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Summary  

The integration of polymeric optical fiber (POF) into fabrics has brought a lot of interest in 

textile design, on the other hand, it also displays the profiles of human beings, animals, objects 

(warning devices), obstacles (steps and carpets) and the like in places with poor visibility. 

However, this integration is facing huge problems. The major problems are derived from the 

poor flexibility, drapability, durability and side illumination of POF fabrics. The Properties of 

POF are considered as the critical factors which would influence the manufacturing processes 

and properties of POF fabrics. Compared with traditional textile yarns or filaments, POF is 

relatively brittle, stiff, and sensitive to bend due to its thick diameter. At present, the diameter 

of end emitting POF in weaves, knits and embroideries is generally in the range of 0.2 ~ 1.0 

mm, the diameter of side emitting POF applied in safety applications (corridors and obstacles) 

varies in the range of 2 ~ 6 mm or above. The big challenge is to manufacture POF with 

sufficient flexibility and good side illumination intensity. The side illumination intensity of 

POF is usually enhanced by surface modifications (chemically and mechanically) or using the 

fluorescent fabric cover which could also protect the naked POF from mechanical damage and 

UV radiation and improve the comfort of POF. 

This thesis work is aimed to investigation the selected mechanical properties of POF based on 

the less contributions from the standpoint of the properties of POF integrated fabrics at present, 

rather than propose new methods to improve the side illumination of POF or propose new 

manufacturing techniques of POF fabrics. The experimental work starts from tensile testing 

and the results indicate that, there is an inverse relation between fiber diameter and tensile 

strength of POF. The strain value decreases as the fiber diameter increases. And the modulus 

varies significantly and is assumed to be determined by the various changes of tensile strength 

and strain. As a synthetic polymer fiber, however, POF is not uniform in fiber thickness, the 

results from strength distribution represent that the gauge length plays an important role in 

tensile strength. The results evaluated by Weibull distribution indicate that there is a decay 

exponential relation between tensile strength and gauge length. POF is with the core/cladding 

structure. The contributions of core and cladding to the mechanical properties of the whole 

fiber, and the interphase property between core and cladding are investigated by 

nanoindentation technique. It is observed from the experimental data that the core is harder 

than the cladding. Both core and cladding show very strong loading rate sensitivity during 

nanoindentation testing, which could be explained by the visco-elastic properties of polymers. 

The interphase width is estimated to be in the range of 800 ~ 1600 nm roughly. In the 

investigation of POF durability, two fatigue testing are taken into account. One is the tension 

fatigue testing which is applied to measure the strain response of POF under constant stress 

amplitude. The results demonstrate that both cyclic extension and total extension go up with 

increasing fatigue cycles. Compared with other fibers, while, 0.5 mm POF has higher total 

extension but lower cyclic extension than thicker POFs, which could be explained by different 

applied external stress and different amount of irreversible deformation in each fiber during 
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fatigue testing. Another is the flex fatigue testing, which is aimed to investigate the flex fatigue 

lifetime based on the number of bending cycles to break by using the model of fatigue life 

curve. It is estimated that the fatigue lifetime could be influenced significantly by the testing 

condition such as the bending angle and speed. In the meanwhile, the flex fatigue sensitivity 

coefficient is also evaluated and compared with the general value for other materials. 

Keywords:  

polymeric optical fiber; strength distribution; nanoindentation properties; tension fatigue; flex 

fatigue   
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Anotace 

Integrace polymerních optických vláken (POF) do textilií je přínosem z hlediska designu na 

jedné straně, ale na druhé straně umožňuje také zviditelnění obrysů osob, zvířat, předmětů, 

vymezení překážek (schody, kraje koberců) apod. Při zabudování optických vláken do textilií 

se sleduje  zejména jejich ohebnost, trvanlivost a intenzita vyzařování. Ve srovnání se 

standardními textilními materiály (příze, hedvábí) jsou některá POF relativně křehká, tuhá a 

citlivá na ohyb v závislosti na jejich průměru. V současné době je průměr běžně využívaných 

POF pro tkaniny, pleteniny a výšivky v rozmezí od 0,2 do 1,0 mm. Pro integraci do oděvních 

textilií s cílem zviditelnění osob lze použít stranově vyzařující optická vlákna o průměru 2-6 

mm a např. Pro osvětlení chodeb a vymezení překážek je možno použít optická vlákna o 

průměru od 6 mm výše. Pro uvedené aplikace je nutno vždy hledat kompromis mezi 

dostatečnou ohebností a světelným výkonem vláken. Pro zvýšení intenzity vyzařování se 

používá pokrytí povrchu stranově vyzařujících vláken textilním potahem. Vlákna jsou 

umístěna v dutině tkaniny nebo opletena textilními přízemi Textilní potah současně chrání 

optické vlákno před mechanickým poškozením a vlivem UV záření a zvyšuje komfort při 

nošení.  

Disertační práce je zaměřena na zkoumání vybraných mechanických vlastností POF. 

Experimentální práce je založena nejprve na zkoumání tahových vlastností stranově 

vyzařujících optických vláken v závislosti na jejich průměru. S rostoucím průměrem vlákna se 

relativní pevnost a tažnost snižuje. Modul optických vláken se mění významně spolu se 

změnami pevnosti a tažnosti. Podobně jako u syntetických polymerních vláken ovlivňuje také 

upínací délka pevnost polymerních optických vláken. Výsledky získané na základě Weibullova 

rozdělení indikují exponenciální pokles pevnosti v závislosti na upínací délce. POF mají 

strukturu jádro/plášť. Příspěvek této struktury i vlastností na rozhraní povrchů mezi jádrem a 

pláštěm k mechanickým vlastnostem POF byl zkoumán s využitím nanoindentační metody. 

Bylo zjištěno, že jádro POF je tvrdší než plášť. Obě komponenty, jak jádro, tak i plášť indikují 

velmi silnou citlivost na rychlosti zatěžování v průběhu nanoindentačního testu, která může být 

popsána pomocí visko-elastických vlastností polymerů. Odhad šířky mezifáze je přibližně v 

rozmezí od 800 ~ 1600 nm. Při hodnocení ohebnosti a životnosti (únavy) POF, byly vzaty v 

úvahu dva typy testování. Nejprve bylo testováno cyklické namáhání založené na měření 

deformační odezvy POF na konstantní amplitudu zatěžování. Výsledky ukazují, že jak cyklické 

protažení, tak i celkové protažení souvisí s přírůstkem únavových cyklů. Ve srovnání s jinými 

vlákny vykazuje POF o průměru 0,5 mm vyšší celkové protažení, ale nižší cyklické protažení, 

než POF s větším průměrem. To by mohlo být vysvětleno různým množstvím nevratné 

deformace každého vlákna v průběhu testování únavy. Dále bylo provedeno testování odolnosti 

v ohybu dle počtu ohybových cyklů do přetrhu. Bylo ukázáno, že tato veličina je významně 

ovlivněna podmínkami testování, což je úhel ohybu a rychlost. Byl hodnocen také koeficient 

ohybové citlivosti a porovnán s hodnotami běžnými pro jiné materiály. 
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摘要 

