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Single-Mode, 700%-Stretchable, Elastic Optical Fibers

Made of Thermoplastic Elastomers

Soroush Shabahang,* Fatima Clouser, Farzaneh Shabahang, and Seok-Hyun Yun

Optical fibers made of thermoset elastomeric materials can offer extremely
high stretchability not possible with conventional glass and plastic optical
fibers. However, such elastomer fibers have so far been made with large
mm-scale diameters, which limit their potential utilities. Here, fabrication of
small-diameter (< 200 pm), core-clad optical fibers using a thermal drawing
of transparent thermoplastic elastomers is demonstrated. The single-mode
optical fibers fabricated by this method are highly elastic and durable against
strain up to 700%. Furthermore, a composite thermoplastic-thermoset elastic
optical fiber is also presented, in which the advantageous properties of both
families of elastomers are combined. These optical fibers may be useful for
short-distance, mechanically flexible, optical interconnections in biomedical,

tomeric optical waveguides can be fabri-
cated using various methods including
molding,"1% semi-cured drawing,":'8l
laser writing,"” lithography,?>2! or 3D
printing.?2l Moreover, the ease of fabri-
cation allows for more complex devices,
such as stretchable optical waveguides
integrated with vertical-cavity surface-
emitting lasers, photodiodes?®l and
microfluidic channels.?4 It is also easy
to incorporate micro- or nanoparticles
and functional materials into the polymer
network.[?>l However, it has been chal-

wearable, or implantable photonic devices.

1. Introduction

There have been great interests in flexible optical fibers and
waveguides for numerous biomedical applications, such
as health-monitoring wearables,™ soft implants,>-® soft
robotics and prosthetics,”!% body motion sensors,''"3 and
artificial skin. For these applications, ultralow optical loss
demanded in telecommunications is not necessary, and it is
highly desirable to match the mechanical properties of the
optical fibers to soft tissues with which the photonic devices
are in contact. For these applications, optically transparent
elastomers have been considered promising materials. The
most well-known materials are thermoset elastomers, such as
polydimethylsiloxane (PDMS) and transparent hydrogels, with
tissue-matching, low mechanical moduli (10 kPa—-1 MPa), and
relatively low optical losses (0.2-2 dB cm™)."] Thermoset elas-
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lenging to fabricate small-diameter
optical fibers using these methods. This
is primarily because of the low mechan-
ical strength of thermoset materials and
the difficulty of handling highly flexible elastomer materials
with small dimensions.

On the other hand, optically transparent thermoplastic elasto-
mers (TPEs), which differ from thermoset elastomers, are prom-
ising materials for fabricating elastic optical fibers.?>?”] Thermal
drawing of thermoplastic materials allows fabrication of fine
fiber features that are not attainable with the molding of ther-
moset polymers.?® Some other advantages of using TPEs over
thermoset elastomers include the possibility of thermal post-
processing of fibers for fiber-device fabrication, scalability of the
fiber structure, and long-length uniform fiber fabrication.[?%-32
Small-diameter fibers (< 200 um) offer several advantages. First
of all, thinner fibers are generally better suited for such applica-
tions as body strain sensing, as the required force to stretch an
elastic optical fiber decreases with the square of the fiber thick-
ness. For strain sensing applications, based on scattering,l1%*3l
absorption,12%% and bending!**! optical losses, thinner fibers
could lead to higher sensitivity. Furthermore, the number of
optical modes an optical fiber guides is proportional to the
square of the diameter of the core. Many photonics devices
require single-mode operation.*¥ For single-mode guiding, the
diameter of the core is typically less than several microns. Elastic
single more fibers can serve in an all-fiber tunable optical delay
line or tunable dispersion device.

Here, we present the fabrication of small-diameter, flex-
ible, and highly stretchable optical fibers using the thermal
drawing of TPE. In particular, we demonstrate single-mode
light guiding, to our knowledge for the first time, in elastomer
fibers. The single-mode fibers consist of the core and clad-
ding prepared from two different types of TPEs with similar
melting temperatures. The TPE fibers withstand elongations
of several times the original length and are stable at room
temperature.

