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Abstract

:

An overview of the most important methods for producing side-emitting polymer optical fibers is given. Based on a systematic literature and patent search, the methods that are applied in practice and explored in research are identified. The fabrication methods are classified into four groups according to the physical phenomenon that hinders total internal reflection: bulk scattering, bending, surface perforations and luminescence. Subdivisions are made regarding the actual processing steps. The production methods are described in detail and discussed with respect to their customizability and applications.
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1. Introduction


Polymer optical fibers (POF) have seen increasing interest in science and industry over the last 60 years since their introduction in the 1960s. Their typical applications are in short-distance data transfer, as sensors and for illumination purposes, with the focuses of their development and application changing over the years [1]. In so-called side-emitting POF (SE-POF), as a special form of POF, total internal reflection (TIR) is deliberately hindered and, thus, light leakage via the cladding of the fiber is induced [2]. This enables the use of POF for illumination purposes in which emitting light at the end of the fiber is not sufficient (e.g., in automotive or decorative lighting [3,4]) as well as innovative applications in the fields of medicine (e.g., antimicrobial applications for disinfection reasons and phototherapy [5,6,7,8]), security and military technology (e.g., protective waistcoats with localization of projectile entry or smart police uniforms [4,9]), fiber-optical sensing (e.g., fluid level sensors and MRI-compatible motion detection [10,11]) as well as for UV curing resins and adhesives [12,13]. As can be seen from the mentioned applications, SE-POF stand out from conventional lighting systems, such as LEDs or injection-molded light guides, due to various advantages: textile drapability and bendability, immunity to electromagnetic interferences, small required installation space due to low light guide thickness as well as the separation of light source and light emission [14,15].



The research progress in the field of POF has already been summarized in many review papers, such as [16,17] for POF fundamentals, [18] for production and spinning processes, [19,20,21] for dye-doped POF, [22] for POF gratings, [23,24] for multi-step index and graded index POF, [25,26,27,28,29] for sensor technology and applications, [30,31] for medical applications and [32] for illuminating textiles in general, including POF. To the best of the authors’ knowledge, no systematic review on side-emitting polymer optical fibers and their fabrication methods has been published. This review aims to close this gap in the vast field of scientific POF literature.



A major challenge for the production of SE-POF is the homogeneity of the emitted light over the length of the fiber to be illuminated. According to the Lambert–Beer law the transmitted optical power P is being attenuated exponentially with the fiber length z:


  P  z     = P   0    ·    exp    −  z   ·   α     



(1)




where P0 being the initial optical power and α being the attenuation coefficient, which mainly describes intrinsic losses here.



In addition to the inherent attenuation of the fiber, the homogeneity is further reduced by the power already emitted laterally, which is no longer available for further lateral emission, when a uniform sidelight activation process is considered. Mathematically, a uniform sidelight activation can be described as a constant length-related sidelight activation factor ηSE of the optical power P being emitted over a short length Δz of the fiber [2]:


   P   SE , Δ z     z     = η    SE      Δ z       ·   P   z   



(2)




where PSE,Δz is the side-emitted optical power per length at position z for a length of Δz of the fiber. This results in a differential equation of first order for the optical power transmitted over a length of Δz:


   η  SE      ·   P   z   =    lim    Δ z  → 0       P    z + Δ z    − P  z     Δ z       =  P ′    z   



(3)







Equation (3) is a simple differential equation leading to an exponential loss by sidelight emission. Therefore, both attenuation losses and side emission losses can be described as exponential decays [33].


  P  z     = P   0    ·    exp    −  z   ·         α + η    SE        



(4)







The challenge of homogeneous sidelight emission along the SE-POF—or at least a limited inhomogeneity of laterally emitted power within a particular fiber length depending on the application—limits the possible length of an SE-POF to only a few meters long at the most [34]. Strategies to extend the possible illumination lengths include using light sources at both ends of the fiber or adding a reflector at the distal end of fiber. In both cases, theoretically maximum lengths of SE-POF with given limited inhomogeneity can be calculated. However, these can only be used as an estimate, as deviations may result from unequal coupling efficiencies of the light sources or non-optimal reflectivity of the mirror depending on the application technique [35].



Another approach to homogenization is to adjust the sidelight activation along the fiber. When using a non-uniform sidelight activation, ηSE is no longer constant. Combining Equations (2) and (4) gives:


   P  SE      z     = η    SE    z       ·   P   0    ·    exp    −  z ·       α + η    SE    z       = const   



(5)




which shows that for constant laterally emitted power PSE, the sidelight activation factor ηSE needs to be varied along the fiber as a function of z. Equation (5) cannot be algebraically converted to ηSE. However, it can be solved numerically or—if the attenuation coefficient α is negligibly small as Spigulis et al. assume [33]—with the Lambert W function [36]. Since an exponential decay must be compensated by the stronger sidelight activation, a sharp increase in sidelight activation is necessary after a certain length. Depending on the process, certain increases are impossible to achieve or an excessive mechanical weakening of the fiber sets in. This limits this mechanism of extension of the homogeneous luminous length as well [33].