    塑料光纤在织物中的应用给纺织领域带来了极大的兴趣和更多的可能性。这不仅仅

促进了发光织物的发展，同时也是两个学科的结合。然而，塑料光纤在织物中的应用同

时也面临着颇多问题。其中最主要的问题来自于塑料光纤织物的柔韧性，悬垂性，耐久

性和发光性能。这些问题的存在归根究底在于塑料光纤本身的性能。塑料光纤的性能直

接影响了塑料光纤织物的生产和产品的最终性能。与传统的纺织纱线或长丝相比，纺织

用的塑料光纤由于直径比较粗导致其脆且硬，同时对弯曲非常的敏感。目前，应用于纺

织中的塑料光纤的直径一般在 0.2 ~ 1.0 毫米范围内。如果降低塑料光纤的粗细，其发

光性能也会降低。目前，要想生产出细且发光性能好的塑料光纤，仍然是一个巨大挑战。

因此，这就使得对塑料光纤性能的研究显得尤为重要。不仅可以给制造商提供一些实验

数据的参考，同时对塑料光纤与纺织品更好的结合和未来的研究提供更丰富的信息。 

    这篇论文的主要目的是对塑料光纤一些尚未被深入研究的机械性能进行探讨，而不

是提出一种新的方法去提高塑料光纤通体发光性能或阐述一种新的塑料光纤织物的生

产技术。实验首先研究了塑料光纤的基本拉伸性能，探讨纤维直径对拉伸性能影响。实

验结果表明随着塑料光纤直径增加，拉伸强度和拉伸变形或伸长都随之降低。前者的变

化可以用弱节理论来解释，当纤维越粗时，纤维表面积越大，表面所包含的缺陷更多，

导致拉伸断裂的几率越大。后者变化归因于在拉伸速率一定的情况下，粗纤维的伸长率

更低。模量的变化相对较随机，主要是因为模量值的大小取决于拉伸强度的变化与拉伸

变形的变化的比值。随后研究了纤维长度对拉伸性能影响。纤维长度对拉伸性能的影响

与纤维粗细对其的影响相似。实验结果采用了韦伯分布对拉伸断裂概率分布进行模拟，

同时也对纤维长度与拉伸强度之间的关系进行了模拟。塑料光纤具有皮芯双层结构，皮

和芯对整根纤维性能的贡献也值得研究。采用纳米压痕技术研究了皮和芯各部分的机械

性能，并讨论了塑料光纤本身的粘弹性对纳米压痕实验的影响和塑料光纤皮芯界面的性

能。实验表明塑料光纤皮芯界面可能在 800 ~ 1600 纳米范围内。塑料光纤的柔韧性和

耐久性采用了疲劳试验经进行研究。其中拉伸疲劳试验主要讨论了在一定的应力幅度情

况下塑料光纤的应变变化。实验结果得出随着疲劳周期的延长，塑料光纤的每个循环中

的应变和总应变都是随之增加。然而与更粗的塑料光纤相比，0.5 毫米的塑料光纤表现

出最大的总应变和最小的每个循环中的应变。这有可能是因为每种纤维所受的应力和不

可逆的变形不同所导致的。另外一个疲劳试验是弯曲疲劳，着重于对塑料光纤疲劳寿命

的研究。实验结果采用韦伯分布来探讨弯曲疲劳测试中纤维断裂的概率分布。同时采用

疲劳寿命曲线对塑料光纤的寿命进行模拟，最后计算出塑料光纤弯曲疲劳敏感性系数。 

关键词:  

塑料光纤；强度分布；纳米压痕性能；拉伸疲劳；弯曲疲劳
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Chapter 1 Introduction 

1.1 History of POF 

A new word called “E-era” is sweeping the whole world due to the conformation of the global 

village by internet. The transmission of data information from one place to another provides a 

non-distance communication. The previous major medium for data communication is copper 

wire, which has been applied as an electric wire since the invention of electromagnet and 

telegraph in the 1820s [1, 2] and considered as an electrical conductor since the introduction of 

telephone in 1876 [3]. Copper wire was gradually taken placed by optical fiber due to the 

effective data communication. Transmitting data information over an optical fiber has a 

multitude of advantages than over a copper wire. To begin with, the optical fiber is non-

conducting, that means, it is safe in all electromagnetic situations and free radio frequency 

interference (RFI). Besides, the optical fiber works at low voltage. Even a broken or damaged 

optical fiber would only release a few power, with low temperature. Furthermore, an optical 

fiber is relatively lighter and can transmit higher bandwidth than a copper wire. 

The principle of guiding light by refraction through an optical fiber was initially demonstrated 

in the early 1840s [4]. Whereas, the optical fiber was widely used as a medium for data 

communication after more than 100 years due to its increasing quality and decreasing cost, 

nowadays, it merely takes seconds to transmit data information from the largest libraries. Apart 

from data transmission, the application fields of optical fiber extend broadly because of the 

visible merits. For instant, the optical fiber is separated from the light source (diode), making 

the replacement of light source easy. The optical fiber is controlled without environmental 

impact, leading to the usage even in the areas with fire or explosion or water [5]. 

Optical fiber can be generally classified into two categories: glass optical fiber and 

polymer/plastic optical fiber (POF). Compared with glass optical fiber, POF is easy to handle 

due to its large numerical aperture, flexibility, light weight, and resistances to impact and 

vibration. Whereas, POF is sensitive to bend, represents low thermal resistance and high optical 

attenuation [6].  

POF, made of polymers or plastics, was firstly introduced in the 1960s as a substitution of glass 

optical fiber in data communication in a short distance generally less than 1 km. POF was not 

utilized universally due to its high optical attenuation. However, POF has received enough 

attention in the 1990s because of the development of graded-index POF and the achievement 

of low attenuation [7-10], combined with the successive improvements in both transparency 

and bandwidth, POF is recently applied as a high-capacity transmission medium [11]. At 

present, the applications of POF have increased significantly. Apart from the application in 

data transmission, POF is widely used in optical components (such as optical switches, 

amplifiers and tunable optical sources), and other extended fields. Some application fields are 

introduced here, 
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 Fiber optic network: fiber to the home (FTTH), fiber to the desk (FTTD), etc. 

 Auto applications: in-car communications, in-car audio-visual entertainment system, 

etc. 

 Electronic and sensors: computers, digital versatile disc (DVD), etc. 

 Industrial control bus system: POF can be connected to the standard protocol interface 

by converter. 

 Lighting and solar energy utilization: interior illumination, waterscape lighting, road 

lighting, etc. 

 Military communications: soldiers’ wearable lightweight computer systems, head 

mount display, etc. 

 Therapy: cancer, skin diseases, etc. 

 Textiles: luminous cloths, lighting curtains, etc. 

1.2 Development and applications of POF fabrics 

Textiles can be classified into three categories based on the end uses: clothing textiles, 

decorative textiles and technical textiles. The demand for textiles has increased dramatically 

during the last two decades due to the rise in living standard of human beings. However, the 

increasing demand has brought a big challenge to develop new materials or introduce existed 

materials to textiles. Even though glass fiber based textile materials have been known for quite 

a long period of time, the idea of optical fiber based fabrics was arose at the end of twentieth 

century. The initial optical fiber based fabrics were manufactured for end illumination by 

cutting the optical fiber at the required point of light emission. Visually, the optical effect on 

POF based textile fabrics was purely aesthetic. The color, brilliance or shine of POF fabric 

could be changed from the light reflection on fabric surface with different fiber materials, fabric 

pattern and fabric density [12]. Recently, following with the development of POF itself and the 

manufacturing techniques of POF fabric, POF integrated textiles have extended the 

applications from the photo-metric fields for illumination to the radiometric fields for sensing 

[13].  

