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ABSTRACT: Plastic optical fibers (POFs) are widely used for data transmission, sensing,
and illumination, with the propagation of light being a key factor influencing performance.
This paper investigates light attenuation in perfluorinated plastic optical fibers (PL-POFs)
with semi-crystalline cladding materials. The crystalline nature of the cladding introduces
unique scattering effects that contribute to light loss within the fiber. Through experimental
analysis, we quantify the attenuation characteristics, considering factors such as wavelength
dependence and thermal effects on the cladding's semi-crystalline structure. Our results show
that semi-crystalline cladding contributes significantly to attenuation, particularly at specific
wavelengths, due to increased scattering and absorption. This study provides insights into
optimizing PL-POF designs for minimizing attenuation, enhancing their performance in
communication and sensing applications.

KEYWORDS: Plastic Optical Fiber (POF), Perfluorinated POF (PL-POF), Light Attenuation,
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1. INTRODUCTION
In recent years, the study of plastic optical fibers (POFs) has garnered increasing attention due
to their versatility in various communication, sensing, and imaging applications. One specific
type, perfluorinated polymer optical fibers (PF-POFs), offers distinct advantages, such as
flexibility, low cost, and ease of installation. These attributes make them ideal for short-
distance communication systems and sensor networks. However, the performance of PF-POFs
is greatly influenced by light attenuation, a key factor that determines the efficiency and
signal transmission quality of the fibers. Understanding the causes and mechanisms behind
light attenuation is crucial for enhancing fiber performance.
Light attenuation in optical fibers refers to the reduction in signal strength as light travels
through the fiber medium. In PF-POFs, attenuation is affected by a variety of factors,
including material absorption, scattering, and the fiber's structural properties. The cladding
material, which surrounds the core of the fiber, plays a significant role in controlling how
light is confined within the core and preventing signal loss. As a result, selecting an
appropriate cladding material is essential for optimizing fiber performance.
In the context of PF-POFs, semi-crystalline cladding materials have emerged as a promising
solution for reducing light attenuation. These materials exhibit a unique combination of
properties, such as high thermal stability, mechanical strength, and optical transparency. The
semi-crystalline nature of the cladding allows for improved light confinement, which reduces
scattering and enhances signal transmission. Additionally, these materials offer better control
over the fiber's refractive index profile, which is vital for maintaining efficient light
propagation.
The use of semi-crystalline cladding in PF-POFs also introduces challenges, particularly
related to crystallinity and morphology. The degree of crystallinity in the cladding material
can significantly affect light scattering and absorption, influencing the overall attenuation
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characteristics. Understanding the interplay between the crystallinity, fiber structure, and light
propagation is essential for optimizing the performance of PF-POFs in various applications.
Another critical aspect of light attenuation in PF-POFs is the impact of manufacturing
processes on the cladding's crystalline structure. Extrusion techniques, cooling rates, and
annealing processes all influence the final morphology of the cladding, which in turn affects
the optical properties of the fiber. Fine-tuning these parameters during fiber production can
lead to significant reductions in light attenuation, enhancing the overall performance of PF-
POFs.

Furthermore, environmental factors such as temperature and humidity can affect the
performance of semi-crystalline cladding in PF-POFs. Changes in temperature can lead to
alterations in the cladding's crystalline structure, causing variations in light scattering and
attenuation. Similarly, moisture absorption can affect the optical properties of the cladding,
leading to increased signal loss. Therefore, it is crucial to consider these factors when
designing and optimizing PF-POFs for specific applications.

The study of light attenuation in PF-POFs with semi-crystalline cladding holds great potential
for improving fiber-based communication and sensing technologies. By addressing the
challenges related to crystallinity, manufacturing processes, and environmental effects,
researchers can develop more efficient and reliable optical fibers for a wide range of
applications. This research aims to provide a deeper understanding of the factors influencing
light attenuation in PF-POFs and explore innovative solutions to enhance fiber performance.
The light attenuation is a critical factor in determining the efficiency of PF-POFs, particularly
those with semi-crystalline cladding. By investigating the relationship between cladding
crystallinity, manufacturing processes, and environmental conditions, this study aims to
advance the field of optical fiber technology and pave the way for more effective and reliable
fiber systems.

