that the sensor could detect refractive index
changes as small as 6.4 × 10−6 RIU. Moreover, the interferometric design exhibited inherent
compensation for temperature-induced variations. Simulations indicate that the design
with both arms exposed is less than half as sensitive to temperature variations compared
to the configuration with a shielded reference arm. This demonstrates that the proposed
geometry effectively mitigates noise resulting from temperature changes. These results
confirm the potential of polymeric slot waveguide interferometers as a cost-effective and
efficient solution for high-performance refractive index sensing [115].
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Figure 5. (a) Schematic illustration of the slot-based Young interferometer and the experimental
measurement setup. The left arm features a slot waveguide section that introduces a phase difference
between the two paths, while the right arm serves as a reference using a standard ridge waveguide.
SEM cross-sectional images of (b) the slot waveguide used for sensing and (c) the reference ridge
waveguide [113].

4.2. Bragg Gratings

Planar and fiber Bragg gratings made of polymers serve as high-resolution, label-free
sensors [116]. Polymer optical fiber Bragg gratings (FBGs) allow multipoint sensing under
WDM regimes and deployment outside labs, e.g., humidity, strain, or temperature sensing
via thermal annealing shifts [117]. On-chip surface-relief Bragg gratings in photoresists
(like IP-Dip) are produced via 3D laser lithography and complex imprinting, enabling
reflection at ~1543 nm and direct fiber coupling [118]. Additionally, planar waveguide
Bragg gratings using imprint or hybrid polymer glass structures detect temperature and
humidity with good sensitivity [119]. Grating designs such as apodized, chirped, and
multimode planar have been analyzed for realistic sensor deployment [120–122].

Li et al. reported a low-cost polymer optical waveguide pressure sensor featuring an
integrated Bragg grating [31]. The device exploited the polymer’s low Young’s modulus
for high sensitivity, achieving 1.275 nm/kPa over a 0–12 kPa range with 1 kPa accuracy.
It responded reliably to pulse signals, showing strong promise for applications in blood
pressure monitoring, sleep analysis, and tactile sensing [31].

Recently, an integrated optical sensor based on an evanescent Bragg grating was
developed for chemical sensing applications [123]. The sensor design combined a few-
mode planar polymer waveguide with microchannel structures, both fabricated from
epoxide-based polymers. The Bragg grating was introduced into the waveguide using a
point-by-point direct inscription method. Figure 6 highlights the fabrication process in the
region outlined by dashed lines. The waveguide, observed at 100× magnification, and its
cross-sectional profile measured using a laser scanning microscope are shown in Figure 6c.
The cross-section indicates that the waveguide measures approximately 6.5 µm in width
and 5 µm in height. Figure 6a presents a laser scanning microscope (LSM) image of the
Bragg grating structure. The inset provides a 3D surface profile of the waveguide with the
laser-written Bragg grating, also captured by LSM. In Figure 6b, a top-view image reveals
the refractive index modulation points produced by individual laser pulses. These grating
points, created using a 20× focusing objective, have an average diameter of about 0.4 µm.
The overall length of the Bragg grating extends 3 mm along the waveguide.
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Figure 6. Illustration (dashed box) outlining the waveguide fabrication workflow along with an image
of the final structure obtained via laser scanning microscopy (LSM). (a) Microscope image of the ridge
waveguide with Bragg grating (RWBG), with a 3D height map shown in the inset. (b) Magnified
view highlighting the laser-written Bragg grating pattern. (c) Cross-sectional profile of the polymer
ridge waveguide [123].

The sensor’s performance was evaluated through temperature and chemical sens-
ing experiments. Temperature sensitivity was assessed by monitoring the shift in the
central wavelength of the reflected Bragg signal, yielding a sensitivity of −47.75 pm/K.
To demonstrate the versatility of the evanescent field interaction, two application cases
were investigated. First, in refractive index sensing, the device achieved a sensitivity of
6.5 nm/RIU when tested with various aqueous solutions ranging from air to nearly pure
isopropyl alcohol (99.9%). Second, for gas-phase hydrogen detection, the waveguide was
coated with a functional layer of palladium nanoparticles, enabling reliable detection of
hydrogen concentrations up to 4 vol%. The results underline the strong potential of this
Bragg grating-integrated waveguide sensor for use in compact lab-on-a-chip systems, par-
ticularly for applications requiring simultaneous temperature monitoring and chemical
detection [123].

4.3. Photonic Crystal Slabs

Photonic crystal (PhC) slab sensors harness slow-light effects and cavity modes to
enhance analyte interaction [124]. Hermannsson et al. introduced a disposable PhC slab
sensor made entirely from polymer-based materials, optimized for refractive index and
biological sensing [125]. The device demonstrates a sharp resonance response, with a full
width at half maximum (FWHM) of less than 1 nm, and achieves a sensitivity of 31 nm
per refractive index unit (RIU) in environments with refractive indices near that of water.
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When combined with a spectrometer offering a resolution of 12 pm/pixel, the sensor is
capable of detecting changes as small as 4.5 × 10−6 RIU. Structurally, the sensor comprises
two distinct layers: a base layer of low-refractive-index polymer featuring periodic surface
modulation, and a top layer of high-index inorganic–organic hybrid polymer, uniformly
coated and doped with zirconia (ZrO2) nanoparticles. The fabrication process employs
cost-efficient, vacuum-free methods, specifically UV nanoimprinting and spin-coating,
making the sensor suitable for scalable production and single-use applications [125].

