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Abstract

In response to the increasing demand for the prevention and control of chronic noncommunicable diseases, people
are paying growing attention to the application of flexible optical waveguides in health assistance, and the specific
functions of flexible optical waveguides are gradually enriched in the process. This review systematically explains
the research progress of flexible optical waveguides in human health assistance. An analysis of the sensing
principles used in flexible optical waveguides for signal sensing is provided. The specific applications of flexible
optical waveguides in human health assistance are categorized into three main areas: invasive biomedical
diagnosis and therapy, contact physiological information monitoring, and interactive soft robots. From the
perspective of materials science, a comprehensive analysis is conducted on commonly used materials and their
properties for flexible optical waveguides in human health assistance. Furthermore, the sensing principles and
specific applications of flexible optical waveguides are provided, aiming to provide theoretical support and
technological innovation direction for the construction of a new generation of intelligent health monitoring systems.
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The unique advantages of flexible optical waveguides in sensing, especially in human physiological signal sensing,
are demonstrated through detailed theoretical analyses. Their specific applications in human health assistance are
summarized under each category. Finally, this review proposes evolution paths for flexible optical waveguides by
addressing current bottlenecks through material innovation (e.g., hybrids, metasurfaces), functional enhancement
(e.g., self-powered sensing), and system integration (e.g., miniaturization, Internet of Things platforms).

Keywords: Flexible optical waveguide, sensing principle, invasive biomedical therapy, physiological information
monitoring, interactive soft robot

INTRODUCTION

In recent years, the global attention paid to human health has significantly increased, and health needs have
become multidimensional and refined. The Fourteenth General Programme of Work (GPW14) 2025-2028,
published by the World Health Organization (WHO), states that chronic noncommunicable diseases have
become the leading threat to global health, causing approximately 41 million deaths annually, accounting
for 74% of all global deaths". Among these diseases, the incidence of cardiovascular diseases, diabetes, and
cancer continues to rise, with cardiovascular diseases alone causing 17.9 million deaths annually””. The
management of these diseases is highly dependent on long-term, accurate monitoring of physiological
parameters, such as real-time tracking of blood glucose fluctuations in diabetic patients and dynamic
monitoring of blood pressure and hemodynamic changes in patients with cardiovascular disease”. In terms
of clinical treatment, taking cancer as an example, common pharmacological treatments and electrical
stimulation therapies have had little effect, and cancer remains the second leading cause of death worldwide.
Clinical treatments would be much more efficient if they could be directed at a more fundamental cellular
level by causing or inhibiting neuronal activity in brain regions or even directly targeting diseased cells
without damaging healthy cells"”. In the face of this situation, there is a need for health assistance equipment
with high sensitivity, low cost, portability, real-time monitoring ability, and efficient diagnosis and
treatment characteristics to build a more resilient health insurance system.

As an important part of health assistance, health sensing, which involves monitoring physiological signals
from the human body for health condition monitoring and disease prevention, has gained considerable
momentum. Augustus Desiré Waller first captured human electrocardiographic signals (ECGs) via a
capillary galvanometer that occupied an entire room in 1887, and by 1903, Willem Einthoven, who won the
1924 Nobel Prize, had improved the string galvanometer, enabling the clinical use of the ECGs, which led to
the beginning of biosignal monitoring®*. The devices of that time were groundbreaking, but they were
bulky and had low sensitivity, making them less practical in reality. Since then, advancements in sensor
technology have witnessed persistent refinements and evolutions: transitioning from bulky, inherently rigid
sensors posing physical risks to the human body to highly integrated and miniaturized variants, and
ultimately progressing into the contemporary epoch of flexible sensors”. To date, different kinds of flexible
sensors have been used for health monitoring; for example, flexible electrochemical sensors based on
detecting target analytes in tears™'”, saliva""'?, sweat"*'*, and so on for physiological signal monitoring.
These sensors are often characterized by high performance, miniaturization, and low cost; however, they are
susceptible to electromagnetic interference and highly dependent on the electrolyte and the environmental
conditions of the electrolyte, such as the pH and temperature; thus, their long-term stability and
biocompatibility must be improved"”. Another commonly used flexible sensor is the strain sensor, which
can be divided into four types, namely, resistive!"*"", capacitive'**”, piezoelectric®, and friction electric'*”,
which realize sensing through the detection of deformation or pressure-induced electrical signals and are
commonly used to monitor physiological signals, such as joint and muscle movements, pulse rates, heart
rates (HRs), and respiratory rates™. Similar to electrochemical sensors, these sensors are also susceptible to
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electromagnetic interference and have problems such as low sensitivity, high power usage, and susceptibility
to environmental interference’***". For the mainstream electrical sensors, including the two types mentioned
above, invasive electrical sensors inevitably induce inflammatory reactions due to the implantation of
foreign bodies such as electrodes, whereas noninvasive electrical sensors also have safety concerns due to
electrical hazards, the inability to resist electromagnetic interference, and poor biocompatibility***”. To
overcome these challenges, sensors composed of flexible optical waveguide systems, which operate on the
principle of optical modulation rather than electrical modulation, have emerged as safe and reliable
alternatives.

Flexible optical waveguides are well established in the sensing field for measuring various physical,
chemical, and biological quantities such as displacement”, velocity”, temperature””, weight"",
pressure”™, strain®, pH"*, humidity'
achieve 2 30 V/m immunity to electromagnetic interference, exceeding the immunity of electrochemical

[35]

,and so on. In terms of performance, flexible optical waveguides can

sensors; and even after prolonged physiological monitoring, flexible optical waveguides are generally offset
within < 0.5%, and their optical modulation principle eliminates electrochemical drift, a key limitation of
enzyme-based electrochemical sensors that require frequent recalibration”. In addition, the waveguides
enable multiparameter sensing with a single device, reducing system complexity compared to hybrid
electrical arrays”. Furthermore, due to their high biocompatibility, high sensitivity, and deep penetration
range, flexible optical waveguides possess unique advantages in human health monitoring and sensing"**”,

and are commonly used for long-term monitoring of human physiological signals, disease prevention, and
clinical diagnosis'**’. In addition to sensing, owing to the biocompatibility of their materials and the
further development of photobiology, flexible optical waveguides can also be used for minimally invasive or
even noninvasive medical clinical treatment, and after surgery, they can also be used for rehabilitation,

43,44]

assisted living support, etc., with a broad range of applications'>*".

In this work, based on a review of flexible optical waveguides for human health assistance, we systematically
classify and summarize the current development status and specific applications of flexible optical
waveguides in the field of human health assistance, as well as their possible future development trends, as
presented in Figure 1), We classify the materials commonly used for preparing flexible optical waveguide
systems, summarizing the basic properties and uniqueness of the three primary material types: hydrogels,
elastomers, and biodegradable materials. Building on this foundation, we will then examine the
fundamental principles that enable flexible optical waveguide systems to function in sensing applications,
offering readers deeper insight into how these systems are leveraged for practical use. To illustrate their
versatility, we further review and analyze concrete application examples across three key domains: invasive
biomedical diagnosis and therapy, contact-based physiological information monitoring, and interactive soft
robotics, highlighting their transformative potential in these fields.

MATERIALS FOR FLEXIBLE OPTICAL WAVEGUIDES

The advent of rapid material science advancements has facilitated the utilization of an array of innovative
materials in the fabrication and packaging of optical waveguides that impart enhanced flexibility.
Traditional rigid materials (such as silicon and carbon-based materials) have many advantages, such as anti-
electromagnetic interference, light weight, low optical loss, sensitive response, etc., and are widely used in
optical fiber communication, remote sensing, imaging, efc.””*\. However, these materials are not suitable
for preparing flexible optical waveguides. Specifically, first, such conventional materials are hard, brittle, and
sharp, making them unsuitable for use as wearable flexible optical waveguide materials; second, these
materials are not biocompatible, which can easily lead to inflammation and immune reactions if they are
used as implantable flexible optical waveguide materials.
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Figure 1. System diagram of flexible optical waveguides for human health assistancem'se’].Copyright 2020, Elsevier; Copyright 2023,
Wiley; Copyright 2020, Wiley; Copyright 2024, American Chemical Society; Copyright 2020, American Chemical Society; Copyright
2022, American Chemical Society; Copyright 2023, Opto-Electronic Journals Group; Copyright 2024, American Association for the
Advancement of Science.

While traditional rigid materials are unable to adapt to human tissue deformation due to their hard and
brittle properties, flexible materials can achieve a Young’s modulus that matches that of soft tissue due to
their molecular connectivity properties. This mechanical adaptability effectively solves the stress shielding
problem of implantable devices and avoids the occurrence of inflammatory reactions. Among the flexible
materials, those that can be used for photoconductive and biological applications still need to possess
several necessary properties®. First, it should exhibit a high transparency to minimize energy loss and
improve the propagation efficiency. Second, the refractive index (RI) should satisfy the requirements of the
total internal reflection (TIR) mechanism. Third, the mechanical properties of the materials, such as high
tensile strength, high breaking stress, and high Young’s modulus, are crucial for achieving flexible fiber
sensor preparation. In addition, implantable flexible optical waveguide materials must also be nontoxic and
highly biocompatible to protect the host tissues. Some representative flexible optical waveguide preparation
materials and related properties are summarized in Table 1. In this section, some of the properties of these
materials, including hydrogels, elastomers, and biodegradable polymers, are described and discussed in
detail.