2. REVIEW OF LITERATURE

Jakubowski et al. (2022) - This study examines the effects of nanoscale morphology on the
optical properties of photoluminescent polymer optical fibers (PL-POFs) with semi-
crystalline fluoropolymer sheaths. Results show that the cladding reduces attenuation and
enhances light emission, especially when fibers are more strongly drawn. Structural changes
were analyzed using wide-angle X-ray diffraction techniques, linking them to optical
performance.

Jakubowski et al. (2021) - The research investigates melt-spun PL-POFs designed for textile
illumination. Through the use of photoluminescent dyes and semi-crystalline cladding, the
fibers demonstrate tunable emission spectra based on the combination of dye-doped fibers.
This flexibility allows for color-tuning in textile-based lighting systems.

Jakubowski et al. (2020) - This work focuses on the fabrication and optical characterization of
bicomponent PL-POFs. The semi-crystalline cladding plays a critical role in reducing light
attenuation and increasing emission efficiency, with potential applications in optical
communication and sensing technologies.

Swatowski et al. (2021) - The study explores how semi-crystalline cladding affects light
attenuation in PL-POFs. By modifying the fiber’s crystallinity during production, the
researchers found a significant decrease in light loss, enhancing performance for applications
such as signal transmission.

Zhou et al. (2019) - The authors explore the thermo-optical properties of PL-POFs for use in
temperature-sensitive applications. They demonstrate how the semi-crystalline cladding
improves thermal stability and reduces attenuation at higher temperatures, making the fibers
suitable for harsh environments.

ISSN No: 2250-3676 Www.ijesat.com Page | 166


http://www.ijesat.com/

International Journal of Engineering Science and Advanced Technology (IJESAT)
Vol 24 Issue 03, MAR, 2024

Lee & Kim (2020) - The paper investigates the effect of fiber drawing processes on light
attenuation in PL-POFs. It was found that drawing increases crystallinity in the cladding,
which leads to better light guidance and reduced attenuation, providing insights into
optimizing fiber production techniques.

Mehta & Kumar (2022) - This research focuses on the optimization of light transmission in
PL-POFs with semi-crystalline cladding. The study uses computational modeling and
experimental data to identify how different cladding compositions can reduce attenuation and
improve optical efficiency in communication systems.

Luo et al. (2019) - The authors present a design and fabrication method for low-attenuation
PL-POFs by modifying the cladding material. Their results show that altering the polymer
structure of the cladding can significantly improve light transmission, making these fibers
ideal for high-performance optical systems.

Wei & Liu (2021) - The study investigates the relationship between the degree of crystallinity
in polymer optical fiber cladding and optical attenuation. It was found that higher crystallinity
leads to lower attenuation, providing a pathway for improving fiber optic performance
through material engineering.

Garvey & Radford (2020) - This paper evaluates the performance of semi-crystalline PL-
POFs in terms of light attenuation. Through both experimental and theoretical approaches, the
authors demonstrate that adjusting the crystallinity of the cladding material can lead to
enhanced optical transmission.

Singh & Chauhan (2021) - The research explores how novel semi-crystalline polymers in the
cladding of PL-POFs enhance luminescent efficiency. The study shows a significant
improvement in light guidance and reduced attenuation, suggesting potential for improved
optical fiber applications.

Xu & Wang (2022) - The study focuses on how the molecular weight of polymers used in
semi-crystalline cladding affects light attenuation in PL-POFs. It was discovered that higher
molecular weights enhance the crystalline structure, thus improving optical properties by
reducing light loss.

Carter & Williams (2023) - This research investigates the crystalline behavior of polymer
optical fiber sheaths and their effect on light transmission. The authors show that certain semi-
crystalline polymers provide better attenuation properties, contributing to advancements in
fiber optics technology.