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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2. Results

We tested several transparent TPE to find a pair of low-loss
polymers with approximately similar refractive index (n) values
for weakly guiding in a standard core-clad structure. The index
n was determined as the ratio of the real to apparent (optical)
thickness of polymer slabs using an optical microscope. Each
sample with about 3 mm in thickness was gently placed
between two glass slides that had ink marks on their inner
sides. As a sample stage was moved vertically, the apparent
thickness was measured as the distance between the sharp
images of the ink marks with the sample in place, and the real
sample thickness was measured by displacing the sample and
measuring the distance between the glass slides with the air
in between. Among the elastomers tested, we selected “Star-
Clear 1044-0000” (n = 1.52 £ 0.01) and “StarClear 1030-0000”
(n = 1.50 £ 0.01) as the core and cladding materials, respec-
tively. Both materials are RoHS-compliant UV-resistant rub-
bery soft polymers and are thermally consistent with each other
for co-drawing (melting points according to the manufacturer
datasheet: 185-205 °C). The spectral transmission of the elasto-
mers, measured using a spectrophotometer (Figure 1a), shows
an attenuation of 1-1.5 dB cm™ in the visible wavelength range
and < 1 dB cm™ in the near IR wavelengths, excluding reflec-
tion loss at the material-air interfaces. Like other elastic mate-
rials,3%] the optical refractive indices of the elastomers changed
slightly under large strain. For both materials, the refractive
index in the direction perpendicular to the elongation was
measured to decrease by = 2 and 4% at the axial strain of 50 and
100%, respectively (Figure 1b).

Our fiber fabrication steps consist of polymer molding, pre-
form fabrication, and thermal drawing of the fiber preform, as
illustrated in Figure 1c. In the molding process, polymer pellets
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were cut into < 1-mm-thick pieces, washed with ethanol, and
dried inside a vacuum oven at 60 °C for 1 h. The dried polymer
pieces were inserted in a glass mold and heated in the vacuum
oven for 12 h at 200 °C, while a 400 g metallic weight was placed
on top to squeeze the molten material inside the mold. The
reshaped material was cooled down to room temperature and
then removed from the mold. For the core, glass molds with
an inner diameter of 0.75 mm was used. For cladding, the glass
mold had an inner diameter of 3.2 mm, and a solid rod with a
diameter of 0.8 mm was placed in the middle of the mold so
that the final polymer product comes with a tubular shape with
an inner and outer diameter of 0.8 and 3.2 mm, respectively.
The fabricated core preform was inserted into the inner hole of
the cladding preform. This forms a preform for core-clad fibers.

We used a small horizontal thermal drawing setup, similar
to one in fiber tapering machines, which is appropriate for our
small preforms with a few millimeters of thickness and makes
it easy to control the drawing parameters. More importantly,
TPEs have generally lower viscosity values than rigid thermo-
plastics and glasses above their softening points,?’l and this
property makes it difficult to support the weight of the bottom
necking of the preform and the drawn fiber at the beginning
of the draw. However, this approach may not be effective for
thick preforms because the weight of the softened material can
deform the preform. We used a soldering iron with a custom-
ized half-cylinder 1-cm-long tip as a heater, set at 250 °C (the
actual temperature of the heat zone). The preform was fed man-
ually into the heating zone at a low speed of = 0.5 mm s~! while
the distal end of the fiber was pulled at a speed of 5-10 cm s
These drawing speeds produced core-clad fibers with an outer
diameter of 220-270 um and a core diameter of 50-60 um, a
similar dimension as conventional plastic or glass multimode

fibers.
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Figure 1. Fiber materials and fabrication. a) Spectral transmission of the core and cladding thermoplastic polymers. Inset is a test sample. b) Variation of
the n of the core polymer versus strain (sample dimensions 3 x 3 x 10 mm). n is measured perpendicular to the strain direction. c) Fabrication steps of
thermoplastic elastic fiber, including: 1) Preparation of the preform core and cladding via polymer molding in vacuum, 2) inserting the preform core inside the
cladding tube (core diameter = 0.75 mm, cladding inner diameter = 0.8 mm and cladding outer diameter = 3.2 mm), and 3) thermal drawing of the preform.
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Figure 2. Single-mode light guidance. a) two-step fabrication of small core fiber for which the core of the second preform is a large-core-fiber obtained
by drawing the first preform. b) Cross-section of the large core fiber transmitting 635 nm laser light. c) Single-mode guidance of 635 nm laser light in
a small core fiber. d) The output profile of a fiber with a slightly larger core size, showing the higher-order LP;; mode. (Inset shows a schematic of the
setup for (b—e)). e) Comparing the normalized spectra of 635 nm laser light before and after the fiber in (c) to verify single-mode guidance and no
modal interference in the frequency domain. f) Spectral loss characterization of the molded polymers along with optical loss of the large and small

core fibers at 635 nm.