At present, there are two major applications of POF in textile fabrics. One is utilized as an 

active lighting element in fabric structure for lighting purpose, another is used as an optical 

sensor in fabric structure for sensing purpose. Selected applications regarding these areas are 

introduced as follows. 

1.2.1 Luminous fabrics 

Indoor lighting 

POFs are designed to be incorporated (woven/weft knitted/embroidered) into fabrics. Once the 

end of POF is connected to light source, POF fabrics could light up not only on the selected 
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locations but also laterally on fabric surface. It generates new applications apart from 

telecommunications. This integration of POF into fabrics creates flexible optical systems, 

giving opportunities of POF fabrics in indoor lighting applications, such as table cloths for 

home decoration, curtains for stage decoration as well as cushions for car decoration [14]. 

Outdoor lighting 

POF fabrics with thick POFs have more possibilities for architectural applications: public 

premises like warning devices, animation apparatuses, and garden decoration as well [15]. 

Safety 

Compared with illuminated panels with fluorescent or reflective materials, POF fabrics exhibit 

superior active illumination intensity, which explores enormous potential in safety applications. 

The main application in safety field is the clothes and accessories for policemen, firemen and 

sportsmen [16]. It is also realized that POF fabrics would contribute significantly to emergency 

exits, transportation signs, warning devices, and interior equipments in cars. 

Fashion and design 

The fashionable clothing with POF fabrics brings a lot of virtual enlightenment. POF fabrics 

used to be designed significantly for clothes and accessories, now it is not a challenge to design 

POF fabrics into high heels based on the present textile processing technology [17]. Besides, 

POF fabrics are popular in industrial art products and decoration items like flowers and curtains, 

which are especially suitable for places with very poor light illumination.  

Displays 

The idea of flexible display with POF fabrics was initiated around four decades ago. The 

application was firstly involved in liquid crystal display (LCD) with the backlight system [18] 

that was made of laminated woven fabrics integrated with POFs. Other flexible flat panel 

displays [19] were developed afterwards. In the early of twenty-first centuries, a graphically 

communicative clothing with flexible woven display was established for both static and 

animated graphics [20]. At present, two-dimensional (2D) flexible displays based on POF 

fabrics have obtained more interest due to the thin and light fabric structure, drapability, 

bendability and manifold 2D design prospects [21]. However, the processing of POF fabrics is 

still problematic due to the insufficient flexibility of POF, and the resolution of fiber grid in 

fabric structure is not satisfied for high-definition displays [22]. A concept of highly flexible 

POF made of silicone fibers was introduced [23], however, this kind of POF is usually used for 

smart clothing in terms of its low optical transparency [24]. 

Medical technology 

Relative homogeneous distribution of light intensity was obtained with a stain weave fabric 

pattern by French National Institute of Health and Medical Research (INSERM) or in 

embroidered POF fabrics [25]. The homogeneous distribution of flexible fabric provides the 
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potential in medical field, for instant, photodynamic therapy (PDT). PDT is a treatment for 

certain kinds of cancer (premalignant or early-stage cancer). The cancer cells could be 

eradicated by using a photosensitizing agent first and then the radiation treatment of laser light 

[26] or textile light diffuser [27] with a specific wavelength. The homogeneous distribution of 

light from POF fabric surface could be also applied onto the uneven surface of human beings 

to heal the skin diseases. 

1.2.2 POF fabric sensors 

POF sensors and devices have been reported for a long period of time. POF fabric sensors have 

been recently popular to transfer signals to processor units for detection [28] or monitoring 

[29]. There are three general principles of POF fabric sensors [30]. First, the mechanical 

fluctuations (pressure, stress, strain) onto POFs lead to the microbends and macrobends of 

POFs. Second, the additives in POF core or cladding material interact with the environment. 

Last but not the least, the geometrical optical alterations change the light guidance of POF. In 

all cases, the transmitted light intensity of POF varies in order to measure the required 

parameters. 

Generally, the textile integrated POF sensors are aimed at measuring the physical responses 

such as pressure [24], stress [31] and strain [32], or applied for biomedical responses based on 

biological parameters such as breathing [33], sweat [34] and oxygen content [29].  

1.3 Advantages and disadvantages of POF fabrics 

There are numerous advantages of integrating POFs into traditional fabric structures. First of 

all, POFs make the fabrics luminous. POF fabrics could emit light not only on the fabric surface 

but also at required points based on the macrobends of POF or additional surface modifications. 

In contrast to general electrical products, POF fabrics are immune to electromagnetic 

interference (EMI), free of electricity and heat. At the same time, POF fabrics can still keep the 

textile appearance. The dimension of luminous area is flexible, which could be small in 

centimeters for embroideries or large in meters for weaves and weft knits. Additionally, the 

separation of light source and POF medium generates simple connection and easy handling of 

POF fabrics. Furthermore, the use of POFs instead of glass optical fibers in luminous fabrics 

is beneficial to the flexibility, light weight, durability and small injuries [35]. 

On the other hand, POF fabrics have some disadvantages. Even though POF fabrics are popular 

in illumination, decoration, radiation and sensing applications, a lot of potential applications 

are highly restricted due to the limitations of POF itself. The bendability of POFs is not 

sufficient enough as traditional yarns, which limits a lot of possibilities in structure design. 

Thin POFs with side illuminating effect are not commercially available on the market due to 

the complicated manufacturing processing and poor transmission rate of light rays. In addition, 

the mechanical properties of POFs are not satisfied at sub-zero temperature. The thermal 
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stability of POFs is problematic that limits the working temperature significantly. Furthermore, 

it is still a challenge to reduce the optical loss of POFs. 

1.4 Present state of problem 

As mentioned above, there are a great deal of applications of POFs in textiles. In the field of 

POF fabrics, a lot of potential has been restricted by the properties of POF, which not only 

influence the illumination properties of POF fabric, but also limit the possibilities of integration 

of POF into fabrics. For example, it is still problematic to commercially manufacture side 

emitting POFs with diameter less than 0.2 mm. Even though POFs with diameter more than 1 

mm could be used as active illuminating elements in emergency or safety textiles in order to 

give enough light rays in special dark places [16]. The possibility to apply POFs into traditional 

fabric structures is obviously lower with thicker POFs. Moreover, the bendability of POFs, the 

technique processing of POF fabric, the illuminating effect, the drapability of POF fabric are 

influenced by POF properties more or less.  