Hydrogels

Hydrogels are promising materials for biomedical applications because of their biocompatibility and ability
to incorporate functional groups for sensing. As a cross-linked network of hydrophilic polymers, a hydrogel
contains a large amount of water and exhibits excellent biocompatibility"™.. Its 3-dimensional (3D) polymer
network [Figure 2A] is connected by physical entanglement or chemical bonding [Figure 2B and C*?], and
each of the chains is not fixed but can be relatively freely rotated and bent, which makes a hydrogel highly
flexible as an optical waveguide and able to undergo elastic deformation within a certain range®". The
optical and mechanical properties of hydrogels are affected by their polymer content, molecular weight, and
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Table 1. Summary of typical materials used in the fabrication of flexible optical waveguides and their relevant properties

Material RI Optical loss  Flexibility metrics Structural metrics Other properties Ref.
Hydrogel PEG 1.35-1.47 0.17-25dB/cm  Max elongation: 300%-2,000% Young's modulus: 1-44 kPa Nontoxic [61-64]
PEGDA 133-148 / Elongation at break: 20%-80% Elastic modulus: 30 kPa - 85 MPa Tensile strength: 1.5-4.0 MPa (highly cross-linked); [65-671
36 kPa -20 MPa (composite)
Nontoxic
PAM 1.46-1.50 1-11dB/cm Max elongation: 13%-74% Young's modulus: 20-27 MPa / [68]
Elastomer PDMS  1.41-1.47 0.5dB/cm Max elongation: 95%-140% Young's modulus: 0.57-3.7 MPa / [69-74]
Eco-flex 1.40 68.6%-78% Elongation at break: 900% Shear modulus: 1.3-35 kPa Tensile strength: 200 psi [75-771
Shore hardness: 00-30
Solaris  / 80% Max elongation: 290% Young's modulus: 1.08 MPa Shore A hardness: 15 [75,781
Shear modulus: 0.6-175 kPa Tensile strength: 180 psi
Biodegradable polymers PLA 1.46-1.47 1.5dB/cm Max elongation: 3%-100% Young's modulus: 2.7-7 GPa Biodegradation speed: 1 week to 4 months [79-81]
Nonelastic
PU 1.46 2dB/cm Max elongation: 10% Young's modulus: 0.3 MPa / [82]

RI: Refractive index; PEG: polyethylene glycol; PEGDA: poly (ethylene glycol) diacrylate; PAM: polyacrylamide; PDMS: polydimethylsiloxane; PLA: polylactide; PU: polyurethane.

cross-linking density, which can be adjusted to closely match the optical and mechanical properties of soft tissues for a wide range of biomedical
applications™. In addition, as shown in Figure 2D", the pore size of hydrogels can be controlled by changing the relevant properties of the polymer
precursor. This feature makes hydrogels attractive materials for preparing functional biophotonic waveguides that provide drug delivery and controlled drug
release™™. In this section, we will focus on three hydrogel materials, polyethylene glycol (PEG), poly (ethylene glycol) diacrylate (PEGDA), and
polyacrylamide (PAM), which are commonly used to prepare flexible optical waveguides for human health.

PEG

PEG hydrogels are usually prepared by cross-linking PEGDA in an aqueous solution and have antifouling properties or anti-protein-adsorption properties
similar to those of PEGDA, as well as excellent biocompatibility, optical transparency, no immunoreactivity, etc.*. The mechanical and optical properties of
PEG hydrogels can be adjusted by adjusting their molecular weight and water content™.. In addition, owing to its excellent biocompatibility, optical
transparency, and lack of immunoreactivity, PEG has promising potential for applications in the fields of biosensing™, tissue engineering”", surface coating of
nanoparticles”, and so on.

One of the major limitations of photoconductive structures in biomedical applications is that the effective light transmission distance is smaller than the organ
scale. The organ-scale distance in the human body is more than 10 cm, whereas the 1/e attenuation range of waveguides is no more than a few centimeters*”.
Choi et al. addressed this limitation by preparing a core-cladding hydrogel fiber with an overall step RI by the process depicted in Figure 2E(a) using 80%-90%
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Figure 2. Characterization of hydrogel and features of flexible optical waveguides prepared from it. (A) Schematic of the three-
dimensional structure of hydrogels; (B) Physical cross-linking of hydrogels including (a) hydrogen bonding interactions, (b) electrostatic
interactions, and (c) hydrophobic interactions; (C) Chemical cross-linking of hydrogels including (a) chemically reactive polymerization,
(b) free-radical polymerization, and (c) photopolymerization®®.Copyright 2024, American Association for the Advancement of
Science; (D) SEM images of hydrogels with PEGDA and PEGDA/ALG as examples. (a) SEM images of PEGDA hydrogels. (b-d) SEM
images of PEGDA/ALG hydrogels with gradually increasing alginate concentration. It can be seen that the hydrogel pore size decreases
gradually with the increase of alginate concentration'™. Copyright 2023, Elsevier; (E) Case of flexible optical waveguide prepared with
PEG. (a) Preparation process of PEG hydrogel. The UV photo cross-linking was first performed through a mold, followed by the passage
of dichloromethane to remove the core, and finally, the alginate shell was generated by dip-coating on the surface of the core. (b)
Physical drawing of the prepared 1 m-long optical fiber. (c) Light conduction of an optical waveguide sandwiched between two pieces of
thin pig tissue®*. Copyright 2015, Wiley; (F) Chemical formula of PEGDA; (G) Uniform luminescence after fiber-coupled blue light
based on PAM™.Copyright 2018, Wiley. SEM: Scanning electron microscope; PEGDA: poly (ethylene glycol) diacrylate; ALG:
alginates; PEG: polyethylene glycol; UV: ultraviolet; PAM: polyacrylamide.

w/v PEG material as the core and a 1%-2% w/v alginate hydrogel as the cladding [see Figure 2E(b) for the
actual picture]””. As shown in Figure 2E(c), the optical loss of this fiber in pork tissue is about 0.42 dB/cm
(A = 402 nm) with a 1/e attenuation distance of over 10 cm. At the same time, they exploited the properties of
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hydrogels by infiltrating functional molecules into the hydrogels to produce fluorescence, amplified
spontaneous emission, whispering gallery mode (WGM) lasers, and photothermal devices, giving PEG
hydrogel optical fibers rich functionality.

PEGDA

PEGDA is a PEG derivative containing acrylate groups, with two acrylate groups in the main chain of PEG,
as shown in Figure 2F. These acrylate groups can be rapidly cured into a hydrogel by a photoinitiated free
radical polymerization reaction to form a cross-linked network when irradiated with ultraviolet (UV) or
visible light*”. This structure can enhance the optical transparency, toughness, and stress-cracking
resistance of the material®. In addition, factors such as the amount of photoinitiator, the amount of
monomer, and the light intensity significantly affect the polymerization rate and gelation behavior of
hydrogels””*"\. Specifically, the polymerization rate of the hydrogel polymerization precursors linearly
increases with the square root of the photoinitiator dosage, monomer dosage, and light intensity, whereas
the gel transition time exponentially decreases with these factors. The tunable mechanical and optical
properties and flexible chemical modification possibilities make PEGDA ideal for use as an optical
waveguide material"*.

In addition, the light-curing characteristics of PEGDA allow precise control of the curing process of the
material, which is particularly important for the fabrication of optical waveguide materials, as it ensures that
the precise geometries and optical properties of the optical waveguide are suitable for precise transmission
of optical signals in vivo'"'. This precise control is achieved through a photolithography process in which a
photosensitive material is used to form the desired optical waveguide pattern after exposure to UV light,
thereby reducing the optical loss and improving the transmission efficiency of the optical waveguide.

PAM

PAM, a hydrogel material commonly used in the preparation of optical waveguides, is a linear, water-
soluble polymer with many amide groups in its molecular chain"*. This structure endows PAM with
excellent hydrophilicity and biocompatibility, enabling it to exhibit nontoxicity and good histocompatibility
in biomedical applications™'*”. Compared with PEG and PEGDA, PAM has greater mechanical strength
and a longer service life in biomedical applications. This is mainly attributed to its linear polymer structure,
which endows PAM with good film-forming properties and mechanical strength, enabling it to exhibit
excellent light transmission properties among optical waveguide materials. This also makes PAM promising
for tissue engineering applications. For example, nanohydroxyapatite (nHAP) particles can be introduced
into a PAM hydrogel system to prepare nHAP/PAM nanocomposite hydrogels, which can be used to make

104]

scaffolds for bone tissue repair*.

More possibilities for the application of PAM in optical waveguide technology are enabled through
chemical modification, polymerization with other materials, and the introduction of a cladding-core
structure'™. For example, through one-step polymerization and cross-linking of alginate and PAM
precursors, alginate-PAM hydrogel optical fibers with a low modulus [the Young’s modulus of the fiber
slowly increases from 48 to 90 kPa with increasing acrylamide (AAm) concentration] and high stretchability
(120%-140% of the original length under the condition of little change in the electrical conductivity) can be
prepared"*. The feasibility of the use of these fibers for chronic optogenetic brain conditioning was
demonstrated in free-moving animals, as shown in Figure 2G"*..
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Elastomers

Elastomers are characterized by high flexibility and an elastic recovery ability, making them reliable
materials for the fabrication and modification of flexible optical waveguides. The source of these
outstanding capabilities is some of their structural features at the micromolecular level, such as polymer
chains and cross-linking points. The soft segments in the polymer chain produce large deformations, giving
the material a high degree of flexibility. A high proportion of soft segments in the molecular chain leads to a
lower Young’s modulus of elastomers. In contrast, cross-linking points act as interchain junctions,
restricting molecular movement and providing elastic recovery of the network structure. According to
different types of cross-linking, elastomers can be divided into thermoset elastomers (TSEs) and
thermoplastic elastomers (TPEs), which differ in the fabrication and application areas of different flexible
optical waveguides*. Together, these materials significantly expand the design and application potential of
flexible optical waveguides for human health assistance.

TSEs

The intermolecular structure of a TSE is formed by chemical cross-linking, forming a 3D network structure
with irreversible cross-linking bonds. Therefore, a TSE has a high degree of mechanical stability due to its
resistance to temperature and fatigue. Moreover, considering the different optical properties and
biocompatibilities, the TSEs most commonly used in flexible optical waveguides are polydimethylsiloxane
(PDMS) and the Eco-flex series.

