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Abstract— This paper reports the overall fabrication process of microstructured polymer optical 

fibres (mPOFs). The mPOF fabrication involves a two-step process: on the one hand, the design and 

creation of a preform containing a large-scale version of the desired fibre and, on the other, the 

precise heating and drawing of the preform to the final fibre. The preforms are produced either by a 

improved drilling technique or by capillary stacking. For a correct and accurate drawing of the fibre, 

a controlled and precise heating unit has to be designed, an issue that will be explained in detail in 

this work.  The quality and optical performance of the final mPOF depends strongly on key factors 

such as the preform annealing, the accuracy of the technique selected for the creation of the preform 
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structure, the heating stage, as well as on the drawing parameters. All of them are analysed in detail 

and some drawn mPOFs of interest are reported as well. 

Index Terms—Microstructured polymer optical fibre, fabrication, drilling, heat-transfer, fibre 

drawing.  

INTRODUCTION 

Historically, silica dioxide has been the predominant base material for optical fibres. Nevertheless, several 

constraints have caused the research and development of polymeric fibres mainly using poly(methyl 

methacrylate) (PMMA). Optical fibres fabricated with other polymers like polycarbonate (PC), 

polystyrene (PS), or TOPAS have also been reported1-4. There is a broad range of applications where 

polymer optical fibres appear as excellent candidates, such as short range telecommunication networks, 

biosensing, structural health monitoring, or optical amplification, to name a few5.  

Microstructured polymer optical fibres (mPOFs) were first demonstrated in 20016, based on previous 

designs for silica photonic crystal fibres (PCF), and since then a large variety of microstructure designs 

have been considered for mPOFs7-11. The combination of polymer and microstructure has allowed the 

achievement of many purposes and optical properties for the first time, such as single-mode guidance in 

polymer fibres in the visible6, or hollow core (HC) mPOFs, where light is guided through the air-filled 

core, which has a lower refractive index than the surrounding material12.     

In this work, we analyse the overall fabrication process of mPOFs, focusing on the mechanical and 

chemical properties of the polymers employed, mainly PMMA. In comparison with the well known silica 

photonic crystal fibres fabrication process, the use of polymers requires specific treatment, such as one 
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annealing stage prior to the preform fabrication process, or the development of ad-hoc drilling and capillary 

stacking techniques, depending on the mechanical properties of the polymer. In addition, during the 

drawing stage, a complete thermodynamic analysis must be performed, due to the lower glass transition 

temperature (Tg) values of the polymers compared to silica, so that the heating units of the drawing tower 

must be specifically designed and fixed13.  

Material properties of PMMA are detailed first, with special interest on the optical, mechanical and 

chemical properties. This way, critical parameters like Tg or weight-average molar mass (Mw) are analysed. 

In the preform creation stage, fabrication techniques are described, namely drilling and capillary stacking. 

Softness of the polymers makes necessary the use of improved drilling bits. The automatization of the 

drilling technique requires the use of a high precision Computer Numerical Control (CNC) machining 

centre, in which drilling parameters must be specifically fixed. Regarding the capillary stacking technique, 

constraints such as static electrical charge of the polymer capillaries and rods must be solved. Afterwards, 

the fibre drawing stage is explained in detail. The drawing tower must be specifically designed considering 

the properties of the polymers that will be drawn to fibre, designing the most suitable heating and stretching 

units. Finally, some mPOFs fabricated in our fibre drawing tower are analysed and the main conclusions 

are summarized. 

MATERIALS 

There are some fundamental requirements that should be fulfilled by materials aimed at enhancing mPOF 

performance11,14. As explained in a later section, the fabrication of mPOFs relies on fibre drawing, which is 

a physical process where a softened polymer flows smoothly when it is pulled down. Thermoplastics are 
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good candidates since they flow at high temperatures. However, not all thermoplastics are adequate for 

drawing optical fibres. Their molecular weight is also an important parameter that must be taken into 

account when selecting a polymer. Additionally, high transparency in the visible region of the 

electromagnetic spectrum and mechanical flexibility are also fundamental requirements to consider when 

choosing a fibre material. At present, mPOFs are mainly fabricated using PMMA or TOPAS. The latter 

presents the advantage of lower moisture absorption and is highly transparent in the THz regime. However, 

because PMMA is relatively cheap, widely available, and has low attenuation in the visible, from now on 

we will focus on this material. 