Sun et al. presented a highly sensitive optical sensing platform based on a poly-
mer PhC resonator integrated with a waveguide and designed with cavities of multiple
sizes [126]. The structure’s optical properties were investigated using finite-difference time-
domain (FDTD) simulations. For fabrication, electron beam lithography was employed
to pattern the PhC and waveguide on a photoresist layer deposited over a gold-coated
silicon substrate. SEM image of the polymer PhC resonator integrated with a waveguide
structure is shown in Figure 7a. The sensing mechanism relies on monitoring resonant
light that was guided through the waveguide and confined within the PhC resonator. To
experimentally validate the sensor’s response, a layer-by-layer (LbL) deposition technique
was used to apply successive polymer layers. This deposition induced measurable shifts in
the resonant wavelength, which were tracked in real time. An optimized design featuring a
long cavity formed by introducing a three-hole defect demonstrated a resonance peak shift
of 5.26 nm per deposited layer. In the dark-field image presented in Figure 7b, resonant
light was distinctly visible at the location of the resonator. The corresponding spectrum in
Figure 7c confirms a resonance peak at 584 nm with a full width at half maximum (FWHM)
of 48 nm. These results indicate that the polymer-based PhC resonator, in conjunction with
the waveguide structure, provides an effective and scalable approach for refractive index
and thin-film sensing applications [126].

Figure 7. (a) SEM image showing the polymer PhC resonator integrated with a waveguide structure.
(b) Optical microscope image highlighting the PhC resonator and waveguide structure. (c) Corre-
sponding light spectrum measured at the resonator [126].
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4.4. Ring/Disk Resonators

Polymer-based microring/disk resonators offer compact high-Q sensing: polymers
like SU-8, BCB via imprinting or lithography achieve Q ≳ 104 and support detection
of proteins, temperature shifts, or gases [127–130]. Madani et al. presented the design,
fabrication, and characterization of a polymer-based microring resonator using advanced
electro-optic materials [129]. The device, structured in an add/drop configuration, was
fabricated using laser beam direct-write lithography with 1 µm resolution. Ormocore and
Ormoclad polymers were chosen for their low optical losses at 1300 nm and 1550 nm.
Characterization at 1550 nm was carried out using tapered fibers for light coupling and
an optical spectrum analyzer for signal monitoring. The fabricated resonator exhibited a
0.3 nm bandwidth, 0.8 nm free spectral range, and a finesse of 2.6 [129].

Zhang et al. introduced an advanced ultrasonic detector that offers both exceptionally
broad bandwidth and high sensitivity [131]. This device was based on an imprinted poly-
mer optical microring and demonstrates an acoustic response extending up to 350 mega-
hertz at the three-decibel point. It achieved a noise-limited minimum detectable pressure as
low as 105 pascals within this frequency range. When employed in photoacoustic imaging,
the detector provides significantly improved axial resolution compared to conventional
ultrasound detectors. It achieved an axial resolution below three micrometers, representing
more than a twofold improvement over the previously reported best performance. The
miniature cavity height of the microring ensured a wide frequency response, while the
high optical quality factor enhances detection sensitivity. This work demonstrated that
polymer-based miniature microring resonators served as high-performance ultrasonic de-
tectors with strong potential for generating volumetric photoacoustic images at cellular
and subcellular resolution in three dimensions [131].

In another study, an ultrahigh-Q polymer microring resonator was systematically
studied for its potential in biosensing applications [132]. By refining both the device
architecture and fabrication method, the resonator was engineered to operate in a slightly
under-coupled regime, achieving a record intrinsic Q factor of 8.0 × 105. This high-Q
operation enables enhanced sensitivity and a low detection threshold. Figure 8 presents
SEM images of both the mold and the fabricated polymer microring resonator. Images
(a) and (b) reveal that the sidewalls of the SSQ mold and SU-8 microring are smooth and
well-defined. The top-view of the complete microring structure is shown in (c), while the
zoomed-in image in (d) confirms a coupling gap of 234 nm, consistent with the intended
design specifications. Experimental evaluation using bovine serum albumin demonstrated
successful detection of a surface mass density as low as 12.7 pg/mm2 through physical
adsorption. The system exhibited noise-equivalent detection limits of approximately
5.3 pg/mm2 via wavelength shift measurements and 55.9 fg/mm2 using intensity-based
detection. These results highlight the exceptional sensing capabilities of polymer microring
resonators when optimized for on-chip biosensing [132].
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Figure 8. SEM images showing the mold and fabricated polymer microring resonator: (a) sidewall
structure of the SSQ mold, (b) sidewall profile of the SU-8 microring, (c) full view of the micror-
ing structure, and (d) close-up of the coupling gap between the microring and the adjacent bus
waveguide [132].

4.5. Interferometric Configurations (e.g., Mach–Zehnder)

Mach–Zehnder Interferometers (MZIs) in polymer photonics excel in measuring small
phase shifts via evanescent–field interactions [133–137]. Xiao et al. presented all-polymer
MZIs designed for environmental sensing and fabricated via large-area printing for low-
cost production [133]. Unlike conventional MZIs that require complex processing of an
interaction window, this design uses an asymmetric structure to avoid such steps, making
it suitable for polymer fabrication. Optimized design criteria were developed to enhance
sensitivity and performance. Experimental tests with a chemical sensor demonstrate the
effectiveness of this approach [133].

