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Abstract: The increasing interest in luminescent waveguides, applied as light concentrators, sensing
elements, or decorative illuminating systems, is fostering efforts to further expand their functionality.
Yarns and textiles based on a combination of distinct melt-spun polymer optical fibers (POFs), doped
with individual luminescent dyes, can be beneficial for such applications since they enable easy
tuning of the color of emitted light. Based on the energy transfer occurring between differently dyed
filaments within a yarn or textile, the collective emission properties of such assemblies are adjustable
over a wide range. The presented study demonstrates this effect using multicolor, meltspun, and
photoluminescent POFs to measure their superimposed photoluminescent emission spectra. By
varying the concentration of luminophores in yarn and fabric composition, the overall color of
the resulting photoluminescent textiles can be tailored by the recapturing of light escaping from
individual POFs. The ensuing color space is a mean to address the needs of specific applications,
such as decorative elements and textile illumination by UV down-conversion.

Keywords: polymer optical fiber; light conversion; photoluminescence; bicomponent melt-spinning;
textile design

1. Introduction

The concentration of light, captured from a large area, on a small emission or conver-
sion area is the desired goal in applications such as solar energy harvesting or free-space
optical communication signal enhancement. It can be achieved with conventional optics,
like mirrors and lenses [1,2], but such approaches are limited by the etendue of the incom-
ing light [3]. Photoluminescence (PL) can overcome this limitation due to re-emission of
light at a new location. When an external light illuminates a PL active waveguide, i.e., a
transparent waveguide doped with a fluorophore, emission occurs within the device, thus
effectively increasing the etendue when delivering light to an attached receiver [4,5]. This
type of device is known as a luminescent solar concentrator (LSC) and has been realized in
the form of either planar or cylindrical waveguides [6–9]. Furthermore, PL waveguides are
also utilized for optical communication, sensing, and illumination [10–16].

The PL waveguides studied in this work are polymer optical fibers (POFs) that are
produced by melt-spinning which is the most commonly used method for manufacturing
synthetic fibers [17]. Photoluminescent polymer optical fibers (PL-POFs) [18] have already
been successfully utilized as LSCs for photovoltaic cell enhancement [10,19] and to amplify
signal detection of free-space optical communication systems [20,21]. They consist of a
high refractive index (RI) core, doped with a luminophore, where light conversion and
re-emission occurs. It is advantageous to enclose the waveguiding core with a low-RI
cladding which provides enhanced mechanical and optical stability [22].

Weaving is a well-established technique to translate fibers into textiles. It has been
shown that POFs, woven into fabrics, can successfully be utilized as flexible devices
for noninvasive body monitoring [23,24]. PL-POF-based textiles are known to exhibit
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improved light conversion as compared to single fibers, due to the reflection and shading
effects caused by adjacent fibers [25]. In this work, we focus on the optical performance of
yarns and textiles produced from PL-POF variants containing two different luminescent
dyes (multicolor textiles). The subject of interest here is a nonresonant fiber-to-fiber light
transfer that is different from a resonant energy transfer [26–28]. Fiber-to-fiber transfer is
based purely on the re-adsorption of escaping light. In any PL waveguide, a certain portion
of the fluorescent light escapes beyond the so-called trapping efficiency [29] which is a
function of RI. In the multifiber yarn system proposed in this study, the light that escapes
one fiber at a particular wavelength (color) enters adjacent fibers that contain a different
dye that can reabsorb/convert the light, which gives rise to collective illumination effects.

PL-POF assemblies, doped with a combination of luminophores, might be an in-
teresting strategy for optimization of light-harvesting, thanks to the extended absorp-
tion/conversion range [30,31]. However, employing differently colored fibers does not
alleviate intrafiber self-absorption [32]; only part of the light that would otherwise be radi-
ated away from the system is recaptured by adjacent waveguides. Adjusting the emission
color of luminescent textiles by carefully selecting unicolor PL-POFs is crucial in such
systems, and it is application specific, e.g., as decorative elements or colored emitters under
white-light illumination [15,33–36]. The present study shows, to the best of our knowledge,
for the first time, how the effect of fiber-to-fiber light transfer in multicolor PL textiles
can be utilized and optimized towards color-tunability based on the two principles textile
composition and dye concentration of the individual fibers constituting the fabrics.

