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Abstract: Stretchable optical fibers are emerging as a promising platform for wearable sensing
applications, owing to their exceptional flexibility, high sensitivity, and inherent immunity to
electromagnetic interference. Although current research primarily concentrates on conventional
step-index configurations, microstructured optical fibers (MOFs) with precisely engineered
architectures offer unprecedented design flexibility and functional versatility. Nevertheless,
the fabrication of such advanced fiber structures poses significant technical challenges. This
study introduces a demonstration of an elastomeric suspended-core MOF fabricated using
styrene-ethylene-butylene-styrene (SEBS) through the preform-to-fiber thermal drawing process,
achieving precise geometrical and dimensional control of the fiber structure. The fabricated fiber
demonstrates remarkable performance characteristics, including low optical transmission loss
(0.0621 dB/cm at 550 nm wavelength), mechanical robustness sustaining up to 500% strain,
and superior optomechanical sensitivity under both normal pressure (0—10 N) and bending
deformation (0°-90°). These attributes collectively validate its suitability for advanced wearable
sensing applications. As a proof of concept, we demonstrate the elastic MOF’s versatile
applications across three domains: (1) robotic tactile sensing that discriminates surface textures
via characteristic light attenuation, (2) high-accuracy data gloves for finger joint flexion tracking
in gesture recognition, and (3) real-time respiratory monitoring with reliable breathing rate
detection. The integration of SEBS-based elastomeric properties with enhanced optomechanical
responsiveness creates a multifunctional platform for next-generation optical sensors in intelligent
robotics, human-machine interfaces, and biomedical monitoring systems.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The demand for wearable sensing has surged in fields such as intelligent robotics, human-machine
interaction, and health monitoring, with the core challenge being the achievement of compatibility
between high-fidelity mechanical signal acquisition and intrinsic compliance. Traditional
electronic sensors are limited by issues such as electromagnetic interference, rigid circuitry, and
power supply constraints [1,2]. In contrast, optical fiber sensing technology has emerged as an
ideal alternative due to its immunity to interference, capability for distributed measurement, and
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passive operation [3,4]. Particularly, elastomeric polymer optical fibers (POFs), which possess
intrinsic mechanical flexibility, stretchability, and robustness while offering high sensitivity
to mechanical deformation and excellent conformability to complex morphology surfaces, are
attractive for intelligent wearable sensing systems [5].

In recent years, flexible and elastic optical fibers with extreme deformation capability and high
sensitivity to mechanical stimuli and temperature have witnessed a flourishing development. The
Seok-Hyun Yun group first developed a stretchable optical fiber made of hydrogel by the mold
casting method. These optical fibers show good biocompatibility and can endure stretch up to
120%, which is beyond traditional rigid optical fibers [6,7]. Besides, silicone rubbers with good
optical transparency are also employed for fabricating stretchable optical fibers via the mold
casting method [8,9]. The good mechanical flexibility and extreme strain sensing ability make
these fibers suitable for wearable body motion monitoring [9,10], physiological signal monitoring
[11], and tactile sensing [8]. More importantly, doping the fiber core with functional dyes or
nanomaterials, as well as inscribing Bragg gratings into the fiber core, can endow the fiber with
the ability for temperature measurement [12,13], distributed tactile sensing [14,15], and even
multimodal capabilities [16—19]. Self-powered sensing [20] and self-healing stretchable optical
fibers have also been demonstrated [21]. The mold casting method provides a flexible design
of the geometry of the fiber and facilitates the doping of functional materials inside the fiber.
However, it also faces limitations; these optical fibers are relatively large, with cross-sectional
diameters typically in the millimeter range. They have a relatively simple structure, typically
being step-index multimode fibers. Their manufacturing process relies on manual labor, resulting
in low production volumes.

In parallel, researchers are trying to employ transparent thermal processable polymers like TPU
and TPE as raw materials for the production of stretchable optical fibers. This technique enables
the mass production of optical fibers with high consistency; the optical fibers produced have a finer
diameter, making them suitable for wearable applications; and more importantly, optical fibers
with sophisticated cross-section geometries can be fabricated. Super elastic multimode optical
fibers have been successfully fabricated with TPE using the standard fiber drawing technique, and
implemented for motion monitoring and tactile sensing [22-24]. Single-mode stretchable elastic
optical fibers that can withstand stretching rates of 700% have also been fabricated [25]. These
super-stretchable optical fibers show excellent performance for strain, bending, and pressure
sensing.