In practical illumination and decoration applications of POF fabrics, the POF diameter used as 

traditional textile yarns or fibers normally varies from 0.2 mm to 1 mm. In order to obtain clear 

luminous patterns, the illuminating effect is generally achieved by the macrobends or additional 

treatments of POFs in woven, weft-knitted and embroidered fabric structures. Generally 

speaking, in weaves, POFs are laid straightly, the light illumination is obtained by surface 

modifications and the light loss is quite low; in weft knits (knitted webs/meshes), POFs are 

arranged in bending shapes, the light illumination is obtained by macrobends and the light loss 

is higher compared to the first case; while in embroideries, POFs are either bent or set in any 

free form, the light illumination is achieved by macrobends of POFs and the light loss is highest 

in all cases. Both mechanical properties and light loss restrict the dimension and market 

prospects of POF fabrics. 

A lot of contributions have been devoted to the manufacturing technology of POF fabrics, the 

enhancement of side illumination of POFs or POF fabrics, and the improvement of optical loss 

of POFs induced by mechanical deformations (tensile, bend or compression) of POF. It seems 

that how to develop the POF fabrics and how to obtain high intensity lateral light on POF 

fabrics have been catching more attention. However, how the POF properties influence the 

development and properties of POF fabrics is also very interesting and vital. There are very 

less literatures focusing on the mechanical properties of POF with a core/cladding structure, 

the flexibility and the durability of POF itself in details so far, which are important and 

unresolved issues required to be explored urgently. 
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Chapter 2 Objectives 

2.1 Major objectives 

As a synthetic polymeric fiber, POF is expected to be uniform in thickness. As a matter of fact, 

the fiber diameter, the cladding thickness, as well as the surface roughness are not the same in 

the direction of fiber length due to the manufacturing processes, packing processes and so on. 

These variations are difficult to control and could have unexpected effects on the mechanical 

and optical properties of POF. Thus, the tensile properties of POF in terms of the fiber diameter 

effect is discussed first. Then, the strength distribution of POF is considered with respect to 

different gauge lengths in tensile testing. 

In order to figure out the contribution of each part (core or cladding) to the properties of the 

whole fiber, the local mechanical properties of both core and cladding are studied by using 

nanoindentation technique, and the nanoindentation creep deformation are also taken into 

account in details due to the inherent visco-elasticity of polymer materials. Apart from the core 

and the cladding, the interphase between them is also important and investigated by 

nanoindentation. The dimension or transition zone of interphase is estimated according to the 

changes of harness and modulus from cladding to core. 

Furthermore, POF subjects to repetitive external forces such as stretches and bends in practical 

uses. The durability of POF is inevitable to take into account. Two fatigue tests regarding the 

fiber durability are involved. The tension fatigue testing is mainly to estimate the strain 

response under constant load amplitude. Then the tensile properties after tension fatigue testing 

without fiber fracture are discussed. Another is flex fatigue testing, which is measured by 

Flexometer. The life time of POF is evaluated based on the number of bending cycles to fiber 

break and the fatigue life curve is obtained consequently. Afterwards, the flex fatigue 

sensitivity coefficient is estimated based on an empirical equation. 

In a word, there are five aspects in mechanical properties selected to study in total: tensile 

properties, strength distribution, local mechanical properties of both core and cladding and the 

interphase property between them, tension fatigue properties and flex fatigue behaviours. The 

goals of this work are to survey the selected mechanical properties of POF which are referred 

in the applications of POF fabrics and discussed from the point of view of textile background, 

rather than to offer detailed and standard methodologies to investigate the mechanical 

properties of POF, or provide new methods of improvement of POF attenuation, or propose 

new technologies to manufacture POF fabrics. It is aimed to introduce POF to textile fields, 

present basic and important knowledge of POF itself regarding mechanical properties, and 

provide links to future for better research work and boarder applications in textiles. 

2.2 Introduction of thesis frame 
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To set the stage, we begin with a brief introduction of POF in Chapter 3, including the basic 

theory of light propagation in POF, the structure and materials of POF, and the attenuation 

mechanism of POF. We also introduce the manufacturing techniques of POF in order to provide 

the general understanding of structured fiber formation of POF. Nowadays, the side 

illumination of POF has obtained more attention, and a lot of efforts have been made to improve 

the side illumination of POF. One part of my PhD work is presented here to provide another 

possibility to enhance the side illumination of POF. Afterwards, we mainly review the selected 

mechanical properties of POF from previous literatures. We initially introduce the basic 

principles of nanoindentation testing in terms of local mechanical properties of materials. In 

addition, we discuss the strain rate during nanoindentation for better understanding of the time-

dependant deformation and viscoelasticity of polymers. Then we review the theory of fatigue 

testing, followed by the testing methods and the analysis based on modelling of fatigue testing.  

In Chapter 4, we mainly introduce the materials and methods employed for selected mechanical 

tests in this thesis work. 

In Chapter 5, we initially discuss the effects of fiber diameter and gauge length on the tensile 

property and the strength distribution of POF, respectively. The nanoindentation properties of 

POF in regard to the local mechanical properties of both core and cladding, the creep 

deformation and the interphase property between two parts. Then we analyze the results from 

both tension fatigue testing and flex fatigue testing based on the strain response and S-N curve, 

respectively.  

In Chapter 6, we summarize all the results from Chapter 5, present other findings from my PhD 

study such as the utilization of fluorescent fabric to enhance and even the side illumination of 

POF and the development of lensed POF by laser treatment to improve the light gathering or 

light distribution of POF, finally, we introduce the future work that will be considered next. 

In Chapter 7, we list all the references clearly. 

In Chapter 8, we present all the publications in journals, books and conferences. 
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Chapter 3 State of the Art 

3.1 Basics of POF 

3.1.1 Total internal reflection 

The ratio of the velocity of a light wave in vacuum Cv to the velocity of a light wave in a 

medium Cm is described as the refractive index n of the medium and is presented as: 

𝑛 =
𝐶𝑣
𝐶𝑚

 (3.1) 

If there are two semi-infinite media (thin medium 1 and thick medium 2), the corresponding 

refractive indices n1 and n2 have the relationship: n2 > n1. It is assumed that a light ray passes 

from the optically thin medium 1 under an angle θ1 (from the normal to the interface) to the 

optically thick medium 2 through an interface between these two media. Then a part of the 

incident energy is reflected back into the medium 1 under the same angle θ′1 and a part of it is 

refracted into the medium 2 under the angle θ2. This refracted ray is bent away from the 

interface to the normal, as shown in Figure 3.1a. The refraction can be expressed by: 

sin 𝜃1
sin 𝜃2

=
𝑛2
𝑛1

 (3.2) 

Equation (3.2) represents the Snell’s law of refraction. 

 

Figure 3.1 Schematic representation of the Snell’s law of retraction and total internal 

reflection. 

 

The same phenomenon is observed when a light ray passes from the medium 2 of n2 to the 

medium 1 of n1, but here the refracted ray is bent away from the normal to the interface, as 

shown in Figure 3.1b. But at a particular angle of incidence called as critical angle (θ1 = θC)-

refracted light beam passes perpendicular to the normal (θ2 = 90°), i.e. grazes along the 

interface, as shown in Figure 3.1c. When the angle of incidence increases beyond θC, all 

incident lights are totally reflected back, nothing is transmitted. This phenomenon is called as 
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total internal reflection, which is the fundamental optical effect for light propagation through 

optical fibers. The critical incidence angle (θC) is given by: 

𝜃𝐶 = arcsin (
𝑛2
𝑛1
) (3.3) 

3.1.2 Numerical aperture 

Numerical aperture NA determines the light gathering power of an optical fiber. A light ray 

(with an incidence angle θ1) to be guided through the fiber is given by: 

𝑛𝑎 ∙ sin 𝜃1 ≤ sin 𝜃𝑚𝑎𝑥 = 𝑁𝐴 = √𝑛𝑐𝑜𝑟𝑒2 − 𝑛𝑐𝑙𝑎𝑑
2  (3.4) 

where ncore and nclad are the refractive indices of fiber core and cladding, respectively, na is the 

reactive index of air and θmax is the maximum incidence acceptance angle. It can be 

schematically represented in Figure 3.2.  

