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A B S T R A C T   

To produce polymer optical fibers in research environments, a flexible cladding material-application process is 
required. Further, to functionalize the waveguide, the fiber core-production step needs to be separated from the 
cladding application, contrasting conventional polymer optical fiber production processes. In this study, we 
developed a solution using continuous dip-coating technique to apply cladding material onto previously extruded 
polymer optical fiber cores with diameters as low as 16 µm. The process was designed considering the fluid- 
dynamic behavior of the cladding material and fiber to achieve a radially symmetric coating thickness. We 
examined UV-curable resin as cladding and polymethyl-methacrylate (PMMA)-based extruded optical fibers with 
diameters of up to 16 µm. The proposed method helped continuously coat optical fiber cores with cladding 
material with diameters in the range of 1 mm and achieve the lowest optical attenuation (<3 dB/m).   

1. Introduction 

Polymer optical fibers (POFs) are used in various applications, such 
as audio transmission and stress sensing, owing to their superior me
chanical stability. Moreover, standard POFs, with a diameter of 1 mm, 
are easier to install and operate than conventional glass optical fibers 
are. Nevertheless, POFs are not widely used because of their higher 
attenuation than that of glass fibers. Thus, they are only viable for short- 
range data-transmission applications with transmission rates of nearly 
40 Gbit/s, which have been achieved for a graded-index POF with a 
length of 50 m [1]. 

The co-extrusion process is a state-of-the-art production standard for 
POFs, in which the fiber cores and cladding structures are produced 
simultaneously using two extruders [2]. Dip-coating processes are 
widely used in applications where homogenous coating thicknesses need 
to be achieved. The application of POF dip coating is predominantly 
discontinuous, enabling the generation of polymer fiber sensors using a 
variety of appropriate coating materials [3,4]. A commonly used ma
terial for POFs is polymethyl methacrylate (PMMA), which has low 
attenuation in the visible wavelength spectrum and low manufacturing 
costs. The lowest attenuation achieved for a PMMA-based POF is 20 dB/ 
km at 650–680 nm [6]. When transmitting light in the infrared range, a 
higher attenuation is primarily caused by the carbon-hydrogen bonds in 
the polymer. Thus, by exchanging hydrogen with substances such as 
fluorine, the attenuation of a POF can be reduced. A low-loss POF, 
Lucina™, was synthesized using a perfluorinated polymer called 

CYTOP®, which exhibited an attenuation of 10 dB/km at a wavelength 
of 1000 nm [2]. 

In this study, we extruded the POF core and applied the cladding 
using a continuous dip-coating process in two separate production steps. 
Unlike conventional fiber production processes [5], the separated pro
cess steps enable a versatile process for laboratory environments, flex
ible examination of different optical material combinations, and 
intermediate treatment of fiber cores. Thus, POF sensors can be imple
mented by introducing gratings to the core fibers. While the laser- 
inscription process of fiber Bragg gratings (FBGs) in PMMA fibers is 
time consuming, faster inscription times can be achieved by either 
doping PMMA with a photosensitive material or via etching. Both pro
cedures can also be applied simultaneously for faster inscription times 
[7]. Using the intermediate inscription, the time and energy consump
tion for creating FBGs in undoped PMMA POFs can be potentially 
reduced. In this study, a self-centering effect, originating from the forces 
applied to the fiber, is attempted to be implemented to improve the POF 
practicality. Aiming on cladded fiber diameter of 1 mm, the handling 
advantage of a large POF can be used together with fiber core diameters 
in the single-mode range. The centered position of the smaller fiber core 
is particularly important for the application of POFs, whereas the 
alignment of two fiber cores is crucial for sufficient functionality. 
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2. Experimental work 

2.1. Dip-coating process 

Dip-coating processes are used to coat structures with a fluid mate
rial, which is then solidified either by curing the material itself or 
evaporating an additional solvent [8]. Subsequently, we used the dip- 
coating process to apply the UV-curable cladding onto polymer fiber 
cores, which were manufactured using our fiber extruder system. Fig. 1 
represents a schematic of forces occurring in the dip-coating of circular 
fibers. The fiber path is redirected around a rod inside the liquid, which 
causes the fiber to pass out of the liquid perpendicular to its surface. The 
inertia of the fiber is transferred to the liquid at the surface of the fiber, 
where due to the adhesion of the fluid to the fiber surface, no relative 
fluid velocity (Dirichlet boundary condition) appeals. Consequently, the 
liquid resin is accelerated along the fiber, forming a meniscus on the 
resin surface. The thickness of the meniscus D depends on dipping length 
L, fiber velocity v, and liquid properties, such as viscosity and density. 
Different equations can be used to calculate final coating thickness d for 
different dip-coating settings [9,10]. The fundamental behavior of dip- 
coating thicknesses are higher at drawing speeds lower than 0.1 mm/s 
and higher than 1 mm/s, whereas thicknesses are the lowest when the 
viscosity are the highest and drawing velocities are medium [11]. 