Characterized by low cost, high elasticity, thermal stability, and high transmittance in the near-ultraviolet to
near-infrared regions, PDMS is an important material for preparing flexible optical waveguides""”. PDMS,
with an RI of approximately 1.41 and a transmittance of nearly 95% in the visible spectrum, is widely used in
waveguides requiring high optical clarity. The Sylgard® 184 silicone is one of the most commonly utilized
commercial formulations of PDMS. The properties of PDMS, including its mechanical strength"*, optical
clarity"*), and gas permeability"'”, can be significantly influenced by varying the ratio of monomers to
curing agent. Compared to Sylgard® 184, Solaris has lower Shore A Hardness (15), indicating that it has
better elasticity and can provide sufficiently sensitive bending feedback to pressure changes. Additionally,
Solaris has a clear color, which will contribute to obtaining sufficiently strong signals; the fabrication
process of Solaris is presented in Figure 3A"". Another commonly used type of TSE is Eco-flex, which

109]

shares many of the excellent properties of PDMS. Nevertheless, Eco-flex is softer and more malleable
because of the specially designed silicone groups in its chemistry. Owing to its excellent skin safety, Eco-flex
has become a popular choice for manufacturing prosthetics and artificial skin. Notably, after curing, Eco-
flex rubbers are translucent rather than optically transparent, which partially limits their use as waveguide
materials. Figure 3B shows that a liquid bladder sensor encapsulated with the Eco-flex material for human
wrist pulse wave monitoring demonstrates excellent flexibility"'". Figure 3C indicates that PDMS can be
used as an overpack for flexible skin-friendly sensors'"?..

TSEs typically need to consist of blended and cross-linked two-component compositions. They are prone to
bubble formation during optical waveguide preparation and molding, which affects their optical properties.
In addition, optical waveguides prepared from these materials with commonly used preparation methods
are limited in length and are thicker™.

TPEs

The intermolecular structure of TPEs is formed by physical cross-linking through phase separation,
resulting in a two-phase morphology that is reversible under thermal processing. This characteristic enables
TPEs to exhibit recyclability and reprocessability, making them suitable for sustainable manufacturing.
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Figure 3. Typical role of TSE materials in flexible optical waveguides. (A) Solaris elastomer as part of a flexible optical waveguide sensing
channel™. Copyright 2024, American Chemical Society; (B) Eco-flex as an encapsulation material for flexible optical waveguides'.
Copyright 2018, Wiley; (C) PDMS as an overpack for flexible skin-friendly sensors"?.Copyright 2018, Wiley. TSE: Thermoset
elastomer; PDMS: polydimethylsiloxane.

Owing to their tunable mechanical and optical properties, TPEs are widely employed in applications
ranging from wearable sensors and smart textiles to biomedical devices and optical waveguides.

TPEs demonstrate versatile optical and mechanical properties that make them highly suitable for flexible
optical waveguide applications. For example, Geniomer 200 exhibits a high optical transmittance of over
90% across the visible spectrum (400-700 nm), making it ideal for waveguide designs requiring minimal
signal attenuation"”. Similarly, tetrafluoroethylene hexafluoropropylene vinylidene fluoride (THV), with
an RI range of 1.34-1.36, provides excellent compatibility for step-index optical fibers. In terms of the
mechanical performance, Geniomer 200 achieves a tensile strength of approximately 15 MPa and an
elongation at break exceeding 600%, ensuring robustness under significant mechanical stress. THV further
offers exceptional chemical resistance and retains its mechanical integrity even after prolonged exposure to
solvents, acids, and bases. Similarly, StarClear 1044 and Daikin T-530 have been utilized to create
stretchable step-index optical fibers, leveraging their excellent optical clarity and adaptability to coextrusion
and thermal stretching"'*. These properties collectively position TPEs as a compelling choice for high-
performance, durable, and adaptable optical waveguide systems. Polystyrene-ethylene-butene-styrene
(SEBS) is a linear triblock copolymer that can be tailored by adjusting the ratio of its hard phase
(polystyrene, PS) to its soft phase (ethylene-butene, EB), as well as its molecular weight, to control the
softening temperature and viscoelastic properties. SEBS has been shown to thermally stretch at high
viscosities (above 103 Pa-s), enabling encapsulation of soft and hard materials with various
microstructures*?.

Compared to TSEs, TPEs minimize risks such as bubble formation during processing and enable the
fabrication of longer and thinner optical fibers. However, their performance under extreme thermal or
mechanical conditions may be limited, which can be addressed through the use of material blends or
nanocomposites.
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Biodegradable polymers

Biodegradable polymers are a promising class of materials for flexible optical waveguides used in health-
related applications, offering the dual benefits of sustainability and biocompatibility. These polymers are
designed to naturally degrade over time, reducing the long-term environmental impact and minimizing the
need for removal or disposal. In the context of human health assistance, biodegradable polymers are
beneficial for short-term biomedical applications, such as implantable medical devices, tissue scaffolds, and
biodegradable sensors, for which gradual degradation after use is desirable.

Among the most commonly employed biodegradable polymers are polylactic acid (PLLA),
polycaprolactone (PCL), and polyhydroxyalkanoate (PHA)". PLLA, derived from renewable resources
such as cornstarch or sugarcane, has been widely studied for use in flexible optical waveguides for
biomedical applications because of its biocompatibility, optical clarity, and ability to degrade into nontoxic
products, as shown in Figure 4A"™"*. PLA is particularly valuable in applications in which the degradation
of the material over time aligns with the temporary nature of the device, such as optical biosensors and
wearable health monitoring systems. The PLLA degradation rate can be controlled by adjusting the
molecular weight, which influences the performance of the material in vivo. Owing to its low melting point
and slower degradation rate, PCL is used in controlled-release drug delivery systems and implantable
optical devices that require gradual degradation to support tissue regeneration"”. This property makes PCL
ideal for optical waveguides or implantable sensors in drug delivery. Additionally, PHA, a biopolymer
produced by microorganisms, has shown potential for use in biodegradable medical devices and sustainable
biomedical packaging, providing a viable alternative for applications requiring environmental and biological
compatibility. The flexibility, tensile stress-strain curves, transparency, and transmission spectra of
biodegradable PHA films are shown in Figure 4B"". To demonstrate the biocompatibility of poly(L-lactic
acid) and poly(L-lactic acid-co-glycolic acid) optical fibers, researchers cocultured bone marrow-derived
mesenchymal stem cells (BMSCs) with these fibers for one week'*”. Figure 4C*” shows the cell morphology
on the fiber surface, and the cells uniformly adhered to the fiber surface and remained healthy, indicating
that the fibers and their degradation products are ideally biocompatible.

The use of biodegradable polymers in flexible optical waveguides for health applications reduces plastic
waste and enhances medical device safety and functionality. These materials can be tailored to degrade at
specific rates to match the biological needs of the application, whether for biosensors, implants, or health
monitoring systems. Despite their advantages, challenges such as controlling the degradation rate and
improving the mechanical properties remain. Ongoing research is focused on optimizing these materials for
longer-lasting performance and more efficient manufacturing, thus ensuring their broader adoption in the
healthcare industry.

SENSING PRINCIPLES OF FLEXIBLE OPTICAL WAVEGUIDES

Flexible optical waveguides have become a transformative technology for human health monitoring and
biomedical applications because of their unique ability to be integrated with soft biological tissues to
provide real-time, high-precision sensing'. The input signal of flexible optical waveguides is usually the
light signal generated by light-emitting diodes (LEDs), fluorescence, or other light sources. Due to
physiological changes such as pulse pressure, biomarker concentration, temperature, and so on, the flexible
optical waveguide undergoes microbending loss"*, RI change!™*”, or fluorescence change"”", so that the
light inside the waveguide is modulated accordingly, and it becomes the optical signal at the output.
Changes in the input and output light signals, such as intensity"*” and phase*, can reflect the
characteristics of physiological changes. Flexible optical waveguides can also convert the output optical
signal into an electrical signal with the support of photodetectors or spectrometers. This not only allows for
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Figure 4. Characterization and testing of biodegradable polymer materials. (A) Characterization of surface morphology for PLLA films
and fibers degraded in vitromé].Copyright 2018, Wiley; (B) Flexibility, tensile stress-strain curves, transparency, and transmission spectra
of biodegradable PHA films™. Copyright 2023, Wiley; (C) Biocompatibility test of PLLA & PLGA fiber with SEM™). Copyright 2020,
Wiley. PLLA: Polylactic acid; PHA: polyhydroxyalkanoate; PLGA: poly lactic-co-glycolic acid; SEM: scanning electron microscope.

a clearer presentation of the changes in the input and output optical signals, but also enables sophisticated
signal analysis, feature extraction, such as peak detection and spectral analysis, as well as refinement of these
signals through algorithms or machine learning, efc., to derive the corresponding health parameters. By
utilizing these interactions, flexible optical waveguides can be used to detect and quantify various
physiological parameters, making them indispensable tools in wearable devices, implantable sensors, and
diagnostic systems"”.

The sensing mechanisms of flexible optical waveguides can be broadly categorized into three main groups:
optical loss-based sensing, fluorescence-based sensing, and spectral-based sensing. Put simply, optical loss-
based sensing utilizes the attenuation of light due to bending or absorption, whereas fluorescence-based
sensing utilizes the emission properties of embedded phosphors. In spectral-based sensing, in contrast,
changes in the spectral properties of light, such as wavelength shifts or interference patterns, are analyzed to
extract information about the external environment. These different sensing principles enable a wide range
of biomedical challenges, from monitoring vital signs to detecting biochemical information changes in real
time, to be addressed with flexible optical waveguides.

Optical loss-based sensing

The principle of optical loss-based sensing is based on the TIR mechanism, in which sensing is realized by
measuring the loss incurred during light transmission. Sensors applying this principle are often used to
sense stress or strain conditions. Depending on the cause of the optical loss, this sensing principle can be
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categorized into two types: one in which the loss occurs due to deformation and another in which the loss
occurs due to absorption of light by the material.

