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Abstract: The mechanical stress-strain behaviour of polymer optical fibres (POFs) drawn 
from various materials was measured, both before and after temperature annealing of the 
POFs. The POFs were drawn from PMMA (GEHR), Zeonex (480R), PC (Makrolon 
LED2245) and two different grades of Topas (8007S-04 and 5013S-04). With fibre drawing 
stresses at or above the elastic (uniaxial extensional) plateau modulus, the polymer chains in 
the POFs have a high degree of alignment, which has a large impact on fibre mechanical 
behaviour. The testing was performed at straining rates ranging from 0.011%/s, to 1.1%/s for 
the un-annealed fibres and a straining rate of 1.1%/s for the annealed ones. The elastic 
modulus of the tested POFs showed no sensitivity toward variation of straining rate. In the 
case of Topas 5013S-04 and PMMA, the producer-reported values are the same as the one 
obtained here for the POFs both before and after annealing. The drawn POFs made of 
Zeonex, PC, and Topas 8007S-04 exhibit larger elastic modulus than the respective materials 
in the bulk form. The elastic modulus of these fibres is reduced upon annealing by 10-15%, 
but still remains above the producer-reported values for the bulk polymers. In the nonlinear 
elastic region, only the PC POF is statistically unaffected by the changes in the straining rate, 
while Topas 8007S-04 POF shows insensitivity to the straining rate until 3% strain. All other 
changes affect the stress-strain curves. The annealing flattens all stress-strain curves, making 
the fibres more sensitive to yield. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

In sensor technology Polymer Optical Fibres (POFs) differ from silica-based ones, due to the 
fundamental differences in chemical and physical properties [1]. POFs have often larger 
flexibility in bending and straining due to non-brittle nature of polymer materials [2]. They 
allow diffusion of small molecules in the material, where additive or chemical 
functionalization can change them into chemical and biochemical detectors [3]. They are also 
attractive for in-vivo applications as many polymers are biocompatible [4–7] and 
biodegradable [8]. Particularly microstructured POFs (mPOFs) are highly attractive due to 
flexibility of their design and relatively straightforward fabrication of single mode fibres [9–
11]. Polymethyl methacrylate (PMMA) was the first polymer used for mPOF fabrication 
[9,2,3], and still remains the most widely used one [12–15]. In recent years, mPOFs from 
different polymers have been developed having similar low-loss properties as PMMA in the 
visible and near infra-red spectrum. Examples include Topas (cyclic olefin copolymer) 
[5,16,17], Polycarbonate (PC) [18] and Zeonex (polynorbornene) [19]. Though, none of these 
polymers has as low loss as some amorphous fluoropolymers like CYTOP [20,21]. Other 
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polymers have been used in POFs or mPOFs, and more are likely to be developed in the 
future. 

The low elastic modulus of polymers, compared to glass, increases fibre sensitivity toward 
stress, which is particularly important in vibration and sound sensing [22,23]. Mechanical 
strain sensing has been demonstrated with PMMA [12,13,24], Topas [25,16], Zeonex [19], 
and Polycarbonate [18] mPOFs, based on fibre Bragg grating (FBG) sensing. The mechanical 
behaviour, the elastic modulus and other nonlinear parameters, of POFs differs from glass-
based fibres due to polymers’ visco-elastic nature and anisotropy of stretched and oriented 
polymer chains. The importance of polymer chain orientation for fibre mechanical behaviour 
has been clearly demonstrated for PMMA POFs [26–28]. Nevertheless, mechanical 
characteristics of POFs might be considerably material dependent. Therefore, the purpose of 
this paper is to look at the mechanical stress-strain behaviour of POFs drawn from various 
materials in order to provide more comprehensive information on POF mechanical 
performance. In addition to common PMMA POFs, we will study fibres drawn from Topas, 
Zeonex, and PC that have been demonstrated to be useful in sensing applications 
[16,19,18,25]. The fibres from different materials having nominally similar (geometrical) 
characteristics will be tested, both before and after temperature annealing. The attractiveness 
of Zeonex and Topas fibres lies in their insensitivity to changes in relative humidity, which is 
a common issue with PMMA POFs [16,19,18]. PC POFs have been developed as an 
alternative to PMMA POFs due to their higher thermal stability [18]. This study provides new 
important information for optimal POF selection for applications where consideration of fibre 
mechanical performance is crucial, e.g. in strain and stress sensing applications. Mechanical 
characterization of POFs has been done uniquely by extension of the fibres. Classically, as 
done here, by applying a constant extension rate, though more advanced regimes as dynamic 
mechanical characterization has been applied recently [29–31]. 