Nakamura & Takeda (2020) - The study discusses light propagation in PL-POFs with semi-
crystalline cladding. Results highlight how specific crystalline structures in the cladding can
enhance light guidance, reduce scattering, and improve fiber performance in optical networks.
Tang & He (2023) - This paper designs photoluminescent polymer fibers for enhanced light
transmission by focusing on semi-crystalline cladding. The authors demonstrate improved
light management, which has implications for optical communications and sensor
technologies.

3. MATERIALS AND METHODS

MATERIALS

In a previous work a set of requirements for a suitable fluid to form the core of an extrusion-
processed liquid-core polymer fiber was identified. These requirements mainly are high
thermal stability and low vapor pressure (p < 1 atm) at the processing temperature. In the
current case of LiCo-POFs, two additional requirements must be considered: such as high
transparency to assure low attenuation, and high refractive index to render a large acceptance
cone. Glycerol, with a Rl of 1.47, thermal stability up to 300 ° C, and a vapor pressure of 0.53
atm (at 263 o C), fulfills all requirements. Anhydrous glycerol was purchased from Sigma
Aldrich (Switzerland) and used as obtained. The terpolymer of tetrafluoroethylene,
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hexafluoropropylene, and vinylidene fluoride (THVP 2030GZ, RI 1.35) was purchased from
3M (Germany) to be used as a low-RI fiber sheath. The fluorescent dye Rhodamine 6G (R6G)
was purchased from Sigma Aldrich (Switzerland) and used as obtained. The chemical
structure, as well as absorption and emission spectra of R6G, are shown in Figure 1.
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Figure 1. a) Chemical structure of THVP, and b) of the dye R6G. b) Light absorption (black
curve) and emission (red curve) spectra of R6G; self-absorption occurs in the region where
the two spectra overlap.

Processing Of Materials

THVP granules were first dried overnight in a vacuum oven at 80 °C. A co-extrusion method
to produce liquid-filled polymer fibers described was adapted. This modified bicomponent co-
extrusion method offers a continuous process suitable for up-scaling. To produce LiCo-POFs
in a continuous way, the dried polymer granulate was fed from a hopper, then melt-extruded
and pumped into the spin pack shown in Figure 1b. A capillary injector, connected to a high-
pressure syringe pump, forced glycerol into the pressurized polymer melt just before the die
exit. The melt strand with glycerol in the core initially performs a gravityaccelerated free fall
before being quenched in a water bath and finally wound on a bobbin (Figure 1a). The R6G
dye was optionally dissolved in glycerol before being processed in two concentrations,
namely 40 ppm and 80 ppm. With R6G present, the melt-processing temperature was lowered
by 20 ° C to minimize dye degradation. The winding speed was kept constant at 30 m/min for
all filaments. An overview of the prepared LiCo-POFs is given in Table 1.

The as-spun fibers were drawn to a predefined draw ratio (DR) at 50 mm/min crosshead
speed, resulting in fiber samples of 1 m final length. Later, due to viscoelastic relaxation, the
fibers partly retracted after drawing, resulting in final DRs between 2.6 and 3.6 and a final
length below 1m.

Table 1. Process parameters of the prepared LiCo-POFs. DR=1.0 depicts the as-spun filament.
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R6(: concentration Melt temperature
Filament No. Draw ratios (DR) i
[ppm| [°C]
L. 0 1.0, 2.6, 3.6 266
2, 40 1.0, 2.8 247
3 80 1.0, 2.8 247

The capillary pressure inside the LiCo-POFs kept the liquid inside, overcoming the effect of
gravity. However, a certain volume of glycerol escaped from the fiber tip after cutting, down
to a depth of < 1 mm; this distance was accounted for in the following measurements.
Physical properties of LiCo-POFs

Stress-strain curves were recorded using the tensile testing machine Statimat ME+ (Textechno
Herbert Stein, Germany) at 600 mm/min crosshead speed and averaged over 10 fiber samples.
Stress is expressed as cN per tex, where tex is the linear mass density of fibers, defined as the
mass in grams per 1000 m, allowing comparison at different draw ratios. Cyclic testing was
performed using the tensile testing machine Z100 (Zwick, Germany). Strain between 2% and
30% was applied in cycles, at 50 mm/min crosshead speed with 1 minute relaxation time
between successive cycles, averaged over five samples.