For the sensing principle of light loss due to deformation, according to Maxwell’s system of equations, when
a rapidly decaying evanescent wave (EW) exists in the low RI layer, its penetration thickness d, can be
expressed as

A
d,= (1)
g 2my/n, 2 sin® 6, —ny?

where 6, is the angle of incidence, and the other quantities are constant for the same beam of light entering a
fixed sensor"”. When d, is greater than the cladding thickness of the optical fiber, part of the EW passes
through the cladding, generating optical loss, and when bending deformation occurs, 6, decreases while d,
increases; thus, the optical loss increases. The change in optical loss corresponds to the change in strain or

stress in the sensor, and this relationship can be established through reconstruction algorithms"*,

simulation fitting"*”, and so on. Therefore, by monitoring the output optical loss, the stress or strain in the

optical fiber can be fed back to realize sensing.

On this basis, according to the degree of bending deformation, bending deformation can be divided into
microbending and macrobending, as shown in Figure 5A"**. Microbending refers to when the optical fiber
bending radius is relatively comparable to the fiber radius and the fiber bends in a periodic pattern, such as
sawtooth or corrugated. In the case of sawtooth microbending, for example, an optical fiber passes between
two toothed plates with a mechanical cycle, as shown in Figure 5B"*. Owing to the presence of sawteeth,
when the sawtooth layer is shifted by an external force, the optical fiber bends accordingly, resulting in a
change in the output power. Hu et al. reported that when the microbending period is set, the greater the
number of microbending cycles (that is, the greater the number of teeth of the sawtooth pattern) is, the
greater the sensitivity of the sensor"'”. They used this principle to design and prepare a microbending
optical fiber sensor that can be used for respiratory monitoring. Macrobending refers to when the optical
fiber bending radius is much larger than the fiber radius, approximately on the order of magnitude of a few
centimeters, such as ring-shaped, U-shaped, spiral"*”, equal-amplitude sinusoidal, and variable-amplitude
sinusoidal bending"*. This macrobending design places the sensor under no strain or stress and results in a
large optical loss. When strain or stress is generated, the deformation is reduced, and the transmitted light
intensity is significantly increased, achieving high-sensitivity sensing"*. The sensitivity of the sensor is
related to the complexity of the macrobending structure. Al-Lami et al. designed and compared the
feasibility and sensitivity of four macrobending sensor structures, namely, U-shaped, droplet-shaped, knot-
shaped, and figure-eight shaped structures, as shown in Figure 5C"*, for monitoring the curvature
displacements of human joints"*. The figure-eight shape had the highest sensor sensitivity of -0.477 dB/°,
whereas the sensitivity of the U-shaped and knot-shaped structures was only approximately half that of the
figure-eight structure.

Another type of optical loss is generated by absorption of transmitted light by a dopant material, the
principle of which is shown in Figure sD"*. This type of optical loss is common in stretchable optical
sensors. The sensing mechanism of these strain sensors is mostly based on dye absorption spectroscopy,
following the Bouguer-Lambert-Beer law!"*:
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Figure 5. Overview of sensing principles based on optical loss. (A) Schematic diagram of two bending deformations of the optical
fiber'?. Copyright 2023, Elsevier. (a) Micro-bending. (b) U-shaped macro-bending; (B) Stress changes lead to optical loss changes
through changes in sawtooth bending of the optical fiber[”g].Copyright 2016, Elsevier; (C) Three different macro- bendingmm.Copyright
2024, Elsevier. (a) Droplet-shaped. (b) Knot shape. (c) Figure-of-eight shape; (D) Schematic of the sensing principle of a stretchable
optical fiber sensor doped with dye molecules™". Copyright 2022, Elsevier.

AGD=10k(D)cl=10k()cly(1+¢) 2)

where A(Z, ]) is the absorbance, k(1) denotes the molar absorption coefficient, ¢ is the concentration of the
dye molecules, [ is the length of the optical fiber, [, is the original length of the optical fiber, and ¢ is the
strain; that is, the absorbance of the dye molecule changes proportionally with the length of the optical path
I through which the light passes. At the same time, the spectrum T(4, [) of the transmitted light undergoes a
corresponding attenuation:
D(.e)=101 G.) 10k(D)clyet+a(e) (3)
£)=10/log,g———= clyetale 3
£10 TG0 0
where D(J, ¢) denotes the variation in attenuation under strain, and a(e) denotes the optical coupling loss at
the junction. With Equations (3) and (4), the relationship between the spectrum of transmitted light at the
output and the strain of stretchable optical sensors is established, thus realizing sensing.

However, the Bouguer-Lambert-Beer law can be rigorously applied only if certain prerequisites are met,
such as the incident light being monochromatic and parallel or perpendicular, the absorbing substance
being a homogeneous system, and no scattering, fluorescence, or photochemistry of the radiation
interacting with the substance occurring!”’. The reality of complex practical situations often fails to fulfill
these assumptions, leading to inaccurate predictions. Instead, the non-ideal situation is often characterized
by a non-linear relationship between material deformation and light attenuation*?. This discrepancy stems
from competing physical mechanisms: microscopic scattering dominates at low strains. This problem can
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be solved by systematically integrating the scattering parameters into the classical framework, thereby
improving the prediction accuracy and extending the applicability of the law to complex real systems'*>"*.

Optical sensors based on the optical loss principle have the advantages of being simple, easy to operate, and
inexpensive'””. However, since these sensors rely completely on optical loss, any fluctuations in optical loss
due to fluctuations in the light source or other non-investigative factors will affect the stability and accuracy

[138]

of the sensor!*,

Fluorescence-based sensing

Fluorescence sensing technology uses fluorescence signals to detect various substances. It is widely used in
chemical analysis, biomedicine, and environmental monitoring. The basic principle is that certain
substances (usually fluorescent probes or molecules) emit fluorescence at a specific wavelength when
irradiated by an external excitation light source (e.g., UV or visible light)"*. The intensity, wavelength, and
lifetime of the fluorescence signals can reflect the concentration, characteristics, and existence of the
substance under test.

Fluorescence optical fiber sensing is an innovative application that combines fluorescence sensing and
optical fiber technology and is widely used in many fields, such as biomedicine, environmental monitoring,
and industrial process control. By combining fluorescent probes with optical fiber technology, high-
sensitivity, long-distance, real-time monitoring can be achieved while avoiding the limitations of traditional
sensors (e.g., the need for direct contact with the sample)"*!. In the biomedical field, fluorescent optical
fiber sensing technology has many unique advantages and can be efficiently used in a variety of areas, such
as disease diagnosis, molecular labeling, cellular imaging, and real-time monitoring. Fluorescent optical
fiber sensors can be used to extract rich information from different features of fluorescence signals (e.g., the
fluorescence intensity, wavelength, and lifetime), and these distinct methods of fluorescence data analysis
may provide diverse diagnostic tools for biomedical applications.

Currently, most reported flexible fluorescent optical fiber sensors mainly utilize fluorescence intensity
demodulation. Analysis of the fluorescence intensity is the most common way of analyzing fluorescence
data, quantifying the concentration of a target substance, or detecting the presence of a biomarker by
measuring the intensity of light emitted by a probe molecule upon excitation. The fluorescence intensity is
proportional to the concentration of fluorescent molecules in a sample and is therefore widely used for
quantitative analysis. For example, in tumor marker detection, fluorescent optical fiber sensors combined
with specific fluorescent probes can be used to detect trace amounts of tumor markers (such as
carcinoembryonic antigen) in blood or tissues and to assess the presence and concentration of tumors
through changes in the fluorescence intensity. In cellular analysis, when monitoring changes in the internal
environment of cells (e.g., calcium ion concentration and pH changes), changes in the fluorescence intensity
can reflect the cellular status in real time, providing information for early diagnosis of diseases.

Measuring the absolute fluorescence intensity is a straightforward analysis method, but this method can be
influenced by variations in the laser excitation power and other environmental factors. Consequently, the
fluorescence intensity ratio (FIR) technique has emerged as a more reliable optical sensing method. The FIR
technique involves measuring the ratio of the intensities of fluorescence signals at different wavelengths:

I
FIR=—= (4)
I,
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where I, and I, are the fluorescence intensities of two probes at different wavelengths. Typically, this method
employs two different fluorescent probes, each of which emits a fluorescence signal at a distinct wavelength
after being excited""". These probes are specifically chosen so that each fluorescence signal responds
differently to the target substance being measured.

The FIR method reduces the effect of external interference, reduces the dependence on the probe
concentration, increases the sensitivity and resolution, etc. Li et al. hydrophobically modified a pH-sensitive
ratiometric fluorescent probe with a sol-gel material and physically encapsulated it on the surface of an
optical fiber with an antibleaching agent"*!. The 8-hydroxy-1,3,6-styrene trisulfonic acid (HPTS) used in
this study has two excitation bands near 375 and 450 nm that exhibit different pH dependences, making it
suitable for use in the FIR method to monitor the pH to confirm the boundaries of cancer cells. In addition,
by modifying multiple indicators on the fiber surface, multiple biomarkers can also be simultaneously

143]

monitored, reducing cross-sensitivity"*..

Spectrum-based sensing

Spectrum-based optical sensing relies on analyzing the spectral properties of light after its interactions with
a target medium, such as reflection, scattering, and interference, to extract spectral information related to
specific external parameters or medium properties. This principle is widely used in a variety of flexible
optical waveguide sensors, including those based on fiber Bragg gratings (FBGs) and interference sensors.

The FBG sensor features high sensitivity, miniaturization, flexibility, and resistance to electromagnetic
interference'*. It operates by measuring the wavelength shift of the Bragg peak, as shown in Figure 6A".
When broadband light passes through the FBG, only a specific wavelength of light (4;) that satisfies the
Bragg condition is reflected.

