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Abstract: This paper presents a dynamic mechanical analysis (DMA) of polymer optical 

fibers (POFs) to obtain their Young modulus with respect to the variation of strain, 

temperature, humidity and frequency. The POFs tested are made of polymethyl methacrylate 

(PMMA), Topas grade 5013, Zeonex 480R and Polycarbonate (PC). In addition, a step index 

POF with a core composed of Topas 5013 and cladding of Zeonex 480R is also analyzed. 

Results show a tradeoff between the different fibers for different applications, where the 

Zeonex fiber shows the lowest Young modulus among the ones tested, which makes it 

suitable for high-sensitivity strain sensing applications. In addition, the fibers with Topas in 

their composition presented low temperature and humidity sensitivity, whereas PMMA fibers 

presented the highest Young modulus variation with different frequencies. The results 

presented here provide guidelines for the POF material choice for different applications and 

can pave the way for applications involving the combination of different polymer materials. 

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

OCIS codes: (160.5470) Polymers; (160.4670) Optical materials; (220.0220) Optical design and fabrication; 

(280.4788) Optical sensing and sensors. 
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1. Introduction 

Optical fibers present the advantages of compactness, lightweight, multiplexing capabilities, 

electrical insulation and electromagnetic field immunity [1,2]. Regarding the material 

classification, there are two major types of optical fibers: silica and polymer optical fibers 

(POFs). Although they commonly present higher transmission losses [3], POFs present 

advantages over silica fibers such as higher fracture toughness, flexibility in bending, lower 

Young Modulus, higher failure strain and biocompatibility [4]. Nevertheless, it is worth to 

mention that some effort has been made to reduce these transmission losses through graded-

index POFs [3] and their doping with different materials [5]. Because of these advantages, 

POF sensors have been applied to measure parameters like temperature [6], humidity [7], 

strain [8], refractive index [9], liquid level [10], acceleration [11]. In addition, POF sensors 

are employed in biomedical applications for glucose [12] and antibody detection [13,14]. 

To date, polymethyl methacrylate (PMMA) is the most employed material for POFs, 

which presents high water absorption [15]. Although such feature is advantageous in the 

development of humidity [16] and moisture [17] sensing applications, PMMA-based POF 

sensors present a higher humidity cross-sensitivity in strain and temperature applications [18]. 

In order to obtain a humidity insensitive operation, cyclic olefin copolymers (COC) such as 

Topas and Zeonex can be applied [19,20]. Just as Topas, Zeonex is humidity insensitive and 

has a glass transition temperature (Tg), which depends on the grade that is used, generally 

higher than Tg of PMMA [20,21]. Zeonex also presents a more optimal molecular weight and 

melt flow index, which ensures a more stable and controllable drawing, allowing for a more 

robust fabrication of microstructures in the fiber [20]. Since they present low losses in the 

Terahertz region, both Topas and Zeonex have been employed in these applications [22]. 

Polycarbonate (PC) POFs are also proposed as an interesting alternative for applications that 

require higher temperatures and strains [8]. 

Microstructured polymer optical fibers (mPOFs) present a pattern of holes throughout the 

fiber [2,23]. Such pattern presents a defined geometry and pitch between the holes, where the 

ratio between the hole diameter and pitch defines its modal operation. If the ratio between the 

hole diameter and pitch is lower than 0.43, the mPOF is endlessly single-mode [26], which 

means that the POF is single mode at all frequencies [19]. Another advantage of mPOFs is the 

possibility of holding gas or a biological sample in the holes for evanescent-wave sensing 

[14]. For these reasons, mPOFs are extensively employed in different sensing applications, 

especially those involving fiber Bragg gratings due to their endlessly single-mode operation 

[1,24,25]. In addition, the first single mode POF was proposed in 1991 by [26]. Then, after 
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some years of research that is summarized in the review work by Zubia and Arrue [27], a 

single mode step index POF was reported in [28], which had a core made of Topas and a 

cladding of Zeonex for humidity insensitive and high temperatures operation. 

One drawback of POFs is their viscoelastic nature, which leads to a non-constant response 

with stress or strain [29]. This behavior can lead to hysteresis in the response of a POF under 

stress or strain [30], which is also related to different relaxations periods of the fiber such as 

presented in long-term tests [31]. The Young Modulus variation of a PMMA mPOF with 

different frequencies were characterized in [29] and with creep recovery tests in [23]. 