In order to generate a sidelight emission, various sidelight activation methods exist, which differ in terms of the underlying physical effect on the one hand, and the actual production process on the other hand. The effect of sidelight activation can be put on a par with creating refraction by hindering TIR. In terms of ray optics, TIR describes the reflection of light at the core–cladding-interface with a reflection angle θ (cf. Figure 1a) greater than the critical angle θcrit:


   θ  crit      = sin    − 1        n  core      n  cladding        



(6)




where n denotes the refractive index of the core or the cladding, respectively. Accordingly, there are basically three ways to prevent total internal reflection: increase the cladding refractive index, decrease the core refractive index or change the angle  θ  [37]. In practice, however, usually only the change of the angle is used: The approaches to change the reflection angle can be categorized as follows [13]:




	-

	
Bulk scattering (cf. Figure 1c): Scattering centers can be intentionally integrated into the POF to change the light ray path. The scattering can be induced by adding substances or dopants such as microparticles or nanoparticles where the particles’ number, shape and refractive index influence the side emission. Scattering can also be inherent to the material, e.g., in case of Rayleigh scattering due to molecular irregularities [2,38,39].




	-

	
Bending (cf. Figure 1d): Bends induce a displacement of the core–cladding interface, which again can cause a light ray to drop below the critical angle. Most of the light is emitted from the convex surface of the bent fiber. Side emission can be induced by both microbends where the bending radius R is in the range of the POF radius r or smaller, as in many textiles such as woven or knitted fabrics, or macrobends with R >> r [40,41,42].




	-

	
Surface perforations (cf. Figure 1e): Irregularities at the core–cladding interface change the angle at which a light ray hits the reflective surface leading to refraction. The surface irregularities can vary from microperforations to even notches or grooves. The depth, number and geometry of the perforations influence the intensity and direction of the emitted light [43,44,45,46].




	-

	
Luminescence (cf. Figure 1f): Unlike scattering particles, luminescent materials can change a light ray’s path by isotropically reemitting light that has previously been absorbed. With regard to POF, this means that a part of the light fulfils the condition of TIR and propagates further in the fiber core. Another part of the light rays does not fulfil the condition and is refracted [33,47].
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Figure 1. Reflection and refraction in optical fibers: (a) total internal reflection (TIR) from axial view, (b)TIR from cross-sectional view, (c) refraction due to bulk scattering, (d) refraction due to bending, (e) refraction due to surface perforations and (f) refraction due to luminescence. 
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After the methodology for the literature and patent research is described in Section 2, the actual sidelight activation processes are described in Section 3. The fabrication methods are categorized with regard to the physical phenomenon hindering TIR, as described above. For bulk scattering and surface perforations, the processes are further subdivided regarding the actual procedures. In Section 4, the results are summarized.




2. Methodology


In this chapter, the identification, selection, screening, and analysis process of the available literature is described. To find as many relevant patents and papers as possible, a structured database search with keywords was carried out. Two researchers were involved in the selection process. The research was conducted in February 2021. The database used for the patent and literature search is Scopus. The keywords used are formed as shown in Figure 2. The search operator “AND” was used to link the basic and the specific search strings. The specific search strings were connected using the “OR” operator. For the literature search, the specific search strings from both categories were used. For the patent search, only the first was used, because else the number of the search results would have been unmanageably high.



Overall, 433 patents and 1394 papers were found. At first, the titles, journal names, and patent classifications were scanned. A total of 1408 patents and papers were excluded as a result, because their content was not related to side-emitting polymer optical fibers. Next, the researchers scanned the abstracts or claims to identify papers and patents describing the fabrication of side-emitting polymer optical fibers. Publications, for example, that focus on applications rather than on the production were screened out. After the screening step, 186 patents and papers were found to match the covered topic, out of which a total of 106 different publications were used for this paper based on their content (cf. Table 1).




3. Fabrication Methods for Side-Emitting Polymer Optical Fibers


Based on the patent and literature research, the methods for sidelight activation of POF are divided into the four main areas of bulk scattering, surface perforation, bending and luminescence. For each of these areas, the physical principles and the specific manufacturing processes are explained.



3.1. Bulk Scattering


One possibility to realize a radial light emission is the doping of the POF with scat-tering particles or a targeted insertion of defects into the fiber. In the case of doping by scattering particles, both cladding and core doping are possible. The insertion of defects is feasible by using a femtosecond laser [33,48]. While the use of scattering particles is directly implemented in the POF manufacturing process, the treatment using the femtosecond laser is an additional and subsequent process.



Various organic or inorganic materials that have good light scattering properties can be used as scattering particles. These include metal oxides such as zinc oxide (ZnO), magnesium oxide (MgO), titanium dioxide (TiO2) or aluminum oxide (Al2O3) [39,49], and synthetic materials such as silicone resin-, styrene- or acrylic-based particles [50,51]. The size of the inserted microparticles varies between 50 and 2000 nm, so that both Rayleigh scattering and Mie scattering can occur [50]. Rayleigh scattering occurs when the particle diameter is small compared to the wavelength of the light. The distribution of Rayleigh scattering is symmetrical to the particle and highly correlated in propotion to the wavelength to the minus fourth power. Mie scattering occurs when the particle diameter is equal or higher to the wavelength of light and is, to a good approximation, wavelength independent. The distribution of the scattered light is asymmetric to the particle with a highly forward orientation [38,52,53].