Table 1. Drawing temperature and stress, fibre diameter (before and after annealing), 
and annealing temperature. 

Fibre material 
Drawing 
temperature 

Average 
drawing stress 

Average unannealed 
fibre diameter 

Annealing 
temperature 

Average annealed 
fibre diameter 

PMMA (GEHR) ~178°C 9.8 MPa 152 μm 80°C 155 μm 
PC LED2245 ~185°C 11.4 MPa 150 μm 125°C 155 μm 
Zeonex 480R ~180°C 10.5 MPa 148 μm 120°C 152 μm 
Topas 8007S-04 ~160°C 9.2 MPa 147 μm 60°C 146 μm 
Topas 5013S-04 ~175°C 12 MPa 183 μm 115°C 183 μm 

2. Polymers and fibre manufacturing 

The polymers used in this work for mPOF fabrication are: PMMA (GEHR) [32], Zeonex 
(480R) [19], PC (Makrolon LED2245) [18] and two different grades of Topas [25,33,16]. 
PMMA, Zeonex and PC are all homopolymers, whereas Topas is a norbornene-ethylene 
copolymer. In copolymers, a change in relative composition modifies the properties of the 
polymer. Here we have used Topas 8007S-04 [34] and Topas 5013S-04 [35] which have glass 
transition temperature of 78°C and 134°C, respectively. The Zeonex 480R [36] has a glass 
transition of 138°C and the PC Makrolon LED2245 [37] has a glass transition of 145°C. It is 
important to refer to the correct trade name and number of the particular polymer, as a change 
in polymer molecular weight and its distribution will have an effect on the mechanical 
properties of the polymer. 

The fibres were all fabricated in-house by the following consecutive steps: (1) Casting of 
granular polymers into bulk cylinders, (2) machining the preform into a cylinder of 60 mm in 
diameter and height of 100 mm, (3) annealing of the preform for 10 days (4) drawing the 
annealed preform into 6 millimetre in diameter canes, (5) sleeving the cane by a tube made, of 
about 15 mm in diameter, of the same the preform material and annealed the secondary 
preform for 7 days (6) and then drawing the secondary preform into fibres. All polymers were 
cast in house except for PMMA (GEHR), which was bought commercially in the form of a 
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rod. The overall aim of the fibre production is to obtain fibres with defined thickness and 
avoid fluctuation in the diameter along the fibre length. A reasonable production rate is, of 
course, also a consideration. In this work, we targeted fabrication of POFs with nominally 
similar geometrical parameters prepared under similar drawing conditions (drawing stress) so 
the systematic comparison of POFs’ mechanical properties can be performed. The main 
drawing, geometrical and annealing parameters are listed in Table 1 for POFs prepared from 
the different polymers. 

The mPOFs produced here were all based on an initial preform of a diameter of 60 mm, 
where a solid core was surrounded by tree rings of drilled holes of 3 mm in diameter. These 
were arranged in a hexagonal lattice with an inter-hole pitch of 6 mm, giving a core size of 9 
mm. The final size of the structure depends somewhat on the final diameter of the drawn 
fibre, but can be calculated for all the individual fibres by scaling the original preform 
geometrical dimensions by a reduction factor iD /(60mm·15mm/6mm). iD  is the final (local) 

diameter of the fibre which is within the range of 130 µm to 200 µm. 