2. Materials and Methods
2.1. Materials

Polycarbonate (PC) granulate (Sabic Lexan 103R, RI = 1.58) was purchased from
Lenorplastics AG (Aesch, Switzerland); the terpolymer of tetrafluoroethylene, hexafluo-
ropropylene, and vinylidene fluoride (THVP) granulate (THVP 2030GZ, RI = 1.35) was
purchased from 3M Deutschland GmbH (Seefeld, Germany). Luminescent dyes, Lumo-
gen Red LR305 and Lumogen Yellow LY083, were provided by BASF Schweiz AG (Basel,
Switzerland). Their normalized absorption and emission spectra, measured for 0.001 wt.%
solutions in acetone, are presented in Figure 1. All materials were used without further
purification. For weaving of sample fabrics, a plain polyamide 6.6 (PA 6.6) monofilament
with 100 µm diameter, provided by Monosuisse AG (Emmen, Switzerland), was used as
warp yarn.

Figure 1. Absorption (dashed) and emission (solid line) spectra of LY083 (orange curve) and LR305
(red curve), measured in acetone.

2.2. Preparation of Photoluminescent POFs

Polymer granulates were first dried for 12 h in a vacuum oven at 100 ◦C (PC) and
90 ◦C (THVP), respectively. LR305 or LY083 powder was then added to the dried PC
granulates. To assure a uniform distribution of the dye, the granulate/powder mixtures
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were tumbled for 5 h. A bicomponent melt-spinning procedure was applied to prepare PL
fibers with PC core and a semi-crystalline, low-RI THVP sheath (Figure 2).

Figure 2. Schematic representation of the custom-made bicomponent melt-spinning plant used to
prepare polymer optical fibers (POFs). Inset: multiple die, where the polymer melts meet just at the
spinneret exit.

The two polymers were fed from two separate single-screw extruders (Collin Lab &
Pilot Solutions GmbH, Maitenbeth, Germany; 20 and 16 mm extruder for PC and THVP,
respectively). The resulting polymer melt temperatures reached ~290–300 and ~270–280 ◦C
for PC and THVP, respectively. Metering pumps (Mahr, Göttingen, Germany) with nominal
throughputs between 3 and 9 cm3/min (core to sheath ratios between 45:55 and 50:50),
transferred the melts into the spin pack. The resulting spin pressures reached between 74
and 128 bar. The fiber-forming spinneret comprised a multiple die [17,37] with a centered
tube (0.8 mm inner and 1.2 mm outer diameter) within a 2.0 mm capillary. The bicomponent
fiber exited the spinneret into a quenching chamber, where it was cooled by air in order to
solidify before drawing. Finally, the fiber was taken up, drawn by four heated godets, and
spooled onto a bobbin. The draw ratio, namely the ratio between the winding speed and
that of the take-up godet, was varied within the range 2.0–2.2, resulting in fiber diameters
of approx. 130 µm. Further process-related details are described elsewhere [19,37,38]. An
overview of relevant information about the here-prepared fibers is summarized in Table 1.
The designations, “F”, “U”, “R”, and “Y” stand for “fiber”, “undoped”, “red”, and “yellow”,
respectively. Ultimate tensile strength and elongation at break of the undoped POF were
determined as 13.3 ± 0.7 cN/tex and 57 ± 4%, respectively (measured on 20 samples with
a StatimatME+, Textechno Herbert Stein, Mönchengladbach, Germany), indicating that the
fiber’s toughness and flexibility allows for its textile processing.

Table 1. Overview of the prepared bicomponent PL-POFs.

Fiber
Designation

Dye
Concentration

(wt.%)

Throughput
Core/Sheath

(cm3/min)

Melt
Temperature

Core/Sheath (◦C)

Spin Pressure
Core/Sheath

(bar)
Draw Ratio Winding Speed

(m/min)

FU_1 None 7.5/9.0 298/280 94/68 2.0 900
FR_1 LR305 (0.01) 7.5/9.0 297/280 128/69 2.0 900
FY_1 LY083 (0.01) 7.5/9.0 298/280 110/69 2.2 1060
FR_2 LR305 (0.05) 3.0/3.0 291/269 93/117 2.1 410
FY_2 LY083 (0.05) 3.0/3.0 291/275 81/98 2.1 410
FR_3 LR305 (0.1) 3.0/3.0 291/269 81/98 2.1 410
FY_3 LY083 (0.1) 3.0/3.0 291/275 74/93 2.1 410
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2.3. Preparation of Photoluminescent Yarns

PC-based POFs, owing to their good mechanical properties, were used to prepare
luminescent yarns, and to study the fiber-to-fiber energy transfer, which defines the yarns’
collective light emission performance. The yarns were prepared by manually twisting
a predefined combination of PL-POFs, with the optional addition of a single undoped
POF (FU_1) utilized as an extended light source. The yarn composition, i.e., the number
of PL-POFs doped with 0.01 wt.% LR305 (FR_1) and of PL-POFs doped with 0.01 wt.%
LY083 (FY_1) was varied to systematically quantify fiber-to-fiber light transfer. The actual
combinations tested are further specified in the following sections.