Using the Differential Scanning Calorimetry technique and the Gel Permeation Chromatography technique, 

Tg and Mw of commercially available PMMA rods15 have been measured, respectively. Results are shown 

in Figure 1. The data points concentrated in the lower left corner of the graph (cross markers) correspond to 

extruded PMMA, whereas data points in the upper right corner have been obtained for cast PMMA. In the 

latter case the polymer chains are too large and the polymer does not flow even at high temperatures above 

Tg. The polymer shows a rubbery behaviour and the required temperature to draw the preform exceeds the 

degradation temperature of the polymer. Low values of Mw are neither desirable because PMMA preforms 

have a very narrow glass transition range that makes it difficult to find good drawing conditions. In 

contrast, data from extruded PMMA shown in Figure 1 (cross markers) fall somewhere in between both 

cases and meet the adequate conditions for good drawing. 
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Figure 1. Distribution of glass transition temperatures Tg against weight-average molar mass Mw of several 

commercially available PMMA preforms obtained by extrusion (cross markers) and casting (circle 

markers). 

A correct thermal treatment of the rods is fundamental to avoid undesirable effects in the preform.  Figure 2 

shows an example of a preform that foamed during drawing as a result of an incorrect preparation. Most 

bubbling is concentrated in the neck-down region where the temperature is the highest. Most probably, this 

is the result of unreacted monomer particles, rest of initiators, solvent residues or simply diffused moisture 

into the preform16. These problems arose during the fabrication tests carried out in our drawing tower. Due 

to the high water absorption capacity of PMMA, it is necessary to anneal the preforms in order to avoid the 

appearance of air bubbles during drawing. The annealing process consists in the removal of all moisture 

from the preforms, keeping them in a low humidity and high temperature atmosphere, below Tg, for long 

periods of time. In our case, the preforms where annealed for 14 days at 90 ºC in a climate chamber. 
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Figure 2. Preform (20 mm in diameter) bubbling during drawing as a consequence of a small amount of 

volatile particles present in the preform. 

PREFORM CREATION  

In the first stage of the mPOF fabrication process, a macroscopic polymer preform is fabricated, which 

contains a large scale version of the desired microstructure in the fibre. Different techniques can be 

employed in the preform fabrication process. Among the different fabrication methods available8, in this 

work we focus on drilling and capillary stacking. 

Regarding the drilling method, our CNC machining centre offers an easy way to obtain different and 

accurate geometries for preform structures. On the other hand, the capillary stacking technique provides the 

capacity to create preforms with very high air proportion, being such structures almost impossible to obtain 

by drilling. 

Drilling 

Drilling is the most widely used technique for the fabrication of polymer preforms. Using a CNC 

machining centre it is possible to execute a sequence of automatized instructions over a monolithic polymer 

cylinder fixed in the workholder, in order to fabricate complex structured preforms with high precision. 
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CNC machining centres offer an easy way to obtain different geometries for preform structures by 

changing the diameters of the holes, the spacing of the holes, and their distribution in the polymer (see 

Figure 3). Taking into account that polymer is a soft material in general, all parameters that characterize the 

drilling process (cutting-speed, spindle-speed, feed, depth of cut, etc.) are completely different from those 

used to drill materials like glass, steel or iron. Therefore, and depending on the kind of polymer, it is 

necessary to fix these parameters accurately in order to avoid problems such as roughness in the surface of 

the holes or melting in the polymer due to high temperatures during the drilling.  

The use of the drilling method in the fabrication of the polymer preform imposes a limitation in the 

maximum length of the preform. Even with deep hole drilling bits, relatively short preforms can only be 

processed. So far, preforms of about 70 mm in length have been reported with holes of 2 mm in  

diameter17. 