To date, most reported stretchable optical fibers are based on the traditional step-index fiber
design, which inherently limits their functionality and sensing performance. Rigid microstructure
optical fibers with ingenious and complex cross-section designs offer unprecedented control
over light propagation through engineered microstructures and have revolutionized photonic
technologies in the last two decades [26,27]. Elastomer-based microstructured optical fibers
will greatly expand design flexibility, enabling enhanced functionality and sensing performance,
and providing a physical platform for the next generation of intelligent sensing systems. Such
fibers would be more mechanically flexible than all solid optical fibers owing to the air holes
running along the whole fiber length, would provide a much larger freedom for fiber design as
light guidance could be realized in both hollow cores and solid cores with tight confinement,
with the possibility for programming the mechanical properties distribution within the fiber
cross-section, thus engineering the sensitivity to mechanical stimuli. Moreover, the air holes
running parallel with the core provide a vacancy for integrating functional materials with the
fiber core to provide versatile sensing capabilities. Preliminary studies on hollow core optical
fibers with a simple cross-section design have been fabricated with elastomers through the fiber
drawing technique [28-31]. However, the fiber geometry is difficult to maintain due to the low
modulus, low viscosity, and high adhesiveness of elastomers under high temperatures. This poses
challenges for fabricating stretchable microstructured optical fibers with complex geometries.
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In this study, we propose and demonstrate the first stretchable SEBS-based flexible six-hole
suspended core fiber (SCF), which is suitable for intelligent wearable sensing. The SCF is
fabricated through thermal drawing with a high production rate and high uniformity. The SEBS
SCEF features a 120 um diameter core surrounded by six holes that provide tight light confinement.
It shows a low optical loss coefficient of 0.0621 dB/cm at 550 nm and a large elongation capacity
exceeding 500%. The flexible SEBS SCF, with a low elastic modulus, is susceptible to external
stimuli such as pressure and bending. More importantly, the absence of cladding material around
the core allows it to move or deform more freely, making it suitable for wearable sensing. As a
proof of concept, we integrated the flexible SCF onto the fingers of an adaptive manipulator to
endow it with the ability for contact pressure measurement during object grasping. Then, we
integrated the SCF fiber into a glove and demonstrated the ability to track finger gestures. The
flexible SEBS SCF could also find other applications, such as health monitoring and motion
tracking. Overall, this study demonstrates the first thermally drawn stretchable microstructure
optical fiber and its capability for intelligent wearable sensing. In the future, we foresee various
forms of stretchable microstructure special optical fibers emerging.

2. Design, fabrication and characterization

2.1.  Fiber design and fabrication

The elastomeric SCF features a SEBS solid core surrounded by six air holes. The fabrication
of the fiber involves two sequential processes: preform fabrication and thermal drawing. In the
preform fabrication stage, a customized metal holder is used to position six Teflon rods, each
measuring 6.0 + 0.1 mm in diameter, into a hexagonal array inside a fused silica tube with an
inner diameter of 34.0 + 0.5 mm. This arrangement ensures highly uniform circumferential
symmetry and consistent interstitial spacing throughout the mold assembly (Fig. 1(a)). The
interstitial voids between the Teflon rods and the inner wall of the silica tube are then filled with
SEBS copolymer pellets (Kraton G1657). This material is selected for its favorable mechanical
properties, including a tensile strength of 23 MPa and a Shore A hardness of 47, which contribute
to the flexibility and structural integrity of the final preform. Once packed, the entire mold
assembly is transferred to a vacuum oven for thermal processing. The SEBS pellets are heated to
250 °C under vacuum to eliminate air bubbles and prevent oxidation. Under these conditions, the
pellets soften, coalesce, and gradually form a homogeneous fiber preform through thermal fusion.
After a dwell time of 12 hours to ensure complete integration of the material, the mold is cooled
slowly to room temperature under a maintained vacuum to minimize thermal stress and avoid
deformation. Finally, the solidified SEBS preform is carefully released from the mold, resulting
in a structured soft polymer preform ready for subsequent processing.