2.4. Preparation of Photoluminescent Textiles

To demonstrate the textile processing of the melt-spun bicomponent PL-POFs, proto-
type luminescent fabrics were woven on a customized narrow fabric loom (Jakob Müller
AG, Frick, Switzerland). The loom comprises a weft needle which inserts a continuous
yarn forward and backward across the narrow fabric during each shaft stroke, resulting in
weft yarn pairs. The PL-POFs were applied as weft, across non-luminescent PA 6.6 monofil-
aments as warp. Overall, 14 different weft compositions were inweaved, as indicated in
Table 2. Here, “R”, “Y”, and “R/Y” stand for “red”, “yellow”, and “red/yellow”, respec-
tively, indicating whether the respective textile contained exclusively red fibers, yellow
fibers, or a combination of these. In some cases, several filament pairs were inserted as
weft at a time, as reported in Table 2. Figure 3 shows microscopic images of such prepared
woven fabrics.

Figure 3. Microscopic images (reflected light) of here-prepared luminescent woven fabrics. Upper
pictures were taken with 20x magnification, and bottom pictures with 100x magnification. “R”, “Y”,
and “R/Y” stand for “red”, “yellow”, and “red/yellow”, respectively, and the numbers designate
respective combinations as per Table 2.
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Table 2. Overview of the produced luminescent woven fabrics. Indicated are the type and respective
number of PL-POFs inweaved per shaft stroke.

Fabric Designation FR_1 FR_2 FR_3 FY_1 FY_2 FY_3

R_1 2
R_2 2
R_3 2
R_4 8
Y_1 2
Y_2 2
Y_3 2
Y_4 8

R/Y_1 2 2
R/Y_2 2 2
R/Y_3 2 2
R/Y_4 6 2
R/Y_5 4 4
R/Y_6 2 6

2.5. Fiber-to-Fiber Light Transfer Measurements

To assess the energy transfer between PL-POFs within a hand-twisted yarn consisting
of a combination of different fibers (FU_1, FR_1, FY_1), a measurement setup, as illus-
trated in Figure 4, was used. For illumination, an LED with an emission peak at 455 nm
(M455F3, Thorlabs GmbH, Bergkirchen, Germany) was coupled via a glass optical fiber
(M28L02, Thorlabs, Bergkirchen, Germany) and was illuminated the yarn end by utilizing
a SubMiniature version A (SMA) to SMA mating sleeve (ADASMA, Thorlabs, Bergkirchen,
Germany). The yarn end was optically terminated by a SMA905 multimode connector
(B11050A, Thorlabs, Bergkirchen, Germany), attached to a universal bare fiber terminator
clamp (BFT1, Thorlabs, Bergkirchen, Germany), and fixed straight between two clamps
at a 10 cm distance. Side-emitted luminescent light was collected at a fixed longitudinal
position utilizing a large numerical aperture glass fiber (M107L01, Thorlabs, Bergkirchen,
Germany), directed orthogonally to the yarn’s axis, and led to a spectrometer (C10083MD,
Hamamatsu Photonics, Solothurn, Switzerland).

Figure 4. Schematic representation of the setup used to measure side-emitted light from PL-POF
yarns. Illustrated is the case where the three fibers FU_1, FR_1 and FY_1 are combined (the twist is
not shown).

Collective absorption and emission of the luminescent textiles was measured using
a UV-Vis spectrophotometer (Cary 4000 UV-Vis, Agilent, Santa Clara, CA, USA). The
spectra of the light emitted from the PL textiles were recorded using a spectrofluorometer
(FluoroMax, Horiba Ltd., Kyoto, Japan) using a standard front-face method [39] with
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450 nm excitation light, as illustrated in Figure 5. The sample was placed in a sample
compartment preventing the external light from reaching the detector. Each measurement
was repeated three times.

Figure 5. Front-face setup used to measure fluorescent emission from luminescent textiles. The tilt of
the sample assured that the detection of the reflected excitation radiation was minimized.

2.6. Measurements of Absorption and Emission Spectra of the Dyes in Acetone

The absorption and emission spectra of LR305 and LY083 were measured for 0.001 wt.%
acetone solutions. The absorption spectrum was recorded using a spectrophotometer (Var-
ian Cary 4000 UV-Vis Spectrophotometer, Agilent Technologies, Switzerland). The emission
was recorded using a spectrofluorometer (FluoroMax, Horiba Ltd., Kyoto, Japan).

3. Results
3.1. Optical Performance of Photoluminescent Yarns

Figure 6 depicts cross-sectional images of the melt-spun PL-POFs FR_1 and FY_1.
Respective core and fiber diameters were measured as 102 ± 2 and 134 ± 2 µm for FR_1, as
well as 95 ± 3 and 126 ± 1 µm for FY_1, respectively.