2.1 Fibre drawing and polymer alignment 

The drawing force and final fibre diameter are well defined parameters that are measured and 
controlled during drawing, whereas the drawing temperature is a machine setting. The 
polymers experience a range of different temperatures during the drawing process. Moreover, 
in the neck-down region, there are large differences in the temperatures and an 
inhomogeneous temperature and flow field as well [38,39]. The polymers used in this work 
are all amorphous and their polymer chains will rearrange their configuration during the 
drawing process. The produced fibre will contain polymer chains in a frozen non-equilibrium 
state originating from the drawing process. The drawing stress is an average measure of these 
internal molecular configurations. The measured stress originates from the polymer 
configurations in the fibre just before the solidification. The amount of polymer alignment in 
the final fibre in the drawing direction is directly related to the fibre drawing stress. The 
drawing stresses used in this study are all at the level of 10 MPa, while the uniaxial 
extensional plateau modulus of the materials (i.e. three times the plateau modulus, 0

NG ) is in 

the range of 1 MPa (PMMA) to 10 MPa (PC) [40]. This indicates a large degree of alignment 
in the prepared POFs, as the extensional stresses represent values observed in the rubbery 
zone [41]. 

Commonly in a production process, the inhomogeneity in the flow and temperature fields 
will result in an inhomogeneity in the local polymeric configurations and therefore stresses. In 
the drawing of the fibre from a polymer rod (preform), the flow is affected by the 
inhomogeneous flow and temperature in the initial part of the neck-down region [42]. The 
drawing of a fibre from a 15 mm rod down to a fibre of about 0.14-0.19 mm in diameter 
represents a relative extension, i.e. an engineering strain, of about 0 0( ) /L L Lε = −  = 104. 

Here, L  is the current length of the fibre and 0L  is the corresponding initial length in the 

direction of the drawing. In terms of Hencky strain units 0ln( / )H L Lε = , values in between 

8.7 and 9.3 are obtained. The Hencky strain is on a logarithmic scale and is the classical scale 
used in extensional flow of polymer melts [43]. One unit on a Hencky scale corresponds to a 
relative change of the length of 1e  and diameter of 1/2e . The molecular alignment will be 
frozen in in the fibre after the first drawing step (preform into cane) and will continue to 
develop in the second step (cane into fibre). In linear commercial polymers, steady 
extensional stress originating from the underlying polymeric alignment during an (uniaxial) 
extension is commonly obtained before a Hencky strain of 5 [43]. In our case, the Hencky 
strain during the fibre drawing is way above the values giving steady extensional stress. 
Further a Hencky strain of 5 is considerably less than the extension experienced by the fibre 
in the second drawing step. A Hencky strain of 5 represent a relative diameter change of 
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1/2 5( )e  or of about 12. With final fiber diameters in the range of 0.14-0.19 mm the Hencky 

strain of 5 represents the drawing from a diameter of about 2 mm. From this thickness, 
temperature differences perpendicular to the drawing direction can be assumed negligible and 
the flow is nearly homogeneous uniaxial extension. Therefore, just before the solidification, 
the final configurations and resulting stresses in the fibre can be assumed to be 
homogeneously distributed and only affected by uniaxial extension. Furthermore, the polymer 
is extended to a level where the changes in its configuration are effectively limited by a 
maximal extensibility [44], for the part of the polymer which has not reconfigured due to 
thermal motion in the polymeric chain. Polymers are a dynamic and the reconfigurations 
originate, in a complex manner, from the local temperatures and extension rates during the 
drawing process. Notice that time and temperature in polymers are physically linked through 
the time-temperature superposition principle, so any local extension rate should be referred to 
a corresponding isothermal drawing at a reference temperature. 

2.2 Fibre annealing 

An alignment of the polymer chains in the final fibre reduces stability of the fibre dimensions 
on a long timescale, especially at evaluated temperatures. Therefore, it is common to increase 
fibre stability by a deliberate thermal [27,42,4,45,46] or solvent-induced annealing [47,48] of 
the fibre prior to the use. The fibre may retract in length during the annealing and increase in 
diameter. This is also technically important in the tuning of the wavelength of a Bragg grating 
in the fibre. Here, all the fibres were annealed thermally for 2 days at material-specific 
temperatures listed in Table 1. These are conditions similar to the ones used in previous 
studies [16,19,18,25]. Mechanical testing was performed both on the un-annealed and 
annealed fibres. 

The annealing occurs in a solid state. This effectively rules out the ability of 
configurational change of the polymers, which is the flow mechanism in the liquid state. The 
effects of the annealing on elasticity have to happen on a local scale, i.e. on a length scale 
much smaller than the size of the polymer chains. 

