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ABSTRACT

Multimaterial optical fibers provide a versatile platform for integrating diverse functionalities—such as waveguiding, side
emission, sensing, and actuation—into a single filament. Although traditional multimaterial fibers have primarily been fabricated
from rigid materials such as silica and thermoplastics for optoelectronic applications, recent developments have shifted the
focus toward soft systems composed of elastomers, hydrogels, and their composites. Owing to their mechanical compliance and
biocompatibility, these soft fibers are particularly well suited for wearable, implantable, and tissue-integrated devices used in
diagnostics and phototherapy. This review provides a comprehensive overview of the rapidly developing field of soft multimaterial
optical fibers, highlighting key material combinations and fabrication strategies that enable multifunctional performance.
Particular emphasis is placed on extrusion-based multimaterial printing—including coaxial and segmented extrusion—which
has significantly expanded the architectural and functional design space of soft optical fibers. Remaining challenges, including
material compatibility, interfacial and surface quality, and printing resolution, are critically discussed. Finally, the review
outlines emerging opportunities for advancing these fabrication approaches toward practical and clinically relevant biomedical
applications.

wearables), or to temporal treatments through endoscopic devices
that can bring the light source to the application site.

1 | Introduction

Light exposure can be used for non-invasive and local exploration

(diagnostics) or treatment (phototherapy) of diseased sites inside
the body [1-4]. Light offers high spatial and temporal resolution,
as well as orthogonality to surrounding biological and biochem-
ical processes within practicable wavelengths and dose ranges.
However, the interaction of light with tissue via absorption,
scattering and reflection limits the propagation of light inside the
body to a few millimeters and constrains the current application
of light-based approaches in medicine to superficial sites (skin

To extend the temporal window of the diagnostics and the spatial
window of the therapeutic applications, implanted light sources
(e.g. LEDs) and implanted optical fibers connected to an external
light source are used to deliver light inside the body [5]. Due to
their low material content and large surface-to-volume ratio, opti-
cal fibers are preferred when the application site has a difficult
geometry or when large tissue volume needs to be illuminated.
In addition, optical fibers can integrate additional functionalities
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FIGURE 1 | (A)The comparison of the optical materials across the mechanical properties and refractive index. (B) The comparison of the hydrogel

optical materials across the mechanical properties and refractive index. The figure was plotted based on previous reports [8, 9, 13, 28, 51, 54-76].

beyond light transport and serve for optical reading and to sense
changes at the application site.

Rigid optical fibers based on silica glass, polycarbonates, poly-
imides or polyacrylates have been explored as optical fibers in
in vivo contexts [6, 7]. Nevertheless, their mechanical stiffness
creates a pronounced mismatch with surrounding soft tissues,
compromising biocompatibility and often inducing inflammation
or fibrosis. In contrast, Soft elastomeric and hydrogel-based opti-
cal fibers offer a more biocompatible alternative to conventional
rigid fibers because their mechanical properties closely match
those of biological tissues (Young’s modulus of soft tissues typi-
cally ranges from a few Pa to several hundred MPa [8]) (Figure 1).
These materials also meet the optical performance requirements
for biomedical light delivery, where relevant distances range
from 1 mm to 1 m and correspond to acceptable optical losses
of approximately 43-0.43 dB/cm [9]. Soft optical fibers, with
reported optical losses of 0.1-28 dB/cm [9-16], therefore satisfy
the fundamental criteria for application in vivo.

The growing body of demonstrations underscores the versatility
of soft optical fibers in biomedical contexts. Demonstrations of
soft optical fibers in in vivo applications include:

* Photodynamic therapy with light-emitting fabrics made from
woven side-emitting polymeric optical fibers to treat skin
conditions like actinic keratosis when integrated into a helmet
[17]. Arrays of hydrogel microneedles have also been applied
to deliver light and photosynthesizer transdermally [18].

* Tissue crosslinking using a flexible elastomeric
polyurethane/polydimethylsiloxane ~ (PU/PDMS) optical
waveguide to deliver blue light to the equatorial sclera.
A 2-fold increase in scleral stiffness was realized by
photocrosslinking [19].

* Photobiomodulation or pain relief using low-intensity red
or near-infrared light with side-emitting polymer fibers
incorporated in wearable devices for large-area exposure
[20, 21].

* Photothermal therapy with an optical fiber inserted in a needle
to guide it into the tumor and used as reservoir for the
photothermal agent [22].

* Optogenetics with hydrogel patches or fibers to deliver light
to activate cells for light-controlled therapy or modulate the
animal’s behavior [11, 23].

In the field of diagnostics [24], implantable hydrogel waveguides
carrying fluorescent and luminescent probes (i.e. antibody-
conjugated organic dyes for detecting proteins and biomark-
ers, glucose [25, 26] or blood oxygen [27, 28], dye-linked
nucleic acids for monitoring gene expression, pH-sensitive
fluorophores, or Forster resonance energy transfer-based sen-
sors [29]) have allowed in vivo monitoring of proteins, pep-
tides, RNA, electrolytes, biomarkers, and toxic substances. For
example, Poly(acrylamide-co-poly(ethylene glycol) diacrylate)
hydrogel waveguides with an alginate hydrogel cladding layer
functionalized with glucose-specific receptors were used to
monitor glucose levels in porcine tissue by measuring the
variation in light transmission through the hydrogel fibers
[30]. In similar manner, wearable devices can integrate sensing
optical fibers woven into textiles to detect different kinds of
biomolecules [31].

The implementation of these technologies relies on fabrication
routes that can produce compliant, optically transparent fila-
ments with defined architectures. To fabricate soft optical fibers,
thermal drawing, extrusion and molding based processes have
been applied. To increase functionalities beyond light guiding,
such as electrical or mechanical sensing, filament fabrication
technologies have been adapted to process fibers with coaxial
layers of different materials, for example using multimaterial
preforms in thermal drawing, or adding coating steps in molding
processes [28, 32-38]. The recent development of multimaterial
printing heads and printable inks for biomedical applications
have significantly expanded the possibilities to process multima-
terial filaments by extrusion, many of them also applicable to
process soft optical fibers. For example, multi-shell filaments have
been co-extruded using inks of different properties and coaxial
nozzles [39], Janus filaments using single Y or V-shaped nozzles
with multiple inlets [40], multicore filaments using microflu-
idics printing heads [41], and more recently filaments with
helicoidal cores using rotational printing heads [42]. In coaxial
extrusion printing, processing conditions (temperature, pressure)
and material flow properties can be combined synergistically to
flexibly tune the dimensions and structure of the filament as it is
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extruded. More recently, the possibility to vary the compositions
and material’s properties along the filament has been realized.
Filaments with gradient composition using mixing nozzles [43]
or multimaterial segmented filaments by switching the flow
between inlets of a single nozzle [44-46] have been reported from
photocurable silicones and thermo-reversible hydrogels as inks.
In this review we present the current status of multimaterial
filament fabrication with a focus on materials and methodologies
which have been or could be transferred to the fabrication of
multifunctional soft optical fibers, in particular extrusion printing
technologies.