Figure 6. Microscopic pictures (in reflection) of PL-POFs with PC core and THVP cladding, doped
with the photoluminescent dyes LR305 (fiber FR_1) and LY083 (fiber FY_1).

The preparation and characterization of yarns produced from a combination of dif-
ferent POFs was performed as described in the Materials and Methods. Figure 7a shows
yarns containing POFs with LR305-doped and/or undoped core with a blue (455 nm peak
position) LED attached to one of their ends (i.e., to their left side in the picture). Figure
7b depicts the spectra those yarns emit laterally, measured at a distance of 5 cm from the
illuminating diode. The yarn, consisting of only one single undoped POF (FU_1) laterally,
emitted blue light due to scattering by the semicrystalline THPV sheath (cladding) [14].
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While the light propagated inside the fiber, it underwent a total internal reflection at the
core-cladding interface [40]. Due to the presence of RI inhomogeneity, a portion of this
light was scattered out of the fiber [40] which served as excitation radiation for neighboring
PL-POFs. The emission from PL-POF containing yarns exhibited a characteristic emission
peak at around 600 nm, and the respective glow matched the color of the used dye (i.e.,
the blue LED light) and was converted into a luminescent light and outcoupled. Yarns,
containing solely red PL-POFs, exhibited a strong, red-colored emission close to the LED
which decayed over the photographed 10 cm length. When an undoped POF was com-
bined with red fibers, the emission decayed less quickly and its color differed from that
of doped-only fiber bundles. Increasing the number of red fibers in a yarn at constant
illumination yielded higher intensity of the luminescent radiation since blue illumination
was converted more efficiently.

Figure 7. Photographs of yarns containing (a) red-doped and undoped POFs, (c) yellow-doped and
undoped POFs, (e) red- and yellow-doped, as well as undoped POFs. In all cases, a blue LED is
attached to the yarn’s left end. Images (b,d,f) show the corresponding emission spectra measured
perpendicular to the yarns, 5 cm away from the LED-yarn connection.

Figure 7c displays the photographs of yarns containing yellow fibers, again under
blue LED illumination from the left end. Figure 7d shows side-measured spectra of those
yarns with a characteristic emission peak at around 550 nm. The emission behavior of the
different yellow yarns was qualitatively similar, albeit, with a stronger luminescent peak
signal which was due to the stronger absorption of blue light by LY083 dye (see Figure 1).
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Another interesting method to tune collective color emission was to twist PL-POFs
produced with two different dyes into a single yarn, thus, combining the luminescent emis-
sions. Figure 7e shows the photographs of respectively mixed yarns with a 1:1 ratio of red
and yellow fibers, while Figure 7f depicts their respective side-measured emission spectra.

Comparing the measured intensities of the characteristic peaks (approx. 550 and
600 nm for yellow and red fibers, respectively) of the different yarns (Figure 7b,d,f) sug-
gested that the fibers with different dyes engaged in inter-fiber energy transfer. This
effect was evident since combining red and yellow fibers resulted in higher intensities
at around 600 nm (Figure 7f) compared to the case where only red-doped and undoped
fibers constituted a yarn (Figure 7b). An analogous comparison with yellow-only yarns
(Figure 7d) revealed that the intensities at around 550 nm decrease by similar amounts.
Energy transfer between the fibers was possible since the emission of LY083 overlapped
with the absorption of LR305 (Figure 1). This fiber-to-fiber energy transfer thus additionally
affected the collective color balance of yarns comprising of distinct PL-POFs which is
studied in more detail in the next section. Moreover, using separate fibers doped with
distinct dyes, instead of combining several luminophores within one PL-POF, reduced the
influence of self-absorption. This allowed for a longer propagation as well as distance of
light, and, in consequence, for a more uniform color emission over yarn length. In addition,
this prolonged distance may improve the efficiency of other devices based on PL-POFs
such as LSCs [18,32,41]. However, such an approach would require a dedicated study
aimed at understanding the potential offered by a fiber-to-fiber light transfer.

3.2. Optical Performance of Photoluminescent Textiles

A striking application example of PL-POF-based yarns are fashion textiles which
are manufactured by weaving of assorted luminescent fibers into standard fabrics. The
woven fabrics prepared in this study do not contain undoped POFs (Table 2); here, the
external lamp acted as an excitation light source. The idea was that a spot illumination
leads to a delocalized re-emission of converted light as a halo around the illumination
spot. As shown in Figure 8, the light absorbance of a luminescent textile depends on the
type of PL-POFs used in the woven fabric. The red curve (red fabric) directly reflects the
absorbance of LR305 and the green (yellow fabric) that of LR083, while the absorbance of
the textile produced from a 1:1 combination of red and yellow PL-POFs (orange curve)
represents a combined spectra of both dyes (Figure 1).

