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Abstract 

The paper deals with the simulation of a core/cladding extrusion process of 

Plastic Optical Fibre (POF). It reflects part of the work carried out in the 

context of an R&D project financed by Valencian Community in Spain. 

AITEX, who is one of the partners in the project, subcontracted to Principia the 

simulation work presented here. The final goals pursued are reducing the 

production costs of the POF and, also, studying the possibility of obtaining new 

core geometries with a potential yet to be explored. 

The configuration studied is a single filament fibre, composed of two 

polymers. The core is constituted by polymethyl methacrylate (PMMA) and 

the cladding is made of polyvinylidene fluoride (PVDF). Various types of 

cross-sections of the core were analysed in order to optimise the characteristics 

of the final product. The two materials arrive in a molten state at the extrusion 

head, where the final filament is produced. Mechanical and thermal properties 

were available for both materials over the temperature range of interest and 

viscoplastic material descriptions were used for modelling the materials in their 

molten state. 

The study of the process was decomposed into three phases. The first one 

involves the flow of the molten materials arriving to the extrusion head; this is 

the most relevant phase from the viewpoint of the geometry of the core. In the 

second one, the still molten materials emerge from the head, already forming a 

combined cross-section. In the third and final phase, the materials solidify and 

the final section of the filament is produced. Different modelling strategies 

were employed for simulating the different phases. The first phase was 

analysed with Abaqus/Explicit, using ALE adaptive meshing techniques. By 

contrast, for the cooling and solidification phase, the calculations were 

conducted with Abaqus/Standard using neo-Hookean material descriptions for 

the two materials. The results obtained in the calculations allowed establishing 

the more promising cross-sections for extrusion of the core. 

 



1. Introduction  

The paper deals with the simulation of a core/cladding extrusion process of 

Plastic Optical Fibre (POF). It reflects part of the work carried out in the 

context of the R&D project VOLFIL, undertaken under the Program IVACE 

GVA of the Valencian Community in Spain. The project is being conducted by 

the Association for Research in the Textile Industry (AITEX) in collaboration 

with the Institute for Telecommunications and Multimedia Applications 

(iTEAM) of the University of Valencia. The simulation work described in the 

paper was subcontracted by AITEX to Principia. 

Project VOLFIL is oriented to the monitoring of vital signs by means of 

sensors embodied in textile materials. It involves sensors, communication of 

the signals, and processing of the data to arrive at useful conclusions by means 

of a machine-learning process. This paper, however, is concerned only with the 

extrusion process for the optical fibre. 

 

2. Description of the problem 

The process to be studied is the production of a single-filament fibre, with a 

final diameter of 2.2 mm, constituted by two polymeric components. The core 

is made of polymethyl methacrylate (PMMA) and the cylindrical outer cover, 

the cladding, is made of polyvinylidene fluoride (PVDF). 

The two constituent materials are fed through the corresponding hoppers and 

heat is supplied to melt them. They arrive to the extrusion head in a molten 

state, from which they emerge as a single filament. The configuration and 

assembly of the extrusion head can be seen in Figure 1. 

After emergence of the POF from the extrusion head in air, the POF is cooled 

in water and the necessary tensile force is applied for the POF to have a final 

outer diameter of 2.2 mm. 

Various cross-sections were considered for the core. Two of them are three-

lobed clovers, one is a Y-section, and the fourth one is a bone-shaped section. 

The sections are shown in Figure 2. In the paper, special attention will be 

dedicated to the two three-lobed clovers. 

In the molten state, the behaviour of the two materials involved is strongly non-

Newtonian. Based on the rheological information available, a power law was 

fitted to the data. With this assumption the dynamic viscosity , which is the 

ratio between the applied shear stress  and the resulting engineering strain rate 

�̇�, can be expressed as 𝜂 = 𝑘�̇�𝑛−1 for the range of viscosities comprised 

between 10 Pa.s and 10 kPa.s.  



 

Figure 1: Sketch of the assembly of the extrusion head. 

Since the relation is linear in the log-log plot, the two parameters k and n can 

be easily determined. The fitting of the data is shown in Figure 3. It should be 

mentioned that the data for the PVDF had been obtained for a temperature of 

240 ºC, while for the PMMA corresponded to a temperature of 235 ºC; both 

were assumed to be applicable at the temperature of the extrusion head, which 

is 230 ºC. The main parameters of the process are shown in Table 1. 

 

 

 

 

Figure 2: Different fluid end sections in the mandrel. 