3. Tensile testing 

The produced fibres were cleaved [49] into a suitable length and mechanically tested by 
straining them using an in-house built tensile testing machine. The testing machine had one 
static fibre holder with a load cell for measuring the force and one stepper-motor-driven 
traveling crosshead with a linear displacement sensor for straining of the fibre. The initial 
length of the samples was 0L  = 304.5 mm. Due to the very large ratio between the length and 

diameter of the fibres, the effect of the non-ideal extension near the fixtures can be assumed 
to be negligible. All measurements here were performed in a monitored open environment, 
within a temperature range of 23.4°C to 25.6°C (24.5°C ± 1.1°C) and a relative humidity 
range of 48% to 55%. The produced fibres are not as ideally shaped as is the case for a 
standard testing sample. Particularly, the fibre diameter fluctuates along the fibre length. The 
maximal diameter difference along a fibre length of 304.5 mm is commonly about 10%, i.e. ± 
5%. The actual fibre thickness was measured at six (N = 6) places equally distributed along 
the length of the sample. All tested fibres had final local diameters iD  within the range of 

130 µm to 200 µm and corresponding local cross-sectional areas of 2 / 4i iA Dπ= . 
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Fig. 2. Average elastic modulus E, calculated on the whole statistical group of tested fibres. 
The error bars represent ± one standard deviation. Figure 1. The individual elastic modulus E 
are calculated from the initial linear slope, Eσ ε= ⋅ , between the engineering stress (σ ) and 
strain ( ε ) as illustrated in Fig. 1. The straining rate, ε , range from 0.011%/s to 1.1%/s. The 
elastic modulus (multiplied with a geometrical factor of 0.9856) reported by the manufacturers 
based on an ISO 527 standard are shown as well. 
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3.1 Elastic modulus 

In sensing of small energetic deformations, such as vibration and sound, it is the elastic 
modulus E  that is the important quantity defining fibre sensitivity [22]. Ideally, the initial 
linear slope of the relation between the measured stress /F Aσ =  and strain ε  of the sample 
defines the elastic modulus /F Aσ = . With small fluctuations in the fibre diameter the 
sample is not theoretically ideal. Though, due to the very large ratio between the length and 
diameter, we can use a slender fibre approximation during the straining. This assumes that the 
sample deforms with pure extension, i.e. no shear. In this case, the local stress is / iF Aσ = . 

From a series of local force balances it can be shown that in the linear stress-strain region the 

relation 
1

(1/ ) 1/
N

iF N A E ε⋅ = ⋅ . Its derivation ideally requires a rate independent elastic 

modulus. As discussed later, this is not a real concern here. The average cross-sectional area 

A , then has to be calculated from 
1

/ 1/
N

iA N A=   to obtain the theoretically correct elastic 

modulus, as the slope of the linear relation between stress and strain. This is shown in Fig. 1, 
which shows an example of a stress-strain curve measured for a Zeonex fibre. The E  
modulus has been calculated from a least square fitting in the initial linear region of the curve 
which, in most cases, is up to strains of 0.01, i.e. 1%. In all the figures in this paper presenting 
engineering stress versus engineering strain, the engineering strain is based on the overall 
sample length and the average area A has been used in the calculation of the engineering 
stress. 

The elastic modulus of the tested POFs are depicted in Fig. 2. Notice that the ordinate ( E  
modulus) axis is initiated on a value of 2 GPa. The values are averages of a number (5-7) of 
measured samples. The only exception is the un-annealed Topas 5013S-04 POFs where only 
4 samples were tested and only at one drawing speed. All error bars presented in all the 
figures here represent ± one standard deviation. 

3.2 Statistical analysis 

From an engineering point of view, it is important to know to what extend a specific sample 
will deviate from an average value. It is particularly important to know if there exists a 
maximal possible deviation from the mean value, implying an actual understanding of the 
underlying probability distribution. The causes of the scattering are likely to be unknown, and 
in all the figures presented here we use error bar as ± one standard deviation, i.e. a total width 
of two standard deviations. In the case of the elastic modulus in Fig. 2, the standard 
deviations are, on average, as low as 2% of the modulus value. 