Figure 8. Examples of normalized absorbance spectra of three kinds of luminescent textiles: red
fabric (R_3, red curve), yellow fabric (Y_3, green curve), fabric woven from a combination of PL-POFs
(R/Y_3, orange curve).
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Figure 9 shows the emission spectra measured for different luminescent woven fabrics.
As in the case of multicolored yarns (Figure 7), the emission from the textile fabric depends
on the yarn composition.

Figure 9. Emission spectra of (a) red textiles, (b) yellow textiles, and (c) two-colored textiles.

To quantify the energy transfer between PL-POFs in the studied systems, selected
variations of the respective fiber concentrations were used. The reference single-color
textiles only contained PL-POFs of one color, while in the multicolor textiles, red and
yellow fibers covered 50% of the total emitting area. In order to estimate the deviation
of the emission spectrum of the multicolor textiles from a simple superposition of the
single-color textiles’ emission spectra, we multiplied the intensity by the area factor (x2)
for a quantitative comparison. Since the emission intensity was directly proportional to
the emission area of the emitting species [42], this approach appeared valid as the used
weft composition and the equal fiber diameters yielded a 1:1 emission area ratio. Figure 10
shows the emission spectra of the multicolor textiles adjusted in such a way which are
compared to the emission spectra of single-color textiles prepared with the same PL-POFs
as used in the respective multicolor systems.

As seen for the multicolor system in Figure 10, a deviation from the simple superposi-
tion of the spectra is observed for both characteristic emission peaks which is similar to the
results observed for yarns (Figure 7). In every recorded case, the emission peak associated
with LR305 (at around 600 nm) was stronger in two-color systems, while the emission
peak associated with LY083 (at around 550 nm) became weaker. This is because the latter
emission was absorbed by adjacent, red PL-POFs. The associated energy conversion and
color change were associated with dissipation of part of the energy. This was expressed by
a loss parameter (∆) obtained as ∆ = 1 − AR/Y/(AR + AY) for the respective samples,
where AR/Y, AR, and AY were designated to the corresponding areas under the curves for
multicolor, red and yellow samples. The sum (AR + AY) was the expected superposition
of the intensities. The calculated energy losses are shown in Table 3.
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Figure 10. Emission spectra of luminescent textiles containing PL-POFs with both dyes (orange
curve), compared to single-color fabrics containing the same PL-POFs (green and red curves). (a)
Textiles made of fibers FR_2 and FY_1. (b) Textiles made of fibers FR_3 and FY_1. (c) Textiles made
of fibers FR_3 and FY_2. Arrows indicate the energy transfer between PL-POFs.

Table 3. Integrated emission intensities of the graphs shown in Figure 10.

R_2 R_3 Y_1 Y_2 R/Y_1 R/Y_2 R/Y_3

Integrated emission
(counts × nm) 3.55 × 107 6.30 × 107 7.85 × 107 1.32 × 107 7.64 × 107 1.23 × 108 1.71 × 108

∆ (-) - - - - 0.33 0.13 0.12

The largest energy loss was observed for the textile R/Y_1, where fibers with the
lowest concentration of LR305 were used (FR_2). Thus, their ability to capture and convert
light emitted by yellow fibers (FY_1) was limited. This was counteracted in the textile
R/Y_2 by using red fibers with higher LR305 concentration (FR_3), which caused more light
from yellow fibers to be recovered and converted. Increasing the concentration of LY083
in yellow fibers (FY_2) in R/Y_3 increased the amount of emitted yellow light available
for conversion, however, the amount of LR305 in the red fibers required for conversion
was not increased. The similarity of the deltas in R/Y_2 and R/Y_3 thus revealed a
need for carefully balancing the dye concentration in multi-PL-POFs light converting
textiles. Noteworthy, while increasing the concentration of the LR305 was beneficial to the
performance of the device, an upper limit for this positive effect exists. It has been shown
that increasing the dye concentration can lead to the formation of aggregates which are
less efficient in emitting PL radiation [14,43,44]. This finding implied the existence of a
maximum dye concentration at which the process ceases to be beneficial. Another study
suggested that the optimum lies in the range between 0.05 wt.% and 0.1 wt.% for LR305 in
PC [19].