As shown in Fig. 1, different forces acting on the fiber opposed to the 
drawing direction during the process are FG

̅→, gravitational force of the 
adhering resin; FI

→, inertial (inner friction) force owing to the inertia of 
the resins; and FF

̅→, retracting friction force caused by fiber guiding 
components. All these forces are in equilibrium with drawing force F→

applied to the fiber in the drawing direction. This sum of forces becomes 
a significant factor in the dip-coating process of thin polymer fibers and 
must be lower than the tensile strength of the fiber itself to prevent 
failures in the process. As FI

→ is the same in every perpendicular direction 
along the fiber, theoretically, a radially symmetric meniscus evolves 
around the fiber. This enables a radial homogenous coating thickness 
with the gravitational force being opposed to the drawing direction, 
leading to the fiber core self-centering in the coated POF. 

A considerable phenomenon occurring during the dip coating of fi
bers is the Plateau-Rayleigh instability [9]. This phenomenon causes a 
fluid driven by surface tension to form periodic droplets on the fiber, 
which must be avoided to achieve uniform coating wetting. The Plateau- 

Rayleigh instability is affected mainly by the viscosity of coating and the 
time that the fluid has to form droplets. Increasing the resin temperature 
and fiber drawing speed yields higher viscosities and rapid curing that 
can overcome the Plateau-Rayleigh instability. 

2.2. Material selection 

The fiber cores were extruded with PMMA POQ 62 granulate (Evonik 
Performance Materials GmbH) using a piston extruder. This core ma
terial has a refractive index of ncore = 1.49 and enables fiber diameters 
ranging from 10 to 70 µm in our extrusion process. As an optically 
compatible coating, PC 409 with a refractive index of ncoating = 1.4 
(Fospia/Efiron) was used. The viscosity of coating resin was measured 
with respect to temperature (Fig. 2). 

The viscosity was measured at a shear rate of 1 s− 1 as the shear rate 
during the dip-coating process is comparable. The black curve is ob
tained using the Arrhenius equation, as follows: 

η(T) = η0 * exp
(

EA

R * T

)

(1)  

where T is the temperature, η0 is a material constant, R is the universal 
gas constant, and EA is the activation energy. The following parameters 
were calculated:η0 = 1, 36*10− 8 mPa*s and EA = 6,31*104 J. 

2.3. Experimental setup 

We designed a dip-coating setup to coat the PMMA fiber cores, as 
shown in Fig. 3. The fiber cores were previously extruded onto a spool 
that can be used directly at the unwinder. From the unwinder, the fiber 
is drawn through the coating resin tub, where it is redirected perpen
dicular to the resin surface, and through the UV hardening unit, where 
the liquid coating is cured. Finally, the fiber is collected by the winder at 
the top, which is controlled to rotate with the same tangential speed as 
the unwinder to achieve low to zero traction on the fiber. To start the 
process, the polymer fiber is fixed to a 50-µm copper fiber, which can be 
easily guided through each process step owing to its higher strength. By 
attaching the copper fiber to the top winder, the initial fiber core end is 
pulled through each process step. 

The dip-coating bath can be heated or cooled to adjust the viscosity 
of the resin. Therefore, the temperature-control unit uses thermal con
duction by attaching to the bottom plate of the resin tub. The temper
ature is controlled by a control unit using thermal sensors attached to the 
bottom of the resin tub. The side walls of the bath are designed to 

Fig. 1. Schematic representation of the forces applied to the fiber in the dip- 
coating process. 

Fig. 2. Viscosity of the coating resin measured with a rotary viscosimeter (MCR 
302) at different temperatures for a shear rate of 1 s− 1. 
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maintain a minimum distance of 40 mm from the fiber. Thus, the fluid- 
dynamic influence of the walls on the coating process is minimized. This 
distance was calculated using an estimation with the equation for in
ertial force FI

→ of the resin being approximately zero (Fig. 1). The guiding 
rod shown in Fig. 4 has a groove with a depth of 0.5 mm, which 
maintains the fiber in its designated position. The 3-mm guiding rod is 
placed 2 mm above the bottom of the tub; thus, the unperturbed coating 
process starts at a height greater than 5 mm. In the curing unit, subse
quent to the coating unit, the goal is to avoid oxidation. Therefore, the 
UV encasing, where the curing takes place, is filled with nitrogen, which 
is distributed through a chamber located on top of the UV encasing. 
Through evenly distributed holes between the nitrogen chamber and UV 
encasing, nitrogen is guided homogenously into the UV encasing. These 
holes are supposed to reduce turbulence, which can introduce vibrations 
into the fiber and thus affect the coating-process stability. A broadband 
source (OmniCure S1500, 320–500 nm) with an output power of 200 W 
is used as the UV curing source. The curing unit is placed 57 mm above 
the guiding rod inside the resin bath. According to a preliminary 

investigation, this position represents the farthest possible distance be
tween the resin bath and curing unit to avoid the Plateau-Rayleigh 
instability and interference with the meniscus. 