In our experience, drilling the solid preform using high-speed steel twist drill bits generates long chips that 

melt and jam the holes. For this reason, it is necessary to lift the drill bit from the hole repeatedly in order 

to remove the chips jammed in the helix and cool the hole using external coolant. As a result, this approach 

makes the preform fabrication an extremely complex and time-consuming process. With the aim of 

overcoming this limitation, we have improved the drilling technique using through coolant drill bits. The 

coolant is supplied to the polymer preform through the drill, achieving a more efficient removal of the chip, 

a continuous cooling of the drilled position of the preform and an increase in the depth of cuts. Moreover, 

as employing these kinds of drill bits provides an improvement in the quality of the drilled holes and a 

significant reduction in the time required for the drilling. Figure 3 shows a preform fabricated using 

through coolant drill bits.  
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Figure 3. Three solid core preforms (60 mm in diameter) created by drilling, using bits of 3 mm. 

Capillary stacking 

This preform creation method is a handmade process that, on the one hand makes the method more 

laborious and complex, but, on the other hand, enables the fabrication of some complex preforms that are 

not possible to obtain by using the drilling method. Thus, preforms with very high air proportion can be 

fabricated, like Kagome lattice preforms18, and the limitation in the preform length imposed by the drilling 

method is overcome.  

In this method, capillaries and tubes are placed one row at a time, using an ad-hoc designed jig (see Figure 

4 (a)). Once the stack is complete, the last step in the creation of the preform consists in the accurate 

sleeving of the stack into a tube (see Figure 4 (c)), together with the insertion of fixing tubes in the stack 

(see Figure 4 (b)), in order to avoid deformations in the desired structure. Notice that during the process, 
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the small diameter rods and the thin wall capillaries become electrically charged. Static electricity can 

seriously hinder the stacking process (see Figure 4 (d)), and therefore, in order to remove it, a high voltage 

electric field applied to the capillaries creates a stream of ions that neutralizes the static charge stored in the 

capillaries and rods. Figure 4 (e) shows a preform created by capillary stacking, in which only capillaries 

have been employed.  

 

Figure 4. (a-c) Steps in the creation of a preform by capillary stacking, using capillaries and rods of 

different diameters sleeved into a 60/54 mm tube, (d) electrically charged capillaries repelling each other, 

and (e) a final preform created by stacking together capillaries sleeved with a tube of 25/21 mm in 

diameter. 

DRAWING TO FIBRE 

Description of the general drawing process 

Figure 5 shows the scheme of a typical drawing tower. The drawing process is in essence the same as that 

followed with conventional fibres: during the heating process of the preform in the furnace, a stepper motor 
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is responsible for feeding it into the furnace at an adequate rate to ensure that the preform temperature will 

rise above Tg in order to have the polymer ready for stretching.  

 

Figure 5. Photograph and schematic diagram of the drawing tower. The close-up picture shows the neck 

down region of an mPOF preform. 

When the heated preform is pulled down at a higher speed, namely draw speed (vdraw), the so-called 

neck-down region is created. This region refers to the preform section starting at the hottest point where a 

rapid change in the preform diameter occurs (see Figure 5). The shape and length of the neck-down region 

is of primary importance when manufacturing mPOFs because of its impact on the hole deformation and on 
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the diameter control. Under steady conditions, mass conservation dictates the final diameter (Df) as a 

function of preform feed rate (vfeed), preform diameter (D0) and draw speed (vdraw)8: 

 𝐷𝑓 = 𝐷0�
𝑣𝑓𝑒𝑒𝑑
𝑣𝑑𝑟𝑎𝑤

, (1) 

where the draw speed is determined from the speed of a point on the rotating circumference of the main 

capstan, and the final diameter is measured during the drawing using a laser-based system that records the 

diameter in two perpendicular directions. The drawing force is also measured by means of a force sensor 

installed in one of the pulleys of the main capstan (see Figure 5). 

Furnace design: heating process 

During preform drawing, a key factor for minimizing deformation of the microstructure is the uniformity of 

the temperature profile in the cross section of the preform. Although heating polymer preforms is 

conceptually similar to the case of glass preforms, in practice the situation is quite different because of the 

differing material properties and preform characteristics. First of all, thermal conductivity of the polymers 

used for mPOF fabrication is poor (one order of magnitude lower in the case of PMMA). In addition to 

that, preform size is much larger in the case of mPOFs: preforms for glass PCFs are typically several 

centimeters in diameter (2-3 cm), whereas primary preforms for mPOF fabrication are 6-8 cm in diameter.  