Since PL dyes convert light to a lower energy, ultraviolet (UV) radiation can be used for
illumination in down-conversion mode for visible light emission [45,46]. Consequently, the
luminescent textiles developed in this study could also find applications as UV-conversion
illumination fabrics. Thanks to the inherent waveguiding property of PL-POF fibers, a
completely safe UV back-illumination scenario was straightforward. Figure 11 shows
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prototypes of PL textiles of different compositions (i.e., different content of red and yellow
PL-POFs), exhibiting low-saturation colors when exposed to white light but vivid and
bright colors when exposed to a 365-nm UV radiation in reflection mode.

Figure 11. Luminescent textiles under (a) white light illumination and (b) UV light illumination. Captions indicate which
fabrics were used, see Table 2.

4. Discussion and Conclusions

The paper demonstrates that interfiber light transfer and conversion occur within
multicolor textiles. This result was obtained by mixing fibers containing different lumi-
nescent dyes and perform quantitative spectral analysis. Notably, it was found that the
efficiency of the transfer increased significantly with an increasing concentration of the dye
that was responsible for the conversion. This effect was demonstrated for two systems.
First, luminescent yarns were prepared by twisting PL-POFs (which provide light emission
and tunability of emitted color) together with a single undoped POF (which provides blue
light required for photoluminescence). The second study was done on a textile luminescent
system with an external lamp as excitation source utilizing a combination of PL-POFs
as weft yarn in a woven fabric. Since light attenuation is of less concern when overhead
illumination is considered, PC-based POFs are favored, due to their excellent ductility
compared to, e.g., PMMA-based POFs [47].

This study shows how luminescent dyes utilized to dope-dye flexible POFs can
broaden textile design possibilities impacting their color which, in turn, is an important
design aspect vital to their commercial success. The demonstrators presented in this work
show that it is possible to obtain aesthetically pleasant decorative elements by choosing
differently colored luminescent dyes, varying their concentration in dope-dyed PL-POFs,
and tuning the yarn’s composition with regard to the intended application. Note that it is
easier to combine different prefabricated PL-POFs to achieve a desired luminescent color
than to have to produce custom-designed fibers with a distinct combination of dyes. In
addition to illumination and design, this approach could potentially also lead to a decrease
in the inherent light leakage from fiber-based LSCs associated with trapping efficiency [29]
or to textiles that can be used in anticounterfeit systems [15].

Another exciting implementation of luminescence are UV-down-conversion textiles for
effective illumination in visible spectral region. Since respective fabrics are highly flexible
and work without integrated electricity, they could find their ways into applications, such
as lighting, tagging, or security markings. Using elaborate weaving technologies, PL-POFs
could even be used to create two-phase, glow-in-the-dark, tessellated surface patterns with
two distinctive design expressions under either daylight or UV illumination [48].

Author Contributions: Conceptualization, K.J., M.H., R.H.; methodology, K.J.; investigation, K.J.;
validation, K.J., M.H., R.H.; visualization, K.J.; formal analysis, K.J.; writing—original draft prepara-
tion, K.J.; writing—review and editing, M.H., R.H.; supervision, M.H., R.H. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.



Materials 2021, 14, 1740 12 of 13

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Acknowledgments: The authors thank Benno Wüst for assistance with polymer melt-processing and
Markus Hilber for assistance with textile processing trials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shanks, K.; Senthilarasu, S.; Mallick, T.K. Optics for concentrating photovoltaics: Trends, limits and opportunities for materials

and design. Renew. Sustain. Energy Rev. 2016, 60, 394–407. [CrossRef]
2. Van Dijk, L.; Marcus, E.A.P.; Oostra, A.J.; Schropp, R.E.I.; Di Vece, M. 3D-printed concentrator arrays for external light trapping

on thin film solar cells. Sol. Energy Mater. Sol. Cells 2015, 139, 19–26. [CrossRef]
3. Smestad, G.; Ries, H.; Winston, R.; Yablonovitch, E. The thermodynamic limits of light concentrators. Sol. Energy Mater. 1990, 21,

99–111. [CrossRef]
4. Shen, Y.; Jia, Y.; Sheng, X.; Shen, L.; Rogers, J.A.; Giebink, N.C. Nonimaging Optical Gain in Luminescent Concentration through

Photonic Control of Emission Étendue. ACS Photonics 2014, 1, 746–753. [CrossRef]
5. Manousiadis, P.P.; Rajbhandari, S.; Mulyawan, R.; Vithanage, D.A.; Chun, H.; Faulkner, G.; O’Brien, D.C.; Turnbull, G.A.; Collins,

S.; Samuel, I.D.W. Wide field-of-view fluorescent antenna for visible light communications beyond the étendue limit. Optica 2016,
3, 702. [CrossRef]