3. Results 

To characterize the coating resin, we measured the coating thickness 
under variations of drawing velocity and resin temperature. First, the 
experiments were conducted using a copper fiber core with a diameter of 
50 µm to avoid experimental deviations owing to the fluctuating 
extruded fiber diameter. Fig. 5 demonstrates the measurement results, in 
which the black dots indicate the measurement parameters. The diam
eter was measured with a digital calibrated microscope using a built-in 
distance measurement tool, with a measurement error of ± 5 µm. Each 
fiber in this chapter was measured at four positions with a distance of 80 
mm from each other, where the coating had already been fully formed. 

In Fig. 5, three different parameter spaces are visible, limiting the 
possible dip-coating settings. It is only possible to apply the coating resin 
onto the fiber in Area II. In area I, the drawing velocity was comparably 
slow, and Plateau-Rayleigh instabilities occurred. In area III, the coating 
thickness was too high, and the resin coating could not be cured entirely. 
In general, the coating thickness increases as drawing velocity and 

Fig. 3. Setup of the dip-coating system with the fiber path marked in blue.  

Fig. 4. Three-dimensional (3D) model and cross-section of the resin tub used 
for dip coating. 

Fig. 5. Contour plot showing the coated copper fiber diameters by variation of 
the resin temperature and drawing velocity of the fiber. 
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temperature-induced viscosity increase. Because of the shorter UV 
exposure time, the coating softens at higher velocities. To utilize a stable 
process parameter setting, we chose a drawing velocity of 0.15 cm/s and 
temperature of 16 ◦C for further measurements, which resulted in a fully 
hardened coating with a diameter of approximately 1 mm. 

The dependence of the fill level of the dip-coating bath on the coated 
fiber diameter is shown in Fig. 6. In three repeated measurements 
(M.1–M.3), a drastic decrease in the coated fiber diameter was observed 
for fill levels under 6 mm. This is caused by the construction of the resin 
tub (Fig. 4), in which the guiding rod is located at a height of 5 mm, 
interfering with the coating process. The apparent decrease in the 
diameter for levels above 8 mm could be a result of a vertical temper
ature gradient in the resin tub. This temperature gradient occurs with 
increasing distance from the temperature-control unit; thus, when the 
resin tub is cooled, the temperature rises and viscosity decreases along 
the fiber drawing direction. Fig. 5 shows that the coating thickness de
creases as the temperature increases. 

The dependence of the total diameter of coating on the diameter of 
the extruded PMMA core fibers is shown in Fig. 7. In our experiments, 
PMMA cores were extruded at four different velocities prior to coating 
them. These four extrusion velocities resulted in different fiber di
ameters, which is the reason for the clustering of the measurement 
points around the core diameters of 33, 38, 43, and 48 µm. The error 
bars indicate the diameter fluctuations along the obtained fibers. The 
graph suggests a linear increase in the total coated fiber thickness with 
an increase in the core fiber diameter. Therefore, a line of best fit is 
drawn, showing a gradient of 3.36 µmtotal diameter/µmcore diameter, which 
is close to π. This implies that because of the circular shape of the core 
fiber, the total coating diameter directly depends on the core circum
ference surface, which also increases with the factor π to the core 
diameter. As stated in Section 2.1, owing to the Dirichlet boundary 
condition at the surface of the core fiber, the inertia is transferred; thus, 
the amount of accelerated coating material increased and a larger total 
diameter was obtained. 

In the following discussion, we showcase two coated PMMA fibers. 
Fig. 8 shows the first fiber that has a length of 2.3 m, a fiber core 
diameter at the front faces of dcore = 45.7 ± 0.5 µm, and a total 
diameter of dcoating = 1003.1 ± 0.5 µm (n = 32). Fig. 9 shows the 
second fiber, which is the thinnest fiber core that was coated with a 
diameter of dcore = 16.1 ± 0.5 µm. As a consequence of the smaller 
diameter, the second fiber has a lower absolute strength; therefore, the 
resulting length of the coated fiber without breaking was 210 mm. The 
achieved coating diameter was dcoating = 790.6 ± 26.9 µm. As stated 

Fig. 6. Diameter of the resulting coated copper fiber for different resin fill 
levels of the resin tub with a drawing velocity of 0.15 cm/s and temperature of 
16 ◦C. 