Furthermore, the long-term viscoelastic response of a PMMA mPOF is presented in [31]. 

In order to obtain the response of different POF materials, namely PMMA, Topas, Zeonex 

and PC, this paper presents the dynamic mechanical analysis (DMA) of mPOFs made from 

the aforementioned materials. The DMA is also carried out on a step-index single mode POF 

with a Topas core and Zeonex cladding, as the one presented in [28]. The DMA involves the 

application of an oscillatory load with a predefined frequency and strain on the polymer 

samples. The tests presented in this work are made with different strains, frequencies, 

temperatures and relative humidity to obtain a broader understanding of the Young Modulus 

variation of each POF with respect to these parameters. 

2. Experimental setup 

The mPOFs with hexagonal patterns of holes employed in the DMA are 3-ring PC mPOF [8], 

3-ring PMMA [32], 3-ring Topas grade 5013 [21] and 3-ring Zeonex 480R mPOFs [20]. In 

addition, a single mode step index POF with core made of Topas grade 5013 and Zeonex 

grade 480R cladding [28] is also employed and will be referred from now on as Topas-

Zeonex step index POF. The microscope images of the cross-sectional view of each POF are 

presented in Fig. 1, where Fig. 1(a) presents the PMMA mPOF, whereas PC, Topas and 

Zeonex are presented in Fig. 1(b), (c) and (d), respectively. Also, the Topas-Zeonex step 

index POF is presented in Fig. 1(e). The length of the samples is about 10 mm. 

The employed POFs were fabricated using the drill and draw technique, where 

commercial materials are casted into rods and the air-hole pattern is drilled prior to the fiber 

drawing [33]. Regarding the materials, they are commercial Zeonex 480R (Zeon Corporation, 

Japan), Makrolon LED2245 (Bayer Material Science AG, Germany) for the PC fiber, 

commercially available PMMA (Nordisk Plast A/S, Denmark), Topas COC grade 5013 

(Topas Advanced Polymer Inc., USA). In addition, for the Topas-Zeonex step index, a single 

hole was made in the center of the Zeonex 480R rod and a Topas 5013S-04 was injected into 

the hole through an injection molding machine prior to the fiber drawing. The dimensions and 

geometrical parameters of each POF analyzed are presented in Table 1, which are type 

(mPOF or step index), cladding structure, hole diameter, pitch and core/cladding diameter. 

The air holes of mPOFs reduce the homogeneity of the fiber cross sectional area that may 

have influence on the stress-strain cycles. In addition, such holes patterns can provide 

temperature insulation that may affect the temperature tests. Since the pattern of the cladding 

structure can lead to differences on the mechanical response, all the fibers have similar 

cladding structure to provide a better comparison between the materials. 
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Table 1. Geometrical parameters of the POFs employed in DMA 

POFs Type 
Cladding 

Structure 

Hole 

diameter/pitch 

(µm) 

Core/Cladding 

Diameter (µm) 

PMMA Microstructured 3 rings hexagonal 1.5/4.2 8/125 

Topas 5013 Microstructured 3 rings hexagonal 2.2/6 ~10/130 

Topas–Zeonex step 

index 

Step index 
- 

V = 2.38 at 850 

nm 
4.8/150 

Zeonex 480R Microstructured 3 rings hexagonal 2.2/5.5 8.8/150 

Polycarbonate Microstructured 3 rings hexagonal 1.75/4.375 7/150 

 

Fig. 1. Cross-sectional view of the POFs employed in this work: (a) 3-ring PMMA, (b) 3-ring 

PC, (c) 3-ring Topas grade 5013, (d) 3-ring Zeonex and (e) Topas-Zeonex step index. 

The cleaving of mPOFs is an important process prior to its connectorization, since it can 

influence the quality of the mPOF surface. Therefore, the cleaving parameters such as 

temperature and angle need to be controlled [34]. For this reason, the employed mPOFs are 
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cleaved with a hot razor blade perpendicular to the fiber, where the fiber is positioned on a 

plate with suitable temperatures reported for each POF material [8,20,21,32,34,35]. 