An extra difficulty when drawing structured polymer preforms lies in the presence of a large air fraction 

within the structure that requires considering the interplay between conduction and radiation modes of heat 

transfer within the preform19. Therefore, since the exact furnace design and operation profoundly affects 

the quality and extent of the hole deformation17, the optimal heating conditions for each preform design are 

to be determined empirically by trial and error, for each drawing tower, even though it is still possible to 

provide general guidelines valid for any drawing tower. 
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The overall furnace consists of two sections: an air-cooled radiative furnace used as preheat section, and a 

resistive furnace for drawing the preform (drawing section). The radiation furnace contains six infrared 

lamps arranged at two different heights. At each height three lamps form an equilateral triangle, and both 

lamp triangles arranged in this way are rotated 60º with respect to each other. A glass cylinder placed inside 

the triangles provides preform protection against the stream of air used to cool the lamps. Regarding the 

resistive furnace, a stainless steel tube wound with heating wires acts as the oven. Due to the large size of 

the preforms, the drawing process is mainly done following a two-stage process; for the preform-to-cane 

stretching, a large diameter steel tube is required, whereas cane-to-fibre drawing is performed with a small 

diameter steel tube. Optionally, an Inconel plate separates both sections of the furnace. In addition, two 

irises isolate each section from the outer atmosphere. 

Furnace design: preheating 

The preheating section is aimed at raising the preform temperature to around 110 ºC to ensure that the 

preform will enter the drawing section without any deformation. The challenge comes primarily from the 

need to get a uniform heating in the cross section of the large preform (in our case, primary preforms of 6 

cm in diameter).  

Among the different heating strategies considered, we have obtained the best results with the step-like 

furnace temperature scheme. A solid PMMA preform (preform diameter: φpreform= 60 mm) was used for 

that purpose. Five K-type thermocouples were located at five radial positions, and their axial position was 

the same: 45 mm from the top of the preform. The measured temperatures as a function of time are plotted 

in Figure 6.  
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Figure 6. Evolution of temperature at five different radial points (r= -2.5, -1.5, 0, 1.5, and 2.5 mm) of a 100 

mm long solid PMMA preform of 60 mm in diameter. Each time slot of 20 min is associated to a power 

level of the radiative furnace that follows a step-like profile: 18% from 0 to 20 min; 20% from 20 to 40 

min; 18% from 40 to 60 min. The power expressed as a percentage refers to the maximum power level 

delivered by the radiative furnace.  

First of all, it is noteworthy the azimuthal symmetry of the preform heating. The temperature of the 

diametrically opposed points ramp up together. Regarding the time evolution of the radial distribution of 

the preform temperature, the underlying physical process may be understood in the following way: at early 

stages, the preform surface heats fast. The poor thermal conductivity of the polymer turns into a time lag 

before the central region of the preform feels the effects of the surface heating. For this reason the surface 

temperature further increases during the early stages (first half of the step-up furnace temperature: 0-20 

min; furnace power set at 18 % of its maximum value). After finishing the step-up heating (second half of 
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the step-up, min 20 to min 40; furnace power set at 20 %), the furnace power is decreased back to its initial 

value of 18 % to prevent the surface from overheating and to allow the preform centre to progress and even 

surpass the surface temperature. If we define the radial uniformity of the temperature profile as 

 ∆𝑇 = �𝑇𝑚𝑎𝑥−𝑇𝑐
𝑇𝑐

� × 100, (2) 

where Tmax refers to the maximum preform temperature at a given time, and Tc to the temperature of the 

preform centre at the same time, the maximum uniformity is achieved almost at the end of the step-down 

stage (see Figure 7). A unique step-up heating scheme of the radiative furnace is also shown in Figure 7 

(solid line). The results clearly show that the step-up step-down scheme is preferable in terms of radial 

uniformity of the temperature. As it can be observed, the difference of temperature between any two points 

of the preform is lower than 2 %. 
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Figure 7. Evolution of temperature difference ∆T between the centre and the hottest measured point of a 

solid PMMA preform for two different heating schemes.  

Furnace design: drawing process 

After the preform has been preheated, it enters the drawing section. At this stage it is important to point out 

the relevance of using an Inconel plate to separate both furnace sections in order to guarantee an 

independent and stable operation of the resistive furnace.  