 

Figure 3.2 Maximum acceptance angle of light in an optical fiber. 

 

The quantity sinθmax is commonly known as numerical aperture of an optical fiber. Therefore, 

generally, NA is related to the difference of refractive indices of fiber core and cladding. A 

large NA generates more modes and eases the problems of installation. Usually, NA of POF is 

larger as compared to glass optical fiber [36]. 

3.1.3 Classification of POF 

Classification based on refractive index distribution 

In an optical fiber, light rays propagate from one place to another to transmit the data 

information through fiber core. The core profile or refractive index distribution determines the 

light propagation in an optical fiber. Based on this relation, an optical fiber is either step-index 

(SI) or graded-index (GI) fiber, which can be schematically illustrated in Figure 3.3.  

In SI optical fibers, the refractive index of fiber core is constant and its distribution n(r) is 

definitely independent on core radius r, as explained in Equation (3.5), which allows the light 

rays to propagate in straight lines, as shown in Figure 3.3A. 

𝑛(𝑟) = {
𝑛𝑐𝑜𝑟𝑒          0 < 𝑟 < 𝑟𝑐𝑜𝑟𝑒              𝑐𝑜𝑟𝑒
𝑛𝑐𝑙𝑎𝑑               𝑟 > 𝑟𝑐𝑜𝑟𝑒        𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔

 (3.5) 

where rcore is the constant core radius.  
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In GI optical fibers, the refractive index of fiber core is changeable and its distribution is 

dependent on core radius, as expressed in Equation 3.6, which shows parabolic profiles in 

propagating paths, as described in Figure 3.3B. 

𝑛2(r) =

{
 
 

 
 𝑛𝑐𝑜𝑟𝑒

2 [1 −
𝑛𝑐𝑜𝑟𝑒
2 − 𝑛𝑐𝑙𝑎𝑑

2

𝑛𝑐𝑜𝑟𝑒2
(
𝑟

𝑟𝑐𝑜𝑟𝑒
)]          0 < 𝑟 < 𝑟𝑐𝑜𝑟𝑒              𝑐𝑜𝑟𝑒

𝑛𝑐𝑜𝑟𝑒
2 [1 −

𝑛𝑐𝑜𝑟𝑒
2 − 𝑛𝑐𝑙𝑎𝑑

2

𝑛𝑐𝑜𝑟𝑒2
] = 𝑛𝑐𝑙𝑎𝑑

2                𝑟 > 𝑟𝑐𝑜𝑟𝑒        𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔

 (3.6) 

Based on the theory of total internal reflection, light rays received in an optical fiber could 

propagate forward in different paths in fiber core. In both SI and GI optical fibers, each light 

ray experiences many bounces from the interface between core and cladding to fiber core. After 

each reflection, the light ray transmits with a certain shape corresponding to the refractive index 

distribution of core. In another word, a guided mode of an optical fiber refers to lots of light 

rays propagating in particular shapes.  

 

Figure 3.3 Schematic representation of refractive index distribution of an optical fiber: (A) 

step-index; (B) graded-index [37]. 

 

In SI optical fibers, the places of reflection are different, the light rays travel in different 

directions, that is to say, the time difference exists in different propagating paths, leading to the 

mode dispersion. 

In GI optical fiber, both reflection and refraction occur due to the parabolic refractive index 

distribution of core which decreases along the fiber axis to the interface between fiber core and 

cladding, therefore, light rays travel a smaller distance at a faster velocity in the area near to 

fiber axis. In an ideal situation, all the light rays could reach the fiber axis at the same time and 

generate only one mode accordingly. This phenomenon alleviates the optical loss caused by 

modal dispersion [36]. 

Classification based on data transmission 
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The light rays in an optical fiber could generate at least one mode that is the fundamental mode, 

based on this, optical fibers are categorized into single-mode and multimode fibers. 

A single-mode optical fiber corresponds to a comparatively small core diameter that is around 

8-10 μm. It allows only the fundamental mode in ray tracing, leading to the low optical loss 

and high bandwidth or information capacity. 

A multimode optical fiber requires a relatively large core diameter that allows the analysis with 

a geometric ray-tracing model. This type of optical fiber describes different light intensity 

distributions. According to the core size and numerical aperture, multimode optical fibers could 

support more than 100 modes. Multimode optical fibers are easy for light launch and 

connection, and also available for usage of cheap light sources (e.g. LEDs) other than laser 

diodes which are usually used for single mode optical fibers. However, multimode optical 

fibers have a significant disadvantage that is the high modal dispersion, the bandwidth or 

information capacity decreases due to its dependence on mode, resulting in the reduced 

information transportation directly. The bandwidth of multimode optical fibers could be 

optimized by adjusting core size, numerical aperture and fiber refractive index [36]. 

Classification based on illuminating effect 

Light rays could emit out from different places of POF and give various luminous patterns. 

Based on this concept, POF could be majorly classified into two kinds: end emitting POF and 

side emitting POF [38]. Figure 3.4 illustrates the basic difference of light transmission in both 

fibers. 

 

Figure 3.4 Light transmission in POFs: (a) end emitting POF; (b) side emitting POF. 

 

End emitting/illuminating/glow POF is one kind of POFs, which only allows light rays to emit 

from the fiber end. The light rays propagate forward in POF according to the total internal 
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reflection. This fiber is generally designed for data communication and its optical loss is 

relatively low.  

Side emitting/illuminating/glow POF can transmit light rays from both fiber end and fiber 

surface. This phenomenon is called side illumination or lateral illumination. This special 

illuminating characterization of side emitting POFs gives rise to a lot of potential in textile 

fabrics. Side emitting POF is usually manufactured by either reducing the difference between 

refractive indices of fiber core and cladding or increasing the asymmetry of core/cladding 

geometry. Besides, the side illuminating effect could be also achieved by surface modifications 

[39-42]. 

3.1.4 Structure and materials of POF 

POF structure 

POF is made of two main parts, as pictured in Figure 3.5, the inner part represents fiber core 

and the outer parts is normally composed of fiber cladding and jacket. In some cases, the outer 

part is only cladding in naked POFs. Generally speaking, POF core diameter is in the range of 

0.2 ~ 1.0 mm, POF cladding is 0.02 ~ 0.05 mm thicker than POF core [36], and POF jacket 

thickness varies according to various manufacturers and applications. 

 

Figure 3.5 Description of POF structure. 