The effect of heat treatments on POFs was thoroughly discussed in [36,37]. The annealing 

is one of the heat treatments that can be made on POFs during which the fiber is kept in a 

temperature close, but lower than its Tg for some hours [38]. Although there are some 

variations of annealing, such as annealing at a controlled high humidity for better and faster 

annealing [7,39], application of a water/ethanol mixture to perform the annealing at room 

temperature [40], such process is generally made at temperatures higher than 60°C and times 

usually longer than 12 hours [38]. The fiber annealing can reduce the hysteresis in different 

sensors applications with POFs [35]. In addition, it can enhance the sensor strain sensitivity 

[39]. If the annealing is made on the fiber preform, it can increase the grating stability and 

reduce its inscription time [41], whereas, if it is made after the grating inscription, it can result 

in large blue-shift of the Bragg wavelength, especially when it is made under high humidity 

conditions [7]. Aiming at these advantages, the annealing was made in all POF samples 

employed. As annealing leads to a reduction of the internal stress of the POF that was created 

on its manufacturing process, such heat treatment has an additional advantage in the tests 

performed. 

Since the internal stress of each POF may be different due to differences of the material 

drawability, it is possible that the annealing on each fiber will reduce the influence of the 

fiber internal stress on the material response. Table 2 presents the annealing temperature and 

time employed for each POF. In addition, the material Tg is also presented, since it is an 

important parameter to define the annealing temperature. 

Table 2. The annealing parameters applied for the POFs. 

POFs Temperature (°C) Annealing time (h) Tg (°C) 

PMMA mPOFs 80 24 110 [32] 

Topas 5013 mPOFs 115 24 134 [21] 

Topas–Zeonex step index 115 24 134/138 [28] 

Zeonex 480R mPOF 120 24 138 [20] 

Polycarbonate mPOFs 130 24 145 [8] 

 

After the POF samples preparation with the aforementioned methods, they are positioned 

in the dynamic mechanical analyzer DMA 8000 (Perkin Elmer, USA) as presented in Fig. 2. 
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Fig. 2. Schematic view of the POF sample positioning in the DMA. 

The DMA is a widely applied method to determine the mechanical properties of a 

viscoelastic material, by means of evaluating its Young Modulus, which has two components: 

elastic or storage component and the loss modulus. The dynamic Young modulus is the 

summation of these two components (see Eq. (1)) [30]: 

 *

0 0cos( ) sin( ),E E iEδ δ= +  (1) 

where *E is the dynamic Young Modulus, 0E  is the static Young modulus and δ  is the phase 

shift between the input stress or strain and the polymer response. 

The Young modulus is divided into the loss and storage modulus due to the duality of a 

viscoelastic response, which is the combination of the elastic and viscous responses of the 

polymer. The loss modulus refers to the energy loss due to the viscous response, whereas the 

storage modulus refers to the energy storage caused by the elastic response. In order to obtain 

the Young Modulus of each material, stress-strain cycles are applied on each POF sample 

with controlled climatic conditions and frequency of the strain cycles. Then, the fibers are 

subjected to a constant displacement with different temperatures to obtain the Young 

Modulus dependency with temperature variation. Analogous tests are made with frequency 

and relative humidity variations in order to characterize the Young Modulus variation of each 

POF with these parameters. 

3. Results and discussion 

The strain cycle was applied on a range of 0.01% and 0.25%, where the Young Modulus is 

obtained by the slope of the stress-strain curves of each POF. In addition, the tests are made 

in a constant temperature of 25°C and relative humidity of 65%. The tests are made following 

the ISO 527-1:2012 standard for Young Modulus evaluation on polymers, which states that 

the Young Modulus of polymers is obtained by the linear regression of the stress-strain curve 

in a strain range of 0.05% to 0.25%. The results are presented in Fig. 3, where the linearity of 

each material was evaluated through the correlation coefficient (R2). The highest linearity 

among the tested samples was obtained with the Topas-Zeonex step index fiber, such higher 

linearity is related to its higher homogeneity of the fiber cross sectional area, since this fibers 

do not have the air holes pattern. The same assumption explains the lower linearity obtained 

in the Zeonex mPOF, which is the one that presents the highest hole diameter and pitch (see 
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Table 1) among the tested fibers that results in lower homogeneity of the fiber cross sectional 

area. 

 

Fig. 3. Stress-strain cycles and Young’s Modulus for the PMMA (blue), Topas (red), Topas-

Zeonex (black), Zeonex (purple) and Polycarbonate (green) POF. 

The PMMA mPOF presented the highest Young Modulus among the tested samples. In 

addition, the Topas and PC mPOFs presented small difference between their Young Modulus. 