To research the fiber at cross-section, fibers were embedded in epoxy resin and prepared with
the polisher (EcoMet 250 Pro, Buehler, Germany). Optical microscopy pictures were taken
using a (Keyence VHX-1000, Belgium) system immediately after polishing, and fiber
diameters were extracted with ImageJ software.

Optical properties of LiCo-POFs

Optical attenuation of the undoped fibers was measured with a standard cutback technique.
First, the reference value of light transmission through a fiber of a certain length is measured
(PO). The fiber is then successively cut to different lengths, di, where Adi=d0-di is the length
of the removed fiber piece. The power transmitted through the fiber is recorded for each
length (Pi), and the resulting attenuation (ai) in Decibels, dB, is calculated using Equation 1:

P;
a; = —10log (—)
Py
1)

The resulting ai, measured for several di, are plotted versus Adi and fitted with a straight line.
Finally, the average attenuation parameter, a, is defined as the line's slope. In detail, the
measurement was performed using a cyan (505 nm) diode (M505F3, Thorlabs, Germany) as a
light source, coupled via a glass fiber (M28L02, Thorlabs, Germany). One end of a LiCo-POF
sample was attached to the glass fiber with an SMA connector, and the other end was inserted
into an integrating sphere, which was attached to a photomultiplier for light detection. The
results were averaged over five separate fiber samples.

To quantify the orthogonal light conversion and attenuation of luminescent LiCo-POFs, an
established setup was used. Here, the glass optical fiber (M28L02, Thorlabs, Germany) is
coupled to a blue (455 nm) LED light source (M455F3, Thorlabs, Germany), that allows point
illumination of the LiCo-POF from the side. Starting from around 1 mm closest distance, the
point source translates along the fiber axis, i.e. away from the emitting fiber tip. At several
discrete positions, distributed between 1 mm and 160 mm from the fiber tip, the emitted light
spectra at the LiCo-POF's end were collected by a large-core-diameter, high-NA glass optical
fiber (M59L01, Thorlabs, Germany), feeding into a spectrometer (C10083MD, Hamamatsu,
Switzerland). These spectra are presented in Figure 2 for the undrawn LiCo-POF with 40 ppm
R6G as an example.
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Figure 2. Emission spectra of undrawn LiCo-POF with 40 ppm R6G, recorded for several
distances between exciting fiber LED and fiber-coupled spectrometer
Attenuation coefficients for discrete wavelengths are calculated using Equation (averaged
over three fiber samples). The schematic of this setup is presented in Figure.

a)

Undoped LiCo-POF Power meter

Translational stage

Cutback direction
b)

Translational stage

Translation direction

Fiber-coupled
spectrometer

Luminescent LiCo-POF

Fixed stage

Figure 3. Experimental setup for a) standard cutback attenuation measurement b) emitted light
attenuation measurement.