2 | Fundamental Properties of Materials for Soft
Optical Fibers

2.1 | Optical Properties

Optical waveguides guide light over long distances with minimal
loss based on total internal reflection, which occurs when the
refractive index of the waveguiding medium (typically the fiber
core) exceeds that of the surrounding medium (typically the
fiber cladding) [47]. The optical loss, also referred to as optical
attenuation, describes the reduction in light power or signal
strength as it propagates through a waveguide and is typically
measured in decibels per centimeter (dB/cm). Optical loss in soft
materials can be divided into two primary categories: intrinsic
loss and extrinsic loss [48]. Both mechanisms are influenced
by the inherent material properties and the structure of the
waveguide.

Intrinsic optical loss is associated with the material’s inher-
ent absorption and scattering properties [49]. This loss can
arise from (i) absorption due to electronic transitions, which
are typically in the Visible Light (VIS) or Ultraviolet (UV)
ranges for organic molecules; (ii) absorption due to molecular
vibrations in the Near-Infrared (NIR) range; (iii) light scatter-
ing due to the inherent structural heterogeneity of polymer
networks, which have comparable sizes (nm to micrometer
scale) to the wavelength of light (Mie scattering). Extrinsic
loss arises from defects such as surface roughness, structural
imperfections, or the inclusion of impurities (dust particles,
bubbles) [49]. These external factors cause additional scattering
and absorption, further reducing the efficiency of the optical
waveguide.

In soft biomedical waveguides, attenuation values from 0.1 to
25 dB/cm are common in VIS-NIR range [9]. For context, silica-
based optical fibers, widely used in telecommunications, exhibit
far lower attenuation (0.2 dB/km at 1550 nm) [50]. Hard polymer-
based waveguides exhibit higher attenuation than silica, i.e.
poly (methyl methacrylate) fibers show attenuation values of
55 dB/km at 538 nm and polycarbonate fibers 600 dB/km at
670 nm [51].

The refractive index (RI) of a material indicates the extent
to which light of a particular wavelength slows down as
it passes through the material. It depends on the packing
density (free volume), the polarizability, and the difference
between the wavelength of the light and the material’s max-
imum absorption wavelength [49, 52]. At optical frequencies,

electronic polarization is the dominant contributor to RI. Aro-
matic polymers have higher RI than aliphatic ones due to
better packing and higher electronic polarizability. Densification
increases the RI. In hydrogel optical fibers, the increase in
the polymer content increases RI. For example, poly(ethylene
glycol) diacrylate (PEGDA) hydrogels showed RI ranging from
1.36 to 1.46 when the polymer concentration changed from 20 to
70 wt.% [53].

2.2 | Mechanical Properties

A mechanical mismatch between implanted devices and sur-
rounding tissues can induce stress concentrations that may
damage adjacent healthy tissue. To minimize such adverse
effects, the mechanical properties of implantable waveguides
should closely approximate those of the host environment. Soft
optical fibers improve mechanical conformability and enable
intimate integration with soft, curved, or dynamically moving
tissues [9]. Their compliance reduces foreign-body responses
and allows stable optical performance during physiological
deformation.

Reported waveguiding materials exhibit a wide range of mechan-
ical behaviors, reflecting the diversity of systems used for soft
and rigid optical fibers. Figure 1A compares commonly used
optical fiber materials according to their Young’s modulus and
refractive index, highlighting the distinct mechanical and optical
domains occupied by soft tissues, hydrogels, elastomer-based
fibers, plastic optical fibers, and silica fibers. Soft tissue and
hydrogel materials fall within the low-modulus regime (kPa-
MPa) and exhibit refractive indices of approximately 1.33-1.55
[8, 9, 54, 55], whereas plastic and silica fibers span substantially
higher moduli (MPa-GPa) [51] and higher refractive indices
(1.34-1.59).

Figure 1B presents representative hydrogel systems used
in soft optical fibers—including agarose, cellulose, gelatin,
poly(ethylene glycol) (PEG), polyacrylamide (PAM), alginate,
chitosan, Pluronic F127 diacrylate (Plu-DA), and silk—
illustrating their broad tunability and the extent to which
their properties overlap with those of soft biological tissues. This
overlap underscores the suitability of hydrogel-based fibers for
in vivo diagnostics and therapeutic light delivery.

For example, natural polymers like regenerated silk fibroin
(SF) hydrogels have mechanical properties similar to cartilage,
skin, and the eye’s lens, with a tunable modulus ranging from
0.07 to 6.5 MPa, comparable to soft tissues [58, 76]. For soft
and stretchable waveguides, elastomers derived from PU [19],
polysiloxanes [77], or citrate-based polyesters have been used [78].
PDMS is commonly used due to its good biocompatibility, ability
to be molded at sub-micron scales, oxygen permeability, and
chemical inertness [79]. PDMS’s high optical transparency across
the visible spectrum makes it an attractive option for stretchable
waveguides [80]. Tailoring the crosslinking density of PDMS
allows for core-cladding waveguide designs with customizable RI.
[8L, 82]

Hydrogel-based waveguides represent softer alternatives with
mechanical properties close to soft tissues. These hydrogels
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can be formed through either chemical or physical crosslink-
ing. More complex network architectures like interpenetrating
polymer networks can enhance hydrogel’s strength, extensibil-
ity and toughness without drastically increasing stiffness [83],
making hydrogels an appealing choice for soft tissue-compatible
waveguides.

3 | Material Combinations that can add
Functionalities (Beyond Waveguiding) to Hybrid,
Soft Optical Fibers

Hydrogels, elastomers and thermoplastics have been used for
fabricating soft optical waveguides. Hydrogels are capable of
retaining substantial amounts of water and can be responsive
to external stimuli under physiological conditions. They exhibit
adjustable optical properties (transparence and RI) and tunable
mechanical properties. These features make hydrogels well-
suited for soft optical waveguides to be applied in the body [9,
11, 23, 25, 28, 30, 53, 84-98]. Elastomers [19, 77, 78, 80, 99-108],
either of natural or synthetic origin, can undergo significant
elastic deformation under tensile and compressive stress. For
example, PDMS is an attractive option for stretchable waveguides
due to its good biocompatibility, oxygen permeability, chemical
inertness and high optical transparency [79, 80]. Thermoplastics,
such as polylactic acid (PLA) [109-112], polydioxanone [113],
and polyethersulfone [114], have also been used to fabricate
optical waveguides due to their good biocompatibility, despite
their inherently rigid mechanical properties. Degradable soft
thermoplastic materials for optical waveguides are PLA and its
copolymers (with glycolic acid or caprolactone), which show glass
transition temperatures below body temperature [115]. Naturally
derived polymers such as silk [38, 116-123], chitosan [124, 125],
agarose [65], gelatin [66, 69], and cellulose [126-129], alginate [130,
131] have shown potential as materials for soft optical waveguides.
These materials are biodegradable and can be absorbed by the
body [132].