When external conditions such as strain or temperature change, these parameters change accordingly,
resulting in a shift in the center wavelength of the FBG. The relationship between the wavelength shift and

[40]

grating period can be simply established by
MB:AaneﬁFXAX (5)

where n, is the effective RI. FBG sensing is based on an external parameter X, which causes a change in the
1, which in turn changes the 4, to thus achieve sensing. Compared with optical sensors, which are based on
optical loss, FBG sensors are minimally affected by fluctuations in the power of the light source and have a
better signal-to-noise ratio (SNR) for high-precision applications. However, a demodulation system is
necessary for FBG sensors, which increases the complexity and cost of the device and operation"*'.
Interferometric sensors function by sensing the phase change caused by light as shown in Figure 6B"".
Interferometers commonly used for human health monitoring include Michelson interferometers, Mach—
Zehnder interferometers"*”, Fabry-Perot interferometers"*, etc., and they have similar working principles.
According to the principle of double-beam interference, the output light intensity can be expressed as"*:

2rAn

L +L+2 T, cos AD =I,+1,+2T,1; cos Teﬁ i (6)
where I, and I, are the intensities of the two beams of light and A® is the phase difference between the two
beams of light, 1 is the wavelength of the light, L is the distance over which the light passes, and An,; is the

difference in the RIs of the media through which the two beams of light pass. It indicates that when the
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Figure 6. Overview of spectral-based sensing principles. (A) Schematic diagram of the FBG sensing principle[SSJ.Copyright 2019, MDPI;
(B) Schematic diagram of the interferometric systems sensing principle™”. Copyright 2024, Elsevier; (C) Sensing for respiratory rate
monitoring using reflectance spectroscopy'“®’. Copyright 2022, MDPI. FBG: Fiber Bragg grating.

optical waveguide is subjected to external forces or changes in the RI due to temperature changes, the
optical range difference between the two beams of light changes, and the corresponding phase difference
and interference light intensity also change, thus realizing sensing. Zhao et al. implemented human breath
sensing using a Fabry-Perot interferometer to measure the reflectance spectrum, as shown in Figure 6C"*,

experimentally demonstrating the stability, high sensitivity, and practicality of interferometry for human

health sensing applications.

APPLICATIONS OF FLEXIBLE OPTICAL WAVEGUIDES IN HUMAN HEALTH AIDS

Flexible optical waveguides have demonstrated wide-ranging potential in biomedical and engineering
contexts due to their unique combination of optical performance, mechanical adaptability, and
biocompatibility. In recent years, an increasing number of researchers have developed devices using
different types of flexible optical waveguides for human health diagnosis, monitoring, or assistance. In
general, human health information includes in vivo information such as blood (blood glucose, blood
oxygen, and other biomarkers), physiological cell and gene information; surface information such as body
temperature, cardiac output (heartbeat, HR, etc.), blood pressure, respiration, and electrolyte balance (sweat,
humidity, and pH); and extracorporeal information such as plantar pressures, joint flexion, tooth grinding,
and facial muscle twitching. Invasive or noninvasive devices fabricated using flexible optical waveguides can
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enable diagnosis or monitoring of the above human health signals. To provide readers with a clear overview
before delving into detailed case studies, we summarize in Table 2 the representative categories of flexible
optical waveguides, their performance indicators, and specific biomedical applications. This comparative
summary highlights not only the material and performance characteristics but also examples of how each
category is being applied in invasive biomedical diagnosis and therapy, contact physiological information
monitoring, and interactive soft robots.

This comparative framework not only clarifies the trade-offs among different waveguide platforms in terms
of optical, mechanical, and biological performance but also highlights their translational relevance across
diverse biomedical scenarios. Guided by this framework, the following subsections provide a detailed
analysis of the state-of-the-art applications of flexible optical waveguides in invasive biomedical diagnosis
and therapy, contact physiological information monitoring, and interactive soft robots.

Invasive biomedical diagnosis and therapy

The human immune system is highly exclusive, making biocompatibility or biodegradability crucial for
modern medical devices. Within tissues, photons interact with biological matter through various processes,
producing various effects on tissues and cells"*. In this context, flexible optical waveguides fabricated from
different materials for use in invasive biomedical devices have been extensively explored, opening new
possibilities for biomedical applications. Researchers have made notable progress in the use of flexible
optical waveguides for drug delivery, in situ analytical detection, and biomedical therapy.

Drug delivery

Conventional drug delivery systems for tumors and many chronic diseases rely primarily on the passive
transport of small-molecule drugs through the body. The effectiveness of this transport is closely related to
the physicochemical properties of the drug molecule, such as the drug solubility and drug dissociation
constant"*!. However, these physicochemical properties of drugs may lead to limitations in the therapeutic
efficacy for the disease!
waveguide-based intelligent drug delivery systems that enable controlled release of drugs in the body have
been developed in recent years.

162

I'and to excessive accumulation in nontarget organs"®. Thus, flexible optical

When light is used as a stimulus, optical fibers can be used to remotely manipulate drug release. In addition,
spatial and temporal control of drug release can be achieved by varying the light intensity and exposure time
to precisely regulate the corresponding dose'*'**. As shown in Figure 7A"", Kurochkin et al. presented a
method for photothermally activating and releasing encapsulated substances from the surface of a
photosensitive polymer 3D microstructured film (PTMF) in picogram quantities in different environments
using laser radiation delivered by multimode optical fibers'*". Sui et al. presented a novel structured polymer
optical fiber (POFs) with an ultrahigh numerical aperture (NA) for drug delivery and neuromodulation
field™. The optical waveguide developed was made of three polymer materials-polycarbonate (PC),
polysulfone (PSU), and fluorinated ethylene propylene (FEP)-and had improved flexibility and fiber
lighting angle compared with traditional silicon optical fibers, making it suitable for use as an implantable
material.

In situ analytical detection

In-situ analytical detection plays a crucial role in biomedical diagnostics by enabling real-time monitoring
of analytes such as blood glucose, blood oxygen, and various biomarkers. These analytes provide valuable
insights into the state of health and disease, facilitating early detection and management of conditions such
as diabetes, respiratory distress, and cardiovascular diseases. By integrating waveguides into sensors and
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Table 2. Representative categories of flexible optical waveguides, their performance indicators, and specific biomedical applications

Waveguide category Optical Mechan.|cal B|ocompa.t!b|llty and Biomedical applications Ref.
performance properties degradability
Hydrogel-based Transmission loss: Flexible, but Biocompatible; non- « Invasive diagnosis and therapy: [68,
~0.2-25 dB/cm; limited robustness biodegradable in situ analytical detection, 150,151]
visible-NIR biomedical therapy
* Contact monitoring:
cardiorespiratory function
assessment
Elastomer-based Transmission loss: Highly stretchable Biocompatible; non- * Contact monitoring: motion [49,52,
~0.1-0.5 dB/cm; (>100%); durable biodegradable pattern recognition, 152-155]
visible—IR cardiorespiratory function
assessment
* Interactive robots
Biodegradable polymer Transmission loss: Moderate Biocompatible; * Invasive diagnosis and therapy: [47]
~0.5-2 dB/cm; visible flexibility; limited  biodegradable biomedical therapy
~NIR lifetime
Hybrid/nanocomposite (e.g., Transmission loss: < Tunable flexibility; Partially biocompatible; < Invasive diagnosis and therapy: [48,54,
polymer + nanoparticles, 0.5 dB/cm; enhanced non-biodegradable drug delivery, in situ analytical 156-159]
nanofibers) broadband robustness detection, biomedical therapy

* Contact monitoring: motion
pattern recognition,
cardiorespiratory function
assessment

* Interactive robots

NIR: Near-infrared; IR: infrared.

probes, researchers can develop minimally invasive diagnostic tools capable of continuous monitoring
within biological tissues"*. This section delves into recent advancements in the use of flexible optical
waveguides for in-situ analytical detection, elucidating their transformative potential in advancing
healthcare through early disease detection and tailored therapeutic interventions.

Blood glucose

Monitoring of blood glucose levels is paramount in the management of diabetes, a chronic condition
affecting millions of people worldwide. Flexible optical waveguides offer promising avenues for continuous
and minimally invasive monitoring of blood glucose. Currently, sensors based on diffraction gratings"*”,

optical fibers"**'*”, holographic sensors"””, tapered optical fibers!"”, phenylboronic acid (PBA)-based
hydrogel gratings"”?, and nanostructured optical fibers"” have been successfully applied to monitoring of
glucose concentrations. However, their performances in terms of concentration measurement ranges,
detection times, and detection limits widely vary. Selected flexible optical waveguide glucose sensors with
high sensing performance are described in the following section. Fluorescent hydrogel fibers that enable
long-term in vivo glucose monitoring were reported long ago, but this technique does not apply to
individuals with skin pigmentation or tissue light scattering and is affected by the epidermal thickness"”*.