 Core Cladding 

Material PMMA PVDF 

Brand name Plexiglas 6N Kynar Flex 2500 

Flow (cm3/min) 10.50 23.36 

Reference density (kg/m3) 1190 1810 

Melt density variation (%) -10 -17 

Exponent n of viscosity law (time in s) 0.220 0.376 

Module k of viscosity (kPa·s) 50.4 17.6 

Conductivity (W/Km) 0.2 0.2 

Young’s modulus (MPa) 3200 310 

Table 1: Main parameters of the materials. 

 

Figure 3: Fitting of viscosity parameters for PMMA and PVDF. 
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3. Methodology 

For the purposes of the numerical simulation, the process can be decomposed 

into three phases. In the first one, the molten materials arrive at the extrusion 

head. In the second one, the materials, still molten but already forming an 

integral section, emerge from the head. The final one consists in the 

solidification and development of the final section. The methodologies 

employed in each case are described below. 

The flow of the materials in the extrusion head has been studied using the 

viscoplastic descriptions given earlier. The calculations were conducted with 

Abaqus/Explicit, using the adaptive meshing of an Arbitrary Lagrangian-

Eulerian (ALE) analysis; the method for advection of element variables is of 

second order based on the work of van Leer (1977). The analyses were 

continued until steady-state conditions developed. In Abaqus/Explicit only one 

material is so far allowed in within the same ALE domain. The limitation has 

been bypassed by defining a temperature dependent viscosity and assigning a 

different value to each material (with a difference much greater than that 

caused by the heat generated by viscosity); the temperature distribution enables 

the identification of the regions occupied by each material. In summary, even 

though the flow in the header is essentially isothermal, the problem has been 

solved as a completely coupled thermomechanical problem with a null 

conductivity, where temperature acts as a passive scalar. 

The wave propagation velocity in the material is about 2000 m/s, but the flow 

remains essentially isochoric because deformations take place far more easily 

in the deviatoric than in the isotropic direction. Moreover, given the relatively 

large values of the viscosities, Reynolds numbers are very low and inertia 

forces are negligible in comparison with the viscous ones. 

Mass scaling was used to expedite the analyses. To ensure that it did not affect 

the inertia forces to the point of having an influence on the results, the 

calculations were repeated changing the mass-scaling factor by a factor of 4. 

Advantage is taken of the symmetry plane existing for all the cross-sections 

analysed. Other boundary conditions are Eulerian entry surfaces for both 

materials, zero displacements at the Lagrangian walls, specified velocities at 

entrances, and fixed Eulerian nodes at entrance and emergence. 

To minimise transient effects, velocities have been applied gradually over a 

period equivalent to 10% of the duration of the simulation. The latter time has 

been taken as approximately twice the residence time of the PMMA particles in 

the extrusion head and it was verified that steady-state conditions were 

reached. 



An outlet section has been considered, located 3 mm upstream from the nozzle, 

to be away from local distortions; it has fully-developed flow in the 3 mm tube. 

The different velocities in the section with fully-developed flow evolve to a 

uniform velocity at emergence. The new section tends to preserve the geometry 

of the core, since it is the cladding that has greater spatial velocity contrasts. 

Thus, the new section is similar to that inside the extrusion head except that the 

diameter changes as dictated by mass conservation. 

The final core produced should display cyclic symmetry. Small distortions 

from cyclic symmetry arise because of numerical convection; this was 

corrected with a translation that minimises the error. 

In the cooling phase, the materials contract due to solidification and to the 

temperature change to ambient conditions. Besides, there is a viscoelastic 

elongation, partly due to gravity, until the final diameter of 2.2 mm is reached. 

This last phase has been analysed with Abaqus/Standard, using neo-Hookean 

material descriptions; the relation between the moduli of the materials was 

taken to be the same as in the solid state. Generalised plane-strain elements 

were used, which allow associating the geometry to a reference node to define 

the elongation. 

It is worth mentioning that the behaviour of this type of polymers may lead to 

swelling in the extrusion process (Ganvir et al, 2011). However, the 

phenomenon does not play an important role in the present case and the 

constitutive laws used to characterise the materials would not develop that type 

of swelling. 

Out of the various cross-sections analysed, the three-lobed clover will be 

presented in more detail in the following three sections. Only summary 

descriptions of the others will be given in a subsequent section. 

4. Flow in the extrusion head 

The two molten materials arrive separately at the extrusion head, from which 

they emerge forming an integral section. Strictly speaking, the existing 

symmetries would allow modelling the problem in a sector spanning 60º, but it 

was simpler to extend the model to 180º and apply a single plane of symmetry. 

The inlet and outlet sections are Eulerian boundaries and, at the inlet, the 

velocities are prescribed. 

The mesh used for analysing the three-lobed clover type I is shown in Figure 4. 

The modelled length is 20 mm. It is formed by 71,091 elements with 76,938 

nodes and has 307,752 degrees of freedom. The main parameters of the 

simulations for the three-lobed clovers are given in Table 2. The mesh used for 

the clover type II is not shown but is not very different. 