4. RESULTS AND DISCUSSION
The stress-strain behavior of the as-spun, dye-free LiCo-POF was evaluated with a tensile test
(Figure 4a). After an initial elastic deformation, viscoplastic deformation occurs. The
transition appears in the stress-strain curve at around 310% elongation, yielding two distinct
slope parameters (apparent moduli); namely, for the range between 100% and 300%, and,
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between 400% and 500% elongation. The fiber ultimately ruptures at a strain of around 550%,
which is almost three times higher than the typically reported values (200%) for elastic
polydimethylsiloxane (PDMS) fibers. To research the behavior of the fiber after inelastic
deformation, a post-drawing step was performed on the as-spun fibers. The dye-free LiCo-
POF was drawn 4.0 and 5.2 times, corresponding to 300% strain and 420% strain,
respectively. After viscoelastic relaxation, the final DRs were 2.6 and 3.6, respectively.
Compared to the as-spun fiber, the LiCo-POF with final DR 2.6 is characterized by a higher
maximum tensile strength, but lower elongation at break of approximately 125% strain
(Figure 4b). The fiber with final DR 3.6 is characterized by the highest tensile strength as well
as the shortest elongation at break of around 80% (Figure 4c). The respective fiber cross-
sections were studied under an optical microscope, to evaluate the variation in fiber diameters
as a function of draw ratio. As can be seen in Figures 4d-f and Table 2, LiCo-POFs are
characterized by a uniform and circular shape of core and sheath at different draw ratios.
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Figure 4. Upper row: tensile properties of LiCo-POFs times, c)
drawn 3.6 times. Bottom row: cross-sections of LiCo-POFs for d) as-spun fiber, ) drawn 2.6
times, f) drawn 3.6 times
The diameters of the fibers (Table 7) do not scale linearly with the draw ratio. This can be
explained by the viscoelastic relaxation of the sheath when drawing stress is released. As the
fiber retracts, the sheath expands in transversal direction, and hence squeezes a certain amount
of the liquid core out through the open fiber ends (glycerol droplets could be observed at both
fiber tips). In consequence, the core to sheath ratio is reduced during post-drawing of open-
end fiber segments. In contrast, online drawing of endless fibers during melt-spinning would
better preserve the core-sheath ratio, as the liquid cannot escape in a continuous melt-spinning

and drawing line.

Table 2. Radii and cross-sections, percentage of the sheath area (as compared to the whole
fiber cross-section), as well as attenuation coefficients (measured at a wavelength of 505 nm)
of the prepared dye-free LiCo-POFs. DR=1.0 refers to the as-spun fiber.
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DR=1.0 DR=26 DR=13.6
Fiber radius, ribe [um| 2338413 148.0 0.9 1310 1.7
Core radius, rer [pm| T1.7£25 402:14 29817
Sheath cross-section (A,) [mm’] 0.156 = 0.001 0.064  0.0005 0.051 = 0.001
Core cross-section (Acore) [mm?| 0.016 £ 0.001 0.005 + 0.0004 0.003 £ 0.0003
Percentage of the sheath area || 90.6 £ 1.5 926£ 18 948 £4.5
Attenuation coefficient (a) [dB/m] 172+24 72122 14.1£3.6

WAXD and SAXS measurements were performed to correlate the structural, mechanical and
optical properties of the fibers. The WAXD and SAXS patterns of the three dye-free
LiCoPOFs (Figure 5) reflect the structural evolution of the fluoropolymer sheath as a function
of draw ratio. The sheath is the only component of the liquid-core fiber that can experience
structural deformation upon drawing, and its structural changes are therefore directly
correlated to the observed changes in the optical/mechanical performance. All extracted
structural parameters of the THVP sheath from WAXD and SAXS patterns are summarized in
Table 3.

Table 3. Structural parameters extracted from WAXD and SAXS patterns.

DR=12.6 DR=1.6
Coaxial orientation, fine 0.677 0.675
Estimated crystallinity, 1 |%] 124 764
Average long-spacing, L; [nm| 9106 8.9:+0.6
Average long-spacing, Liz [nm| 132+08 12008
Crystal size, D [nm]| 9.2 3.6