Temperature sensors capable of covering broad measurement ranges are essential for
various industrial applications. Liu et al. introduced a polymer-based asymmetric MZI
designed for temperature sensing [134]. Experimental data reveal that the interference
output varies periodically with temperature changes. The sensor achieves a measurement
range of 120 ◦C and a sensitivity of 0.27 rad/◦C. These results demonstrate a promis-
ing, cost-effective solution for high-performance temperature sensing over an extended
range [134]. Ma et al. introduced a cost-efficient polymer-based MZI sensor for detecting
liquid refractive index (Figure 9a) [135]. Figure 9b schematically presents the cross-sectional
structure of the two arms of the proposed MZI, including the materials utilized in this
study. Figure 9c–e display optical micrographs of key regions of the fabricated MZI cap-
tured at various magnifications, along with the measured widths of the waveguide arms.
The sensor’s sensitivity is enhanced by optimizing the reference arm length to minimize
the optical path difference (OPD) between the interferometer arms. Several devices were
fabricated with a constant sensing arm length of 7900 µm but varied reference arm lengths
(7900.0, 7942.5, 7950.9, 7962.2, and 7969.5 µm). Among these, the highest RI sensitivity
achieved was 33,662.8 nm/RIU, while the detection range remained stable at approximately
0.0041 ± 0.0002 RIU [135].
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Figure 9. (a) Schematic and (b) cross-sectional views of the two arms in the proposed MZI sen-
sor. Optical microscope images of (c) the sensing and reference arms, (d) sensing waveguide, and
(e) reference waveguide [135].

Using two-photon polymerization (TPP), an on-chip MZI sensor with asymmetric
polymer waveguide arms was fabricated [136]. The differing lengths of the interference
arms cause variations in their effective refractive indices with temperature changes, result-
ing in an initial sensitivity of −348.5 pm/◦C over a 20 ◦C to 60 ◦C range. When coated
with the temperature-responsive polymer polydimethylsiloxane (PDMS), the sensor’s sen-
sitivity improved approximately sixfold to around −2.01 nm/◦C between 30 ◦C and 70 ◦C,
maintaining consistent behavior during both heating and cooling cycles. Compact and
integrated, this photonic sensor combines high temperature sensitivity, biocompatibility,
and stability, making it ideal for precise temperature monitoring in small or complex
environments [136].

5. Applications
Polymer photonic sensors have emerged as versatile and high-performance platforms

for a broad range of sensing applications. Their tunable optical properties, mechanical
flexibility, and ease of fabrication make them particularly attractive for use in real-world
environments where conventional photonic materials may fall short. This section explores
the key application domains where polymer photonic sensors are making significant impact,
including environmental monitoring, point-of-care medical diagnostics, food safety, and
structural health monitoring.

5.1. Environmental Monitoring

Polymer photonic sensors are increasingly used for real-time, in situ monitoring of
environmental parameters such as humidity, temperature, gas concentrations, and water
quality [21,138,139]. Their optical transduction mechanisms, such as changes in refractive
index, fluorescence, or photonic bandgap shifts, enable high sensitivity and selectivity to a
wide range of analytes. Functionalized polymer photonic structures have shown excellent
responsiveness to gases such as ammonia, NO2, and VOCs [20,140]. Colorimetric and
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photonic crystal-based sensors using polymers like polyaniline and PDMS composites
exhibit strong selectivity and visual detectability [141,142]. Hydrogel-based photonic
crystals and waveguide sensors enable detection of pH, heavy metal ions (e.g., Pb2+, Hg2+),
and pollutants with fast response times and minimal instrumentation [143,144]. Polymers
like polyacrylamide, often doped with ion-specific ligands or dyes, have enabled label-free
optical detection in aqueous environments [145].

A polymer-based evanescent Bragg grating sensor was developed by integrating a
few-mode planar waveguide into microfluidic channel structures [123]. The waveguide and
microchannels were fabricated using epoxide-based polymers, and the Bragg grating was
inscribed post-fabrication using a point-by-point direct writing technique. Characterization
was performed to assess the sensor’s response to various chemical stimuli. A temperature
sensitivity of −47.75 pm/K was obtained by monitoring the central wavelength shift in the
reflected Bragg signal. To demonstrate functionality based on evanescent field interactions,
two application cases were evaluated. Refractive index sensing was carried out using
a range of aqueous solutions, achieving a sensitivity of 6.5 nm/RIU from air to 99.9%
isopropyl alcohol. For gas-phase hydrogen detection, the sensor surface was coated with
a palladium nanoparticle layer, enabling reliable detection of hydrogen concentrations
up to 4 vol%. The results confirmed reproducibility and robustness in both liquid- and
gas-phase environments. These findings highlight the strong potential of Bragg grating-
integrated polymer waveguide sensors for lab-on-a-chip platforms, especially in compact,
multifunctional chemical and environmental monitoring systems [123].

A novel optical waveguide (OWG) sensor for low-humidity detection was proposed,
in which a localized polyvinylpyrrolidone (PVP) film was applied [138]. The sensor was
fabricated by spin-coating a PVP layer onto a potassium ion-exchanged glass waveguide.
A humid air stream with relative humidity ranging from 10.6% to 32% was introduced at
room temperature to characterize the sensor’s performance. The surface morphology of the
PVP film was analyzed using atomic force microscopy (AFM), and the humidity sensing
mechanism was examined through absorption spectral analysis. High sensitivity, stability,
and fast response/recovery characteristics were observed during testing. Based on the
experimental results, reliable detection of low water vapor concentrations was achieved. As
such, the PVP-coated OWG sensor was demonstrated to be a promising and cost-effective
candidate for real-time humidity monitoring applications [138].

Recently, a flexible and low-cost gas sensor was developed based on planar polymer
optical waveguides coated with a zeolitic imidazolate framework-8 (ZIF-8) thin film for
carbon dioxide (CO2) detection [43]. The waveguides were fabricated from polymethyl
methacrylate (PMMA) through a hot embossing technique, allowing scalable and econom-
ical production. A uniform ZIF-8 film was deposited on the waveguide surface using a
simple solution-based method, enabling large-scale integration of metal–organic frame-
work materials into sensing devices. Figure 10a presents a schematic representation of the
setup implemented for assessing gas sensing performance.