A typical source of transmission loss in standard SI-POF for data transmission is the fiber core’s slight ellipticity, which causes scattering losses as well as air bubbles, fissures or dust in the core or cladding [16]. Therefore, sidelight POF can also be produced directly in the spinning process where scattering is intentionally incorporated in the fiber, as can be seen in the PS series of Toray Industries, Inc., Tokyo, Japan. Furthermore, sidelight POF can be produced directly in the spinning process without scattering particles. POFs with a plurality of cores and an enclosing cladding, so-called multicore POF, are used for this purpose. The number of cores spun out and their cross-sectional shape have an influence on the irradiation characteristic of the side-emitted light, as can be seen in the VB series of Asahi Kasei Corporation, Tokyo, Japan. The microscopy image of the cross section of VB-1000 with and without guided light can be seen in Figure 3. It is clear from the microscopy image that the individual fiber cores are not circular. The only exception is the fiber core in the center. The cores surrounding this one (“first level”) all have the same shape. The cores on the second level repeat in a pattern of two. The cores on the third level repeat in a pattern of three. A number of patents address multicore fiber assemblies. However, these multicore fibers often are not used as sidelight fibers, but for other applications, including endoscopes [54,55].



3.1.1. Doping of the Fiber


For the production of a core-doped POF, scattering particles, as specified in Section 3.1, are compounded into the optical polymer. Figure 4 above illustrates this compounding process exemplarily. In the process, the optical polymer granules are added to an extruder, melted and mixed with the scattering particles in a molten phase. It is evident that the ratio of polymer to scattering particles as well as the type and size of the scattering particles can be varied (within the limits of the process). A conveyor belt supports the cooling and drying process. The extrudate of polymer and scattering particles is then granulated [37].



The second step is the bicomponent melt spinning process of the core–cladding fiber (cf. Figure 4 below). For this, the compound of polymer and scattering particles is added to the core extruder and, typically, a fluorinated polymer is added to the cladding extruder. Both materials are melted and conveyed through the spinneret by a spinning pump at constant pressure. The core–cladding fiber that emerges from the nozzle is cooled in a water bath and drawn in a heater. In addition to the continuous melt spinning process described in detail here, particles can also be incorporated via other continuous production processes such as continuous extrusion and photochemical polymerization, or via discontinuous production processes including heat-drawing and batch extrusion [18].



Strategies to enhance sidelight homogeneity via varying the nanoparticle concentration over the fiber length have been described. However, according to the withdrawn or fee-related expired status of the relevant patents, they are not considered as industrially relevant [56,57].



For the production of a sidelight POF via doping the cladding, the compounding process is very similar as for the core-doped POF. The only difference is that the particles are not compounded into the core material but into the cladding material. In cladding doping, unlike in core doping, the light ray is scattered upon interaction at the core–cladding interface whenever contact with a scattering particle has occurred.



Sidelight activation by cladding doping is, e.g., possible with a metal oxide powder such as titanium dioxide (TiO2), bismuth subcarbonate (Bi2O2(CO3)) or a mixture thereof, with blending concentrations of 2 to 10%, according to [37,58]. Another possibility is the creation of a scattering layer between the fiber core and an outer cladding. The intermediate layer contains scattering particles, such as silicon dioxide (SiO2), barium oxide (BaO), magnesium oxide (MgO), diamond-like carbon or glass ceramic particles [59]. While, in this case, the radiation characteristics are uniform over the cross-section, a directed emission in one direction can be realized when only one segment of the circle is equipped with a scattering layer [60].




3.1.2. Laser Modification by In-Volume Processing


The use of ultrashort pulse durations in the femtosecond or picosecond range on polymers near isochoric heating leads to rapid adiabatic expansion [61]. If the laser is focused using a microscope objective, absorption of the laser energy is limited to the volume of the focal point. This enables the generation of three-dimensional hollow structures below the fiber surface [62]. The geometry and texture of the cavity and, therefore, the profile of surface activation in the fiber core depends on the laser power, the pulse energy, the number of pulses per interaction point and the distance between two interaction points. The inserted cavities act as refractive index disturbances in the core and scatter the incident light. As a result, a fraction of the light is emitted radially out of the fiber [62,63,64].





3.2. Surface Perforation


Imperfections in the previously smooth core–cladding interface create scattering that causes the light to refract and be partially emitted radially. Figure 5 shows different surface modification geometries that influence the side-emittance in various ways. The core–cladding imperfections can be microperforations (cf. Figure 5a), which barely penetrate the cladding and only impact a tiny part of the core, and thereby cause little scattering [2]. However, there can also be bigger notches, which emit a relatively higher proportion of the light (cf. Figure 5b).



In the case of a surface treatment that is not homogeneous across the fiber cross-section, i.e., one cross-section side with asymmetrically stronger perforation, a significantly stronger light emission can be detected on the side opposite the notch. Figure 5b shows an exemplary ray path for this effect [65]. This effect is also typical for planar optical waveguides and other injection-molded optical waveguides of arbitrary shape with a surface microstructure for lateral light emission [66]. In the case of POF, the surface treatment is usually performed equally over the whole circumference in order to equalize the emission intensity in all directions [58].



The direction of the notches relative to the fiber axis and light guiding direction also influences the light emission. If angled notches are inserted against the direction of light propagation, the larger proportion is emitted on the notch side (cf. Figure 5c) [58]. With notches in the opposite direction, the opposite effect can be created accordingly (cf. Figure 5d) [67]. In addition to the variation of the notch orientation relative to the fiber axis, the amount of light emitted laterally also depends on the broader notch geometry (cf. Figure 5e). Flat notch geometries result in a comparatively high proportion of TIR [43,65].