The preform is then thermally drawn into fibers with desired diameters at a temperature
of ~240°C using a low-temperature optical fiber drawing tower, as shown in Fig. 1(b). The
thermal drawing process employs rigorously optimized feeding rates and drawing speeds to
ensure repeatable, large-scale fabrication. Owing to SEBS’s exceptional elastic properties, the
fiber demonstrates an elongation capacity of over 500%, as shown in Fig. 1(c). The cross-section
of the SCF is shown in Fig. 1(d), indicating the successful fabrication of the six-hole SEBS SCF.
Figure 1(e) shows a bunch of fabricated stretchable SEBS SCF that is rolled around a capstan.

2.2. Characterization and sensing performance

We first characterized the optical transmission property of the fabricated stretchable suspended-
core fiber. We conducted finite element simulations to analyze the modal field distribution of
the suspended-core fiber. The stretchable SCF supports multiple modes with similar effective
refractive indices, indicating tight confinement to guided light. The electric field distribution
of four typical guided modes supported by the SCF modes with effective indexes of 1.492795
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Fig. 1. Fabrication of the stretchable six-hole SEBS SCF. (a) Fabrication process of the
fiber preform. (b) Schematic illustration of the thermal drawing process. (c) The SEBS SCF
stretched to five times its original length. (d) Microscopic cross-sectional image of a 600
um diameter SEBS SCF. (e) Batch production of the stretchable SCF.

(HEq1), 1.492789 (HE;), 1.492781 (HE3;) and 1.492774 (HE4,) are shown in Fig. 2(a). For
optical transmission measurements, the SEBS optical fiber is cut vertically using a brand-new
blade to obtain a flat and smooth end facet. To eliminate the additional optical loss caused by
fiber adaptors which induces deformation, we sealed the fiber in a Teflon tube with UV-curable
adhesives to improve the stiffness of the fiber pigtail. Two pigtails were connected to a broadband
white light source (Ideaoptics, HL2000) and a spectrometer (Ideaoptics, FX2000) via fiber
adaptors.

The wavelength-dependent transmission loss was measured by the cut-back method, as
incremental fiber lengths (25-40 cm) of the same fiber was cut to quantify the optical transmission
performance, as shown in Fig. 2(b). Transmission spectra under incremental fiber lengths are
shown in Fig. 2(c). Normalized transmission spectra for various fiber lengths are shown in
Fig. 2(d). A linear regression analysis of the transmission data at a wavelength of 550 nm
(Fig. 2(e)) yields a propagation loss coefficient of 0.0621 dB/cm (R? = 99.7%).

We then characterized the sensing performance of the six-hole SEBS SCF towards normal
force, bending, and stretching. Firstly, the SCF was mounted on a force testing setup comprising
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a precision motorized translation stage, a force gauge, and a test probe. The optical response was
measured as the applied force increased from 0 N to 10 N in increments of 1 N. As shown in
Figs. 3(a) and 3(b), the transmission spectra and the normalized transmission intensity across the
500-750 nm range both decrease as the normal force increases. The evolution of the normalized
intensity at a wavelength of 550 nm is shown in Fig. 3(c). It is evident that the slope of the
curve is steep for small forces, gradually decreasing as the applied force increases, indicating a
nonlinear response characteristic of the SEBS SCF.

For bending sensing, we mounted the SEBS SCF onto a bending testing apparatus and applied
bending angles to the fiber from 0° to 90° in 10° increments. The bending radius is 7.5 mm. The
transmission spectra and the normalized transmission spectra are presented in Figs. 3(d) and
3(e), respectively. It is clear that as the bending angle increases, the normalized transmission
intensity across the 500—750 nm range decreases. The evolution of the normalized intensity at
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Fig. 2. Optical transmission characteristics of the six-hole SEBS SCFs. (a) Simulated
electric field distribution of four typical core modes at a wavelength of 550 nm. (b) The
cut-back method for measuring propagation loss with 3 cm length steps. (c) Transmission
spectra of the SEBS SCF at varying lengths. (d) Normalized transmitted light intensity as a
function of fiber length. (e) A linear relationship between transmitted light intensity and
fiber length under tensile testing at a wavelength of 550 nm.
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550 nm, shown in Fig. 3(d), demonstrates a linear response of the sensor to bending angle, with a
coefficient of determination (R?) of 99.9%.