The primary function of soft optical waveguides is to deliver
light remotely to a specific target location. By incorporating dye
molecules, nanoparticles, quantum dots, stimuli-responsive com-
ponents or even living cells into the waveguiding material, hybrid
optical fibers with expanded functionalities can be created, like
sensing capability or active response. For instance, the integration
of fluorescent dyes in soft PDMS optical waveguides allows
for motion detection [104]. Up-conversion nanoparticles [77],
gold nanoparticles [28, 93], and metal-organic frameworks [96]
have been integrated into elastomeric or hydrogel waveguides
for temperature sensing, blood oxygenation monitoring, and
fluorescence-based detection. By incorporating quantum dots
[90, 91, 95], into PEGDA hydrogel optical waveguides have been
utilized for detecting heavy metal ions. Additionally, modifying
hydrogel precursors with glucose-responsive monomers enables
the fabrication of hydrogel optical waveguides for glucose mon-
itoring [25, 30]. With their excellent biocompatibility, hydrogel
optical waveguides have also been used to encapsulate opto-
genetically engineered cells, facilitating light-controlled therapy
and real-time monitoring of systemic cellular toxicity caused by
quantum dots [11].

4 | Fabrication Technologies to Process Soft
Multimaterial Optical Fibers

Optical fibers can be fabricated by thermal drawing, molding,
spinning and extrusion printing (Figure 2). All these methods
support the processing of multiple materials within a single fiber,
either in coaxial or segmented geometries. The methods differ
in terms of flexibility, scalability, and the range of achievable
designs. In the following section, we describe how these tech-
nologies have been extended from fabricating monocomponent
to multimaterial soft optical fibers.

Among these methods, extrusion printing has recently developed
and is a major focus of this review article. Extrusion printing
offers unique advantages, including: 1) Capability to geometric
and structural complexity to create custom cross-sections, embed-
ded channels, or spatially varied structures such as graded-index
profiles and segmented cores [133]. 2) Multimaterial integration
possibility, by allowing precise placement of different materi-
als within a single fiber, enabling core-cladding architectures
with tailored RI or segmented fibers incorporating functional
additives [134]. 3) Rapid prototyping and customization through
continuous design-test-optimize cycles, and facilitation of the
development of fiber geometries with novel functions. Extrusion
printing supports both continuous and on-demand, small-batch
production, which is particularly valuable for research and
biomedical applications [133].

4.1 | Soft Multimaterial Optical Fibers by Thermal
Drawing

Thermal drawing is a technique used to fabricate fibers from
thermoplastic polymers, which can be divided into direct and
indirect thermal drawing (Figure 2A). Direct thermal drawing
is used to produce monocomponent fibers from the polymer
melt. For example, poly(L-lactic acid) (PLLA) has been thermally
melted and drawn into fibers using glass capillary tubes, followed
by cooling to induce a crystalline-to-amorphous phase transition.
The fiber diameter can be controlled by adjusting the drawing
speed. The resulting fibers exhibit high mechanical flexibility
(bending stiffness ~ 1.5 x 10* N/m) and good optical transparency,
with losses 0of 1.64 dB/cm in air and 1.87 dB/cm in water at 473 nm
[112]. These PLLA fibers have been employed for intracranial light
delivery and detection, enabling deep-brain fluorescence sensing
and in vivo optogenetic interrogation. A similar approach has
been used to fabricate PDMS optical fibers. In this case, a partially
cured PDMS rod was drawn to fibers with lengths of several tens
of centimeters with an optical loss of 0.5 dB/cm at 632 nm [135].

In indirect thermal drawing, the process starts from a fiber
preform, which is a larger-scale version of the desired fiber with
typically more than 100 times the final diameter (Figure 2A
right). This preform is heated at temperatures well above the glass
transition temperature (Tg), when it becomes soft and pliable,
and is drawn to a thin fiber. The resulting fibers have diameters
of hundreds of microns depending on the drawing temperature
and speed and can be drawn to diameters below tens of microns
through a second drawing step. Once the desired dimensions are
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FIGURE 2 | Schematic illustration of different fabrication technologies to process soft multimaterial optical fibers by: (A) thermal drawing,
(B) molding, (C) spinning, (D) extrusion printing and (E) segmented extrusion. Created with BioRender.com.

reached, the fiber is cooled below Tg to solidify in its final shape.
Controlled heating and precise drawing conditions are essential
to draw fibers with constant dimensions and optical properties.

Indirect thermal drawing allows the integration of additional
functionalities into a fiber’s cladding by using preforms with a
layered, multi-material structure [32]. For instance, incorporating
metal layers can provide electrical and thermal conductivity,
enabling functions such as signal transmission and heating. Sim-
ilarly, integrating semiconductor layers can introduce optoelec-
tronic properties, allowing for light detection and emission. This
method has been applied in the fabrication of soft core-cladding
and multi-material fibers [33, 136, 137]. Preforms composed of
soft thermoplastic elastomers—such as poly(styrene-b-(ethylene-
co-butylene)-b-styrene) (SEBS) or Geniomer—combined with
polymeric optical guides, metallic wires, and microfluidic chan-
nels have been thermally drawn into fibers [33]. These fibers had
a diameter of around 700 um and were produced at temperatures
ranging from 200 to 250 °C, with drawing speeds between 100 and
900 mm/min. Fibers with hollow channels of 100 um in diameter
have also been drawn, offering potential for use as microfluidic
conduits for fluid sampling or delivery. We highlight that research
on the use of thermal drawing for fabricating multimaterial

optical fibers has been extensively reviewed elsewhere [34-37]
and is not the focus of this article.

Indirect thermal drawing requires using materials with
similar rheological properties and can withstand the thermal
and mechanical stresses of the process without degrading
or losing their optical properties. This can potentially
limit the application of this technology to multimaterial
fabrication.

4.2 | Soft Multimaterial Optical Fibers by Molding

Molding represents one of the earliest and most straightforward
approaches for fabricating soft optical fibers. In this method, a
liquid precursor of the optical material is injected or cast into a
mold of predetermined geometry, then solidified through thermal
curing, photopolymerization, or physical gelation to form a
freestanding waveguide (Figure 2B). The mold can be made from
glass capillaries, flexible tubing, or 3D-printed templates that
define the fiber diameter and cross-sectional profile. Depending
on the mold and material viscosity, fiber diameters typically range
from hundreds of micrometers to several millimeters.
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Thermoset and thermoplastic elastomers such as PDMS, PU,
PLLA, and citrate-based polyesters have been widely molded to
produce transparent and flexible optical fibers. [12,19, 78,103, 109,
138]. In these systems, curing temperature and crosslinking kinet-
ics strongly affect optical clarity and refractive-index uniformity.
For example, PDMS fibers molded at 60-80°C with controlled
curing rates yield optical losses below 0.3 dB/cm at 450 nm,
while fast curing or bubble entrapment increases scattering
and attenuation [82]. Biodegradable PLLA and PU waveguides
have shown refractive indices around 1.45-1.49, allowing for
numerical apertures (NAs) ~0.2-0.3 when paired with lower-
index claddings, suitable for coupling light from LEDs or laser
diodes in implantable systems.