Yetisen et al. obtained quantitative glucose readings via changes in the intensity of light transmitted through
hydrogel optical fibers functionalized with PBA"". Elsherif et al. built on previous research to develop an
optical fiber probe for continuous glucose monitoring under physiological conditions [Figure 7B"**] on the
basis of cutting-edge functionalization of silica and biocompatible hydrogel fibers"*".. In recent years, optical
fiber surface plasmon resonance (SPR) sensing technology has been used to successfully measure various
biochemical indicators in the human body because of its high sensitivity and stability. Zheng et al.
developed a reflective optical fiber SPR dual-parameter biosensor for simultaneous detection of glucose and
cholesterol concentrations. The sensor was coated with Au nanoparticles (AuNPs) to modulate the
resonance wavelength and enhance the sensor sensitivity, whereas P-mercaptophenylboronic acid (PMBA)
and B-cyclodextrin (B-CD) were chosen as sensitive materials to avoid cross-sensitivity"””. In addition, the
3D hybrid array Ag/metal-organic framework (MOF) multi-plasma resonator cavity system [Figure 7C""]



Yang et al. Soft Sci. 2025, 5, 46 | https://dx.doi.org/10.20517/ss.2025.44 Page 19 of 39

ez a i C
anes iy " Multi-mode Op:]lgz; :'rb er
o optical fiber

Gold Vad Release
0

nanofilm Air RhB

Silica fiber

a
Glucose
sensing PEGDA fiber

material on
the replica
diffuser \Av/
i) UV Curi
(i) unng ,u,hmﬂ:\

i (iii) (,) (ii) Polymer Phenylboronic Glucose
o matrix acid o

\EUACOOh TCPP Cu TCPP

E o ®

= B8.F8G YPF NBFBG

e

w& / e
N

Temperature control

Data acquisition
board DBR SFFL

Green laser
output

Figure 7. Typical application examples of drug delivery and in vivo analyte detection. (A) Demonstration of the feasibility of laser-
triggered photothermal unsealing of PTMF chambers in three different environments: air (a), deionized water (b), and 1% agarose gel
(b), with laser beams transmitted through optical fibers™*>. Copyright 2020, Elsevier; (B) Functionalization processes in silicon dioxide
and hydrogel fibers (a and b) and glucose-boron complexation in the hydrogel matrix inducing positive volumetric shift ()"
Copyright 2019, Elsevier; (C) Schematic diagram of the ARC/Ag/MOF sensor structure!”™.Copyright 2023, Elsevier; (D)
Polymerization of the sensing gel at the tip of the optical fiber during the manufacturing process of the OF sensor (a) and integration of
AuUNPs into PBA-based hydrogel OF sensor (b)""®.Copyright 2024, Wiley; (E) Experimental setup for detection of hemoglobin not
drawn to scale (a-e)""""). Copyright 2023, Elsevier; (F) Schematic illustration of npRDW TFs for neurotransmitters’ SERS signal detection
(a) and optical images (b) and SEM images of the npRDW TF (). Copyright 2023, Wiley. PTMF: Polymer 3D microstructured film;
ARC: ab initio REPEAT charge; MOF: metal-organic framework; OF: optical fiber; AuNPs: Au nanoparticles; PBA: phenylboronic acid;
npRDW: nonplanar repeated dewetting; TFs: tapered fibers; SERS: surface-enhanced Raman spectroscopy; SEM: scanning electron
microscope.

for SPR sensing proposed by Li et al. filled the gap of D-shaped plastic optical fiber (D-POF) SPR sensors in
the field of high-sensitivity detection of low glucose concentrations"”. As shown in Figure 7D"", Ahmed
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et al. prepared a fiber-optic sensor based on a nanocomposite hydrogel loaded with AuNPs in a PBA-based
hydrogel matrix, which exhibited excellent sensitivity, a fast response time (30 s), and a detection limit of
1 mm!7,

Blood oxygen and other biomarkers

Blood oxygen levels and various biomarkers serve as critical indicators of physiological health and disease
status. By leveraging flexible optical waveguides, researchers have developed innovative techniques for real-
time, noninvasive monitoring, paving the way for personalized healthcare interventions. Deng et al.
described a highly sensitive hemoglobin detection method based on polarization-differential
spectrophotometry with excellent detection accuracy and sensitivity [Figure 7E"”"], which can be applied to
the early diagnosis of diseases!”. Similarly, Rahad et al. performed hemoglobin concentration
measurements using a novel RI nanosensor based on a metal-insulator-metal (MIM) waveguide!”. Luo
et al. fabricated a reflective fiber-optic sensor for hemoglobin detection using the mechanism by which
hemoglobin binds to oxygen and is converted to oxyhemoglobin and SPR theory"”. In brain science
research, Zheng et al. detected neurotransmitters in the micromolar range using a surface-enhanced Raman
spectroscopy (SERS)-active neural probe based on a tapered fiber (TF), as shown in Figure 7F"*". To meet
the needs of personalized medicine, Safaee et al. proposed an optical core-shell microfiber textile containing
single-walled carbon nanotubes (SWCNTs) for real-time optical monitoring of the hydrogen peroxide
concentration in in vitro wounds"*’.

Biomedical therapy

Biomedical therapeutic applications of flexible optical waveguides leverage the unique properties of photons
through photochemical or photophysical mechanisms. These mechanisms encompass a spectrum of
techniques, including photothermal therapy (PTT), photodynamic therapy (PDT), photobiomodulation
(PBM), and optogenetic therapy. The integration of flexible optical waveguides enhances the efficacy and
safety of these therapeutic modalities by facilitating targeted light delivery to specific anatomical sites with
minimal invasiveness"". In this section, the diverse applications of flexible optical waveguides in
biomedical therapy are explored, highlighting their role in advancing therapeutic interventions for various
diseases and medical conditions.

Photomedicine

Currently, phototherapy for cancer consists mainly of PTT and PDT. In PTT, the conversion of light energy
into heat is used to selectively target and destroy cancer cells"*.. Flexible optical waveguides can precisely
deliver the necessary light to tumor sites, minimizing damage to surrounding healthy tissues and enhancing
treatment specificity. PDT involves the use of light-activated photosensitizers to produce reactive oxygen
species that can kill cancer cells or pathogens"***. The use of flexible optical waveguides in PDT allows
accurate delivery of light to deep tissues, improving the effectiveness and precision of the therapy. An
upconversion nanoparticle (UCNP) is the ideal wireless transducer for PDT, converting near-infrared light
that penetrates deep tissues into visible light for phototherapy. As shown in Figure 8A, Teh et al. developed
a biocompatible UCNP implant delivered in flexible hydrogel optical waveguides. The system was
successful in achieving chronic PDT in an unfettered and noninvasive manner in a mouse model of
glioblastoma. The application of photomedicine treatments in deep tissues is often challenging because of
the possible risk of hyperthermia (damage to normal tissues)"*. Recently, Chen et al. prepared a
temperature-adaptive hydrogel fiber-based optical waveguide (THFOW) [Figure 8B], which can eliminate
deep tumor cells through thermally modulated interventional photomedicine*”. According to the study
results, the THFOW showed good light propagation properties and thermal sensitivity along with soft tissue
affinity and was effective in eliminating tumor cells and reducing the risk of overheating in a mouse model.
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PBM

PBM uses low-level laser or light therapy to stimulate cellular function and promote tissue repair'
mechanisms have been widely hypothesized to elucidate these effects"**'*”. Although these mechanisms are
still poorly understood, significant progress has been made for PBM in the development of wearable devices
for wound healing"*, traumatic brain injury"®, and cognitive improvement"™"". Flexible optical
waveguides enable efficient delivery of light to targeted areas, which further enhances the therapeutic effect.
A smart textile made of POFs with V-grooves and cotton yarn was designed for low-intensity phototherapy
and exhibited excellent optical and thermal properties'*”. PBM therapy has shown good results in bone
regeneration treatment. As shown in Figure 8C, Jiang et al. fabricated implantable and biodegradable poly
(L-lactic acid) and poly (L-lactic-co-glycolic acid) photoconductors for bone regeneration””. In the study,
accelerated bone regeneration and repair processes were achieved by introducing green light into defective
bone structures using a light waveguide in a rodent model. Conventional PBM treatments are limited in that
only a very small amount of effective light reaches the neural tissues of the spinal cord. Zuo et al. and Liang
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et al. developed a method of delivering near-infrared light to deeper structures of the spinal column using
flexible optical fibers and verified that the fiber-diffused light had no side effects on normal tissues in a
piglet model"*****.

Optogenetics

Optogenetic therapy involves the use of light to control cells within living tissue that have been genetically
modified to express light-sensitive ion channels"*”. The advantages of optogenetic therapy over other
techniques include small wounds and high temporal and spatial resolution
provide a minimally invasive means to deliver precise light pulses, facilitating control of neuronal activity
for research and potential treatment of neurological disorders. Systems that utilize optical waveguides for
optogenetic applications can be broadly classified into two categories: wired optogenetic systems and
wireless optogenetic systems"””. Gutierrez et al. completed an optogenetic study on a mouse model using an
optical fiber-based wired system"**. However, owing to the fixed light source and the limited length of the
optical fiber, this wired optogenetic system could limit the subject’s range of motion during the
experiment"”. Recent studies have demonstrated the feasibility of wireless optogenetic systems that

[196

. Flexible optical waveguides

combine the three procedures of light-activated retinoid delivery, photo delivery, and subsequent electrical
recording in a miniature, flexible, all-polymer waveguide device"*>****'l, The multifunctional neural probe
introduced by Park et al. consists of an optical waveguide, six electrodes, and two microfluidic channels
fabricated by fiber-optic drawing®”. The flexible probe is made entirely of polymers and polymer
composites that minimize the tissue response, enabling long-term, multimodal, high-fidelity detection of
brain circuits.

Contact physiological information monitoring

Long-term monitoring of physiological information is a key application area of flexible optical waveguides
beyond invasive biomedical diagnostics. Researchers are developing a wide range of photonic textiles,
wearable devices, and Internet of Things (IoT) furniture for long-term monitoring using various flexible
optical waveguides. In this section, we report research advances in contact physiological monitoring devices
based on four different usage scenarios: motion pattern recognition, cardiorespiratory function assessment,
sleep state recording, and pronunciation detection.

Motion pattern recognition

Several physiological changes can occur when the human body moves, the most intuitive of which can
involve joint movement, muscle contraction, and plantar pressure. Monitoring these physiological signals
for motion pattern recognition can help the public better understand their exercise health status and
support specific scenarios, such as athlete training and physician diagnosis.