6. Weber, W.H.; Lambe, J. Luminescent greenhouse collector for solar radiation. Appl. Opt. 1976, 15, 2299. [CrossRef]
7. Reisfeld, R. New developments in luminescence for solar energy utilization. Opt. Mater. 2010, 32, 850–856. [CrossRef]
8. Rafiee, M.; Chandra, S.; Ahmed, H.; McCormack, S.J. An overview of various configurations of Luminescent Solar Concentrators

for photovoltaic applications. Opt. Mater. 2019, 91, 212–227. [CrossRef]
9. Zhao, Y.; Lunt, R.R. Transparent luminescent solar concentrators for large-area solar windows enabled by massive stokes-shift

nanocluster phosphors. Adv. Energy Mater. 2013, 3, 1143–1148. [CrossRef]
10. Roncali, J. Luminescent Solar Collectors: Quo Vadis? Adv. Energy Mater. 2020, 10, 2001907. [CrossRef]
11. Fischer, S.; Diesner, T.; Rieger, B.; Marti, O. Simulating and evaluating small-angle X-ray scattering of micro-voids in polypropylene

during mechanical deformation. J. Appl. Crystallogr. 2010, 43, 603–610. [CrossRef]
12. Papakonstantinou, I.; Portnoi, M.; Debije, M.G. The Hidden Potential of Luminescent Solar Concentrators. Adv. Energy Mater.

2021, 11, 2002883. [CrossRef]
13. Portnoi, M.; Haigh, P.A.; Macdonald, T.J.; Ambroz, F.; Parkin, I.P.; Darwazeh, I.; Papakonstantinou, I. Bandwidth limits of

luminescent solar concentrators as detectors in free-space optical communication systems. Light Sci. Appl. 2021, 10, 3. [CrossRef]
14. Jakubowski, K.; Kerkemeyer, W.; Perret, E.; Heuberger, M.; Hufenus, R. Liquid-core polymer optical fibers for luminescent

waveguide applications. Mater. Des. 2020, 109131. [CrossRef]
15. He, Y.; Du, E.; Zhou, X.; Zhou, J.; He, Y.; Ye, Y.; Wang, J.; Tang, B.; Wang, X. Wet-spinning of fluorescent fibers based on gold

nanoclusters-loaded alginate for sensing of heavy metal ions and anti-counterfeiting. Spectrochim. Acta Part A Mol. Biomol.
Spectrosc. 2020, 230, 118031. [CrossRef]

16. He, J.; Chan, W.-K.; Cheng, X.; Tse, M.-L.; Lu, C.; Wai, P.-K.; Savovic, S.; Tam, H.-Y. Experimental and Theoretical Investigation of
the Polymer Optical Fiber Random Laser with Resonant Feedback. Adv. Opt. Mater. 2018, 6, 1701187. [CrossRef]

17. Hufenus, R.; Yan, Y.; Dauner, M.; Kikutani, T. Melt-Spun Fibers for Textile Applications. Materials 2020, 13, 4298. [CrossRef]
[PubMed]

18. Jakubowski, K.; Huang, C.-S.; Boesel, L.F.; Hufenus, R.; Heuberger, M. Recent advances in photoluminescent polymer optical
fibers. Curr. Opin. Solid State Mater. Sci. 2021, 25, 100912. [CrossRef]

19. Jakubowski, K.; Huang, C.-S.; Gooneie, A.; Boesel, L.F.; Heuberger, M.; Hufenus, R. Luminescent solar concentrators based on
melt-spun polymer optical fibers. Mater. Des. 2020, 108518. [CrossRef]

20. Riaz, A.; Faulkner, G.; Collins, S. A Fluorescent Antenna for White Light Visible Light Communications. In Proceedings of the
2019 Global LIFI Congress (GLC), Paris, France, 12–13 June 2019; pp. 1–4.

21. Peyronel, T.; Quirk, K.J.; Wang, S.C.; Tiecke, T.G. Luminescent detector for free-space optical communication. Optica 2016, 3, 787.
[CrossRef]

22. Stepniak, G.; Schüppert, M.; Bunge, C.A. Polymer-Optical Fibres for Data Transmission; Elsevier: Amsterdam, The Netherlands,
2016; ISBN 9780081000564.