Molding is also effective for hydrogel-based fibers, where aqueous
precursors such as PEGDA, PAM, agarose, or silk fibroin are
crosslinked inside tubing or channel molds [11, 38, 65, 92].
Hydrogel waveguides typically exhibit diameters of 500 pm
- 1 mm and optical losses of 0.1-25.0 dB/cm depending on
water content and network homogeneity [9, 16]. Because these
materials possess refractive indices in the range 1.34-1.50 [9], they
are particularly suitable for biological environments where index
matching minimizes reflection losses.

Molding is inherently a batch-based process, meaning that the
fabrication of multimaterial fibers with multiple functional layers
often requires several sequential molding [38] or post-coating
[28] steps. Each additional step demands precise alignment and
strong interfacial bonding to preserve core-cladding adhesion,
which is crucial for maintaining modal stability and transmission
efficiency [139, 140]. Future developments in soft mold materials
and automated demolding systems may help transform this tech-
nique into a continuous or hybrid molding—extrusion process,
enabling the production of multimaterial optical fibers with
finely controlled geometries and enhanced optical performance
[141-143].

4.3 | Soft Multimaterial Optical Fibers by
Spinning

In a spinning process, the precursor materials, typically a poly-
mer solution, are extruded through a spinneret into a clogging
bath, where they eventually form thin and continuous filament
(Figure 2C). Using wet-jet spinning, core-cladding optical fibers
from cellulose (higher RI) and cellulose acetate (lower RI)
solutions were fabricated in a two-step process. First, regenerated
cellulose core was processed by dry-wet spinning a 5 wt.%
cellulose solution in 1-ethyl-3-methylimidazolium acetate into
a water bath (coagulant). Next, a filament coater was used to
apply a cladding layer from a 50 wt.% solution of cellulose
acetate in acetone. Fibers with diameter of 210 ym including a
cladding thickness of 3.40 + 0.20 um were obtained and showed
aminimum attenuation of 5.9 dB/cm at 1130 nm and optical losses
<10 dB/cm in the 750-1350 nm range [64].

Core-cladding fibers with variable RI (step- and gradient-index
hydrogel fibers) were obtained by wet-spinning a 7% alginate
solution through a microfluidic tube into a 0.1 M CacCl, bath,
followed by dip-coating in different alginate or gellan gum
solutions, which were crosslinked by 0.1 M CaCl, [144]. The

hydrogel fibers were able to modulate optical signals in response
to mechanical stimuli. By incorporating plasmonic nanoparticles
in the core, the fibers were used for molecular detection.

Tough optical waveguides from mineralized silk were obtained
by spinning a 15 wt.% mixture of SF and CaCO; nanocrystals
(NCs) in water [145]. The SF chains were used as the guide
agent and template for the formation and growth of CaCO,
NCs. CaCO; NCs within the regenerated SF network served as
nucleation templates for mineralization during the spinning, The
mineralized silk fibers with optical loss of 0.46 dB/cm at 808 nm
showed a tensile strength of 0.83 + 0.15 GPa and toughness of
181.98 + 52.42 MJ-m—. Using a microfluidic chip that mimicked
the spider’s major ampullate gland, optical fibers of regenerated
SF and cellulose nanofibers were fabricated by wet spinning [146].
The hybrid fibers exhibited an optical loss of 1.0 dB/cm at 650 nm
and a strength at failure of 710 + 33 MPa, higher than natural silk
fibers.

Although spinning—including wet, dry-wet, and wet-jet
spinning—provides a versatile route for producing continuous
polymer filaments, several limitations constrain its use for soft
optical fiber fabrication. Spinning generally requires multistep
workflows such as core formation, coagulation, post-coating, and
solvent exchange [147, 148], which increase processing complexity
and make it challenging to maintain core-cladding concentricity
and interfacial quality. These issues become more pronounced
with hydrophobic or elastomeric polymers. For example, in one
approach, a PDMS core jet is formed within a temporary alginate
shell in a microfluidic coaxial setup. The composite filament is
stabilized as the alginate crosslinks in a CaCl, bath while the
PDMS cures, after which the alginate is removed in concentrated
NacCl to yield continuous PDMS fibers [149]. Wet and dry-wet
spinning rely on heat or solvent exchange, leading to slow
diffusion, long processing times, and risks of defects or residual
solvent that reduce optical clarity or biocompatibility [150]. In
another report, AIEgen-doped PDMS was partially cured and
extruded into a 170-180°C oil bath, requiring strict temperature
uniformity to avoid deformation during the rapid (~3 s) curing
stage [151]. More broadly, spinning’s dependence on fluid flow,
coagulation kinetics, and diffusion-controlled solidification
makes precise control of cladding thickness and core uniformity
difficult, affecting optical loss and modal stability.

4.4 | Soft Multimaterial Optical Fibers by
Extrusion Printing

In an extrusion process, the polymer is forced to flow through an
extrusion head (nozzle) to produce fibers with a specific cross-
sectional profile. Extrusion allows for the continuous production
of fibers with appropriate context. Either thermoplastic polymers
can be extruded at temperatures above their flow temperature
and cooled right after to retain the form, or liquid reactive
precursor mixtures with appropriate rheological properties can
be extruded and crosslinked after the extrusion process to retain
the shape of the nozzle. For example, aqueous SF solutions (28—
30 wt.%) were extruded into fiber geometry using a 5 um glass
nozzle. Solidification of the fiber was achieved by direct extrusion
into a methanol-rich reservoir. Methanol induces a structural
transition in the SF, from amorphous random coil to rigid 3-sheet
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conformation and stabilizes the extruded waveguides. Fibers
with a diameter of 5 um and several centimeters in length
were produced [116]. These waveguides exhibited an attenuation
of 0.25 dB/cm at 633 nm. In our previous work, soft optical
fibers were extruded from degradable thermoplastic polyesters
[115]. Melted poly(D,L-lactide) and its copolymers were extruded
at temperatures between 90 and 100°C to produce optical
waveguides. These polymers have glass transition temperatures
between 16 and 38°C and, therefore, are soft solids at body temper-
ature. The resulting fibers exhibited optical losses ranging from
0.02 to 0.26 dB/cm in air and 0.14 to 0.44 dB/cm in tissue. These
fibers were capable of delivering near-UV visible light (405 nm)
through >8 cm of tissue, successfully activating photocleavage
reactions in 3D cell cultures. In the following sections, different
extrusion printing methods to extrude multimaterial fibers are
described.