Figure 10b shows the optical transmission of the ZIF-8-coated PMMA waveguide
under gas switching intervals of ∆t = 1 min. The signal consistently decreased upon CO2

exposure and returned during N2 purging, demonstrating stable and repeatable sensor
performance. To evaluate behavior under faster switching, a second test with ∆t = 30 s
was conducted (Figure 10c). Although the signal did not fully stabilize during N2 purging
due to the shorter interval, periodic variation remained clear, confirming the sensor’s high
reversibility and reproducibility. The response and recovery times were extracted from
the onset to 90% of the steady-state signal (Figure 10d). CO2 adsorption and desorption
times were approximately 6 s and 16 s, respectively. These fast dynamics result from
physisorption within the ZIF-8 layer, enabling rapid gas diffusion and release. The longer
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desorption time reflects slower gas evacuation but still supports real-time sensing capability.
Sensitivity to CO2 was measured at approximately 2.5 µW per 5 vol%, with a response time
of about 6 s and excellent reversibility in the adsorption and desorption of gas molecules.
This sensing approach was demonstrated as a promising solution for the fabrication of
reproducible, flexible, and integrated on-chip gas sensors [43].

Figure 10. (a) Diagram of the experimental arrangement designed to evaluate gas sensing character-
istics. Optical signal variation in the ZIF-8-modified PMMA waveguide upon CO2 exposure. The
response behavior of the metal–organic framework (MOF)-coated waveguide is shown with gas
switching intervals of (b) 1 min and (c) 30 s. (d) Response and recovery times during CO2 adsorption
and desorption processes on the MOF-functionalized waveguide sensor [43].

5.2. Point-of-Care Medical Diagnostics

Polymer photonic sensors are well-suited for point-of-care (PoC) diagnostics due to
their biocompatibility, low cost, and high sensitivity [20,135]. Interferometric, microring
resonator, and photonic crystal slab platforms based on polymers such as SU-8, PMMA,
and polycarbonate have enabled biomarker detection at clinically relevant levels.

Examples include optical biosensors detecting glucose, lactate, CRP, and viral antigens
(e.g., SARS-CoV-2) using surface-functionalized polymer waveguides and resonators [146].
For instance, a compact, cost-effective, and user-friendly urinalysis device was presented for
potential use in home healthcare and clinical environments [146]. The device was designed
using a polymeric optical waveguide as the sensor platform, while colorimetric absorption
was employed as the sensing mechanism. Quantitative analyses were conducted, and
detection limits were achieved below 0.1 g/L for glucose, 0.2 g/L for creatinine, 0.025 g/L
for albumin, and 0.1 g/L for total protein. Superior performance over conventional dipstick
methods was demonstrated, including enhanced sensitivity, quantification capabilities,
and reusability. Further development has been undertaken to miniaturize the system by
integrating a light-emitting diode (LED) as the illumination source and a photodiode as the
detector. Based on these advancements, the device has been recognized as a promising tool
for early diagnosis and routine health monitoring [146].

A polymer optical sensor for detecting effective anti-inflammatory concentrations
of peimine was fabricated using a metal-printing technique to define the active waveg-
uide [147]. An erbium-doped copolymer was used as the sensing core, with a grafted
PMMA material applied as the cladding. Drug–polymer interactions were analyzed via
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molecular docking, confirming hydrogen-bonding affinities. An optimized multimode
interference (MMI) waveguide structure was designed, and its optical response was simu-
lated for various peimine concentrations. A sensitivity of 2 × 103 RIU−1 was achieved, with
a resolution of 2.5 × 10−4 and a detection limit of 1.3 × 10−7 RIU. The sensor effectively
detected peimine in the 10–25 mg/L range, showing a 5 dB optical power shift and a 3 dB
gain for calibration. This approach was validated as a simple, rapid, and sensitive method
for alkaloid drug detection in traditional medicine [147].

Recently, the design, fabrication, and testing of a 3D-printed plasmonic sensor were
conducted. A silver–gold bilayer has been deposited onto a polymer waveguide to enhance
the surface plasmon resonance (SPR) sensor’s performance [148]. The resulting SPR sen-
sor was realized as a compact, low-cost, and straightforward device. Its sensitivity was
demonstrated to be sufficient for biosensing applications by functionalizing the bilayer
with specific receptors. The proposed sensing approach was identified as suitable for the
production of disposable sensor chips applicable in various fields, including PoC testing
and environmental monitoring. Both numerical simulations and experimental validations
have shown that the sensor’s sensitivity was improved by using the silver–gold bilayer
instead of a gold-only layer [148].

Exceptional sensitivity and selectivity have long been pursued as primary goals in
sensor development. To meet these demands, a sensing platform was developed by in-
tegrating a molecularly imprinted polymer (MIP) with an optical fiber–waveguide–fiber
(OFWF) structure [149]. The OFWF configuration was utilized to efficiently launch and
collect light signals, while the MIP layer was designed to provide high molecular recogni-
tion capability and sensitivity. In constructing the MIP, 2-phenylphenoxyethyl acrylate, a
monomer with a high refractive index, was copolymerized with acrylic acid, a functional
monomer. Through this formulation, high-refractive-index MIP layers were fabricated to
enable effective extraction of probe light from the waveguide and its transmission to the
sensing interface. To enhance analyte permeability, poly(ethylene glycol) 600 diacrylate
was employed as a flexible cross-linker, thereby enlarging the polymer mesh size.

Rhodamine B (Rh B), a commonly used dye in textile manufacturing and a potential
environmental hazard, was selected as the molecular template. The MIP layer was formed
on the waveguide surface through a curing process activated by the evanescent field of
405 nm light propagated within the waveguide. Using this MIP-OFWF system, selective
detection of Rh B in the presence of methyl blue was achieved by monitoring their absorp-
tion spectra. An ultra-low detection limit of approximately 6.5 × 10−17 g/mL was reached,
corresponding to an absolute mass detection in the range of 20–30 attograms [149].