A gradual treatment of the POF to homogenize the emitted optical power over the fiber length is usually possible by surface treatment. Two approaches can be used here. In case of discrete notches, the distance between the notches can be reduced with increasing distance to the light source. By adjusting the notch density, the proportion of emittance can be modified to the optical power available for coupling out according to Equation (5). The second approach is to increase the notch areas with increasing distance from the light source by making the notches deeper. The enlarged notch surfaces lead to an increased proportion of light rays hitting the notches, which compensates for the loss of light. The two approaches can also be combined with each other (cf. Figure 5f). This is usually the case when small microperforations, instead of notches, are applied gradually [58,65].



The surface perforation can not only be applied in discrete notches or micro-perforations. Continuous perforations are also possible, e.g., one or more notches running in a spiraling manner along the fiber axis (cf. Figure 5g) [13,68]. With regard to the fiber axis, microperforated or notched fibers have locally variable cross-sections. They differ from non-circular fibers, which typically have a constant cross-sectional shape over the entire length of the fiber, although certain non-circular cross-sections, such as, e.g., a trilobal shape, can be considered as circular fibers with three axially long notches that also influence the amount and direction of light emittance [48].



The disadvantage of all surface perforation processes is the mechanical impact on the POF, which can lead to a reduction in tensile strength [41,46] and bendability [69], as well as a rough fiber surface [44,45,69,70], whereby the extent varies depending on the process and its parameters. Their main advantage is that fiber surface is treated subsequently to the actual spinning processes and, therefore, standard step-index POF can be used. Moreover, the surface modification can typically be conducted gradually to enhance the homogeneity of the side-emittance.



For each of the three surface treatment types, abrasive, chemical and thermal, an exemplary image is shown in Figure 6. The images are juxtaposed with the untreated reference fiber (cf. Figure 6a). All four images were taken with a laser confocal microscope. Figure 6b shows the surface of an abrasive-treated POF that was subjected to sandblasting. It can be seen that the notches represent a random but uniform damage. Figure 6c shows the surface with irregular damage of a POF treated in an acetone bath. Figure 6d shows the POF surface through the thermal treatment of laser ablation. The introduced cavity, which functions as an optical element, is evident.



Most commercially available step-index POFs have a core made of PMMA. Among others, polycarbonate, polystyrene, perfluorinated polymers or a variety of cyclo olefin copolymers are also used for POF production, but mainly for special fibers such as low-loss graded-index POF, scintillating fibers or special applications at higher temperatures [1,71]. The core materials are usually cladded with fluorinated polymers, which are particularly well suited as cladding materials due to their low attenuation and low refractive index. Other advantages include the chemical stability, the high temperature resistance and the low UV absorption. Examples of fluorinated polymers or copolymers used as cladding materials are polytetrafluoroethylene (PTFE) and trifluoroethyl polymethacrylate (PTFEMA) [72,73].



The materials of the fiber core and cladding influence the surface treatments, because, e.g., different materials have different absorption spectra for laser radiation, different solubilities for different solvents or also different scratch resistances. Unless otherwise stated, the results presented in the following refer to standard POF with PMMA in the core and a mostly unspecified fluorinated polymer in the cladding, which are used in most scientific and industrial applications.



3.2.1. Abrasive Material Removal


One possibility of mechanical surface perforation is sanding the fiber by lightly rubbing it with sandpaper so that both the core and the cladding are treated. The sanding process can be carried out either by hand or by a sanding machine [46]. Likewise, in the case of larger or asymmetric notches, milling cutters and circular disc-shaped tools with smooth, toothless blades can be used [67].



The most common abrasive activation method for POF is particle blasting, sometimes also referred to as sandblasting. In this process, the POF is guided through a chamber in which it is blasted by one or more jet nozzles. For this purpose, a strong air flow through a nozzle accelerates the particle material and transports it at high speed to the fiber. When it hits the fiber, the abrasive effect of the blasting medium leads to material removal. It is important to ensure that the abrasive is hard enough to damage the fiber material, which is why materials such as quartz, metal or corundum are common. Due to gravity, the particle material accumulates at the lower end of the blasting chamber and can be reused. Some of the particles can adhere to the roughened fiber surface and must be removed with, for example, an air knife [74,75,76].



For single fibers, this method is typically performed continuously, as exemplarily shown in Figure 7. By means of a degressive velocity profile during fiber input as well as by continuously adjusting the pressure of the blasting nozzle, which influences the particle velocity and, thus, their collision energy, abrasive irradiation can also be used to produce gradually activated SE-POF [74].



When using optical fibers as planar illumination elements (e.g., in a woven fabric with POF), CNC-controlled nozzles are typically used. The fabric stands still or is moved at a constant speed, whereas the nozzles’ blasting direction and the particle acceleration can be adjusted accordingly for a gradual treatment [77].




3.2.2. Chemical Surface Perforation


Another variant of surface modification can be realized by chemical treatment. Both etchants and solvents can be used. For both methods, the degree of surface modification depends on the chemical concentration, the treatment temperature and the exposure time [46].



During treatment with etchants, material degradation takes place through a chemical reaction between the molecules of the chemical and the molecules of the POF. The reaction is mostly an isotropic reaction. PMMA generally has low resistance to the alkaline etchants’ caustic potash and caustic soda lye, and is also not resistant to the acidic etchants’ nitric acid, sulphuric acid and hydrofluoric acid [78]. Therefore, a chemical activation with these etchants is possible. However, etchants are very rarely used for chemical surface perforation. The reason for this is that etchants usually react very aggressively and are extremely harmful to health. This makes handling more difficult. In addition, the use of etchants usually results in harmful hairline cracks during the treatment of POF [79,80].