 

Figure 4: Mesh used for analysing the three-lobed clover type I. 

For the case of the type I clover, Figure 5 shows the progressive evolution of 

the flow until the steady state develops. When reached, the velocities and shear 

strain rates appear in Figure 6, and the pressures and the Tresca stresses in 

Figure 7. Similar results are obtained for the type II clover. They do not differ 

too much from those of type I. 

 Type I Type II 

Number of elements 71,091 67,917 

Number of nodes 76,938 73,027 

Total number of variables 307,752 292,108 

Aprox. elements global size (mm) 0.1 0.1 

Simulation time (s) 0.848 0.835 

Increment time scaling (-) 170/339 167/334 

Mass scaling (-) 1702/3392 1672/3342 

Wave propagation velocity (mm/s) 11,798/5,899 11,972/5,986 

Number of increments (× 103) 559/230 1,010/353 

Total CPU time (h) 36/18 58/25 

Table 2: Main parameters of the simulations for the three lobed clovers. 

At the outlet section, clover type I produces the section shown in Figure 8. The 

section does not satisfy cyclic symmetry precisely and is corrected, but the 



correction is negligible (Figure 9). Slightly worse results are obtained for type 

II: the section is in Figure 10 and the comparison with the corrected one in 

Figure 11. 

 

 

 

 

 

 

 

 

Figure 5: Progressive evolution of the flow for the type I clover. 



 

Figure 6: Velocities (left) and shear strains (right) for the type I clover. 

 

Figure 7: Pressures (left) and Tresca stresses (right) for the type I clover. 



 

Figure 8: Outlet section for the type I clover. 

 

 

Figure 9: Corrected geometry for the type I clover. 

5. Emergence and solidification of the fibre 

Past the first phase in which the molten materials arrive at the extrusion head, 

they join to form an integral section, after which they cool and solidify giving 

rise to the final section of the POF. 

0.0

0.2

0.4

0.6

0.8

1.0

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

O
rd

in
at

e 
(m

m
)

Abscissa (mm)

Initial

Corrected



With the clover type I, the emerging fluid section can be seen in Figure 12. The 

resulting diameter is 2.48 mm, against the 2.2 mm that will develop in the final 

section. The same diameter is obtained with clover type II. The effects still to 

be applied are a tensile force, solidification and cooling. 

 

Figure 10: Outlet section for the type II clover. 

 

Figure 11: Corrected geometry for the type II clover. 

To analyse the effects that take place in the final phase, a simple model was 

generated (Figure 13). The shrinkage caused by the solidification of the 

materials, their cooling and the longitudinal stretching is shown in Figure 14 

compared to the previous section; the final diameter is 2.2 mm as intended. The 
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maximum viscoplastic deformations produced in this final phase concentrate in 

the contact region between the two materials. Figure 15 and Figure 16 and 

show the maximum and minimum principal strains. 

Figure 17 presents a photograph of tests conducted under the modelled 

conditions. As can be seen, the geometry of the core and cladding sections 

were very well predicted by the simulations. 

Similar analyses were performed in respect of the section emerging with the 

type II clover. The results and observations are rather similar and only the final 

section is depicted in Figure 18. 

 

 

Figure 12: Emerging fluid section for the type I clover. 

 

 

Figure 13: Mesh for the solidifation and stretch model 



 

Figure 14: Shrinkage caused by the solidification of the materials for type I clover. 

 

 

 

Figure 15: Maximum principal strains at final phase for the type I clover. 



 

Figure 16: Minimum principal strains at final phase for the type I clover. 

 

Figure 17: Tests conducted under the modelled conditions. 

6. Other cross-sections studied 

Other configurations have also been analysed using the methodology described 

above, a Y section and a bone-shaped section. Besides, the flow relation 

between the core and the cladding was significantly changed with respect to the 

previous cases in order to minimise the cladding thickness; it changed from 

10.50/23.36 to 20.10/11.70. 

The resulting geometries for the Y and bone-shaped sections are respectively 

shown in the upper and lower parts of Figure 19. 



 

Figure 18: Final section for the type II clover. 

 

 

Figure 19: Comparison of POF inlet and outlet section for bone-shaped section. 



7. Conclusions 

A methodology has been developed to determine the geometry produced by 

manufacturing processes of co-extruded filaments. The bi-component flow is 

analysed using an explicit finite element program taking advantage of the 

adaptive meshing technique with Eulerian boundary conditions. 

As a consequence of the analyses conducted, the three-lobed clover type I is 

the most promising configuration and increasing the flow relation between the 

core and the cladding worsen the expected performance. The results have been 

experimentally validated for that configuration. 
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