An all-optical plasmonic sensor platform was developed for smartphone integration,
utilizing planar-optical waveguide structures embedded within a polymer chip [150]. The
applicability of the system for biosensing was demonstrated through the detection of
25-hydroxyvitamin D (25OHD) in human serum samples, using an aptamer-based assay
enhanced with gold nanoparticles (AuNPs). Figure 11a shows the schematic of the planar-
optical waveguide structure. The design begins with a broad 1200 µm waveguide segment
aligned to the smartphone’s flashlight LED to enhance light coupling. This segment tapers
to 200 µm, then splits into two 100 µm wide waveguides forming two separate SPR sensors.
Each channel further narrows to 50 µm, matching the dimensions used in previous planar-
optical SPR sensor studies. A waveguide bend with a 5 mm radius guides light from the
LED to the smartphone camera. The sensor chip was fabricated using the hot embossing
technique by Rezem et al. [20,21], imprinting a 25 µm deep waveguide pattern into a
375 µm thick PMMA sheet (refractive index 1.49). The cladding structure was then filled by
doctor blading with UV-curable epoxy NOA 63 (refractive index 1.56) and cured under UV
light [150].
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Figure 11. Diagram of the sensor system (a) and the light coupling designs for input (b) and output
(c) of the planar-optical waveguide sensor. Input coupling uses a 45◦ cut for total internal reflection,
while output coupling employs a 90◦ cut and a reflective diffraction grating. After assembling the
coupling elements and microfluidic channel (d), the sensor chip is enclosed in a 3D-printed housing
(e) [150].

The planar-optical biosensor chip was mounted in a 3D-printed polymer housing
designed to fix the sensor onto an Apple iPhone 6s and enable experiments (Figure 11e).
The housing has two parts: one aligns the sensor with the smartphone’s LED and camera,
and the other blocks ambient light. Light from the smartphone LED was coupled into the
sensor via a 45◦ cut, creating total internal reflection (Figure 11b). The waveguide ends
were cut perpendicularly with a heated blade to direct light onto a reflective diffraction
grating, replicated by hot embossing an 1800 lines/mm Thorlabs grating and coated with
100 nm silver (Figure 11c). Positioned at a 7◦ angle incorporated in the housing, the grating
disperses light into the camera, capturing the full LED spectrum. Fluid delivery and waste
removal through the microfluidic chip’s Luer adapters were managed using syringes and
silicone tubing. The assembled chip and setup are shown in Figure 11d,e [150]. A sensitivity
of 0.752 pixels/nM was achieved for 25OHD concentrations ranging from 0 to 100 nM.
The waveguide structure was designed to enable both miniaturization and parallelization,
allowing for the simultaneous detection of multiple analytes, including biomarkers. The
entire optical setup was integrated into a single polymer chip, enabling large-scale and cost-
efficient production. The widespread use of smartphone electronics has been considered to
make this platform highly promising for lab-on-chip applications [150].

5.3. Structural Health Monitoring

In structural health monitoring (SHM), polymer photonic sensors provide ro-
bust, lightweight, and flexible solutions for detecting strain, stress, delamination, and
cracks [151,152]. Stretchable photonic waveguides fabricated from elastomers like PDMS
and polyurethane have been used for distributed strain sensing across complex geome-
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tries [53,153]. In recent years, the need for accurate displacement detection in SHM has
significantly increased, particularly for applications requiring high-sensitivity sensors
capable of detecting displacements from the millimeter to micrometer scale.

Three PDMS-based devices were fabricated and characterized for displacement detec-
tion through curvature variation, each embedded with a fiber Bragg grating (FBG) [153].
Three structural designs were employed: a solid device, a perforated device with three
central holes, and a notched device featuring three notches. The perforated and notched
designs were introduced to allow greater deformation, thereby enhancing sensitivity. A
comprehensive evaluation was conducted under various displacement and temperature
conditions. Due to the integration of FBGs, which were subjected to tensile or compres-
sive strain depending on the bending direction, a wider measurement range was enabled
without compromising sensitivity. Significantly higher sensitivities were observed in
the perforated and notched designs when compared to the solid configuration. This en-
hancement was attributed to the increased stress concentration resulting from structural
modifications. All three devices were simultaneously tested under both millimetric and
micrometric displacements, and parameters such as curvature sensitivity, displacement
sensitivity, temperature responsiveness, hysteresis error, linearity, and repeatability were
assessed. The solid device was found to have a sensitivity of 112.7 pm/mm, whereas
the perforated and notched devices achieved improved sensitivities of 159.5 pm/mm and
162.7 pm/mm, representing increases of 41.5% and 44.36%, respectively. These outcomes
have demonstrated the effectiveness of incorporating geometric modifications in enhancing
the performance of PDMS-FBG-based displacement sensors, offering practical advantages
for structural monitoring systems [153].

Polymer optical fiber sensors are more widely used in SHM than polymer waveg-
uide sensors due to their superior mechanical flexibility, ease of integration, and cost-
effectiveness [6]. Polymer optical fiber sensors offer greater tolerance to bending, stretching,
and vibration, making them highly suitable for dynamic and harsh environments typi-
cally encountered in civil, aerospace, and mechanical structures [154,155]. Unlike polymer
waveguides, which often require precise alignment and are more susceptible to optical
losses due to surface imperfections or coupling issues, polymer optical fibers can be easily
embedded or surface-mounted without complex fabrication requirements [156]. Addi-
tionally, polymer optical fiber sensors are capable of supporting longer sensing distances
and multiplexing capabilities, enabling the monitoring of large structures with fewer
components [157]. Their resilience, scalability, and simpler installation processes make
polymer optical fiber sensors a more practical and reliable choice for widespread SHM
applications [158].