When treating with a solvent, material removal is achieved by abolishing the lattice energy. Suitable solvents include tetrahydrofuran, ethyl acetate, acetone, n-hexane and chloroform. Surface modification by solvent use results in soft sidelight emission, a uniformly rough surface, and thus, acceptable homogeneity [45,81].



It is possible to carry out the surface modification discontinuously or continuously; the former is currently being investigated in the majority of cases. The application of the chemical can be realized by an impregnation process or by a spraying process. In the spray process, the untreated POF is wetted by finely dispersed droplets of the chemical [82]. The chemical is then removed from the POF by wiping or a water bath. One conceivable possibility for the continuous impregnation process is shown in Figure 8. In this case, the untreated POF is drawn from a spool over guide rollers through a chemical bath. The impregnated POF is then passed through a water bath and, thus, freed from excess chemical. The water bath thus ensures a defined exposure time of the chemical. The wiper unit between the chemical bath and the water bath ensures that the chemical does not contaminate the water. A further stripping unit after the water bath allows the surface-modified POF to be dried and then finally wound onto a spool.




3.2.3. Thermal Surface Perforation


In the thermal surface modification of polymer optical fibers, the following two processes must be distinguished:




	
Laser ablation;



	
Methods with heated embossing devices.








Laser ablation: In surface modification through laser ablation, a focused laser beam is pointed at the fiber. As the beam impacts the fiber cladding, the temperature of the irradiated area rises rapidly. This causes the material to melt, decompose and then evaporate. This leaves a cavity in the material that extends into the core and acts as an optical element, on which light is transmitted and reflected as well as scattered [43,83,84].



A carbon dioxide laser (CO2 laser) is most frequently used for surface modification of POF, since the emitted infrared light is within the absorption spectrum of the fiber material. For instance, the light emitted by the CO2 laser has a wavelength between 9.4 µm and 10.6 µm. The absorption values of PMMA are particularly high in the wavelength range between 2.8 µm and 25 µm. This results in high efficiency when using a CO2 laser [85,86]. The parameters for forming the desired cavity size and cavity properties are the laser power, the pulse duration and the gas pressure [70,87]. Another influencing parameter is the angle of the laser beam to the fiber. If the beam is not directed perpendicular to the longitudinal axis of the fiber, but at an angle, this influences the depth of the cavity created. There is a linearly increasing relationship between the depth of the cavity and the beam angle [88]. The POF or POF fabrics can be treated only at discrete points [88], on one side of the fiber/fabric [43] or on two or more sides of the fiber [6,37,39], depending on the sidelight intensities and directions to be realized.



Surface modification by laser ablation can be realized by the two operating modes of a laser: continuous mode and pulse mode [70,88,89]. In continuous mode, the laser light is steadily emitted and fiber material is ablated. In this process, the cavity depth reaches a value between 1 and 300 μm, depending on the fiber diameter and cladding thickness. These cavities are distributed over the entire fiber length which is to be sidelight activated. During this process, the laser power can be in the range of 10–100 W, depending on the traverse speed of the laser, which defines the treatment duration [70,88,89].



In pulse mode, the laser light is emitted discontinuously in temporally discrete bursts. The pulse duration of such lasers is in the range of picoseconds to femtoseconds for ultrashort pulse lasers. With an adapted setting, femtosecond lasers can also be used for core-doping (cf. Section 3.1.1). The peak intensity of pulsed lasers is typically higher than that of lasers in continuous-wave mode; but, due to the pulsing, the interaction times are shorter. Both parameters—intensity and interaction time—must be taken into account when modifying the surface with such lasers, as it can otherwise lead to unintentional severe thermal damage to the POF [70,89].



The process of surface activation using laser ablation is carried out on fibers and on textile surfaces. While, in the case of single fiber activation, the traversing path of the laser is predetermined by the fiber axis, there are different possibilities in the case of surfaces to be activated as in the case of POF fabrics. For a batch side activation, the laser typically performs movements back and forth along the non-POF fiber axis. In the case of continuous motion of the fabric, the laser traversal path must be matched to the displacement of the fabric. There are two possibilities for the laser movements. One is the use of a mirror that is fixed in all spatial directions but rotatable, which reflects the laser beam onto the entire POF surface. The other is the use of a non-rotatable laser that can be adjusted horizontally in both axes in the plane of the POF surface (cf. Figure 9). In both cases, the POF fabric is guided from the dewinding beam into the activation area using deflection rollers. The activation of the POF weft yarns is carried out as described above. Damage to the warp threads cannot be avoided in this process. Figure 9 shows the activation of a fabric from a 1/3 twill weave, which is one of the standards for POF. As can be seen from the figure, due to this weave, the ratio of POF (gray) to warp threads (blue) at the surface is high. Finally, the fabric is wrapped on the winding beam.



Methods with heated embossing devices: In the processes with heated embossing devices, the surface modification is realized either discontinuously with a heated and perforated plate or continuously with a heated and perforated roller. Although the discontinuous process has lower productivity, it is advantageous due to the simpler process control, the lower constructional efforts and the lower financial costs. For both methods, the degree of surface modification depends on the contact pressure, the contact duration as well as the selected surface structure and the selected surface temperature of the embossing device. In the continuous process, the untreated POF is guided from a spool onto the first heated and perforated roll (cf. Figure 10). By heating the roll, a heat flow is established from the heated roll to the POF, which leads to a softening of the POF surface. To increase the contact area of the POF with the roll, the perforation surface should be semi-circular notched [90,91]. By means of automated regulation or manual adjustment, the rotational speed of the roll ωR, the unwinding speed v1 and rewinding speed v2 must be adjusted so that the following equation applies:


   ω R  ·  r R     = v   1     = v   2     



(7)







The single-sided wrapping of the POF on the perforating roll leads to a modification of the POF surface only on the half that faces the perforating roll. The POF is passed over a second, identical perforation roll, so that homogeneous modification is ensured over the entire circumference. Finally, the modified POF is wound up. In this process, the degree of surface modification depends not only on the parameters mentioned above, but also on the wrapping of the POF and the perforation roll.