It is possible to evaluate graphically whether or not the mean values are statically 
different, based on the least square error bars. If the difference between two mean values is 
less than the sum of their standard deviations, graphically if the error bars overlap, they are on 
a (maximal) 89% confidence level not different. Further if the difference is more than the sum 
of two of their standard deviations (the sum of the full length of the error bars) they are on an 
about 99.7% confidence level different. These confidence levels are based on 6 samples 
measured at each set of testing conditions. 

3.3 Effect of straining rate and annealing on the elastic modulus 

The samples were all tested at a constant straining rate defined as 

0/ (1/ ) /d dt L dL dtε ε= = ⋅ . In percent strain, the rates were 0.011%/s, 0.11%/s and 1.1%/s 

for the un-annealed fibres and 1.1%/s for the annealed ones. Inspecting the straining rate 
dependency of the elastic modulus for all the un-annealed POFs, there seems not to be any 
significant difference between the average values. Our results are in line with similar 
observations of statistically insignificant sensitivity toward extension rates in [50], where un-
aligned Zeonex 690R, PC and PMMA polymer sample were measured in compression. This 
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also implies that the frequency dependency of the stress sensing in the linear elastic area is 
not essential for the use of any of tested POFs. This is in agreement with the very low 
frequency sensitivity of the elastic modulus, which is on the scale of about 1-2% change per 
decade change in frequency, observed on un-aligned amorphous polymers [51]. A recent 
paper reports an increase of the elastic modulus with frequency for dynamic (DMA) [29–31] 
testing of POFs. Most of the samples tested in ref [29] are from the same polymers as the 
ones used in this work. An increase of fibre’s elastic modulus on the level of 10% per decade 
of frequency increase was observed. This would represent a change of about ten times the 
standard deviations on our measurements. 

The reduction of elastic modulus due to the annealing process is significant in the case of 
Zeonex 480R, PC Makrolon LED2245 and Topas 8007S-04 POFs. They display a significant 
reduction in the elastic modulus of 10-15% after the annealing. The annealing of Topas 
5013S-04 and PMMA (GEHR) POFs is without any statistically significant effect on the fibre 
elastic modulus. We have also made a comparison with the elastic modulus reported by the 
manufacturers [34,35,37,36]. Notice we have multiplied these elastic moduli with a 
geometrical factor of 0.9856 to account for the lack of internal microstructure, which are 
present in the mPOFs. The microstructure accounts (ideally) for 1.44% of the cross sectional 
area perpendicular to the drawing direction. The elastic moduli reported by the manufacturers 
are expected to represent the behaviour of bulk randomly oriented polymers. Although 
moulding of the ‘dog-boned’ shaped test samples may involve some polymeric structuring, 
we would expect it to be considerably smaller than the molecular alignment resulting from the 
fibre drawing. In the case of the Topas 5013S-04, the manufacturer-reported value is the same 
as the one obtained here for the POFs. For the POFs reducing their elastic modulus due to 
annealing, there still seems to be a further potential for a reduction in their modulus with 
respect to the modulus of corresponding bulk materials. 

The annealing may also affect the dimensions of the POFs. Table 1 shows the average 
fibre diameter before and after annealing. Notice that it was not measured on the same 
samples before and after the annealing. For both Topas POFs there is no significant change in 
dimension. The other POFs do increase their diameter after annealing. 
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Fig. 3. Engineering stress, /F Aσ =  ( F  is the drawing force and 
1

/ 1 /
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i
A N A=   is the 

average cross sectional area of the fiber), as a function of engineering strain, 
0 0

( ) /L L Lε = −  

( L  is the current length of the fibre and 
0

L  the initial length) in the elastic region for the un-

annealed and annealed POFs strained at different straining rates 

(
0

/ (1 / ) /d dt L dL dtε ε= = ⋅ ). The un-annealed POFs were strained at rates, ,ε  of 011%/s. 

(green line), 0.11%/s (light blue line) and 1.1%/s (dark blue line). The annealed POFs were 
strained at a rate, ,ε  of 1.1%/s (black line). The error bars represent ± one standard deviation. 