The anisotropic nature of fiber-reinforced polymer composites, combined with their
vulnerability to multiple failure mechanisms, presents significant challenges for SHM
throughout their service life. While non-destructive testing techniques have been utilized
to address these challenges, they are often hindered by high costs and limited resolution.
Furthermore, routine inspections may fail to detect damage occurring between scheduled
assessments. Consequently, there is an increasing demand for SHM methods capable of
providing continuous monitoring without requiring aircraft grounding.

Taymaz et al. focused on advancing aerospace SHM through the application of piezore-
sistive MXene fibers [159]. MXene, recognized for its two-dimensional nanostructure and
exceptional properties, offers distinct advantages for strain sensing applications. Piezore-
sistive MXene fibers were successfully fabricated using wet spinning and integrated into
carbon fiber-reinforced epoxy laminates to enable in situ strain sensing. The results demon-
strate that MXene fibers exhibit remarkable sensitivity within low strain ranges, achieving
a maximum gauge factor of 0.9 at 0.13% strain. Additionally, the fibers showed high reli-
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ability under repeated tensile deformations and low-velocity impact loading conditions.
This research contributes to the development of self-sensing composite materials, enhanc-
ing early detection capabilities for damage and defects in aerospace structures, thereby
improving safety and reducing maintenance costs [159].

A fiber-reinforced composite sample was fabricated by attaching two sets of MXene
fibers of different lengths to its surface (Figure 12a,b). Strain sensing performance was
evaluated using cyclic tensile and hammer tap impact tests. Cyclic tests were conducted on
an MTS Acumen 12 system, with strain measured via attached gauges. A single loading
cycle at 60 MPa and 3 Hz, simulating high-G UAV maneuvers, was applied to assess
resistance change and gauge factor. Electrical data were recorded using the NI PXI system
with PXI-8861, FlexLogger, and PXIe-4339 modules for multichannel resistance monitoring
(Figure 12c). For impact testing, at least 50 hammer strikes (100–400 N) were applied at the
laminate’s diagonal center (Figure 12). The measurement system was extended with the
PXIe-4499 module to capture impact force profiles. Signals from the hammer, MXene fibers,
and strain gauges were collected simultaneously at 25 kHz (Figure 12d) [159].

 

Figure 12. Composite specimens embedded with MXene fibers were prepared for (a) cyclic tensile
testing and (b) low-energy impact testing using a hammer tap. Photographs were captured during
both (c) the cyclic tensile tests and (d) the hammer tap impact tests [159].

6. Challenges and Opportunities
Polymer waveguide sensors hold immense promise due to their inherent advan-

tages, such as low-cost fabrication, mechanical flexibility, and ease of functionaliza-
tion [36,123,160,161]. However, several key challenges hinder their widespread deployment
and long-term viability [162]. A primary concern is long-term stability; polymers tend to
degrade over time due to environmental factors such as temperature fluctuations, humidity,
UV exposure, and oxidative aging [134,163,164]. The degradation behavior of polymer
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materials used in photonic sensors varies significantly depending on their chemical struc-
ture. For instance, PMMA is prone to photo-oxidative degradation under UV exposure,
leading to chain scission and loss of optical clarity [165]. SU-8, a highly crosslinked epoxy,
offers good thermal stability but can absorb moisture over time, causing slight dimensional
changes or delamination [166]. Polyimides exhibit excellent thermal and chemical resis-
tance but may undergo oxidative degradation at temperatures above 400 ◦C in the presence
of oxygen [71]. PDMS, while flexible and biocompatible, can degrade via siloxane bond
cleavage under UV or ozone exposure [167]. Environmental conditions such as high humid-
ity (>80% RH), elevated temperatures (>100 ◦C), prolonged UV irradiation (>300 nm), or the
presence of oxidizing agents accelerate these degradation processes. Therefore, careful ma-
terial selection and encapsulation strategies are critical for ensuring the long-term stability
of polymer-based photonic devices, especially in outdoor or industrial applications.

This environmental sensitivity can lead to drift in optical properties and reduced
sensing accuracy, particularly in applications requiring consistent performance over months
or years. In parallel, integration with electronics and optical readout systems remains a
technical hurdle. Achieving low-loss, scalable coupling between polymer waveguides and
standard photonic or optoelectronic components (e.g., photodetectors, modulators) requires
precise alignment, compatible materials, and innovative packaging techniques [164,168].

Beyond material degradation and integration issues, packaging remains a critical
technical challenge in the deployment of large-area polymer photonic sensors. Due to their
inherent flexibility and sensitivity to environmental factors, polymers require packaging
solutions that provide mechanical protection, hermetic sealing, and thermal stability with-
out compromising optical performance [169,170]. For example, PDMS-based sensors often
need moisture barriers to prevent swelling, while polyimide waveguides may demand
thermally conductive encapsulants in high-temperature environments [171]. Achieving
robust electrical and optical interfaces between polymer waveguides and conventional
electronics also requires precision alignment and stress-relieving structures to prevent
delamination or optical losses over time. As such, the development of scalable, low-cost
packaging strategies tailored to flexible photonic substrates is a vital step toward reliable
real-world deployment [168].

Co-packaged optics increasingly rely on optical interfaces that support high integration
density, low loss, and broadband performance while remaining compatible with standard
electrical redistribution methods. To meet these demands, Asch et al. demonstrated two
heterogeneous integration strategies for establishing efficient optical connections between
on-chip silicon nitride (SiN) waveguides and package-level polymer waveguides using
adiabatic coupling [162]. In the first method, polymer waveguides were directly patterned
onto the photonic chip through conventional lithography, aligning with chip-first fan-
out wafer-level packaging workflows. The second method involves flip-chip bonding
of the photonic chip to the package substrate, allowing flexible integration for chip-last
approaches. Both techniques were experimentally validated, achieving coupling efficiencies
of approximately 1 dB in the O-band for both TE and TM polarizations. The SiN waveguides
employed tapers designed using the Mono method to enable effective phase matching
between the dissimilar waveguides, which is a key factor in achieving low-loss performance.
These results demonstrated the viability of polymer waveguides for co-packaged optics,
enabling chip-to-chip and chip-to-fiber connections with total losses under 2 dB [169].