Figure 8 shows the evolution of the temperature in the resistive furnace with and without the Inconel plate. 

In the former case, the temperature is essentially constant with a standard deviation of only 0.2 ºC. 

However, in the latter case, the absence of a physical barrier between both sections sets an oscillatory air 

flow within the drawing section that causes the recorded air temperature to oscillate with a standard 

deviation of 0.5 ºC. These air temperature oscillations promote an instability mode that has a negative 

impact on the drawing fibre diameter13. Therefore, care must be taken when setting the thermal boundary 

conditions of the drawing section to guarantee steady operation. In our case, steady operation was achieved 

separating both preheat and drawing sections using the Inconel plate. 
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Figure 8. Measured temperature in the drawing section (a) with and (b) without the Inconel plate installed 

between the preheat and drawing sections. 

Drawing preforms 

The primary preform, prior to final drawing, follows an intermediate stage where it is stretched to a 

microstructured cane of around 6 mm in diameter. This two-step procedure ensures a precise control of the 

fibre diameter, because large drawing ratios would affect negatively to the stability of the fibre diameter 

(vdraw/vfeed would be around 3600-90000 if the primary preform were drawn directly to fibre). In some 

mPOF designs it is also necessary to sleeve the cane with a PMMA or PC tube in order to get the specified 

hole and core dimensions in the final fibre (in the sleeving process, the microstructured cane is inserted first 

into a polymeric tube with an inner diameter slightly larger than the diameter of the cane, and then the air 

gap created in between is connected to a vacuum system in order to fuse the cane and the tube together, 

yielding the so-called secondary preform). The final step involves drawing the intermediate cane or 
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secondary preform down to the final fibre. The results obtained at each stage of the drawing process are 

shown in Figure 9. 

 

Figure 9. Sequence of steps followed in the drawing process from the (a) primary preform of 60 mm in 

diameter and 100 mm in length, to (d) the final fibre. (b) Cross section of the intermediate cane of 6 mm in 

diameter. (c) Secondary preform obtained from the cane sleeved with a PMMA tube of dimensions 12/6 

mm (outer/inner wall diameters). 

The dominant factors that affect the drawing process are the drawing ratio (vdraw/vfeed) and the drawing 

temperature. The latter is aimed at keeping the tension of the drawn fibre under control, typically around 

70 g, so that during the drawing process small temperature adjustments may be done in order to ensure a 

fibre drawing at constant tension. Figure 10 (left) shows the temporal evolution of the diameter of several 

capillaries used for capillary stacking, whereas Figure 10 (right) shows the variation of the diameter with 

the length of several fibres drawn in our drawing tower. Note that the diameter remains stable with an 

standard deviation that, in most cases (Figure 10 (a) to (e) ) is well below 1% of the corresponding average 

value; and in the worst case (Figure 10 (f)) it only accounts for 2% of its average value. Assuming 
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conservation of mass, and for selected tube or secondary preform diameter, the drawing ratio defines a 

nominal final diameter through Eq. (1) that –in every case of Figure 10− fits well the measured 

experimental values. These results are summarized in Table 1. 

 

Figure 10. (Left) Outer diameter of several capillaries as a function of time during steady state operation of 

the drawing process. Average and standard deviation values of outer diameters: (a) (994±6) µm, (b) 

(1999±9) µm, (c) (3020±10) µm; (right) fibre diameter as a function of its length during steady state 

operation of the drawing process. Average and standard deviation values of diameters: (d) (1004±7) µm, (e) 

(499±2) µm, (f) (248±5) µm. 

Table 1. Comparison of the experimental diameter with the calculated diameter through Eq. (1) assuming 
conservation of mass for the case of three different capillaries (first three rows) and three different fibres 
(last three rows). 
 

Preform 
diameter (mm) 

Feed speed 
(mm/min) 

Draw speed 
(m/min) 

Measured 
diameter (µm) 

Nominal 
diameter (µm) 
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20 2 0.089 3020 ± 10 3002 

20 2 0.204 1999 ± 9 1979 

20 0.5 0.197 994 ± 6 1007 

40 0.2 0.320 1004 ± 7 1000 

20 0.5 0.829 499 ± 2 491 

20 0.5 3.135 248 ± 5 253 

 

EXAMPLES OF mPOFs DRAWN IN OUR FACILITY 

The rich variety of new features of mPOFs beyond those that conventional fibres are able to offer, in 

combination with the advantages of using polymer as manufacturing material, means that the number of 

applications of mPOFs is widening into ever increasing areas of science and technology. In this section, 

representative mPOF designs fabricated in our drawing tower are reported, and some of their interesting 

applications are discussed to underline the advantages of mPOFs over conventional POFs and silica fibres. 