However, as presented in [8], the PC fibers can withstand higher strains and are more suitable 

for large strains applications [42]. The Zeonex mPOF, on the other hand, presented the lowest 

Young Modulus among the evaluated materials. For this reason, such fibers may present 

higher sensitivity in strain sensing applications, whereas the Topas-Zeonex step index fiber 

presented a Young Modulus lower than the one obtained for the Topas mPOF. The reason for 

such difference is the Zeonex cladding that presents lower Young Modulus. Considering that 

the Topas-Zeonex POF presents a core diameter of 4.8 µm and a cladding of 150 µm (see 

Table 1), it is expected a Young Modulus value between the ones measured for the Topas and 

Zeonex mPOF. If there are different materials on the fiber composition, an approximation for 

the resulting Young Modulus can be made through Eq. (2) [43]: 

 ,c c cl cl

fiber

c cl

E A E A
E

A A

+
=

+
 (2) 

where fiberE  is the resulting Young Modulus, cE and clE are the Young Modulus of the core 

and cladding materials, respectively. Moreover, the cross-sectional areas of the core and 

cladding are cA and clA , respectively. Since the Topas-Zeonex step index POF presents a 

cladding area higher than the core surface area, it is expected that the Young Modulus of the 

Topas-Zeonex POF is closer to the one of the Zeonex mPOF. 

Regarding the temperature characterization, the initial temperature is about 25°C, which is 

the room temperature. Nevertheless, the room temperature can reach negative values such as 
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−10°C or even lower in some places and the negative temperatures can lead to the ductile-

brittle transition of the polymers, where the polymer starts to exhibit brittle behavior [44]. 

However, such transition depends on the morphology and the chain structure of the polymer. 

For this reason, polymers with flexible backbone usually presents ductile-brittle transitions in 

temperatures lower than −10°C, as an example, the transition temperature of the PC can be as 

low as −100°C in certain conditions [45]. Therefore, it is expected similar behavior of the 

Young Modulus variation in negative temperatures like −20°C, since in this temperature the 

ductile-brittle transition is not reached. Then, the temperature is increased at a rate of about 

2°C/min until the final temperature is reached, such temperature is 100°C for the PMMA 

fiber due to its lower Tg and 120°C for the other POF materials, whereas the relative humidity 

remains constant at 65%. Figure 4 presents the Young Modulus variation of each POF with 

respect to the temperature. 

 

Fig. 4. Young Modulus variation with the temperature increase for the different POF materials 

tested. 

The temperature increase leads to a molecular alignment relaxation, which causes a 

reduction of the material Young Modulus [38,46]. The results show a higher variation of the 

Zeonex mPOF with the temperature, which indicates a higher temperature cross-sensitivity 

that may be a disadvantage at applications with the variation of both strain and temperature. 

The same happens with the PMMA mPOF, which presents a lower temperature variation than 

the Zeonex mPOF, but it still is a high variation of about 3 times higher than the Topas-

Zeonex, PC and Topas fibers when the temperature is about 100°C, where the lower 

temperature variation was obtained for the fibers with Topas in their composition. Although 

the Young Modulus of the Topas-Zeonex fiber is close to the one of the Zeonex due to the 

material composition discussed above and modelled in Eq. (2), the behavior of the Topas-

Zeonex fiber with temperature variation is closer to the one of the Topas fiber. The reason for 

this behavior is related to the concept of thermal resistance, which is a parameter related to 

the heat conduction on each fiber. If the fiber is composed by different materials, the total 
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thermal resistance ( TR ) is approximated in Eq. (3) as the sum of the thermal resistance of thin 

elements [47]. 

 ,c cl

T

c c cl cl

r r
R

A k A k
= +

+ +
 (3) 

where, clr and cr are the radii of the core and cladding, respectively. ck and clk are the thermal 

conduction coefficients of the core and cladding, respectively. Regarding the first and second 

terms of the sum, the first is related to the Topas and the second to Zeonex. Substituting the 

core and cladding geometrical parameters (see Table 1), the influence of the Topas thermal 

conduction is higher than the one of the Zeonex. Therefore, the thermal resistance of the 

Topas-Zeonex fiber is closer to the one of the Topas, which can lead to closer temperature 

response between Topas and Topas-Zeonex POFs. It is worth to mention that the differences 

between Topas and Topas-Zeonex may be related to the air-holes pattern that the Topas-

Zeonex POF does not have. 