To investigate the stretching sensitivity, the SEBS SCF was mounted on a stretching test
apparatus, with the fiber subjected to strain elongation ranging from 0% to 50% in 5% increments.
The transmission spectra and the normalized transmission spectra are shown in Figs. 3(g) and
3(h), respectively. As strain elongation increases, the normalized transmission intensity across
the 500-750 nm range decreases. The evolution of the normalized intensity at 550 nm is shown
in Fig. 3(i). It is evident that the slope of the curve is steep for small strain and decreases as the
applied strain increases, indicating a nonlinear response characteristic of the SEBS SCF. We
attribute the stretching induced optical loss to two factors. First, when the fiber is stretched, both
its refractive index and diameter decrease, thereby weakening the fiber’s ability to confine light,
and leads to increased loss of guided modes, especially the higher-order mode. Simultaneously,
as the fiber elongates, the intrinsic absorption loss of the SEBS optical fiber also increases. Please
be noted that the fiber can endure elongation up to 500%. However, when the elongation exceeds
100%, the fiber becomes insensitive to stretching (see Fig. S3).
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Fig. 3. Sensing performance of the flexible six-hole SCFs to pressure, bending, and stretching.
(a) Transmission spectra of SCFs to pressure ranging from O to 10 N. (b) Normalized
transmitted light intensity as a function of applied normal force. (c) Variation curve of
transmitted light intensity during the pressure test. (d) Transmission spectra of SCFs under
varying bending angles. (e) Normalized transmitted light intensity versus bending angle
(0° to 90°). (f) Linear relationship between transmitted light intensity and bending angle
obtained from the bending test. (g) Transmission spectra of SCFs under tensile strain (0% to
50%). (h) Normalized transmitted light intensity as a function of strain. (i) Variation curve
of transmitted light intensity during the stretching test.
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The robustness of the sensor was tested using a tensile testing machine. Figure S1 demonstrates
the force sensing performance of the SCFs during 10,000 pressure cycles with forces ranging from
0.5 to 3 N. The results indicate excellent mechanical durability of the stretchable optical fiber. Its
high mechanical stability and durability make it ideal for photonic mechanical sensing application.
In addition, we also investigated the effect of ambient temperature on the performance of the
fiber by taking the normal force sensing as an example. A section of the fiber was placed in a
thermostat box for force measurement. Figure S2 shows the changes in normalized intensity at a
wavelength of 550 nm for the SEBS SCF sensor in response to normal forces ranging from 0 to
10 N at different ambient temperatures (from 20°C to 40°C, with an increment of 10°C). The
overlapping trends across different temperatures suggest that the sensor performs well within the
temperature range of 20°C to 40°C.

3. Applications of the six-hole SEBS SCF for wearable sensing
3.1.  Application in robotic tactile sensing

The flexible mechanical properties and excellent sensing performance of the proposed SEBS
SCF in response to normal force make it a promising candidate for wearable tactile sensing
applications. To demonstrate this, we integrated the SEBS SCF onto one finger of an adaptive
two-finger gripper, highlighting its capability for tactile sensing. The SCF was molded into a U
shape and integrated onto the fingertip of a two-finger adaptive robotic gripper (DH-robotics,
AG-105-145). A schematic diagram of the gripper, with one finger equipped with the SEBS
SCF, is shown in Fig. 4(a). One end of the fiber is connected to a light source, while the other
end is linked to a miniature spectrometer to collect the optical signal. The application relies on
monitoring the intensity change of transmitted light when the fiber sensor-equipped adaptive
gripper grasps different objects.

When an object is grasped, the robotic hand induces lateral compression on the fiber, leading to
attenuation in the transmitted light intensity. We monitored the transmission spectra in real-time
as the gripper grasped various objects, including a paper cup, a charging plug, a pen holder, and
a tape cutter. The normalized intensity of transmitted light decreased by different amounts (14%,
40%, 60%, 83%) for each object, as shown in Figs. 4(b)—4(e). We hypothesize that the observed
attenuation is influenced by the mass, contact area, and surface roughness of the clamped objects,
as these factors are known to affect mechanical interactions and surface properties. This further
underscores the excellent tactile sensitivity of the fabricated optical fibers for interacting with
various materials.