 

POF core materials 

As an optical waveguide, the transparency of fiber materials is vital. In order to produce a fiber, 

the fiber or film forming ability of these materials is also important. The thermoplastics, which 

possess high transparency and are easy to form fibers or films, are proven as the best core 

materials for POF, such as poly(methyl methacrylate) (PMMA), polystyrene (PS) and 

polycarbonate (PC) which are three well-known materials for POF core [43-47], the 

corresponding basic information are shown in Figure 3.6 and Table 3.1. 

In above three polymers, PMMA and PS are used as POF core materials for normal condition 

end use, PC has higher glass transition temperature so that it is developed for high temperature 

applications. Compared with POFs based on these core materials, PMMA core POF has smaller 

optical loss than the other two kinds [43-47].  

In addition, deuterated polymers and fluoropolymers could be also applied as POF core 

materials [43-45]. Both polymers are not suitable enough due to their drawbacks. Deuterated 
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polymers show very low refractive index that leads to difficulties to find suitable cladding 

materials, large water absorption, bulk polymerization and high production cost even though 

they reduce the optical loss. Fluoropolymers have high optical loss due to high crystalline and 

difficult fiber drawing caused by high melt viscosity. At present, pure PMMA is most common 

as POF core material. 

 

Figure 3.6 Molecular structure: (I) PMMA; (II) PS and (III) PC [36]. 

 

Table 3.1 Basic characteristics of polymers for POF core materials [48-50]. 

 PMMA PS PC 

Refractive index 1.49 1.6 1.584 ~ 1.586 

Density [g/cm3] 1.17 ~ 1.20 0.96 ~ 1.04 1.20 ~ 1.22 

Melting temperature (Tm) [˚C] 160 240 155 

Glass transition temperature (Tg) [˚C] 105 100 147 

Upper working temperature [˚C] 60 ~ 80 60 ~ 80 115 ~ 130 

Water absorption (ASTM) 0.3 ~ 0.4 0.03 ~ 0.1 0.16 ~ 0.35 

Transparency high high high 

Fiber forming ability good good good 

 

POF cladding materials 

Apart from the good film forming ability, there is another main requirement for POF cladding 

materials, the refractive index of cladding should be close and a little smaller than the refractive 

index of core. Additionally, POF cladding should provide good mechanical/chemical/thermal 

resistances for POF core. 

Fluorinated polymers are not developed as POF core materials, however, they are suitable as 

POF cladding materials. Fluorinated polymers are with multiple strong carbon-fluorine bonds, 

leading to good chemical resistance.  
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There are two widely used fluoropolymers in POF cladding: copolymers of fluoroolefins and 

poly(fluoroalkyl acrylates) (PFAs) [51]. PFAs are preferred due to a lot of advantages such as 

easy photo-polymerization, high transparency, good adhesion characteristics and so on. In 

present market, a great deal of PFAs are mainly utilized in cladding materials in optical fibers. 

POF jacket materials 

The use of jacket in POFs is mainly aimed to protect POFs and determine the ultimate 

properties like mechanical/chemical/thermal resistances which decide the durability or lifespan 

of POFs in various end uses. The possible POF jacket materials are polyvinylchloride (PVC), 

polyethylene (PE), polypropylene (PP), polyamide 6 (PA 6), copolymer of ethylene-

vinylacetate (EVA), perfluoroethylenepropylene (PFEP), polyurethane (PU), 

polytetrafluoroethylene (PTFE) [43]. 

3.1.5 Attenuation mechanism of POF 

The primary importance has been given to understand and reduce their optical transmission 

loss since the development of POF. Table 3.2 shows the sources of loss factors which represent 

the optical loss mechanism of POF [36]. 

Table 3.2 Optical loss factors of POF [36]. 

Type Mechanism Origin 

Intrinsic Absorption • Higher harmonics of C-H absorption 

  • Electronic transitions 

 Rayleigh Scattering • Density or refractive index fluctuations 

  • Orientation fluctuations 

  • Composition fluctuations 

Extrinsic Absorption • Transition metals 

  • Organic contaminants 

  • Absorbed water 

 Scattering • Dust, micro voids and fractures 

  • Fluctuations in core diameter 

  • Orientation birefringence 

  • Core-cladding boundary 

  • Micro and macro voids 

 

The intrinsic loss factor is mainly caused by basic fiber-material properties. Materials 

properties such as absorption and scattering (Rayleigh) are the main impulses of the intrinsic 

loss factor. The contribution of intrinsic loss factor to the total attenuation is higher than that 

of the extrinsic loss factor and therefore it can be a major source of the optical loss in POFs. 

The extrinsic loss factor is caused chiefly by external contaminations in the fiber core and 

physical imperfections in the fiber. 
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3.1.6 Manufacturing techniques of POF 

A lot of manufacturing techniques of POF have been developed since the introduction of POF. 

Based on the classification of POF, the manufacturing techniques could be distinguished in 

terms of the refractive-index profile, SI and GI. Both of them are separated according to the 

continuity of process flow. 

Manufacturing techniques of SI POF 

The manufacturing techniques of SI POF are described in Figure 3.7. The discontinuous 

techniques consist of heat-drawing technique and batch extrusion technique [52]. There are 

generally two steps in heat-drawing technique: preform preparation and drawing process. The 

preform could be produced by either wet or dry process. The polymerization of core and 

cladding are separated in dry process or in the same process in wet process. After the 

preparation of preform made of both core and cladding, the preform held in a holding fixture 

is heated above the glass transition temperature from the bottom side in an oven by a furnace, 

in order to decrease its viscosity for drawing process. In some cases, the preform consists of 

core only, a downstream coating or extrusion process for cladding preparation is necessary. 

This technique benefits to the technical simplicity, technical flexibility and good quality of 

final products [46, 53-58]. 

 

Figure 3.7 Classification of manufacturing techniques of SI POF. 

 

Similarly, there are also two steps in batch extrusion technique. The polymerization of fiber 

core starts first to form the core polymer melt that is conveyed to a spinning nozzle, then the 

cladding polymer is melt and conveyed into another spinning nozzle, finally the batch extrusion 

process completes. This techniques is with low technical difficulty and small thermal 

degradation of polymers. On the other hand, the productivity of this technique is comparaticely 

low [57-59]. 
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The continuous techniques include continuous extrusion, photochemical polymerization and 

melt spinning process. In the continuous extrusion technique, the polymerization of core 

materials initiates in a reactor and then continues through the extruder. The cladding material 

could be either applied in the same spinning nozzle for core or in a downstream process. This 

technique gives rise to the good productivity and purity of POF. However, the whole 

investment of this technique is costly, in the mean time, the polymerization and extrusion 

processes are difficulty to control [46, 53-57]. 

In the technique of photochemical polymerization, both core resin and cladding resin are 

pumped into a mixing chamber where the cladding resin coats onto the core resin. The mixed 

resins go through a spinning nozzle to form a structured fiber. The fiber is then irradiated with 

an ultraviolet (UV) lamp to initiate the crosslinking process [53, 56]. 

The melt spinning technique is similar but less complex to the continuous extrusion technique 

because the raw materials are polymer granulates rather than polymer monomers. The core 

polymer granulates are molten in an extruder and then pumped into a spinning nozzle, the 

cladding material could be applied by either a co-extrusion process or a downstream process, 

the same as the application of cladding material in continuous extrusion technique. This 

technique gives rise to a high productivity, but also results in more expenses on melt spinning 

equipments and high attenuation due to the impurities in polymer granulates [53, 58, 59]. 