Given the index difference of = 0.02 between the core and
the clad, for single-mode guiding our target core diameter was
5 um. To achieve this small core size, we used an over-jacketing
method. The multimode fiber drawn from the preform was
inserted into a second jacketing tube prepared in the same
method as we used to make the cladding preform. The inner
diameter of the jacketing tube was matched to the outer diam-
eter of the multimode fiber (Figure 2a). Drawing the jacketed
preform with the same draw-down ratio yielded an optical fiber
with a clad diameter of = 200 um and a core diameter of = 5 um.
Figure 2b,2c shows the pictures of end facets of the large- and
small-core fibers, when a broadband laser light (12-nm band-
width centered at 635 nm) was launched into the other facet
of the fibers using an objective lens. The output intensity pro-
file shows the fundamental fiber mode. When the input light
coupling was changed by translating the objective lens, only
the intensity was changed but the mode profile did not change.
Figure 2d shows the output beam profile from a fiber with a
core diameter of =6 pm, which is comprised largely of the LP11
mode. Therefore, the 5 um core diameter is considered as the
approximate threshold for single-mode guidance. Finally, com-
paring the spectrum of the light before and after the single-mode
fiber did not show any modal interference pattern (Figure 2e).
These results provide evidence for single-mode guidance.

The optical propagation loss of the fibers was measured via cut-
back technique at 635 nm. The measured loss coefficients were
1.2 dB cm™ for the large-core multimode fibers and 1.9 dB cm™
for small-core single-mode fibers (Figure 2f). These values are
higher than the intrinsic material loss that we measured with
bulk polymer samples of different thicknesses (3 mm and
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15 mm) prepared by polymer molding (Figure 2f). The higher
loss of the single-mode fiber may be due to the increased con-
tribution of scattering at the core/cladding interface with the
decreased beam area. The total light loss originates from two
major causes: material absorption and light scattering. In a
core-only fiber, considering the total internal reflection from the
polymer-air interface, about 56% of light propagating in all direc-
tions remains confined inside the polymer, and about 35% of the
Rayleigh scattered light would be guided in the forward direction.
To study the contribution of optical absorption from the total
loss, we collected the forward scattered light using a detector at
the end of cladding-free samples. The tests on two samples of
different lengths (3 mm and 5 cm) show that about 30% of the
core polymer loss at 635 nm is due to material absorption.

The flexibility and super-elasticity of the fibers are illustrated
in Figure 3. Due to the material’s softness, the fiber can be bent
over very small radii. The maximum elongation at break is
=700% for the core and = 900% for the cladding polymers (values
provided by the vendor). Figure 3b shows the tensile-strength
test for a small core fiber with 200 um diameter, in which the
fiber sample is pulled by a stepper motor on a rail, and the force
is measured using a load cell (RB-Phi-203-100g Micro Load
Cell). The tensile-strength test confirms the values provided by
the vendor. The Young’s modulus at 300% strain of the polymer
is approximately 1 MPa. Therefore, to produce 300% strain on a
200-um-thick fiber only < 0.1 N force is required. This stiffness
of TPE fibers is very close to the stiffness of soft tissues such as
the human skin (0.1-0.9 MPa).13¢3"] Therefore, the mechanical
property would be well suited for use in wearable or implant-
able photonic devices. For comparison, Young’s modulus of

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Fiber mechanical properties. a) A piece of flexible soft fiber relaxed on the ground with sharp curves without holding. b) Tensile-strength
test for a 200-um-thick fiber with an initial length of 46 mm. The elongation at break is more than 700%. The inset is a schematic of the test set-up.
) A 200-um-thick elastic fiber stretched more than 4 times the original length.

conventional silica fibers is 73 GPa, even higher than those of
hard bones (=20 GPa).

Because both the core and cladding indices are affected simi-
larly by strain, the light-guiding condition is maintained. How-
ever, as the fiber is stretched, the total transmission decreases,
as expected from the Beer’s law that the total transmission
decreases exponentially with the propagation length at a con-
stant loss coefficient. Interestingly, we found that the loss coef-
ficient of our fibers is not constant but increased with strain
because Rayleigh scattering increased with strain in our fiber
materials. We did not observe any degradation or defects in
the core/cladding interface after inspecting the fibers under
a microscope and feel confident that the scattering is due to
reversible changes in the fiber materials. Figure 4a shows the
scattered light of 635 nm laser light in a bulk sample of the
core polymer. As the sample was stretched, the brightness of
scattered light increased. The images showed that the scatterers
are uniformly distributed inside the bulk material. When a col-
limated white light, instead of the 635 nm laser, was launched
into the sample, the color of scattered light seen from the side
changed from blue to red along the fiber length, because the
shorter wavelengths scatter more strongly, and the longer wave-
length light propagates farther than shorter wavelength light.
To explain this phenomenon, we hypothesize that with strain,
the nano-pores in the polymer network are elongated and
enlarged to induce stronger Rayleigh scattering. This hypoth-
esis is supported by the fact that the refractive index of the
polymer decreases by stretching, as shown in Figure 1b. This
phenomenon was reversible. The sample went back to the low
scattering state after releasing the strain.