4.4.1 | Coaxial Extrusion Printing of Multimaterial
Fibers

Multi-material coaxial printing enables the simultaneous extru-
sion of fibers containing different materials through a single
nozzle. Using a coaxial nozzle (Figure 2D), materials with
various properties can be aligned and deposited in a concentric
configuration as part of a single fiber. Unlike layer-by-layer
coating processes, coaxial multimaterial printing enables one-
step integration of multiple functional materials within the
single printed filament. To enable successful coaxial printing,
the materials used must meet several fundamental requirements:
viscosity compatibility to ensure uniform flow, shear-thinning
behavior for smooth extrusion, rapid gelation or crosslinking
to maintain the printed structure, chemical compatibility to
avoid adverse reactions at the interfaces such as precipitation
or degradation, interfacial stability to ensure good adhesion or
limited diffusion between layers, and solvent compatibility—
meaning the materials should use the same or miscible solvents
to prevent phase separation during extrusion. By coupling the
extrusion nozzle to a printing head, the 1D device architecture
can be printed to customizable 2D and 3D shapes.

Coaxial extrusion for the continuous fabrication of soft optical
fibers in planar and nonplanar configurations was first demon-
strated using a photocurable hybrid organic-inorganic core fluid
(OrmoClear, Micro Resist Technology) as core material and a
fugitive material (35 wt.% of Pluronic F127 in water) for the
shell [154]. The resulting fibers exhibited an optical loss of
approximately 0.1 dB-cm~' at 633 nm. Even though the final
soft optical fiber retained only the core material, the study
demonstrated the possibility of fabricating multimaterial fibers by
coaxial extrusion.

Subsequent studies expanded the method to a wide range of mate-
rial systems. Using a coaxial nozzle (Figure 3A), trilayer optical
fibers with different optical properties in each layer were printed
[144]. The core ink contained a 2 wt.% alginate solution with
living cells, the intermediate cladding layer contained 0.5 wt.%
gellan gum for light confinement, and the outer shield layer was
composed of 1.0 wt.% gellan gum to provide mechanical stability.
The resulting core—cladding-shield filaments had a diameter of

approximately 1.5 mm and supported light transmission along
an internal waveguiding channel for lengths exceeding 20 cm.
The waveguiding core was used to detect the changes in the
cell population (growth or secretion of fluorescent or coloured
metabolites), enabling real-time monitoring of cell proliferation
and drug response. This approach demonstrates the potential of
using light transmission changes to quantify complex biological
processes.

In our previous work, we used coaxial extrusion-based print-
ing combined with in situ photopolymerization to fabricate
core—cladding step-index optical fibers from hydrogels [53] and
elastomeric materials [13]. The hydrogel waveguides featured
a core made of an 80 wt.% solution of dithiothreitol-modified
polyethylene glycol diacrylate (PEGDA-DTT), with diameters
ranging from 340 to 640 um, and a cladding layer composed of
33 wt.% Plu-DA, with a fixed outer diameter of 1.02 mm. Plu-
DA formed a physical hydrogel with shear-thinning properties,
allowing it to behave like a paste that could be easily extruded.
This cladding provided structural support for the liquid PEGDA-
DTT core during printing. The resulting core-cladding hydrogel
fibers exhibited optical losses of less than 0.2 dB/cm at 405 nm
[53]. Using the same approach, we also printed elastomer-based
fibers consisting of a photocrosslinkable PDMS core and a Plu-
DA cladding (Figure 3B) [13]. These fibers had core diameters
between 100 and 550 um and the same fixed outer diameter
of 1.02 mm. Continuous fibers up to 50 cm in length were
readily produced. They showed optical losses ranging from 0.13
to 0.34 dB/cm in both air and tissue environments across the
405-520 nm wavelength range. Notably, the elastic fibers could be
stretched to more than five times their original length. Both types
of printed waveguides have a Young’s Modulus (Plu-DA cladding)
of 150 kPa and were effective in transmitting light through more
than 5 centimeters of muscle tissue and successfully activated
photochemical and optogenetic responses under conditions that
closely mimic physiological environments [13, 53].

In addition to the examples mentioned above, more advanced
coaxial printing technologies have been developed. Although
these methods have not yet been applied to the fabrication of soft
optical fibers, it is worthwhile summarizing them, as they offer
design concepts with significant potential for adoption by the soft
optical fiber community.

Using a 4-layer tapered coaxial nozzle, soft multi-core-shell
fibers were fabricated (Figure 3C) [152]. The nozzle featured
a 200 pm diameter inner core and three cladding layers, each
200 um thick. The fiber consisted of a conductive core made
of thermoplastic PU containing silver flakes, a first cladding
layer of reactive silicone with embedded ZnS particles (ZnS/DS),
a second cladding layer composed of polyvinyl alcohol (PVA),
polyethylene oxide (PEO) and lithium chloride (LiCl), and an
outer cladding layer of reactive silicone. Fiber-shaped electro-
luminescent devices were fabricated by simultaneous printing
of the electrode, phosphor, and encapsulation inks. These fibers
offered customized complex arbitrary shape and high stretch-
ability and have potential for application in textile-based and
body-mounted optoelectronic devices. Using a similar fabrication
approach, multicore-shell capacitive fibers were printed with a
custom-designed, four-nozzle coaxial printhead [155]. The fibers
comprise an inner conductive core (335 + 6 um), a dielectric
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FIGURE 3 | Multimaterial coaxial extrusion printing (A) Coaxial printing of a trilayer optical fiber. Left: Desing of the nozzle; Right: Cross-
section of the fiber showing the core-cladding-shield structure (Core: alginate, cladding: gellan gum, shield: gellan gum). Reproduced with permission
[144]. Copyright 2021, John Wiley and Sons. (B) Coaxial nozzle used to print a PDMS/Plu-DA core-cladding fiber and images of the printed flexible
waveguides. Reproduced with permission [13]. Copyright 2022, John Wiley and Sons. (C) Multicore-shell extrusion head and stretchable alternating
current electroluminescent fibers. Reproduced with permission [152]. Copyright 2020, Royal Society of Chemistry. (D) Design of modular extruder head
to obtain filaments with 3D architecture showing serial and parallel configuration. Reproduced with permission [153]. Copyright 2024, Elsevier. (E)

Multi-material nozzle for rotational extrusion printing of PDMS filaments. Reproduced with permission [42]. Copyright 2023, Springer Nature.

layer (164 + 10 pm), an outer conductive layer (135 pm), and an
encapsulation layer (277 um), resulting in an overall diameter
of 1.5 + 0.05 mm. The conductive layers are formulated from
an ionically conductive ink based on glycerol, sodium chloride,
and polyethylene glycol, while the dielectric and encapsulation
layers consist of silicone elastomer. The fiber structure can be
tuned by modifying nozzle dimensions, ink flow rates, and
printing parameters. These fibers function as soft capacitive strain
sensors with accurate, hysteresis-free responses under static and
dynamic deformation, and can be readily integrated into textile
systems.