3.3. Bending


Bending a POF is another way to inhibit TIR. As soon as a POF is bent with a finite bending radius, the angle of incidence of the light rays hitting the bent spot changes, causing some of them to not meet the TIR condition anymore, which leads to refraction. However, for large bending radii, the refraction is negligible. In case of bending-induced refraction, most of the light is emitted from the convex side of the bent fiber [16,41]. Lateral emission is considered a disadvantage in data transmission via optical fibers, which is why this phenomenon is also referred to as bending losses. The bending losses of POF were investigated simulatively and experimentally in numerous studies in the past [40,42,46,92,93,94,95,96]. For POF sensing, bending losses can be used as a feature, e.g., when it comes to measuring displacement [97], deformation [98], strain [99], pressure [100], weight [101], humidity [102], refractive index [95], breathing rate [103] or bending itself [104], among others, or to increase the penetration depth of evanescent waves [105] in other sensing applications.



In the case of a line-shaped illumination by means of POF, the bending losses can lead to inhomogeneities in the luminance and, thus, be a disadvantage. However, multiple regular bends of many POF next to each other can be used for planar illumination. This is mainly exploited in textile processing of POF. Of all the typical textile forms—knitted, warp-knitted, scrim and braided—woven fabric is the most suitable one for POF integration. With respect to POF, the undulation of the warp and weft threads that occurs during the weaving process can present a repetitive arrangement of bends and lead to sidelight decoupling. The bends are small enough that only a small part of the light is decoupled and many bends in succession can serve for light decoupling [41,106,107].



Weaving involves arranging the warp (lengthwise thread parallel to the fabric’s selvedge) and the weft (crosswise thread) orthogonally to each other. Divided into three basic steps, weaving starts with opening the shed. The warp yarns are thereby divided into upper and lower positions, creating a temporary separation between the warps, which is known as the shed. When opened, as a second step, the weft is inserted from one side to the other. In case of POF, this is undertaken via rapier grippers because POF are usually too heavy for air or water jets, while shuttles usually have winding diameters that are too low. Lastly, the reed pushes the weft into its final position to make the fabric. Figure 11 illustrates the basic components of a weaving machine [107,108].



The use of POF in woven fabrics was first reported in the early 1980s [109]. POF are usually used as weft threads in weaving [7,41,43,110,111]. However, they can also be used as warp threads [112,113]. In the case of ribbon fabrics, this is even the rule, since they are very narrow and only a small illuminated strip, if any, would remain after bundling the POF for light coupling. Standard multifilament or staple fiber yarns made of cotton, PET or other materials can be used as the second thread [43,112]. In some cases, the use of translucent yarns increases the uniformity of the luminance because they allow the radially emitted light from POF below them to pass through [113]. Another typical strategy to enhance the homogeneity of the luminance is created by placing a translucent diffuser layer on top of the luminous surface, e.g., diffuser fabrics or films or a non-woven fabric [114]. These can additionally serve as mechanical and UV protection for the POF.



The bending-induced lateral emission of the POF depends on several parameters, the two most important of which are shown in Figure 12:




	
Bending radius rB (if increased: emission decreases);



	
Fiber diameter d (if increased: emission increases) [115].
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Figure 12. Bending of a POF: (a) influence of the fiber diameter d; (b) bending radius rB (distorted in size for illustration reasons). 
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The influence of the fiber diameter is illustrated in Figure 12a by two exemplary light ray paths. If light enters the white area of the fiber, a parallel ray tends to be totally reflected. If the diameter of the fiber is enlarged by Δd to include the gray area, the rays entering there parallel to the fiber axis are refracted at the curved surface of the fiber.



There is no general rule for selecting an optimal bending radius, since this always depends on the light source, the desired luminance and the length of the area to be illuminated, in addition to the POF diameter. Zubia et al. refer a bend radius to fiber diameter ratio of 10 as an exemplary limit for when bending losses become relevant [16]. From the data sheets of POF manufacturers, a minimum bending radius can usually be taken, which refers to a transmission rate of over 90% or a transmission loss less than 0.5 dB, respectively, for a 90° bend. Depending on the numerical aperture and the diameter of the fiber, e.g., for a POF with 0.25 mm diameter, minimum bending radii between 1.0 mm and 5.0 mm are given [116,117].



In addition, the bending radius must not fall below a critical value, otherwise the fiber will break. This critical bending radius rB,crit can be calculated, according to Wang et al., using Formula (8):


    r  B , crit      ≥    d  2 ·  ε Y       



(8)




where d is the POF diameter and    ε Y    is its yield elongation. The calculated minimal bending radii of, e.g., a 0.25 mm POF is, therefore, 2.60 mm [41].