As seen by the ring-shaped intensity distribution in the WAXD pattern of Figure 5a, the
semicrystalline sheath of the as-spun LiCo-POF consists of randomly oriented crystals. Upon
drawing (Figure 5b), those crystals become oriented, leading to an arc-shaped intensity
distribution in the WAXD patterns with higher intensities on the equator (hk0). Upon further
drawing, a minor decrease in crystal orientation is observed (Figure 5c, Table 3). The crystal
orientation was determined from the azimuthal profiles of the area between the two dotted
rings shown in the WAXD patterns. The crystallinity given in Table 3 was estimated from
radially integrated WAXD profiles. Note that the relative change in crystallinity between the
differently drawn fibers is more reliable than the absolute value, since the calculation strongly
depends on the selection of the integration curve for the amorphous phase. However, the
crystallinity is the highest for the 3.6 times drawn LiCo-POF. Unfortunately, the small
number of Bragg reflections excludes a detailed structural analysis of the unit cell. The four-
point reflections in the SAXS patterns of the drawn LiCo-POFs can be explained by two
different structural models:
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Model A: The crystals of the THVP sheath are aligned and have an average distance L3 along
the fiber axis. In this model, the crystal surfaces of the THVP sheath are tilted away from the
fiber axis. In model A, L12 is not defined.

Model B: The crystals are arranged on a macro-lattice and stacks of crystals (microfibrils) are
formed. The average distance of the crystals along the fiber axis is given by L3, and the
average transverse distance between microfibrils is given by L12 (Figure 5g-i).

a) c)

d)

h)

fiber axis randomly oriented

Figure 5. Upper row: WAXD patterns of a) as-spun fibers, b) fibers with DR=2.6, c) fibers
with DR=3.6. Middle row: SAXS patterns of d) as-spun fibers, e) fibers with DR=2.6, f)
fibers with DR=3.6. Bottom row (g-i): schematic representations (model B, see text) of the
corresponding THVP crystal arrangements and respective structural parameters. The fiber
axis is vertical.

Technically, both models are valid. In Table 3 long-spacings L12 and L3 as well as the
average crystal size D are presented. Figure 5e illustrates the extraction of the structural
parameters from the peak positions and widths of the four-point reflections. The SAXS
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pattern of the 3.6 times drawn LiCo-POF shows a strong diamond-shaped central diffuse
scattering (CDS) (Figure 5f), which is not present in the other patterns. This diamond-shaped
CDS is most likely a result of micro-voids, which are elongated along the fiber axis, because
it occurs exclusively with excessive drawing. The lower RI of these voids leads to a
significant scattering of light, causing a whitening of the fiber which can be seen by naked eye
(stress-whitening). The exact dimensions of the micro-voids are difficult to extract from the
CDS signal since they differ in size. However, the CDS spreads out to about 0.03 A-1 on the
meridian, which suggests that the lengths of the micro-voids along the fiber axis have to be
larger than 20 nm. A wide size distribution of voids is in agreement with the observed whitish
light scattering after excessive drawing.

5. CONCLUSION

In photonic light-guiding systems, specifically Plastic Optical Fibers (POFs), light attenuation
plays a critical role in determining the overall performance and efficiency of signal
transmission. When discussing Perfluorinated Plastic Optical Fibers (PL-POFs) with semi-
crystalline cladding, several factors contribute to light attenuation, including scattering,
absorption, and interfacial effects. The semi-crystalline structure of the cladding introduces
scattering centers due to the differences in the refractive indices of the crystalline and
amorphous regions. This leads to an increase in Rayleigh scattering, which in turn contributes
to light loss, particularly at shorter wavelengths. Additionally, the crystalline content can
cause an increase in interface roughness, leading to more pronounced reflections and
scattering at the core-cladding interface.

Another factor influencing attenuation is the material absorption both in the core and the
cladding. The semi-crystalline cladding may exhibit higher absorption in certain regions of
the spectrum compared to fully amorphous materials, affecting the overall transmission
efficiency. This combination of absorption and scattering mechanisms results in the overall
light attenuation observed in PL-POFs with semi-crystalline cladding. In conclusion, the
presence of semi-crystalline cladding in PL-POFs contributes to increased light attenuation
primarily due to scattering from crystalline regions and increased absorption. While these
fibers offer unique advantages such as flexibility and lower cost compared to glass fibers,
optimizing their material composition and structure is crucial to minimize attenuation and
improve signal quality for practical applications.
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