The assembly of several extruder heads in series or parallel
configurations allowed flexible extrusion printing of fibers into
complex, multilayered architectures (Figure 3D) [156]. Two reac-
tive silicone inks with similar rheological properties but different
final mechanical properties were coextruded (soft/hard PDMS
by varying ratios of epoxy/silicone). The modular printhead
(Figure 3D) enabled printing scaffolds containing 4 to 128 layers,
with individual layer thicknesses varying between 250 um and

8 um. Using this system, the researchers printed a 3D staggered
woodpile structure composed of filaments made from multilay-
ered PDMS and epoxy composites. These multilayered filaments
were arranged in alternating directions to form a bidirection-
ally staggered lattice. Beyond enhancing mechanical toughness,
the incorporation of diverse functional modules and materials
opens up the potential for creating advanced programmable
architectures with unique electronic, magnetic, and optothermal
properties.

Rotational multimaterial 3D printing was developed to fab-
ricate filaments containing an internal helical structure with
subvoxel-level control (Figure 3E) [42]. By continuously rotat-
ing a multimaterial nozzle during the printing process, fibers
with internal helicoidal structures were extruded including
programmable control of helix angles and material interfaces
within the filament. A dielectric elastomer ink formed the outer
soft, stretchable matrix, while a conductive carbon ink was
used to print the helical conductive channels inside the soft
filament. Filaments were cured in situ using UV light. The core
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diameters (helical structure) ranged from 250 to 700 pm and
the overall filament diameter ranged from 2.5 to 5 mm. The
authors printed helical dielectric elastomer actuator filaments
featuring helical conductive channels embedded within a dielec-
tric elastomer matrix. Each filament contained basic actuation
units formed by soft dielectric membranes sandwiched between
soft electrodes. When voltage was applied, electrostatic forces
compressed the membranes, causing the actuators to contract.
The same fabrication method was applied to process 3D lattice
structures composed of architected filaments. In these lattices,
soft acrylic ink was used to create a flexible matrix, while stiff
acrylic ink formed the reinforcing spring elements. By combining
stiff elements within a compliant matrix, the resulting archi-
tectures showed enhanced energy absorption and mechanical
resilience.

Coaxial extrusion printing offers high adaptability for fabricat-
ing multimaterial soft optical fibers with tunable geometries
and compositions, providing fine control over both optical and
mechanical properties. This control is rooted in several inter-
dependent factors: viscosity ratios and flow-rate balance dictate
core—cladding concentricity [157], printing speed and nozzle
alignment govern interfacial smoothness, dimensional unifor-
mity [158], and curing kinetics—whether photopolymerization or
ionic crosslinking—establish refractive-index contrast and inter-
face sharpness [159, 160]. Together, these parameters determine
propagation efficiency, numerical aperture, modal stability, and
long-term transmission performance.

Despite these advantages, significant technical challenges
remain. The resolution of coaxial extrusion printing is
fundamentally limited by nozzle dimensions, ink rheology,
and flow stability, and the presence of multiple layers in coaxial
designs further restricts the minimum achievable feature size
[161]. Interface distortion and uneven shell thicknesses can
result in increased optical attenuation. Material compatibility
adds an additional layer of complexity: stable coaxial flow
requires overlapping viscosity windows and shear-thinning
behavior, whereas many optically favorable elastomers and
acrylates fall outside these rheological ranges [161-163]. Viscosity
mismatch can induce internal flow instability and off-center core
placement. Moreover, materials with slow or oxygen-sensitive
curing may fail to solidify rapidly enough to maintain structural
fidelity [164, 165], causing collapse or interfacial diffusion, while
excessively fast-gelling inks risk premature solidification at
the nozzle—an issue widely reported in coaxial hydrogel and
bioprinting systems.

Extrusion printing also introduces intrinsic sources of optical
loss not encountered in thermal drawing or molding [166].
Nozzle-related defects and viscoelastic recoil produce micron-
scale surface roughness, increasing scattering in polymer fibers.
Interfacial instabilities—including oscillations, waviness, and
refractive-index gradients arising from diffusion or nonuniform
curing—further degrade waveguiding performance [167, 168].
Although rapid photopolymerization improves shape retention, it
may also trap interfacial defects before they relax, compounding
scattering losses. Targeted improvements in nozzle engineer-
ing, pressure regulation, solvent-assisted surface reflow, and
mild thermal or UV annealing could help improve the optical
smoothness characteristic.

Overall, advancements in rheology-tailored precursor systems,
optimized coaxial nozzle architectures, and hybrid manufactur-
ing approaches have the potential to overcome these limitations.
Such developments could ultimately yield soft multimaterial
fibers with optical performance approaching that of thermally
drawn polymer fibers, while preserving the structural pro-
grammability unique to extrusion-based fabrication.

4.4.2 | Segmented Extrusion of Soft Multimaterial
Fibers

In segmented extrusion, fibers with compositionally different
segments along the fiber length are fabricated from two or
more precursor materials which are alternately fed into the
nozzle—either periodically or in programmed sequences. The
resulting filament contains discrete segments with different
optical, mechanical, chemical, or other functional properties
(Figure 2E) [46]. The concept of segmented extrusion emerged
from efforts to introduce spatial heterogeneity within printed
filaments, enabling localized control over composition and
functionality along the fiber axis [169]. Extruding fibers with
alternating compositions through a single nozzle presents new
opportunities for fabricating structures with precisely tailored
compositional and property gradients [161, 170]. When applied to
soft optical fibers, segmented designs offer distinct optical advan-
tages by enabling spatially programmed light transport, emission,
absorption etc. along a single filament. By integrating segments
with distinct optical properties—such as differences in refractive
index, scattering coefficient, absorption, or fluorescence—these
fibers offer light management capability in a position-dependent
way that are not achievable with homogeneous waveguides [46,
92]. This segmentation allows precise control over where light is
guided, attenuated, scattered, or emitted, which is particularly
valuable for distributed sensing, multi-point illumination, and
logic-like optical responses. For sensing applications, segments
with varied mechanical or optical sensitivities can create local-
ized strain-, pressure-, or curvature-responsive zones, enabling
spatially resolved detection without complex arrays or electronics
[28, 77, 92]. In biomedical contexts, patterned segments can
deliver light at discrete locations for targeted phototherapy or
diagnostics. Additionally, when combined with multimaterial
extrusion printing, segmentation allows on-demand customiza-
tion of fiber functionalities—such as alternating waveguiding and
scattering regions—providing a versatile platform for designing
soft photonic devices with engineered light-matter interactions
along their length [46].