From a weaving point of view, there are different ways to influence the bending radii of POF in a fabric. When POF are used as wefts, these include the warp thread density, the warp thread tension and the weave. For a plain weave, Harlin et al. give the following as a simplified rule of thumb for lateral emission:


  2 ·   tan    - 1       L   2 r + R           >   sin     - 1         n  cladding          n    core          



(9)




with L as half the distance between two warp threads, R as the warp thread radius and r as the POF radius. Additionally, the brightness of the fabric can be influenced by the number of POF via the choosing of the weft thread density, independently of the side light efficiency ηSE of a single fiber.



The so-called weave describes the repetitive interlacing pattern of warp and weft threads in the fabric and, thus, also influences the bending radius and the number of bendings as well as the frequency with which the POF is located on one side of the fabric. Wang et al. measured, e.g., for sateen weaves, a significantly higher side-emitting luminance than those in plain and twill weaves although sateen weaves have fewer bends. One potential reason is the greater influence of the POF weft float on the intensity than the impact of bending [41]. By using a jacquard weaving machine, any weave repeat can be created, which, with the combination of SE-POF, allows almost arbitrarily shaped illuminated textile surfaces [111,118].



There are approaches to increasing the homogeneity of the laterally emitted light in bending as well. On the one hand, the POF fabrics can be surface treated afterwards (cf. Figure 9). Second, if the POFs are used as warps, the bending radius can be reduced with increasing distance from the light source by adjusting the weft density along the fabric’s length [112,115]. Another advantage of bend-induced sidelight activation over surface activation is that the POF is not damaged, resulting in better mechanical properties [119].




3.4. Luminescence


Luminescence denotes the emission of light as a result of non-thermal energy absorption, which is why the term “cold light” is also used. With respect to the non-thermal effect, e.g., chemiluminescence and bioluminescence (e.g., fireflies [120]), electroluminescence (e.g., in LEDs [121]), radioluminescence (radioluminescent paint with radium or tritium [122]) or photoluminescence, where the system is excited by photons. When light of a certain material-dependent excitation wavelength hits an atom, the photons are absorbed, thereby raising electrons of the atom to a higher energy level. When the electrons fall back to their initial state, the resulting energy is released in the form of heat and light. In the case of a delayed re-emission because electrons remain at a comparatively more stable intermediate level, the photoluminescence is called phosphorescence. For immediate re-emission, it is called fluorescence. For luminescent POF, fluorescence is particularly important. In this context, the term dye-doped POF is commonly used [47,123].



The majority of fluorescent POF are used reciprocally as “side-absorbing POF” in comparison to the SE-POF described so far. This means that photoluminescent dyes in the fiber allow coupling via the cladding, which is not possible under normal conditions, since, according to Snell’s law, all light rays that hit the cladding surface from the outside and are not reflected cannot be guided in the core of the fiber and exit again on the opposite side [15,124]. For many applications, the lateral coupling results in a much larger coupling area compared to the fiber front face. The applications of this POF are in sensor technology, including strain and temperature [125,126,127], luminescent solar concentrators [128,129,130,131,132,133,134], remote identification systems [9] and scintillators. The latter use the effect of X-ray fluorescence or the Mössbauer effect, e.g., to make the trajectories of radiating particles measurable [135,136,137].



However, dye-doped POF can also be used as side-emitting fibers. A major difference to fibers with Mie scattering centers (cf. Section 3.1) is that the fluorescent light is emitted isotropically. In relation to a fiber, this means that a part of the light rays fulfils the condition of TIR and propagates further in the fiber core. Another part of the light rays does not fulfil the condition and is refracted. This results in very homogeneous far-field distributions [2,47]. Another difference is that according to Stokes’ rule, the wavelength of the emitted light is greater than or equal to that of the exciting radiation and, thus, tends to be lower in energy [123]. This results in a color change with a tendency from blue to red for luminescent SE-POF. Luminescent SE-POF are used, e.g., in endoscopic observations as illuminators upon UV-excitation [138], for plasmonic sensing as excitation light sources to excite setup [139], or in fabrics as stretchable and conformable decoration elements [140].



Core, cladding and photoluminescent dye material must all be compatible in order to be co-processed. The dye must be homogenously dispersible in the core and the core must be transparent to the dye’s emitting wavelength [133]. Among the used fluorescent materials are organic dyes (e.g., rhodamines such as rhodamine B), rare-earth complexes (including europium- or neodymium-based complexes) or other nanomaterials (for example, carbon- or silicon-based quantum dots, or metal oxides such as iron(III) oxide (Fe2O3), titanium oxide (TiO2) and barium sulfate (BaSO4)) [130,141,142,143]. More examples can be found in the recent review paper by Jakubowski et al. [21].



The fluorescence intensity depends, among other things, on the absorption spectrum of the particles, their concentration, as well as the intensity of the coupled light [47]. The wavelength of the emitted light depends on the photoluminescent dye used. In the visible range, most typical colors between violet (424 nm) and red (625 nm) are possible [15,144].



The photoluminescent dye is usually incorporated into the core [15,145]. Additional light effects can be achieved by combining scattering and fluorescent materials in the core [146]. The photoluminescent dye can also be integrated into the fiber cladding instead of the core. Light rays moving in the core by total reflection can come into contact with the photoluminescent dye at the core–cladding interface. The light is absorbed with the excitation wavelength and then isotropically reemitted with a changed wavelength, whereby a part of it is emitted laterally and a high local sidelight intensity can be achieved [142].