When scattering is the dominant loss mechanism, and
B is a scattering coefficient, then dI(z)/dz = — pI(z), where

Adv. Optical Mater. 2021, 2100270 2100270 (4 of 6)

I(z) is light intensity along the propagation coordinate of
z. The transmission in the log scale may be described as
Tas(!) = log (I()/1(0)) = — B - I, where | is the length of the
sample. Figure 4b shows the measured transmission of a
bulk polymer sample used for the core as a function of strain:
€ =1/ly — 1, where I is the original length at the relaxed state.
From the linear trend, we found that f increases quasi linearly
with the magnitude of strain. We applied the linear f(¢) func-
tion to single-mode optical fibers. Figure 4c shows the experi-
mentally measured transmission of a single-mode fiber, which
is largely explained by the light scattering coefficient increasing
with the applied strain.

While thermoplastic polymers are well suited for thermal
drawing into small diameters, as demonstrated above, ther-
moset polymers offer many favorable properties as mentioned
in the Introduction. We explored the possibility of fabricating
a composite fiber with a soft thermoplastic cladding and a
thermoset core. For this purpose, a thermoplastic hollow pre-
form was prepared by molding “StarClear 1030-0000” TPE, as
described above. The preform had an inner and outer diam-
eter of 2.8 and 8 mm, respectively. The preform hollow was
obstructed by a screw to trap the air and eliminate hollow col-
lapsing (Figure 5a). After thermal drawing, a hollow fiber with
an inner diameter of < 10 um is obtained (Figure 5b). A sec-
tion of the fiber with a small hollow diameter (<10 um) was
filled with “Gelest PP2-OE50” thermoset elastomer and cured
at 55 °C for 4 h (Figure 5c). The refractive index of the core
material is 1.5 in the visible wavelengths. The optical properties
of the fiber are similar to that of the core elastomer. The optical
loss was measured to be 1 dB cm™ at 635 nm. we did not
observe any enhanced material scattering after stretching. The
core thermoset material is less stretchable than the cladding

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Light scattering in the core polymer versus strain. a) Top is the schematic of the experimental setup to visualize the light scattering in
polymer samples; middle image shows scattering of red laser light in the core material. Stretching the sample increases the scattering and the sample
looks brighter; bottom image shows white light scattering in a 1-mm-thick rod, forming a rainbow color pattern. b) Measured the optical transmission
(green) and the corresponding optical scattering (blue) of a bulk polymer sample (core polymer) versus strain. ¢) The measured optical loss of an
elastic single-mode fiber versus strain (red circles) and the calculated values (blue circles) from the fiber loss measured in the relaxed state and the
strain-dependent scattering loss of the bulk polymer obtained in (b). The insets show the optical modes in the output facet.

TPE material. Within the acceptable strain range up to 75%  pared to conventional silica fibers, the elastomer fibers are elon-
elongation, we did not observe any significant increase of loss  gated up to 700% with a small force of <0.2 N, with 5 orders
due to stretching. The fiber guided a single mode at 635 nm  of magnitude lower Young’s modulus than conventional silica
(Figure 5d). fibers. The propagation loss of these fibers is 1.2-1.9 dB cm™,

primarily arising from the Rayleigh scattering of nano-pores

in the loose polymer network of TPE. These fibers may prove
3. Conclusion useful for applications that require mechanical flexibility and

short-distance light propagation, such as optical interconnec-
We have demonstrated the first single-mode elastic optical fibers  tions in flexible wearables, all-fiber tunable delay lines, and
thermally drawn from thermoplastic elastomer preforms. Com-  strain sensors.

a b ¢

Uncured thermoset ﬁ Suction
elastomer

Hollow preform

N—" Hollow fiber

Optical mode
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Figure 5. Composite elastic fibers (thermoset elastomer core & thermoplastic elastomer cladding). a) Schematic shows the thermal drawing of an
elastic hollow fiber. The screw is used for trapping the air and avoid collapsing the hollow. The inner and outer diameters of the molded preform are
2.8 & 8 mm, respectively. b) A section of the drawn fiber. c) Filling the hollow of the fiber with PP2-OE50 thermoset elastomer. d) Left to right: cross-
section and zoomed-in images of the small core fiber and the single-mode guidance of 635 nm laser light in the fiber core.
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