To enable segmented extrusion, the extrudable inks should have
similar rheological properties to be extrudable at similar pressure
conditions to facilitate alternating flow and prevent clogging or
mixing at the interfaces. Strong adhesion between adjacent ink
segments is necessary to avoid mechanical failure. In addition,
the solidification mechanisms of the different inks should be
compatible with each other.

Early studies adopted microfluidic printheads and multichannel
nozzles to alternate between inks with distinct rheological and
curing properties, establishing the foundation for multimaterial
fiber printing with axial segmentation [169]. Using a microfluidic
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printhead, filaments with alternating segments of viscoelastic
thermocrosslinkable PDMS inks were extruded. The inks were
pushed through two 200 pm channels into a microfluidic junction
(200 pm expanded to 400 um) by two opposed syringe pumps,
enabling rapid switching between the inks. A key feature of the
system is the design of the junction and expansion sections,
which minimize the transition volume and sharpen the interfaces
between the materials in the printed filaments. Filaments with
diameter 400 um and alternating features were printed. The
system achieved a minimum transition length of 520 um at flow
rates of 1600 pL/min, allowing for filaments with segments of
alternating composition. These pioneering demonstrations estab-
lished that dynamic switching of flow inputs or modulation of
pneumatic pressure allows for the formation of discrete segments
within a continuous filament, enabling compositional gradients
or distinct material domains without requiring post-processing
assembly.

In subsequent work, the printing resolution was improved by
developing a multimaterial multichannel nozzle, which enables
rapid switching between multiple inks to fabricate soft mate-
rials with voxel-level control over composition and properties
(Figure 4A) [44]. Up to eight inks could be extruded with a single
printhead using microfluidic diode-like junctions to prevent
mixing and cross-contamination. This setup processed different
inks through bifurcating channel networks that converged at a
junction located right before the outlet of the nozzle (=~ 200 um).
The system allowed for continuous extrusion of filaments with
features of controlled length and variable composition along
the filament’s length (Figure 4A), with a resolution of 250 um.
Multimaterial filaments combining silicone and epoxy inks with
varying mechanical properties were printed into 3D objects with
spatially tailored mechanical properties. For precise deposition,
the inks required a yield stress between 150 to 500 Pa and shear
thinning behavior.

Using a computer-controlled pneumatic pressure controller in
combination with a microfluidics-based single nozzle print-
head, laminar flow-based voxelation of seven different hydrogel
inks was achieved (Figure 4B) [40]. The inks consisted of
gelatin methacryloyl (GelMA), alginate—with shear-thinning
properties—and cellulose nanofibrils. Filaments from these inks
were printed into a supporting bath of agarose or gelatin con-
taining calcium chloride, which served as a temporary scaffold
to stabilize the ink during printing. The alginate ink crosslinked
upon contact with calcium chloride, while GeIMA was stabilized
through a UV curing step after printing. The inks merged at a
junction just before being extruded through a 330 pm nozzle,
which was equipped with integrated pressure valves to prevent
backflow. This setup enables the fabrication of multicompart-
ment microfibers (solid, core-shell, donut-shaped) with regions
composed of two, four, or six different bioinks. These microfibers
had diameters ranging from 300 to 500 um. A long transition
zone, ranging from 6 cm to 1.8 cm, was observed between printed
segments of different materials at a print speed of 1400 mm/min
and switching frequencies of 2.6 to 5.2 Hz.

In another study, researchers developed a dual-core coaxial
nozzle to extrude fibers with a segmented core, alternating
between segments of a conductive hydrogel or thermochromic
elastomer, and a shell made of a thermoplastic polymer

(Figure 4C) [171]. The conductive hydrogel consisted of PAM
mixed with graphene oxide, while the thermochromic elastomer
was silicone rubber containing thermochromic microcapsules
that change color with temperature. The shell was composed
of polystyrene-block-polyisoprene-block-polystyrene, which pro-
vided structural integrity by protecting the core from environ-
mental and mechanical damage, as well as offering electrical
insulation. For extrusion, a dual-core coaxial stainless-steel nee-
dle (14G) with two inner needles (22G) was used. The shell
material was cured by immersion in an alcohol bath, while
the core material was polymerized through thermally initiated
radical polymerization by immersing the fiber in a water bath
at 60°C. The fiber dimensions were adjusted by varying the
flow rates during extrusion. Fibers with core/shell thicknesses
of 192/796 um and 96/1010 pm were produced, with alternating
segments greater than 5 cm in length (Figure 4C). These fibers
show potential for use as sensors in wearable materials and
technologies.

Inspired by these methodological advances, we have recently
developed segmented, side-emitting hydrogel optical fibers using
multimaterial extrusion printing [46]. In our work, a Y-shaped
nozzle (Figure 4D) with two inlets was designed, and a pneu-
matic pressure controller connected to ink-filled syringes enabled
switching between the two inlet channels of the nozzle. A 23.1
w/w % solution of Plu-DA was selected as the waveguiding
ink due to its shear-thinning behavior and high transparency.
Plu-DA mixed with polystyrene nanoparticles (FluoSpheres)
was used as the scattering ink, providing both scattering and
fluorescence properties without affecting the ink’s rheology. With
this system, 1 mm diameter fibers were printed with segments
of varying optical properties by switching between the Plu-DA
waveguiding ink and the Plu-DA scattering ink (Figure 4D). The
method allows the continuous fabrication of optical fibers with
segment lengths as short as 500 pm in a continuous process.
The segment length was controlled by adjusting the switching
time between inks during printing. By varying the segment
lengths and arrangement, fibers with customizable side-emission
characteristics were fabricated. The printed fibers exhibited soft
mechanical properties (storage modulus: 47.5 + 2.9 kPa at 22—
23°C) and effectively guided light to induce fluorescence in
the surrounding 3D hydrogel environment, highlighting their
potential for biomedical applications.

The spatial resolution and optical performance of segmented
multimaterial fibers is highly sensitive to ink rheology, switching
dynamics, nozzle design and curing mechanisms. Matching the
viscosity and yield stress between inks ensures smooth switching
and minimizes mixing at the interfaces, which is essential
for maintaining sharp optical transitions between transparent
and scattering domains. The switching frequency and flow-rate
ratio determine the axial resolution of the printed segments,
influencing the periodicity and uniformity of light emission
or modulation [46]. Likewise, solidification kinetics—through
photopolymerization, ionic crosslinking, or thermal curing—
govern the refractive index profile and optical continuity across
material boundaries, affecting both transmission loss and modal
stability. Precise synchronization of flow control and curing
thus enables reproducible formation of short, well-defined opti-
cal segments, allowing fine-tuning of side-emission intensity,
attenuation length, and directionality. Continued optimization
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FIGURE 4 | Segmented fibers via multimaterial extrusion printing. (A) Four-material printhead and fibers. Reproduced with permission [44].
Copyright 2019, Springer Nature. (B) Single nozzle connected to seven sources for material, and printed multimaterial segmented filament. Reproduced
with permission [40]. Copyright 2022, American Chemical Society. (C) Extrusion of core-shell segmented fibers through dual-core coaxial nozzle and

image of the fiber containing alternating compositions of a thermochromic elastomer and a conductive hydrogel. Reproduced with permission [171].