Fig. 7. Diameter of the resulting coated fiber for different extruded PMMA core 
diameters with a drawing velocity of 0.15 cm/s and temperature of 16 ◦C. 

Fig. 8. Front face of the PMMA fiber embedded in coating with a core diam
eter of.45.7 ± 0.5 µm. 

Fig. 9. Front face of the PMMA fiber embedded in coating with a core diam
eter of.16.1 ± 0.5 µm. 
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in Subsection 2.1, in theory, the core should center itself during the dip- 
coating process if it is moving antiparallel to the gravitational force. 
Nevertheless, it was observed in side view microscopy that the fiber core 
is decentered. Figs. 8 and 9 show exemplary cross-sections of differently 
sized fiber cores cladded with the same process parameters. For both 
core fiber diameters, circular cladding geometries develop because there 
is no shrinkage in the material. However, both fiber cores exhibit 
insufficient centering, which might be caused by the comparably low 
drawing speed resulting in low inertial forces in the coating or dis
turbing influences owing to the guiding of the fiber core. 

Furthermore, the attenuation of the coated optical fibers was 
measured using a laser diode at a wavelength of 638 nm. At the fiber 
input, the system used cameras for alignment and an iris to change the 
beam diameter, allowing precise coupling into the fiber core. To 
examine the outcoupling light from the fiber, a camera with an adjust
able numerical aperture was used in combination with a beam profiler 
and an Ulbricht sphere (Fig. 10). By sequentially positioning these tools 
in front of the fiber output surrounding, the light and cladding modes 
can be excluded from the power measurement; thus, only the optical 
power guided through the fiber core is measured. To analyze the 
attenuation behavior related to the length of the fiber, cut-back mea
surements were performed. The cut-back method includes a series of 
measurements of optical output power PO with sequentially decreasing 
fiber lengths. Over the entire series of measurements, the input coupling 
remains intact; hence, input power PI is maintained as a constant. Using 
this method, we could maintain constant input conditions throughout 
the measurement and thus neglect all power loss effects at the input 
facet of the fiber. Additionally, we could explore distribution of the 
attenuation along the fiber, which could vary in particular owing to the 
output facet quality. With these power measurements, the total atten
uation was calculated for each fiber length. 

The measured attenuations of the coated fiber with a core diameter 
of 45.7 ± 0.5 µm (Fig. 8) are shown in Fig. 11. We observe an increase in 
attenuation for longer fibers, suggesting a linear growth. Using the line 
of best fit, we achieve a gradient, which describes the mean attenuation 
based on the POF length of αmean = 2.98 dB/m, and a vertical inter
cept, which describes the total attenuation caused by the end facets of 
0.03 dB. As a consequence of having a short length, only one measure
ment could be performed for the fiber with a core diameter of 
16.1 ± 0.5 µm, as shown in Fig. 9, resulting in an attenuation of 
17.3 dB/m. This higher attenuation can mainly be attributed to the 
lower quality of the thinner extruded fiber core and its smaller diameter, 
which leads to more interaction of the evanescent field with the clad
ding. The applied extrusion process used for the PMMA fiber core pro
duction is a possible source of fluctuations in the attenuation. 

4. Summary and outlook 

In this study, we introduced a dip-coating system for applying 
cladding materials to extruded optical fiber cores. We developed a so
lution using a continuous dip-coating technique to apply cladding ma
terial onto previously extruded polymer optical fiber cores with 
diameters as low as 16 µm; however, to enable a stable and continuous 
process, the fiber needs to have a diameter of at least 20 µm. The best 
measured attenuations were close to 3 dB/m for fibers with a core 
diameter of 46 µm. The coating diameter was consistently correlated to 
the core fiber diameter and boundary surface. Because the resulting 
cladding thickness was completely above the evanescent field depth, the 
change in coating thickness did not affect the functionality of optical 
fibers. The proposed system is a flexible alternative to co-extrusion 
processes that can be applied in small-scale laboratory environments. 
Because a small amount of resin material is required, the proposed 
process can be used to examine new material combinations. 

Our future study will focus on improving the production of fiber 
cores and increasing the drawing speed of fibers to achieve improved 
self-centering of the core and less Plateau-Rayleigh instability effect. 
Therefore, the coating system is adapted by incorporating the curing 
unit into the coating unit to minimize the fiber path between the steps. 
Furthermore, separation of the two production steps will be utilized with 
different treatments on the fiber cores before the coating process to 
investigate the sensor and lighting applications. 

Fig. 10. Measurement setup to determine the optical attenuation with a red laser at a wavelength of 638 nm.  

Fig. 11. Attenuation of the coated PMMA fiber core (core diameter = 45.7 ±

0.5 µm) using the cutback method. 
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