The red line is the linear elasticity, based on an overall average for the un-annealed fibres. 
Figure 3(a): Zeonex 480R POFs. Figure 3(b): Topas 5013S-04 POFs. Figure 3(c): Topas 
8007S-04 POFs. Figure 3(d): PC Makrolon LED2245 POFs. Figure 3(e): PMMA (GEHR) 
POFs. 
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Fig. 4. Engineering stress, /F Aσ =  ( F  is the drawing force and 
1

/ 1 /
N

i
A N A=   is the 

average cross sectional area of the fiber), as a function of engineering strain, 
0 0

( ) /L L Lε = −  

( L  is the current length of the fibre and 
0

L  the initial length). These are the full stress-strain 

curves of the un-annealed and annealed POFs strained at different straining rates. The un-

annealed POFs were strained at strained at rates, ε (
0

/ (1 / ) /d dt L dL dtε ε= = ⋅ ) of 

0.011%/s. (green line), 0.11%/s (light blue line) and 1.1%/s (dark blue line). The annealed 
POFs were strained at a rate of, ε , of 1.1%/s (black line). The error bars represent ± one 
standard deviation. The red line is the linear elasticity, E (defined in Fig. 2), based on an 
overall average for the un-annealed fibres. The curves are all terminated at the lowest 
(engineering) strain at break values observed in the experiments. The bullets represent the 
average yield (the first maximum on the stress-strain curve) and break points (final point on 
the stress-strain curve), based on the average data for the corresponding fibre type. The bullets 
have the same colour as the corresponding lines. The average yield points have been shown on 
the as the bullets on the stress strain lines. The average break of the POFs has been shown as 
the bullets after the stress strain lines. Figure 4(a): Zeonex 480R POFs. Figure 4(b): Topas 
8007S-04. Figure 4(c): PC Makrolon LED2245 POFs. Figure 4(d): PMMA (GEHR) POFs. 
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3.4 Nonlinear elasticity 

In Fig. 3, stress-strain curves averaged from all tested samples of respective fibre type are 
shown until a strain of 4% for all involved POFs. Notice, all error bars displayed in the 
figures represent ± one standard deviation. In the nonlinear elasticity region, from a strain of 
about 1%, all the POFs show a significant and nontrivial effect of the annealing, comparing 
measurements at the same straining speed (1.1%/s). The referred annealed and un-annealed 
POFs are represented by the blue and black curves in Fig. 3, respectively. More importantly, 
the general insensitivity of the elastic modulus toward straining rate [50] does not hold in the 
nonlinear elastic region. Polycarbonate Makrolon LED2245 POF is the only one, which is 
statically insensitive to the straining rate, though it has a relative large data scattering 
compared to the other POFs. These observations are in agreement with the compression 
measurements presented in ref [50] for un-aligned Zeonex 690R and a Polycarbonate. Topas 
8007S-04 POF shows no sensitivity to the straining rate until a strain of 3%, whereas the 
PMMA POF is the one most sensitive to the change in the straining rate. Notice that the 
Topas 5013S-04 POF breaks before it reaches the yield stress. 

3.5 Yield 

By definition, the yield stress and strain is determined as the location of the (first) maximum 
on the stress strain curve. It is classically considered as the limit of reversibility in the 
material elasticity, although, in most cases it is the onset of instability associated with a local 
nonhomogeneous deformation, i.e. necking, in the sample. The reversibility in strained 
polymeric samples is of more complex nature [50,52–54]. In Fig. 4, complete stress-strain 
curves averaged over all tested samples of respective fibre type are shown until sample break 
for all involved POFs. The average yield point has been added to the graphs as a dot on the 
stress-strain curves as well. The curves are all terminated at the lowest strain at break 
observed in the measurement of the respective POF type at given conditions. Topas 8007S-04 
POF is the only fibre showing a yield point in all cases. The effects of the nonhomogeneous 
deformation are particular apparent for the annealed Topas 8007S-04 POFs. All the stress 
strain curves for Topas 8007S-04, including the mean curves showed in Fig. 4(b), exhibit a 
high level of irregularity due to the inhomogeneous deformation. This effect appears until the 
stress increases above the yield stress value. In technical use, the yield and following sample 
inhomogeneity is an unwanted effect if the fibre should be used at high strain values. The 
annealing lowers the stress levels experienced by the fibre at the same straining rate for all 
tested POFs. Most importantly, the lower slope of the stress-strain curves after annealing 
makes the fibres more sensitive to inhomogeneous deformations. The Zeonex 480R and PC 
Makrolon LED2245 POFs show a yield point only in the annealed case, but the weak 
straining rate dependency of the stress-strain curve will have a stabilizing effect on a localized 
necking phenomenon in the case of the Zeonex 480R POFs. Actually, the clear lack of a yield 
point in the un-annealed POFs will stabilize the fibre deformation and allow the fibres to be 
uses at very high strain values. 
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Fig. 5. Engineering stress at break for all investigated POFs tested at various conditions. The 