Another significant issue is reproducibility in large-scale production. While poly-
mers enable cost-effective fabrication via soft lithography, imprinting, or R2R processes,
maintaining uniformity in waveguide dimensions, surface roughness, and refractive in-
dex across batches poses a challenge [172,173]. Variations can lead to inconsistencies in
performance, which is particularly critical in commercial or biomedical applications. Nev-
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ertheless, these challenges also open avenues for innovation. One promising direction is
the development of hybrid material systems, combining polymers with functional nanoma-
terials such as 2D materials (e.g., graphene, MoS2) or inorganic platforms like silicon or
silicon nitride [174,175]. These hybrid systems can synergistically merge the mechanical
and chemical versatility of polymers with the superior optical or electronic properties of
inorganic materials, potentially leading to enhanced sensitivity, stability, and functional-
ity [176,177]. The successful integration of such hybrid platforms could bridge the gap
between polymer waveguides and established semiconductor technologies, accelerating
the development of next-generation optical sensors.

For instance, to realize a compact mode-locked laser, a germanium–polymer hybrid
waveguide was positioned between an indium phosphide (InP) reflective gain chip and a
fiber Bragg grating (FBG) [175]. This hybrid waveguide enabled efficient optical coupling
by matching the mode fields between the gain chip and the fiber. A key component of the
structure is a 50-nanometer amorphous germanium (α-Ge) layer, which exhibited nonlinear
absorption at 1550 nm. The nonlinear properties of the waveguide were confirmed through
femtosecond pulse transmission experiments, which revealed pulse compression effects.
By incorporating the hybrid waveguide into the laser cavity, the α-Ge layer functions as
a passive saturable absorber, enabling modulation of the cavity’s longitudinal modes to
produce pulsed operation. The laser employed the InP chip for its compact gain source
and a tunable-length FBG to control the pulse repetition frequency. Experimental results
demonstrated stable mode-locking with a repetition rate near 50 MHz, a pulse width of
147 ps, and a signal-to-noise ratio greater than 50 dB. This approach introduced a “ternary”
laser architecture combining discrete photonic elements with a polymer-integrated waveg-
uide and establishes α-Ge films as promising low-cost saturable absorbers for integrated
photonic systems [175].

7. Future Outlook
Polymer photonic devices have demonstrated remarkable potential across a broad

spectrum of applications due to their inherent flexibility, low cost, and tunable optical
properties. As research and development in this field progress, several emerging directions
promise to define the next era of polymer photonic technologies. Among these, four
promising avenues stand out: smart packaging with embedded polymer photonic sensors,
flexible and wearable large-area photonic sensor arrays, advances in printable photonics
and additive manufacturing and polymer photonics for environmental resilience and harsh
conditions.

To effectively compare and track the progress of emerging directions in polymer
photonic sensing such as smart packaging, wearable sensor arrays, and printable photonics,
it is essential to adopt a unified set of evaluation metrics. Key performance indicators may
include sensitivity (e.g., detection limit in RIU or analyte concentration), resolution (spatial,
spectral, or temporal), fabrication cost per unit area, throughput (e.g., cm2/min in R2R
processing), mechanical durability (e.g., number of bending cycles to failure), and power
consumption for integrated systems. These metrics enable objective comparisons across
different materials, device architectures, and application domains. For example, while
smart packaging prioritizes low cost and large-area throughput, wearable sensors require
high flexibility and biocompatibility, and printable photonics demand design freedom and
integration speed. By framing future advances through these quantitative benchmarks, the
field can more systematically evaluate trade-offs and drive targeted innovation.
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7.1. Smart Packaging with Embedded Polymer Photonic Sensors

The convergence of polymer photonics and intelligent packaging technologies offers
transformative capabilities in food safety, pharmaceuticals, and logistics [178–180]. Smart
packaging equipped with polymer-based photonic sensors can provide real-time informa-
tion about environmental conditions such as temperature, humidity, gas concentration,
and even microbial contamination. These sensors typically rely on stimuli-responsive
polymers that undergo a reversible change in optical properties such as colorimetric shifts
or fluorescence modulation, when exposed to specific analytes [168].

Emerging work on photonic crystals, Bragg stacks, and microring resonators fabricated
from responsive polymer matrices shows promise for low-cost integration into packaging
films and labels [181–183]. In particular, fully passive, battery-free sensors based on struc-
tural color shifts or photonic barcodes can allow for seamless, scalable deployment. When
combined with QR codes or NFC-enabled data capture, such devices could enable end-to-
end tracking and authenticity verification. Future efforts will likely focus on improving the
specificity, sensitivity, and shelf stability of these photonic elements, as well as developing
sustainable, biodegradable substrates compatible with food-grade regulations [184].

7.2. Flexible/Wearable Large-Area Photonic Sensor Arrays

The development of conformal, large-area photonic sensor arrays is poised to revo-
lutionize human health monitoring, soft robotics, and environmental sensing [185]. Poly-
mer materials, by virtue of their mechanical compliance and optical versatility, are well-
suited for the creation of wearable photonic devices that can be laminated onto skin or
textiles [186,187]. These sensor arrays can monitor parameters such as strain, pressure,
hydration, pH, and biomolecular markers with high spatial and temporal resolution [188].

Photonic sensing mechanisms in this context often include waveguide-based interfer-
ometers, flexible optical fibers, photonic skins, and surface plasmon-enhanced films [22].
Recent innovations in stretchable and self-healing polymer photonics further extend the
durability and reusability of such arrays under dynamic physiological conditions [186].
In tandem with flexible light sources and detectors, fully integrated systems for on-body
photonic sensing are within reach [189].