3.2.  Application in hand gesture recognition

Based on the bending angle measurement capability of the SEBS SCF, we developed an optical
data glove, with each finger equipped with a section of SEBS SCF. One end of each fiber was
connected to an LED light source, while the other end was linked to a linear charge-coupled device
(LCCD). As illustrated in Fig. 5(a), five sensing elements were strategically positioned along the
finger phalanges (from distal to proximal) to capture the kinematics of the metacarpophalangeal
(MCP) and proximal interphalangeal (PIP) joints. Figures 5(b)-5(e) display the recorded intensity
fluctuations of the peak values for each six-hole SCF sensing unit. The real-time spectral analysis
during gesture articulation (FIVE, OK, YEAH, GOOD) shows a strong correlation between joint
flexion angles (0°-90°) and normalized intensity attenuation (R> = 99.9%). This allows for the
potential identification of the gesture being performed by analyzing the transmission spectra
from the five fingers. This new approach could greatly contribute to gesture recognition sensing
applications.
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3.3. Application in respiratory monitoring

Finally, we demonstrate the capability of the fabricated SEBS SCF for wearable human physio-
logical signal monitoring, using the respiration rate as an example. We integrated the SEBS SCF
into a stretchable chest strap. One end of the fiber was connected to a miniaturized LED light
source, while the other end was linked to a portable optical power meter. Sketch illustrations
of the chest strap and a subject wearing the strap around the chest are shown in Fig. 5(f). The
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Fig. 4. Six-hole SEBS SCF for robotic tactile sensing. (a) The schematic diagram of the
robotic gripper stress testing system. (b) Grasping and releasing a paper cup. (c) Grasping
and releasing a charging plug. (d) Grasping and releasing a pen holder. (e) Grasping and
releasing a tape cutter.
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respiration rate was measured by monitoring the output optical power during the expansion and
contraction of the thoracic cavity, which causes the chest strap and the stretchable SEBS SCF
to stretch and release periodically during breathing. The sensor’s output light intensity was
recorded for the subject both at rest and immediately after completing a run. The variation of
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Fig. 5. Six-hole SEBS SCF for hand gesture recognition and wearable respiration rate
monitoring. (a) Four gestures were made while wearing the data glove. (b) Optical intensity
variation during the “FIVE” gesture. (c) Optical intensity variation during the “OK” gesture.
(d) Optical intensity variation during the “YEAH” gesture. (e) Optical intensity variation
during the “GOQOD” gesture. (f) Schematic illustration of a subject wearing the chest strap
integrated with a stretchable SEBS SCF segment. (g) Variation in normalized output light
intensity while the subject is at rest. (h) FFT analysis of the real-time optical response
during the resting state. (i) Variation in normalized output light intensity after the subject
has completed running. (j) FFT analysis of the real-time optical response after running.
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the normalized output light intensity for the subject in the resting state is shown in Fig. 5(g). It
illustrates that the SEBS SCF is highly sensitive to breathing, with optical power decreasing and
increasing periodically with the expansion and contraction of the thoracic cavity, respectively. A
Fast Fourier Transform (FFT) of the measured real-time optical response reveals a respiration
rate of 14 bpm for the subject at rest, as shown in Fig. 5(h). After running, the real-time response
of the sensing fiber exhibits much denser and deeper periodic variations, as shown in Fig. 5(i).
This indicates an increase in both respiration rate and depth after running. The FFT results show
a respiration rate of 43 bpm, as depicted in Fig. 5(j). This case study demonstrates that our SEBS
SCF is well-suited for wearable human physiological signal monitoring.

‘We have demonstrated the elastic SEBS SCF’s sensing capability in three applications including
robotic tactile sensing, high-accuracy data gloves for finger gesture recognition, and real-time
respiratory monitoring. To further improve its stability and resistance to external interferences,
we would retain a short section of the SEBS SCF for sensing, and use rigid plastic optical fibers
for light guiding. Also, we would utilize highly stable miniaturized LED light sources so as to
shorten the length of the light guiding section in our future study.

4. Conclusions

In conclusion, we have successfully fabricated the first soft and stretchable six-hole suspended-core
optical fiber using the thermal drawing technique. This process enables precise geometric control
and high production rates. The fiber, composed of the optically transparent elastomer SEBS,
features a 120 um solid core surrounded by six air holes. This unique structure synergistically
combines low-loss light guidance with high optomechanical sensitivity. The inherent softness
and outstanding elasticity of SEBS endow the fiber with excellent responsiveness to both pressure
and strain, making it well-suited for wearable sensing applications. We validated its versatility
through integration into three distinct platforms: a robotic tactile sensor, a wearable glove
for gesture recognition, and chest straps for respiratory monitoring. These proof-of-concept
demonstrations highlight the fiber’s ability to detect subtle mechanical deformations with high
sensitivity. This fiber architecture establishes a versatile platform for next-generation adaptive
photonic devices, particularly in intelligent robotics and interactive biomedical technologies.
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