Copyright 2020, American Chemical Society. (D) Setup for multimaterial extrusion printing and in situ photocrosslinking of the extruded fibers, and
image of a side-emitting optical fiber. Reproduced with permission [46]. Copyright 2024, John Wiley and Sons.

of these coupled parameters will expand segmented extrusion
printing into a robust strategy for producing programmable,
multifunctional soft optical fibers capable of spatially resolved
illumination, sensing, and signal modulation.

To facilitate comparison among different fabrication methods,
we summarized the common parameters—including nozzle

configuration, material composition, fiber geometry, and
resulting functionality—in Table 1, which provides a
comprehensive overview of representative multimaterial
fibers fabricated by various methods. The table highlights
the relationships between fiber design, fabrication strategy,
material choice, geometry, and functionality, and is organized
to allow readers to compare common fabrication principles
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across two major classes: coaxial fibers and segmented
fibers.

For coaxial fibers, the listed examples demonstrate methods
such as extrusion with multi-layer coaxial nozzles, rotational
or modular printheads, wet-spinning, and thermal drawing.
These approaches enable precise spatial arrangement of core
and cladding materials, resulting in fibers with continuous
architectures and tunable diameters ranging from a few hun-
dred micrometers to several millimeters. The materials vary
from elastomeric systems (e.g., PDMS, SEBS) to thermoplastics
(e.g., polymethyl methacrylate (PMMA), Polycarbonate (PC)),
enabling applications in stretchable electroluminescent fibers,
tissue scaffolds, light-guiding structures, and multifunctional soft
robotic systems.

The segmented fibers section summarizes examples produced
through extrusion-based 3D printing and microfluidic extru-
sion, where alternating segments with distinct compositions
are printed along the fiber axis. Variations in nozzle design—
such as microfluidic junctions, multicore-cladding, Y-shaped,
or single-nozzle configurations—allow dynamic control over
the transition length between adjacent segments (ranging from
hundreds of micrometers to several millimeters). The chosen
materials, including PDMS, PAM, GelMA/alginate blends, and
Pluronic-based hydrogels, define the mechanical, optical, or
sensing functionalities of the printed fibers. These segmented
systems demonstrate the potential for applications such as tissue
engineering, voxel-based printing, wearable sensors, and side-
emitting optical fibers for phototherapy.

Overall, Table 1 allows readers to compare shared fabrication
parameters—such as nozzle configuration, flow control, seg-
ment transition length, and continuous fiber formation—across
diverse multimaterial printing strategies. It emphasizes how
fabrication design directly determines fiber geometry and com-
position, which in turn govern mechanical compliance, optical
performance, and functional versatility.

5 | Conclusions and Perspectives

Light-based technologies for in vivo diagnostics and therapy can
transform modern medicine, especially through the use of soft
optical fibers, which enable efficient light delivery to deep tissue
sites and show high biocompatibility. Their intrinsic flexibility
and mechanical compliance make them superior to rigid fibers
for integration with biological environments. Soft multimaterial
optical fibers further expand this potential by incorporating
additional functionalities through the integration of multiple
components within a single filament. The emergence of multi-
material extrusion printing technologies has opened new oppor-
tunities for creating hybrid fibers with tailored architectures and
functions along and across the waveguide, with higher degrees of
miniaturization and application-specific functionalities.

Despite these advances, several key challenges are to be addressed
before these technologies can transition from laboratory demon-
strations to widespread biomedical use. Extrusion printing inher-
ently introduces defects such as surface roughness, interfacial
waviness, and diffusion-driven refractive-index gradients, all of

which affect scattering and optical loss along the wavelength.
Addressing these limitations requires advances in nozzle geom-
etry, real-time pressure control, rheology-optimized precursor
inks, oxygen-tolerant photochemistry, and post-printing surface
reflow or annealing strategies.

The compatibility of the optical ink with extrusion printing
remains an important issue. Many optically favorable elastomers
and hydrogel formulations have inappropriate viscosity ranges
or curing kinetics for stable coaxial flow or rapid solidification.
Precursor systems with fast-curing and oxygen-insensitivity are
needed to improve print fidelity, reduce light attenuation and
ensure robust interfaces.

Soft hydrogels typically have low polymer content and low
refractive index. Hydrogel compositions that allow refractive-
index-matching, dynamic hydrogels which allow higher polymer
content while keeping compliance, or composite fiber archi-
tectures that retain interfacial stability despite a mechanical
mismatch between the core and the cladding can help over-
coming the tradeoff between refractive index and mechanical
stability.

Structural resolution in extrusion printing depends on nozzle
architecture and flow stability. Achieving coaxial fibers with
diameters <200 um or axial segments with length <500 pum
is difficult due to viscosity mismatch between the core and
shell inks, slow valve-switching dynamics, and diffusion-induced
blurring of the interfaces. Progress in printhead engineering,
valve-integrated nozzles, high-speed switching, and predictive
flow modeling is crucial for better control over core-cladding
concentricity, interfacial sharpness, and segment definition.

Integrating multifunctionality within a single extrusion printed
filament requires reliable strategies for combining materi-
als with disparate optical, mechanical, and electrical proper-
ties. Embedding sensing modules, scattering domains, conduc-
tive pathways, or therapeutic compartments will depend on
improved intermaterial adhesion, synchronized curing schemes,
and hybrid workflows that merge extrusion with molding or
photopatterning.

Clinical translation introduces additional requirements beyond
fabrication. Long-term biostability, compatibility with steriliza-
tion, minimally invasive implantation strategies, and the ability to
manufacture fibers at scale remain largely undeveloped. Equally
important is the establishment of standardized optical charac-
terization metrics—such as optical loss, numerical aperture, and
delivered irradiance in tissue—to enable meaningful comparison
across different fabrication approaches and laboratories.

By addressing these material, processing, and translational chal-
lenges, extrusion-based approaches can mature into scalable
and reliable platforms for next-generation flexible photonic
tools. Continued innovations in materials science are likely to
yield polymeric and composite inks with enhanced optical and
mechanical performance, further expanding the capabilities of
soft optical fibers. Ultimately, these advances will accelerate the
development of minimally invasive, personalized photomedical
technologies and contribute to more effective, accessible, and
patient-specific clinical diagnostics and therapies.
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