23. Quandt, B.M.; Braun, F.; Ferrario, D.; Rossi, R.M.; Scheel-Sailer, A.; Wolf, M.; Bona, G.-L.; Hufenus, R.; Scherer, L.J.; Boesel, L.F.
Body-monitoring with photonic textiles: A reflective heartbeat sensor based on polymer optical fibres. J. R. Soc. Interface 2017, 14.
[CrossRef]

24. Quandt, B.M.; Hufenus, R.; Weisse, B.; Braun, F.; Wolf, M.; Scheel-Sailer, A.; Bona, G.-L.; Rossi, R.M.; Boesel, L.F. Optimization of
novel melt-extruded polymer optical fibers designed for pressure sensor applications. Eur. Polym. J. 2017, 88, 44–55. [CrossRef]

http://doi.org/10.1016/j.rser.2016.01.089
http://doi.org/10.1016/j.solmat.2015.03.002
http://doi.org/10.1016/0165-1633(90)90047-5
http://doi.org/10.1021/ph500196r
http://doi.org/10.1364/OPTICA.3.000702
http://doi.org/10.1364/AO.15.002299
http://doi.org/10.1016/j.optmat.2010.04.034
http://doi.org/10.1016/j.optmat.2019.01.007
http://doi.org/10.1002/aenm.201300173
http://doi.org/10.1002/aenm.202001907
http://doi.org/10.1107/S0021889810006163
http://doi.org/10.1002/aenm.202002883
http://doi.org/10.1038/s41377-020-00444-y
http://doi.org/10.1016/j.matdes.2020.109131
http://doi.org/10.1016/j.saa.2020.118031
http://doi.org/10.1002/adom.201701187
http://doi.org/10.3390/ma13194298
http://www.ncbi.nlm.nih.gov/pubmed/32993085
http://doi.org/10.1016/j.cossms.2021.100912
http://doi.org/10.1016/j.matdes.2020.108518
http://doi.org/10.1364/OPTICA.3.000787
http://doi.org/10.1098/rsif.2017.0060
http://doi.org/10.1016/j.eurpolymj.2016.12.032


Materials 2021, 14, 1740 13 of 13

25. Videira, J.; Bilotti, E.; Chatten, A. Cylindrical array luminescent solar concentrators: Performance boosts by geometric effects. Opt.
Express 2016, 24, 285–290. [CrossRef] [PubMed]

26. Balaban, B.; Doshay, S.; Osborn, M.; Rodriguez, Y.; Carter, S.A. The role of FRET in solar concentrator efficiency and color
tunability. J. Lumin. 2014, 146, 256–262. [CrossRef]

27. Huang, C.-S.; Jakubowski, K.; Ulrich, S.; Yakunin, S.; Clerc, M.; Toncelli, C.; Rossi, R.M.; Kovalenko, M.V.; Boesel, L.F. Nano-
domains assisted energy transfer in amphiphilic polymer conetworks for wearable luminescent solar concentrators. Nano Energy
2020, 76. [CrossRef]

28. Hsu, C.-P.; Hejazi, Z.; Armagan, E.; Zhao, S.; Schmid, M.; Zhang, H.; Guo, H.; Weidenbacher, L.; Rossi, R.M.; Koebel, M.M.; et al.
Carbon dots and fluorescein: The ideal FRET pair for the fabrication of a precise and fully reversible ammonia sensor. Sens.
Actuators B Chem. 2017, 253, 714–722. [CrossRef]

29. Weiss, J.D. Trapping efficiency of fluorescent optical fibers. Opt. Eng. 2015, 54, 027101. [CrossRef]
30. Parola, I.; Zaremba, D.; Evert, R.; Kielhorn, J.; Jakobs, F.; Illarramendi, M.A.; Zubia, J.; Kowalsky, W.; Johannes, H.H. High

performance fluorescent fiber solar concentrators employing double-doped polymer optical fibers. Sol. Energy Mater. Sol. Cells
2018, 178, 20–28. [CrossRef]

31. Parola, I.; Illarramendi, M.A.; Jakobs, F.; Kielhorn, J.; Zaremba, D.; Johannes, H.-H.; Zubia, J. Characterization of Double-Doped
Polymer Optical Fibers as Luminescent Solar Concentrators. Polymers 2019, 11, 1187. [CrossRef]

32. Krumer, Z.; van Sark, W.G.J.H.M.; Schropp, R.E.I.; de Mello Donegá, C. Compensation of self-absorption losses in luminescent
solar concentrators by increasing luminophore concentration. Sol. Energy Mater. Sol. Cells 2017, 167, 133–139. [CrossRef]

33. Ding, W.; Sun, J.; Chen, G.; Zhou, L.; Wang, J.; Gu, X.; Wan, J.; Pu, X.; Tang, B.; Wang, Z.L. Stretchable multi-luminescent fibers
with AIEgens. J. Mater. Chem. C 2019, 7, 10769–10776. [CrossRef]

34. Lin, C.C.; Jiang, D.-H.; Kuo, C.-C.; Cho, C.-J.; Tsai, Y.-H.; Satoh, T.; Su, C. Water-Resistant Efficient Stretchable Perovskite-
Embedded Fiber Membranes for Light-Emitting Diodes. ACS Appl. Mater. Interfaces 2018, 10, 2210–2215. [CrossRef] [PubMed]
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