Manufacturing techniques of GI POF 

Compared with SI POF, GI POF has different refractive-index profile that allows high data rate 

or bandwidth, and also requires more complex manufacturing processes. The general 

manufacturing techniques of GI POF are shown in Figure 3.8. 

In discontinuous techniques, the emphasis is to achieve a refractive-index profile in a preform, 

the distribution of refractive-index gradient is fixed by polymerization. In interfacial-gel 

polymerization technique, different monomers are filled in a PMMA tube, a gel layer grows on 

the side of the rotated PMMA tube. The distribution of a refractive index gradient is made up 

due to the different diffusion rates of monomers with various molecular masses [60, 61].  

The chemical vapor deposition (CVD) technique means that a preform is produced by CAD 

method. The raw materials are vaporized and deposited on the inner surface of a cylindrical 

tube to establish a refractive-index gradient [62]. 

The centrifugation technique indicates that a preform is produced by using a centrifuge. The 

refractive-index profile could be formed by the monomer with different densities or by a 

monomer mixture with a continuously or stepwise changing composition [53, 56]. 

The diffusion technique refers to two main materials: a rod composed with a monomer with 

high refractive index, a cylindrical reactor filled with a monomer with low refractive index. 

The rod is laid in the center of the rotated cylindrical reactor. The diffusion of the rod material 

leads to a refractive-index gradient [53]. 
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The photochemical polymerization technique involves in a step of UV radiation. A mixture of 

monomers are filled into a glass cylinder which is irradiated with UV lamp to launch the 

polymerization [53, 56]. 

 

Figure 3.8 Classification of manufacturing techniques of GI POF. 

 

In continuous techniques, the major point is to produce a refractive-index profile in a modified 

spinning process. The co-extrusion technique is related to three possibilities. One possibility is 

to create an index profile by using a special die block. Simply speaking, different raw materials 

in respective channels are pumped into the first mixing chamber to set up an axial distribution 

of materials based on the different channel gap or length. The mixture is fed to the second 

chamber to change all materials into a radial distribution [24]. Another is the co-extrusion 

combined with diffusion and UV irradiation processes. The co-extrusion process is similar as 

the photochemical polymerization technique, but the raw materials are polymeric solutions 

rather than polymer resins or monomers. A mixed solution with a step-index profile is created 

in the spinning extruder and flows through a spinning nozzle. Then the fiber is heated in a hot 

diffusion zone to form a radial concentration gradient. The distribution of a refractive-index 

profile is fixed by photochemical polymerization with a UV lamp [63]. The last possibility is 

established by injecting a diffusible material into a polymer melt through a centered capillary 

tube at the inside of a die block [37]. 

The dry spinning technique requires a thermoplastic polymer with low refractive index and at 

least one monomer with high refractive index to form a mixture. After the melt and 

homogenization, the mixture is fed to the spinning nozzle. Then the monomer is volatilized 
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from the surface of fiber and a concentration gradient creates. The distribution of a refractive-

index profile is fixed by polymerization induced by UV irradiation [64]. 

In the technology of melt spinning process with water quench, the polymer granulates are 

molten in an extruder. The molten polymer is pumped into a spinning pump and fed into a 

spinning nozzle to form a fiber. The fiber passes through the air between the spinning nozzle 

and water quench, and then is cooled fast in a water quench. The cooling rate decreases from 

the fiber surface to center. A radial temperature gradient creates, leading to a radial density 

gradient of the cooled polymer. Therefore, a refractive-index profile is obtained based on the 

relation between density and refractive index [52, 65]. 

In summary, compared with continuous techniques, discontinuous techniques for both SI POF 

and GI POF obtain fibers with high purity, low attenuation, high accuracy and more adjustment 

in refractive-index profiles, as well as low productivity [66]. The selection of manufacturing 

techniques is totally dependent on the demands of optical fibers and the costs of selected 

manufacturing techniques. 

3.2 Side illumination of POF 

3.2.1 Review from literatures 

The side illumination of POF is preferred in the luminous applications. Compared with end 

emitting optical fiber, side emitting optical fiber shows stronger lighting effect since light can 

escape from fiber surface due to either the surface defects or the large difference between core 

refractive index and cladding refractive index. Side emitting POFs with small fiber diameter 

are difficult to manufacture and therefore a lot of efforts have been devoted to the development 

of side illumination of optical fibers by surface modifications [39-42], including both physical 

methods (like side notches, asymmetry of core/cladding geometry, micro bends of fiber and 

surface abrasion) and chemical methods (like solvent etching, addition of radiation scattering 

particles into fiber core/cladding). 

Im et al. used three methods to improve the surface modification [67]. The first method called 

chemical etching was processed with ethyl acetate (EA), the second was related to mechanical 

abrasion, which was accomplished by sandpapers. The last one was conducted with the 

combination of the first two methods, the mechanical abrasion went first and the chemical 

etching continued after that. The SEM pictures of POFs before and after surface modifications 

are shown in Figure 3.9. The corresponding images of side illuminating effect are given in 

Figure 3.10. 

The results from both figures indicate that both chemical and mechanical methods could be 

used to improve the side illumination of POF, especial the combination shows the strongest 

side illumination intensity. While, these methods lead to the decrease in tensile properties of 

POF dramatically, which could result in the POF fracture during the manufacturing process of 

POF fabrics. In order to eliminate this influence, the chemical coating method was applied to 
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POF surface. However, the notched POF presents even worse tensile properties after coating 

treatment. 

 

Figure 3.9 POF images: (a) bare; (b) physically rubbed with sandpaper; (c) etched with EA; 

(d) physically scratched and then solvent-etched [67]. 

 

 

Figure 3.10 POF arrays with side illuminating effect: (a) bare; (b) physically rubbed with 

sandpaper; (c) etched with EA; (d) physically scratched and then solvent-etched [67]. 

 

Shen et al. focused on the improvement of side illumination of POF by laser treatment [42]. 

The laser technique was employed to create the notches in the designed places on POF surface, 

in order to enhance the side illuminating effect of bent POF, as shown in Figure 3.11. The 

results indicate that both notches and bends could improve the side illumination of POF, but 

the bending radius has no effect on the side illumination of POF at the points with notches. 

Meanwhile, the authors also pointed that POF fabric display could be achieved by laser 

treatment. 
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In a word, the surface modifications with both mechanical and chemical methods can improve 

the side illumination of POF to some extent. However, the mechanical properties of POF might 

be also influenced accordingly. 

 

Figure 3.11 Light illuminating effect of POFs with different numbers of notches at various 

bending radii of 3, 5, 8 and 16 mm, respectively: (a)-(d) one notch; (e)-(h) two notches; (i)-

(l) three notches [42]. 

 

3.2.2 My state of the art 

The side illuminating effect of POF was enhanced by the combination of laser treatment and 

titanium dioxide fine particles. The parameters of side illumination intensity and attenuation 

coefficient were discussed in details. The corresponding methods and results are presented in 

the publication shown in Annex І. 