engineering stress of break is calculated as / min( )
i

F Aσ =  where min( )
i

A  is the smallest 

cross-sectional area on the fiber and F  is the drawing force. The error bars represent ± one 
standard deviation. The un-annealed POFs are strained at rates, ε , of 0.011%/s, 0.11%/s and 
1.1%/s while the annealed POFs are strained at 1.1%/s. 
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Fig. 6. Corrected Engineering strain at break for all investigated POFs tested at various 
conditions. The corrected Engineering strain at break are calculated as 

( )
0

/ min( ) 1 / min( )
b c i i

A A A Aε ε ε= + − . The terminal linear behaviour of the stress-strain 

curve (illustrated in Fig. 1) has an intersection with the strain axis at 
0

ε  and strain at break is 

c
ε .

1
 / 1 /

N

i
A N A=   is the average cross sectional area of the fiber and min( )

i
A  the 

smallest cross-sectional area on the fiber. The error bars represent ± one standard deviation. 
The un-annealed POFs are strained at rates, ε , of 0.011%/s, 0.11%/s and 1.1%/s while the 
annealed POFs are strained at 1.1%/s. 
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3.6 Break 

Like the ‘necking’ phenomenon, the fracture of the POFs is an unwanted effect. The 
‘necking’ is predictable from the time dependent stress-strain relation, whereas the fracture 
depends on the plasticity of the polymers interacting with microscopic imperfections inside or 
on the surface of the POFs. A prediction of the break would require knowledge of the initial 
(surface) imperfections and the underlying plastic behaviour of the polymers, which is of 
much more complex nature that the measured stress-strain relations presented here. 

In Fig. 4 the curves are all terminated at the lowest strain at break value observed in the 
experiments, where the average break point of the POF has been shown as the dot after the 
stress strain curve. These engineering stress and strain values in Fig. 4 are based on the 
average cross-sectional area and total length of the sample. The correct engineering stress and 
strain is a local value. The fibre break and the yield will appear at the thinnest position of the 
sample. Therefore, the correct engineering stress of break and yield stress is calculated at this 
position as / min( )iF Aσ = . These engineering stress at break values are shown in Fig. 5. 

The correct strain is at this thinnest position as well. It can be calculated with the use of the 
slender fibre approximation, similar to the correction of the elastic modulus, where the 
terminal linear behaviour of the stress-stain curve is used here. An example of the data 
analysis of the terminal linear behaviour on one measurement has been shown in Fig. 1, 
where the engineering stress and strain values are based on the average area and total length 
of the sample. The terminal linear behaviour of the stress-strain curve (see Fig. 1) has an 
intersection with the strain axis at 0ε  and an average-based strain at break of cε . From these 

values, the correct strain at break can be calculated as 0 1
min( ) min( )b c

i i

A A

A A
ε ε ε

 
= + − 

 
. 

In Fig. 6, these corrected engineering strain at break values are shown. Its derivation has 
been based on local force balances and the assumption of time independency. This correction 
formula should only be used in the case of small fluctuation in the fibre diameters, as the time 
dependency in the stress-strain curves may have an effect on the corrected strain. This is not a 
real issue in the case of the PC (Makrolon LED2245) and PMMA (GEHR) as they show 
statistically insignificant straining rate, or time, dependency with regard to their stress and 
strain at break. This is in contrast to the performance of Topas 8007S-04, which shows 
sensitivity to the straining rate, as seen in Fig. 5 and 6. Notice, the PMMA (GEHR) does 
show a clear rate dependency of the overall stress levels but not of the critical break stress and 
strain. 