Gait

Gait is an important indicator for assessing human health, and people with conditions such as Parkinson’s
disease, diabetes, and stroke often exhibit unique gait characteristics, which can be used to analyze details
such as the plantar pressure, step count, and walking speed. Therefore, developing devices for gait
monitoring is promising for preventing falls in elderly individuals, assisting athletes in training, and
improving shoe design. Domingues et al. designed an insole with an FBG network for remote gait analysis,
and the study showed that this IoT monitoring device successfully enabled monitoring and analysis of the
plantar pressure in the standing and walking phases of gait®. However, the FBG optical fiber used in this
study may present potential safety hazards because of its insufficient flexibility. Recently, the POF-based
smart insole [Figure 9A™*'] developed by Xiang et al. demonstrated good performance in gait monitoring™*”.
Avellar et al. demonstrated smart pants for biomechanical and activity recognition by developing a POF to
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achieve controlled modulation measurement coupled with a light source with low cost, high reliability, and
flexibility””!. Zhang et al. proposed a noncontact bendable sensitive sensor that uses a semiring optical fiber
(SROF) waveguide made of polymethyl methacrylate (PMMA) integrated with a wearable knee brace'*..
The sensor responded synchronously with the subject’s muscle deformation during movement, and four
abnormal gaits and one normal gait were identified through data processing. With respect to health assistive
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device design, Leal-Junior et al. proposed a 3D printing-supported gait assistive and rehabilitation device
with embedded POFs, enabling pressure and microclimate change assessment™*.

Joint movement

In addition to the gait information reflected by the plantar pressure and changes in the leg muscles when
standing, the movement of the joints (knees, elbows, efc.) of the human body when walking also contains
much health information. Wang et al. proposed a wearable D-shaped POF sensing system based on
machine learning for human motion recognition*”. The designed wearable sports cuffs were worn on the
elbow and knee joints of the human body, and good results were achieved in the recognition of six types of
movement, such as walking, running, and climbing stairs. As shown in Figure 9B, Jiang et al. recently
proposed self-powered mechanoluminescent elastic optical waveguides combined with flexible circuits,
which were successfully applied in the monitoring of the bending motions of fingers, wrists, and elbows,
showing excellent sensing performance!*”. The stretchable TPE optical fibers proposed by Leber et al. can
reliably assess extreme mechanical stimuli, and their utility was demonstrated in a scaffold used for tracking
motion tracking™'*. Zhou et al. reported a self-powered stretchable fiber-optic strain sensor with a
distributed sensing capability based on mechanoluminescent optical fibers, in which mechanoluminescent
phosphors that emitted light of different colors were discretely integrated into the housing of an elastomeric
fiber”!. The sensor acquired bending information from different parts of the finger joints and used it for
complex gesture judgment.

Micromotion

Micromotion of the body, such as throat vibrations, muscle twitches, and teeth clenching, plays an equally
important role in physiological health monitoring. As shown in Figure 9C"*, Wang et al. proposed a novel
wearable optical microfiber smart sensor based on wavy polymer optical microfibers (WPOMF) and
successfully conducted behavioral detection experiments with this sensor**.. With the assistance of artificial
intelligence (AI), the WPOMF sensor placed on the larynx achieved articulatory recognition of key medical
monitoring words. Qian et al. presented a flexible and sensitive mechanoluminescent device with an elastic
modulus modified by a nano-dopant, which enabled light emission driven by muscle movement, i.e., the
photonic skin phenomenon™. An interactive mouthguard based on a mechanoluminescence-driven
optical fiber sensor can be used for the operation of an occlusal control device, as proposed by Hou
et al.”™. The sensor can be used to operate computers, smartphones, and wheelchairs through occlusion,
showing great promise for applications.

Cardiorespiratory function assessment

Cardiorespiratory function is one of the most important indicators of human health. Many diseases,
although difficult to detect in the early stages, can be detected based on subtle changes in cardiorespiratory
function. Thus, flexible optical waveguide devices to monitor physiological information over long periods
have been developed, offering significant potential for health monitoring. This section reports advanced
cases of flexible optical waveguide applications in pulse wave, heartbeat, and respiration monitoring.

Pulse waves

Monitoring pulse waves is essential for assessing cardiovascular health. Koyama et al. reported the use of a
plastic FBG optical sensor to measure pulsating strain at the fingertip””. They successfully applied this
sensor to pulse rate estimation, overcoming the safety hazards of quartz fiber grating sensors. Li et al.
developed a microfiber optical sensor with a PDMS hybrid plasmonic microfiber knot resonator PDMS
sandwich structure for monitoring clinical physiological signals”*. The sensor was successfully used for
wrist pulse wave and finger pulse wave monitoring, showing excellent sensitivity. Liang et al. presented a
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wearable flexible sensor combining ultrafine optical fibers as optical waveguides that can be used to
accurately detect pulse waves, HRs, and blood pressure®. Additionally, using PDMS-encapsulated
microfibers, Wang et al. reported a flexible strain sensor with an extremely high sensitivity and very low
detection limits”"”. This Sagnac interferometer may provide new ideas for the design of wearable devices for
underwater human physiological signal detection. Pan et al. reported a flexible liquid-filled fiber adapter
(FLFFA) based on the principle of intensity sensing and successfully implemented sensing in areas such as
real-time monitoring of the wrist pulse®'. The sensor consists of a flexible glycerin-filled tube and two silica
fibers, and as light propagates through it, part of the light is radiated from the FLFFA into the environment,
causing a loss of light intensity. Recently, Li et al. presented an optical fiber sensor-assisted smartwatch for
accurate continuous blood pressure monitoring, which also uses liquid filling [Figure 10A]"**. The liquid
capsule in the smartwatch allows spatial insensitivity and free alignment according to Pascal’s principle
while also improving the coupling between the sensor and the body.

Heartbeat

Accurate heartbeat monitoring is critical for early diagnosis and management of cardiac conditions.
Bonefacino et al. presented a PMMA-based doped polymer FBG and successfully applied it to heartbeat
monitoring of the brachial artery and chest””. A new dopant material, diphenyl disulfide, was reportedly
used in this FBG, which exhibited at least 15 times higher sensitivity than silica glass fibers. Rein et al.
proposed diode fibers for fabric-based optical communications, which were processed by a scalable hot-
drawing process for electrically connected diode fibers””. When light-emitting and light-detecting fibers are
placed 5 mm apart and a finger is placed on them, the reflected light, which is sensitive to the blood
circulation in blood vessels close to the skin, can be recorded. HR measurements revealed that these devices
have potential for use in a whole-fabric physiological state monitoring system. Furthermore, Bae et al.
presented a new method for fabricating stretchable optical waveguides [Figure 10B] that can be combined
with integrated functional devices for multifunctional healthcare monitoring"™. Based on this platform, the
communication of photoplethysmogram (PPG) information, including HR, oxygen saturation, respiratory
rate, coughing, and sighing, was successfully demonstrated. Lo Presti et al. proposed a fiber-optic-based skin
interface biosensor (i.e., a smart patch) capable of simultaneously monitoring the HR and respiration rate
(RR)™. The smart patch was shown to estimate the RR and HR with high fidelity under different breathing
conditions and common daily body postures.

Respiratory

Common human respiration monitoring can be realized by monitoring chest and abdominal expansion,
expiratory humidity, or respiratory airflow. Recently, various innovative approaches have been developed.
For example, Yi et al. presented a novel fiber-optic humidity sensor based on tapered microfibers coated
with deposited gelatin, which demonstrated an excellent respiratory mode sensing capability in nasal
breathing humidity monitoring®*. Bao et al. reported a wearable all-fiber-optic flexible humidity
transducer for respiratory monitoring that recognizes different respiratory patterns and allows extraction of
the respiratory frequency from the sensor response”. Further expanding the scope, Zhang et al. presented
cantilevered optical micro- and nanofibers (MNFs) for a multifunctional fiber-optic airflow sensor, in
which the cantilever was made of a PDMS substrate encapsulated by MNFs"'*. These optimized sensors
enable real-time detection and recognition of various respiratory signals, including normal breathing, deep
breathing, and coughing. Zheng et al. developed a multifunctional active plasma platform based on a
moisture-driven metal-hydrogel-metal hypersurface and demonstrated an example of its use as a high-
performance optical respiration sensor*!. This innovation highlights the potential of combining different
materials for enhanced sensor performance. As shown in Figure 10C, Mishra et al. presented a wearable
system with a bidirectional stretchable and skin-mountable balloon shape!™. This spherical waveguide
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Figure 10. (A) Schematic of the blood pressure monitoring system (a), Grid sensing area on the wrist and arterial pulse signals collected
by sensors from different sites (b), typical pulse wave signals with features defined (c), and estimation process of the blood
pressure(d)"*. Copyright 2023, Springer Nature; (B) Strain tests of LGPs with the strain values ranging from 0% to 50% (a), IR image
of LGP embedded with a AgNW heater (b), design schematic of stretchable pulsed oximetry (c), and PPG signal was acquired using p-
LEDs with 630 and 850 nm (d)"**. Copyright 2020, American Chemical Society; (C) Schematic representation of the proposed flexible
photonic interferometer (a and b), analysis of bi-directional stretching of sensors (c and d), and the system'’s real-time reaction for
monitoring breathing (e)".Copyright 2023, Wiley. LGPs: Light guide panels; IR: infrared; AgNW: silver nanowires; PPG:
photoplethysmogram; LEDs: light-emitting diodes.

encapsulated in a PDMS film is based on the interference between the core and higher-order cladding
modes due to single-mode fiber (SMF) bending, which enables human respiration and pulse wave
monitoring. Additionally, Zhang et al. proposed a PMMA-PDMS fiber with good stretchability and
achieved functional validation in various aspects, such as respiratory monitoring””. Finally, Shen et al.
proposed a wearable WaveFlex sensor that incorporates a flexible wavy POF, which enables monitoring of
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physiological signals such as respiration of the human body in different postures*'*.

Interactive soft robots

Interactive soft robotics represents a rapidly evolving field with significant implications for healthcare and
assistive technologies. These systems, often composed of flexible materials integrated with optical
waveguides, are designed to interact with human users safely and adaptively. In this context, researchers
have investigated various configurations and materials to enhance the functionality and integration of soft
robotics in medical and assistive devices. Notable progress has been made in developing interactive soft
robotic systems, such as robotic prosthetics and assistive robotic hands. These advancements enable more
intuitive and responsive interfaces between robots and users, improving the effectiveness of rehabilitation
and daily assistance. This section reviews recent advancements in interactive soft robotics, focusing on their
development and application in enhancing human-machine interactions (HMIs).