All these mPOFs were obtained following the general fabrication guidelines described in previous sections.  

Single-mode operation for polarimetric and interferometric devices 

Although POF technology is dominated by highly multimodal fibres operating in the visible range5, 

endlessly single-mode operation is also possible when dealing with mPOFs. Figure 11 illustrates the 

concept of single-mode guidance of light. The pattern of holes behaves like a sieve. Only the fundamental 

mode is confined within the fibre core (Figure 11 (a)). Higher order modes escape through the bridges 

(Figure 11 (b)). If the diameter of the air holes increases, the bridges get narrower and these higher order 
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modes become trapped in the core. Therefore, the bridge size (or the ratio of hole diameter to hole spacing) 

defines the modal regime of the mPOF. 

 

Figure 11. (a) The fundamental mode is well confined by the structure because the mode does not fit within 

the gaps between the air holes –the mode is spatially too large to pass through the bridges. (b) The higher 

order mode is able to escape through the bridges because its effective wavelength in the transverse plane is 

smaller. 

 

Figure 12 (a) shows the primary preform and the cross section of the corresponding single-mode mPOF of 

four rings of holes drawn from this preform. The drawn fibre is the result of a double sleeving process 

giving rise to an outer diameter of 250 µm and air holes of 3 µm in diameter. This mPOF provides 

single-mode guidance in the visible range of the spectrum and it has proved to be a good candidate for the 

design and development of polarimetric and interferometric devices aimed at sensing purposes14,20-23. 

This article is protected by copyright. All rights reserved.



 

 

 

 

Figure 12. Primary preforms (first row) and their corresponding mPOFs drawn in our drawing tower 

(second row). 

By drilling a slightly different holey structure in the solid PMMA preform, dual-core and seven-core 

mPOFs have been fabricated (see Figure 12 (b) and (c)). In this type of fibres (multi-core fibres or MCFs), 

the particular feature that makes them interesting for various optical sensing applications is the interference 

pattern that builds up from the excitation of several supermodes of the MCF. A short segment of such a 

MCF constitutes the central element for the construction of MCF-based interferometers that are highly 

accurate and sensitive to strain sensing24. 

Liquid based sensing 

A field where mPOFs are likely to have a major impact is biosensing or, more specifically, optofluidic 

sensing applications25-27. Optical fibres in general – and mPOFs in particular – have the ability to increase 

the overlap between the guided light and the sensing material. In the case of mPOFs, this is mainly 

achieved using specific fibre geometries that enable the interaction between light and material. The degree 

This article is protected by copyright. All rights reserved.



 

 

 

of overlap depends on whether the material is placed in the core or not; in any case, the holes of the 

structure have to be filled with the sensing material. 

Figure 12 (d) shows the primary preform created by drilling and the corresponding HC mPOF. The preform 

has been created by drilling a central hole to the classical hexagonal ring pattern (shown in  

Figure 12 (a)). Similarly, the HC mPOF shown in Figure 12 (e) has been fabricated using capillary 

stacking. Both HC mPOFs are targeted to maximize the interaction between the guided light and the 

sensing material by inserting the latter into the core. 

CONCLUSIONS 

We have reported on a fabrication process in our fabrication facility that can be used to draw a great variety 

of mPOFs. Although we have applied the fabrication process to technical grade extruded PMMA preforms, 

it can be easily adapted to other polymers of interest.  Key parameters during the fabrication process are, on 

the one hand, a tight control of the heat transfer within the preform during the preheating and fibre drawing 

phases and, on the other hand, the tension applied to the fibre during drawing. The flexibility of the 

fabrication process available for polymers, their mechanical advantages, and the broad scope of 

development offered by them through the inclusion of nanoparticles, doping and grafting, make mPOFs 

attractive to cover a range of applications that silica fibres could hardly address. 
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