In order to obtain the frequency dependency of the POF Young Modulus, tests were made 

with constant temperature, displacement and humidity for each POF material analyzed. The 

strain cycles are applied with different frequencies for each sample and the Young Modulus 

variation is acquired with respect to the frequency. The employed frequency range is between 

0.01 Hz and 10 Hz due to operational limitations with constant temperature and relative 

humidity of 25°C and 65%, respectively. Nevertheless, such interval covers the frequency 

range for some applications, such as human movement analysis [48]. The results obtained are 

presented in Fig. 5, where it can be seen that all POFs analyzed presented similar behavior 

with slight differences between them. 

The reason for the Young Modulus increase with frequency is related to the compromise 

between elastic and viscous behavior of a viscoelastic material, where there is a domination 

of a viscous-like behavior in lower frequencies [46]. As the frequency increases, the polymer 

tends align its molecular chains that leads to an elastic-like behavior, which is followed by the 

increase of the Young Modulus [46]. However, there is a region where there is an increase of 

the molecular movement and reduction of the Young Modulus in mPOFs [29]. Such reduction 

occurs between 5 Hz and 10 Hz, which is related to a constant modulus region on Young 

Modulus variation with respect to the frequency curve as presented in [46]. In higher 

frequencies is possible to observe that frequency and temperature curves present similar 

behavior, but in opposite directions, i.e. the Young Modulus increases with frequency and 

decreases with temperature [49]. Therefore, in tests with higher frequencies, the Young 

Modulus will increase again in frequencies higher than 10 Hz [46]. The highest modulus 

variation was obtained in the test with the PMMA fiber, which may indicate that this fiber 

may also present the highest cross-sensitivity with the movement velocity on curvature 

sensors applications [48]. Nevertheless, Topas-Zeonex step index POF presents the lowest 

frequency dependency among the ones tested, which may be advantageous in strain sensing 

applications where the strain presents dynamic behavior. 
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Fig. 5. Young Modulus variation in the frequency interval of 0.01 Hz to 10 Hz for different 

POF materials. 

The last set of tests made with the POF samples is the humidity tests. These tests present 

some operational limitations, since the humidity needs to be kept constant for some minutes 

in order to enable the polymer moisture absorption. The relative humidity range of the test is 

from about 75% to 95%, where the lower bound of the test is maintained constant for about 

30 minutes to enable the polymer water absorption. Figure 6 presents the Young Modulus 

variation of each POF with respect to the relative humidity for a constant relative humidity of 

65%. 

Regarding the humidity sensitivity, the PMMA mPOF presented the highest sensitivity 

among the materials tested with a Young Modulus variation three times higher than the one of 

the PC POF, whereas the lowest Young Modulus variation was found for the Topas mPOF 

and Topas-Zeonex step index POF. In particular, the modulus variation of the Topas mPOF 

and Topas-Zeonex step index POF was below 0.05 GPa, which makes these fibers suitable for 

humidity insensitive operation [19–21,28]. Therefore, the characterization of the POF 

materials presented here provides guidelines for the material choice for each sensor 

application, where some tradeoffs are to be considered when temperature, humidity, 

frequency and strain dependencies are accounted for. In addition, the results presented can 

also enable the combination of different POF materials for specific applications or conditions 

such as the one presented in [50]. 
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Fig. 6. Young Modulus variation with respect to the humidity variation for the different POF 

samples analyzed. 

4. Conclusions 

This paper presented the DMA in different POF materials. The POFs are annealed and 

positioned on a DMA equipment. First, stress-strain cycles were made on the samples in order 

to measure its Young Modulus, where the Zeonex mPOF shows a lower value than the other 

POFs, which makes it an interesting alternative when higher strain sensitivity is required. 

Then, temperature tests on each fiber were performed and the temperature sensitivity of each 

fiber was characterized with respect to their modulus variation, which show the lower Young 

Modulus variation with the temperature increase of Topas fibers. Additionally, Topas mPOF 

and Topas-Zeonex step index POF also show the lowest humidity sensitivity among the 

materials tested. Regarding the frequency tests, the PMMA POF presented the highest 

variation of Young Modulus with the frequency increase, whereas the Topas-Zeonex step 

index POF showed the lowest. 

The results presented in this paper not only can be applied as guidelines for the material 

choice for a certain FBG sensor application, but also in any optical fiber sensor, since the 

results are obtained with respect to the intrinsic variations of the materials properties. In 

addition, this analysis can pave the way for applications where different materials are 

combined in order to obtain a specific characteristic or functionality for any sensor or optical 

system that relies on the POF material mechanical behavior. 
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