Unlike devices used for physiological information monitoring, some wearable devices have already realized
human-computer interactions. Various devices based on flexible optical waveguides for recognizing gesture

52,114,219-221

information and reconstructing 3D models have been developed! |, providing new ideas for bionic
mechanical manufacturing. Khan et al. developed a novel strain sensor based on an optomechanical
concept, in which the device senses the magnitude of the strain it experiences through a change in the
transmittance of a flexible optical waveguide prepared from an Eco-flex/MoS, material**'. Additionally, the
sensor was applied to develop a glove to achieve effective control of different parts of the bionic robot NAO.
In another bionic stretchable optical fiber sensor proposed by Li et al. [Figure 11A], optical fibers were
embedded into Eco-flex films to form Lindernia nummularifolia (LN) structures®”. The sensor has an
excellent response to strain and the bending angle and can translate real-time human motion signals into
control commands for HMI applications. Researchers have further developed immersive rehabilitation
training systems and remote robot-assisted motion stacking games for disabled and sick people, which have
rich application prospects. In addition to HMIs, devices that realize human-machine-environment
interactions exist. For example, to realize real-time dynamic monitoring of exposure to viruses or bacteria in
the environment, a wearable freeze-dried, cell-free (WFDCF) platform was developed by Nguyen et al."*.
The reported wFDCF POF system apparel involves attaching a fabric-based module to a wearable POF
spectrometer with wireless connectivity, which is then integrated with a wireless mobile app. The app
enables continuous cloud-based data logging, signal processing, geolocation tracking, and real-time control

of various detector components from a smartphone or other connected digital device.

Another application of interactive soft robots is bionic mechanical grippers, the development of which has
exploded. Owing to the advantages of the materials and sensing ability of flexible optical waveguides, many
well-performing soft grippers and even bionic robots have been reported in recent years”>*. As shown in
Figure 11B, Guo et al. used AuNPs and elastomer composites to make flexible plasma fibers and proposed a
flexible optical tactile sensor®. The hardness, roughness, and shape of an object can be sensed via this
sensor integrated into a robotic hand. The tactile perception of the human hand when grasping includes the
perception of static friction or slippage in addition to the perception of a positive pressure”*. Therefore,
artificial tactile sensing, especially friction measurement and slip detection, plays a crucial role in robot
operation”””*, The optical microfiber-based flexible tactile sensors inspired by finger skin designed by
Jiang et al. have force sensing and slip detection capabilities®”. When connected to a robotic gripper, the
soft sensor successfully distinguishes between soft and hard objects, measures the grasping force, and
detects object slip, making it suitable for robotic grasping and manipulation. In some recent studies,
inspired by topological mechanics, Pan et al. developed optical fiber knot (OFN) sensors that can be used
for slip detection and friction measurements [Figure 11C]*". The twisted structure of the knot allows the
sensor to sense not only loads along the fiber direction but also slippage and triaxial forces through
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Chemical Society; (B) Schematic illustration of the tactile sensor (a), real-time response recorded from different finger sensors for
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hardness, roughness, and shape of objects (c-e)™. Copyright 2023, Wiley; (C) Schematic diagram of the OFN sensing system (a), finite
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tri-axial force sensing signals and snapshots during the cutting experiment and the unlocking experiment, respectively (f and g)®*.
Copyright 2023, Opto-Electronic Journals Group. BSOS: Bioinspired stretchable optical fiber-based sensor; HMI: human-machine
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customized detection algorithms. By utilizing the advantages of both optical and electrical dual modes,
Shang et al. developed a dual-mode haptic sensor that enables the detection of slippage as well as
instantaneous adjustment of the clamping force”. In this study, a microstructured piezoresistive layer was
constructed for static pressure sensing, and a triboelectrification-induced electroluminescence (TIEL) layer
was constructed for dynamic sensing of the sliding force.
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FUTURE PERSPECTIVES ON THE TECHNOLOGICAL DEVELOPMENT OF FLEXIBLE
OPTICAL WAVEGUIDES

Flexible optical waveguides have emerged as transformative technologies in biomedical applications,
offering distinct advantages over conventional optical fibers, such as enhanced flexibility, biocompatibility,
and integrability with wearable and implantable systems. Despite significant advancements, several issues
must be addressed to facilitate their widespread clinical and industrial adoption. This section outlines key
areas for future research and technological development.

Advancing material design and fabrication techniques

The development of novel materials and scalable fabrication processes is crucial for the next generation of
flexible optical waveguides. Current materials, including hydrogels, elastomers, and biodegradable
polymers, show promise but must be optimized in terms of mechanical robustness, optical performance,
and long-term stability”***". Future research should explore high-performance hybrid materials that
combine nanocomposites, functionalized polymers, and bioinspired materials to create waveguides with
tunable mechanical and optical properties, enhancing the durability and signal integrity. Additionally,
improving fabrication methods is essential for scalable production. Existing techniques such as
photopolymerization, thermal drawing, and microfluidic molding often fall short in precision and
consistency for large-scale manufacturing. Advancements in roll-to-roll processing, 3D printing, and
electrospinning could increase the scalability and reproducibility needed for flexible optical waveguides.
Moreover, integrating optical waveguides with microfluidics, soft electronics, and bioelectronic interfaces
may enable multifunctional capabilities, expanding their use in applications such as real-time health
monitoring"**.

Enhancing functional performance and sensing capabilities

Flexible optical waveguides operate primarily on the basis of optical loss, fluorescence, and spectral
modulation principles, but their sensing performance can be significantly enhanced by integrating them
with emerging photonic and nanophotonic technologies. One promising approach is to incorporate
metastructures and plasmonic nanoparticles into optical waveguides to create metasurface-assisted devices.
This strategy could enhance light-matter interactions, enabling ultrahigh sensitivity for biochemical and
physiological sensing applications”>***l. Another avenue for improvement is the development of stimuli-
responsive optical materials, such as thermochromic, mechanochromic, or bioresponsive materials, which
would allow waveguides to dynamically adjust their optical properties in response to environmental
changes, thereby improving the real-time adaptability”*. Furthermore, integrating self-powered sensing
capabilities into optical waveguide systems by incorporating triboelectric nanogenerators, piezoelectric
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elements, or biofuel cells could eliminate the need for external power sources. This integration would enable
autonomous and long-term sensing applications, enhancing the practicality and versatility of flexible optical
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waveguides'

Overcoming challenges in device miniaturization and system integration

The practical deployment of flexible optical waveguides often faces challenges because of their reliance on
bulky optical components such as power meters and signal demodulators. To address this, one approach is
to integrate miniaturized photonic circuits. At the electronic level, co-integration of photodetectors (e.g.,
silicon or organic photodiodes) with low-noise transimpedance amplifiers, programmable-gain readout,
and on-chip analog-to-digital conversion can reduce parasitics and improve SNR, while compact
microcontrollers enable on-node preprocessing (filtering, demodulation, feature extraction) to lower data
rates and power. By incorporating on-chip waveguide structures, silicon photonics, and quantum dot-based
light sources, compact, portable, and high-performance optical sensing systems can be developed. This
would not only reduce the footprint of the device but also enhance its overall functionality. Another key
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direction is the development of wireless and IoT-enabled platforms. Optical sensors equipped with
Bluetooth or 5G capabilities can facilitate continuous, remote health monitoring by seamlessly transmitting
real-time physiological data to cloud-based analytics platforms”*'7>**. System-level design for such platforms
should consider tight power and thermal budgets (e.g., duty-cycling of sources and readout, adaptive
sampling), electromagnetic compatibility/shielding, time-synchronized driving and detection, and robust
demodulation to maintain performance under ambient light and motion. Data integrity, on-device
compression, secure transmission, and firmware/OTA update pathways further influence clinical readiness
and maintainability. Additionally, improving optical coupling mechanisms is essential for enhancing device
reliability and reducing signal losses. Advanced alignment techniques and micro-optical components can
significantly increase the waveguide-to-fiber and waveguide-to-detector coupling efficiencies, ensuring
seamless integration with existing optical infrastructure and optimizing the performance of flexible optical
waveguides. Finally, biocompatible encapsulation, hermetic sealing around electronic interfaces, and reliable
flexible interconnects with appropriate strain-relief are critical to preserve calibration, bandwidth, and
longevity during repeated deformation and sterilization cycles.

CONCLUSION AND OUTLOOK

We have comprehensively reviewed the design and diverse biomedical applications of flexible optical
waveguides. By exploring the unique optical and mechanical properties of advanced materials such as
hydrogels, elastomers, and biodegradable polymers, our analysis underscores how these flexible platforms
overcome the limitations of traditional rigid systems. These waveguides enable high-sensitivity sensing,
minimally invasive diagnosis, and targeted therapeutic intervention, thus laying a solid foundation for real-
time health monitoring and enhanced clinical performance.

Looking ahead, flexible optical waveguides represent a rapidly evolving technology with significant potential
not only in biomedical applications but also in neuroengineering and interactive soft robotics. However, to
achieve their full potential, key challenges in material innovation, functional enhancement, miniaturization,
and system integration must be addressed. Future research should focus on developing scalable fabrication
techniques, intelligent self-powered sensing systems, and multimodal photonic integration strategies.
Overcoming these hurdles will be pivotal in advancing next-generation healthcare technologies and
establishing flexible optical waveguides as core components in emerging medical and engineering
applications. Regulatory considerations, clinical translation barriers, and commercialization pathways are
critical factors for the widespread adoption of flexible optical waveguide-based devices. Regulatory approval
processes must be navigated, ensuring that these devices meet safety and efficacy standards. Additionally,
overcoming clinical translation challenges, such as biocompatibility and long-term stability, will be key to
successful deployment in healthcare settings. Commercialization efforts will require the development of
cost-effective manufacturing processes, along with market acceptance, to realize the full potential of these
technologies in real-world applications.
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