There are various methods of producing POF [18]. By incorporating the photoluminescent dye into the fiber raw material at a suitable process stage, the POF can be modified to fluorescent SE-POF. These processes include, among others:




	
Polymerization of a dye-doped monomers with curing in a fiber-shaped mold [128,147];



	
Wet-spinning of a dye-doped polymer solution into a coagulation bath for precipitation and solidification [129,148];



	
Co-extrusion or melt-spinning of dye-doped polymer resin (cf. Figure 4) [140,149];



	
Heat drawing from a dye-doped preform [150,151].








The production of glass or polymer fibers from a preform in a fiber drawing tower is a standard method in the optical fiber industry. It is also the most widely used method for luminescent POF. The first step in this process is to fabricate the preform into which the photoluminescent dye is introduced [21]. Typically, the preform, which has a correspondingly larger diameter than the final POF, is produced directly in a core–cladding structure in this process, although subsequent coating of a drawn POF core is also possible. The processes for core–cladding preform production are divided into dry and wet processes. The latter requires that the core polymer is coated or the cladding polymer is filled with unpolymerized material before being polymerized in-situ. In dry processes, the core and cladding are polymerized separately and fused downstream (e.g., as co-extrusion with dye-doped polymer, cf. Figure 4) [18,150,151].



In the second step, the fiber is drawn from the preform (cf. Figure 13). The preform is fixed in the drawing device by a clamping system and heated above the glass transition temperature. The tapered lower preform side is pulled downwards. During this process, the drawing speed (typically between 0.2 m/s and 0.5 m/s), which is set by the godets, determines the final fiber diameter, and this is measured before winding to control the godet speed [18].





4. Conclusions


The possibilities of sidelight activation of POF range from the intentional increase in scattering effects in the POF core or cladding, and light extraction by bending, especially in woven structures, to the addition of luminescent particles in the fiber. Furthermore, side light activation, by various abrasive, chemical and thermal surface treatments, is possible.



The sidelight activation methods differ in their cost-effectiveness, which can, however, only be vaguely estimated in general. For example, methods such as chemical treatment or core doping include consumables that do not occur with laser surface activation. However, the methods also differ in terms of equipment wear and initial investment costs. So far, there has been no systematic investigation of the environmental impact of the sidelight activation processes. A conspicuous aspect in this respect is chemical activation, which can involve the use of environmentally harmful chemicals, and particle doping, which involves the use of nanoparticles and, in some cases, materials such as zinc oxide that are harmful to waters. In addition, doped fibers are generally more difficult to recycle. With regard to mechanical properties, as described in Section 3.2, the POF surface treatment can reduce the tensile strength and the bendability of the fiber. The sidelight activation methods also differ in terms of their adjustability for gradual sidelight activation. Zeng et al. describe that gradual treatments can be easily realized with most of the surface treatment methods, with laser treatment being the one that works most precisely and reproducibly [69]. In the case of doping and weaving, this is also possible in principle, but more difficult to implement. Therefore, there are also approaches to combine sidelight activation methods with each other [46,75], e.g., to homogenize the sidelight in a woven fabric with bent POF via a surface treatment [44].



The variety of existing and actively used sidelight activation methods indicates that there is no single unequivocal best method, as the lateral emission intensity, homogeneity, allowed cost and mechanical properties always depend on the specific application. Future research focuses should include the increasing of productivity and the reducing of costs for the production of SE-POF through, e.g., continuous manufacturing, which can either meet the needs of the increasing markets in the field of illumination and in terms of sensor technology, or expand the current markets in these sectors. Considering the emerging and ever-increasing issue of sustainability, the environmental aspects of the individual sidelight activation methods also need to be brought into sharper focus in the future with a systematic comparison of the most relevant methods.
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Figure 2. Search string generation for patent and literature research of SE-POF. 
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Figure 3. Microscopy image of the cross section of the VB-1000, reproduced with permission from Asahi Kasei Corporation, Tokyo, Japan. 
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Figure 4. Production of a core-doped POF: compounding process of an optical polymer and scattering particles (above), bicomponent melt spinning process (below). 
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Figure 5. Different forms of surface perforations: (a) random microperforations, (b) V-shaped notch, (c) and (d) directed notches, (e) different notch shapes, (f) varying notch distances and surfaces for gradual sidelight activation, (g) continuous spiral notch. 






Figure 5. Different forms of surface perforations: (a) random microperforations, (b) V-shaped notch, (c) and (d) directed notches, (e) different notch shapes, (f) varying notch distances and surfaces for gradual sidelight activation, (g) continuous spiral notch.



[image: Textiles 01 00017 g005]







[image: Textiles 01 00017 g006 550] 





Figure 6. Images of differently treated POF surfaces using laser confocal microscopy (a) untreated reference POF surface, (b) particle-blasted POF surface, (c) POF surface after acetone bath, and (d) laser-treated POF surface, reproduced with permission from the Welding and Joining Institute of RWTH Aachen University, Aachen, Germany. 
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Figure 7. Continuous abrasive sidelight activation of a single POF by particle blasting. 
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Figure 8. Process for chemical surface perforation. 
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Figure 9. Continuous thermal surface modification of a POF fabric by laser ablation. 
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Figure 10. Process for thermal surface perforation via heated embossing rollers. 
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Figure 11. Weaving process with POF as weft thread. 
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Figure 13. Production of a luminescent POF in the fiber drawing process. 
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Table 1. Successive reduction of search results for papers and patents.






Table 1. Successive reduction of search results for papers and patents.





	Search results found based on the keywords
	1827



	Search results after scanning the titles and the journal names
	419



	Search results matching the covered topic
	186



	Search results used for this review paper
	106
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