The alignment of the polymers seems to have large consequences on the fracturing of the 
POFs. Topas 5013S-04 were reported to have a critical strain as low as 0.017 under the 
standard testing conditions [35], whereas POFs drawn from this material exhibits critical 
strain above 0.03 as seen in Fig. 3(b). For PC Makrolon LED2245, the critical strain at 
standard testing conditions was reported as high as 1.2 [37], while the strain at break of the 
PC POFs was less than 0.4. The annealing did not reduce the strain at break in any of the 
POFs. All observed effects may not be a consequence of the alignment alone. The shaping of 
the surface of the drawn POFs may contribute to the sensitivity on the onset of crack 
development as well. During the drawing of cane into fibre, surface imperfections would be 
expected to originate from impurities. These are difficult to quantify compared to surface 
irregularities from machined or moulded polymers. 

The data scattering of the break stress and strain data is on the scale of about ± 4% 
(PMMA GEHR) to ± 50% (Zeonex 480R). It is of particular interest to notice the severe 
increase in the (relative) data scattering of the Zeonex (480R) and Topas 8007S-04 at low 
straining rates in Fig. 6. From engineering point of view, the important quantity is the lowest 
possible strain at break. For Zeonex (480R) values as low as about 0.1 have been observed, 
while the critical strain at break for bulk samples at standard testing condition is 0.4 [36]. The 
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breaking mechanism and crack development in these POFs, presumably due to the alignment 
of polymer chains, is very sensitive to variation of straining rate. 

4. Summary and conclusions 

Five different polymers have been drawn into POFs; two copolymers: Topas 5013S-04 and 
8007S-04; and three different homopolymers: Zeonex (480R), PC (Makrolon LED2245) and 
PMMA (GEHR). These polymers have all previously been drawn into microstructured POFs 
and used in fibre sensing applications. With a drawing Hencky strain of about 12 the 
polymeric configurations and consequently internal stresses are homogeneously distributed in 
the fibres. Furthermore, with drawing stresses from 1 to 10 times the value of the extensional 
plateau modulus (3G_N^0) of the polymers, the polymer molecules are highly aligned in the 
drawing direction in the POFs after drawing. This alignment of the polymers has large impact 
on the fibre mechanical behaviour. 

Within the linear elastic limit, until a strain of about 1%, we have observed no significant 
straining rate dependence for all tested POFs within two decade change of the straining rate, 
for the un-annealed fibres. Temperature annealing of the POFs (Topas 8007S-04, Zeonex and 
PC) reduces the fibre elastic modulus by 10-15% towards the standard elastic modulus of the 
bulk material. Drawn POF from Topas 5013S-04 already exhibited modulus value close to the 
standard modulus of the bulk material. 

In the nonlinear elastic region, only the PC POF is statistically unaffected by the changes 
in straining rate, though showing larger data scattering than the other POFs. A clear 
unconditional yield is only present in the Topas 8007S-04 POF. The polymer alignment 
actively stabilizes the remaining POFs against nonhomogeneous deformations, i.e. 
‘neckings’. The annealing flattens stress-strain curves for all tested POFs, thus making them 
more sensitive to necking. Notice that the Topas 5013S-04 POFs break before they yield. The 
Topas 5013S-04 was reported to have a strain at break as low as 1.7% for the un-aligned bulk 
material at standard testing conditions, whereas the POFs break at a strain above 3%. 

The fracturing of the POFs is very sensitive to the alignment of the polymers. All strains 
at break values of PC Makrolon LED2245 are statically independent of straining rate, though 
the annealing affects the stress-strain curve. All the PC Makrolon LED2245 POFs break at 
strains below 40% while the bulk PC at standard testing conditions breaks at a strain of 120%. 
Contrary to the PC as well as the PMMA (GEHR) POFs, the strain at break for the Zeonex 
480R and Topas 8007S-04 POFs is highly straining rate dependent. At low straining rate, the 
strain at break of the Zeonex 480R POFs is as low as 10% compared to 40% of the standard 
bulk material case. 

The study reveals the crucial differences between mechanical behaviour of nominally 
similar POFs prepared from various materials and provides new valuable information for 
selection of suitable POF material with regard to applications where fibre mechanical 
performance is of importance, e.g. strain and stress sensing. 
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