A critical challenge in this domain is the need for scalable fabrication strategies that
ensure device uniformity and signal fidelity across large areas. Integration with wireless
communication modules and low-power signal processing will also be pivotal for real-
world deployment [190]. Moving forward, synergistic development in polymer chemistry,
optical engineering, and wearable electronics will play a central role in realizing practical
and high-performance photonic wearables [191].

7.3. Advances in Printable Photonics and Additive Manufacturing

Additive manufacturing and printing technologies such as inkjet printing, aerosol jet
printing, direct laser writing, and NIL are reshaping how polymer photonic devices are
conceived and fabricated [192–195]. These techniques allow for the rapid prototyping and
low-cost mass production of complex photonic structures on a wide range of substrates,
including flexible and stretchable surfaces [196].

Functional polymer inks, comprising active photonic materials, nanoparticles, or
dopants, can be precisely deposited to create multilayered optical circuits, gratings, and
resonators [82,98,184,197]. Additive manufacturing also enables the integration of pho-
tonic and electronic components within a single fabrication workflow, accelerating the
development of optoelectronic systems for sensing, communication, and computing.

One of the most promising frontiers in this area is 3D printing of photonic crystals
and gradient refractive index structures using custom-tailored polymer resins [198,199].



Micromachines 2025, 16, 813 29 of 38

These structures can be engineered to exhibit tailored dispersion properties, enabling
novel optical functionalities such as slow light, omnidirectional reflectors, and optical
cloaking [28]. Moreover, the coupling of additive manufacturing with machine learning-
driven design optimization may pave the way for next-generation photonic devices with
previously unattainable performance metrics [200,201].

Despite these advances, key challenges remain, including resolution limits, ink stability,
and compatibility with multi-material systems. Future research must address these barriers
while pushing toward fully integrated, printable polymer photonic platforms suitable for
applications ranging from point-of-care diagnostics to intelligent infrastructure.

7.4. Polymer Photonics for Environmental Resilience and Harsh Conditions

Future research in polymer photonic sensors will increasingly focus on enhancing
material resilience for deployment in extreme or challenging environments. This includes
the development of thermally stable, chemically resistant, and UV-hardened polymers
capable of maintaining optical performance in high-temperature industrial zones, corrosive
chemical plants, or high-radiation outdoor settings [202]. Functional polymers with built-
in environmental responsiveness such as self-healing, moisture-resistant, or anti-fouling
properties will support long-term reliability and reduced maintenance in field-deployed
sensors. Moreover, hybrid polymer-inorganic systems and protective coatings may further
extend sensor lifetimes and enable new applications in environmental remediation, early
hazard detection, and infrastructure monitoring in harsh climates [203]. These advances
will be critical for expanding the reach of low-cost, scalable polymer photonics into domains
where durability and environmental compatibility are paramount [204].

8. Conclusions
The maturation of polymer photonic technologies marks a significant step toward

democratizing access to advanced sensing capabilities. This review has demonstrated
that beyond their cost-effectiveness, polymer platforms offer remarkable versatility in
material selection, structural design, and functionalization strategies. Their compatibil-
ity with unconventional substrates and conformal surfaces supports form factors not
achievable with rigid photonic materials, making them uniquely suited for applications in
dynamic or space-constrained environments. The reviewed fabrication techniques ranging
from nanoimprinting to additive manufacturing showcase the field’s progression toward
high-throughput, low-waste production paradigms. Each method presents trade-offs in
terms of resolution, scalability, and integration complexity, underscoring the importance of
application-specific design choices. Similarly, the diverse range of polymer-based photonic
structures reveals how tailored geometries and guided-mode configurations can optimize
sensing performance across chemical, biological, mechanical, and environmental domains.
Yet, critical bottlenecks persist. These include material aging, environmental sensitivity,
and challenges in monolithic integration with electronics and signal processing hardware.
Addressing these issues will require multidisciplinary efforts spanning polymer chemistry,
photonic design, and packaging technologies. Future progress hinges on the development
of robust, reproducible fabrication workflows and the seamless hybridization of polymer
photonics with established microelectronic platforms. With sustained innovation, poly-
mer photonic sensors are poised to become foundational components of next-generation
intelligent sensing systems.

In the author’s view, the future development of polymer-based photonic sensors can
be understood across three distinct time horizons: short term (1–3 years), medium term
(3–5 years), and long term (5–10 years), each reflecting current capabilities alongside emerg-
ing opportunities. In the short term, the author anticipates that research will primarily focus



Micromachines 2025, 16, 813 30 of 38

on enhancing environmental stability, reproducibility, and scalable fabrication techniques.
This will be driven by advances in material formulations and manufacturing processes
such as roll-to-roll, inkjet, and nanoimprint lithography. Additionally, the author expects
significant progress in hybrid polymer-inorganic systems and printable photonics, enabling
cost-effective and disposable sensors targeted at healthcare, environmental monitoring,
and IoT applications.

Looking toward the medium term, the author foresees the emergence of multifunc-
tional polymer photonic devices that integrate sensing, data processing, and wireless
communication. These developments will likely coincide with a stronger convergence be-
tween polymer photonics, flexible electronics, and energy harvesting technologies, paving
the way for fully autonomous sensor systems. Applications in wearables, smart packag-
ing, and structural health monitoring are expected to expand, fueled by advancements in
additive manufacturing and materials science.

In the long term, the author believes the field will evolve towards widespread deploy-
ment of biodegradable, sustainable, and fully printed photonic–electronic systems, address-
ing needs in smart cities, personalized medicine, and environmental sensing. Moreover,
it is anticipated that emerging trends such as AI-driven photonic sensing and quantum-
enhanced platforms will further broaden the capabilities and impact of polymer photonic
technologies.
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