3.3 Nanoindentation properties of polymers 

3.3.1 Introduction of indentation 

With the increasing requirement of heterogeneous materials (such as functional graded 

materials, nanomaterials, fiber strengthened composites, etc.) in electronic, mechanical, 

aerospace, biomedical and environmental engineering fields, a critical evaluation method with 

high load and displacement resolutions is urgent to be developed, in order to predict the surface 

properties, the failure behaviours, the reliability as well as the design improvements of such 

materials. In the past decades, great contributions have been made in the development of 

techniques of probing the mechanical properties at the very first surface molecular layers or on 

the submicron scale [68-70]. With the development of instrument engineering, the continuous 

force and displacement could be conducted with an indentation [71-74]. The data of both load 

and displacement could be utilized to calculate the mechanical properties such as hardness, 
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modulus and stiffness of materials. With the improvement of displacement resolution of 

instrument, the small indentation even in submicron scale is able to be observed. This kind of 

instrument with good displacement resolution is considered as a microprobe for investigation 

of mechanical properties [69, 75, 76]. 

In indentation techniques, the most frequently measured parameters for mechanical properties 

are elastic modulus and hardness, which could be calculated based on the analysis of the elastic 

response relating to the maximum contact area with the indenter shape [77]. The critical 

problem is derived from the elastic contact that was initially taken into account in the 1880s. 

In 1882, Hertx considered the elastic contact differences from two spherical surfaces with 

various elastic constants and radii [78], providing the experimental and theoretical information 

for contact mechanics. In 1885, Boussinesq firstly brought about a method for the situation of 

loading a rigid and axisymmetric indenter onto an elastic material [79], providing the basis for 

indenters with various geometries like cones and cylinders [80, 81]. In 1945 and 1965, Sneddon 

raised the relations of load, displacement and contact area for any indenter geometry [82, 83], 

which can be expressed as: 

𝑃 = 𝑎ℎ𝑚
 

(3.7) 

where P is the applied indentation load, h is the elastic displacement of indenter, both a and m 

are constants from the power law fitting curve. The value of m for different indenter geometries 

is various, as given in Table 3.3. 

Table 3.3 Values of exponent m in different indenter geometries [77]. 

Parameter Value Indentation shape 

m 

1 Flat cylinder 

1.5 
Spheres in the limit of small 

displacement  

2 Cones 

 

It is complex to model the indentation contact including both elasticity and plasticity. In 1948, 

Tabor originally did the experiments in terms of the investigation of mechanical properties by 

the method of indentation with hardened spherical indenters [84]. In 1961, Stillwell and Tabor 

conducted the similar measurements with conical indenters [85]. All these contributions 

considered the indentation after the indenter is unloaded and the elastic deformation reverses. 

Based on the measurements for metals with different indenters, Tabor generalized that the total 

amount of reversed deformation is precisely associated to the elastic modulus and the size of 

indenters. 

From the early 1970s, a lot of contributions have been made to examine the elastic modulus by 

the load and displacement sensing displacement testing [86-89]. The load and displacement 
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data are drawn in Figure 3.12. The stiffness S is the slope of the upper part of the unloading 

curve, which is expressed in Equation (3.8). The reduced modulus is obtained by assuming that 

the contact area is the same as the optically measured area of the hardness indentation after the 

indenter is unloaded, as shown in Equation (3.9). Therefore, the modulus is determined.  

𝑠 =
𝑑𝑃

𝑑ℎ
=

2

√𝜋
𝐸𝑟√𝐴 (3.8) 

1

𝐸𝑟
=
1 − 𝑣2

𝐸
+
1 − 𝑣𝑖

2

𝐸𝑖
 (3.9) 

where A is the project area of elastic contact, Er is the reduced modulus, E and ν are the Young’s 

modulus and Poisson’s ratio of the sample, and Ei and νi are the Young’s modulus and 

Poisson’s ratio of the indenter. Equation (3.8) was then proved to be useful not only for the 

conical indenters, but also for spherical, cylindrical indenters and others as well [87]. 

 

Figure 3.12 Schematic illustration of load-displacement data by instrumented micro-

hardness testing [77, 90]. 

 

From the early 1980s, the load and displacement sensing indentation methods were considered 

as the very useful techniques to investigate the mechanical properties of thin films and surface 

layers by producing the submicron indentations [71-74]. In order to understand the contact area 

clearly, rather than by assuming that the optically measurement of hardness impression equals 

the contact area, researchers tried to find the relationship between the contact area and 

indentation depth. It is estimated that the area of the cross section of indenter is a function of 

the distance from indenter’s tip, which is also called the shape function [68, 69]. In 1986, 

Doerner and Nix finally raised a method based on the assumption that the initial part of the 

unloading curve is linear. The depth at the zero load of this linear curve was employed to 



Chapter 3 State of the Art 

 

 23 

calculate the contact area according to the shape function. Then the modulus could be also 

determined. 

However, the initial part of unloading curve for many materials is not linear in practical [77]. 

In 1992, based on a lot of measurements for a variety of materials, Oliver and Pharr found that 

it is efficient to apply Equation (3.7) to define the unloading data [77]. In the meanwhile, by 

utilization of a special dynamic technique, they observed that the stiffness value varies 

continuously and immediately once the indenter starts unloading. Thereby, they proposed a 

new method (called Oliver and Pharr method) with the basis of experimental and theoretical 

work, which has been widely adopted for a long period of time. Until 2004, Olive and Pharr 

provided the new understanding of mechanics of elastic-plastic contact, which has been used 

since then [90].  

3.3.2 Basic principles of Oliver and Pharr method 

The Oliver and Pharr method was originally developed to investigate the mechanical properties 

of materials from the load and displacement data in one complete cycle of loading and 

unloading with sharp, geometrically self-similar indenters like the Berkovich triangular 

pyramid, it is found that this method could be also used for indenters with axisymmetric 

geometries including spheres [90]. 

In the load-displacement curve of one loading-unloading cycle in Figure 3.12, the deformation 

during loading period includs both elastic and plastic responses. While in the unloading period, 

only elastic deformation recovers, that’s why the hardness impression exists finally. On the 

other hand, the reversed plastic deformation could be negligible according to the finite elements 

simulations [91]. Based on these conceptions, the Oliver and Pharr method is applied for the 

materials which have no recovery of plastic deformation during unloading period [90]. 

Table 3.4 Values of fitting parameters observed in nanoindentation experiments with a 

Berkovich indenter [77]. 

Material a [mN/nmm] m Correlation coefficient 

Aluminium 0.2650 1.38 0.9999 

Soda-lime glass 0.0279 1.37 0.9999 

Sapphire 0.0435 1.47 0.9999 

Fused silica 0.0500 1.25 0.9999 

Tungsten 0.1410 1.51 0.9999 

Silica 0.0215 1.43 0.9999 

 

As discussed before, in Doerner and Nix method, the upper part of the unloading curve is 

assumed to be linear when the indenter is unloaded. In Oliver and Pharr method, the unloading 

curves are observed to be nonlinear and could be defined by the power law equation: 
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𝑃 = 𝑎(ℎ − ℎ𝑓)
𝑚

 (3.10) 

where hf is the final displacement in indentation testing, a and m are the constants from power 

law fitting curve [77]. The corresponding values of these two constants are listed in Table 3.4, 

according to the experiments of nanoindentation testing with a Berkovich indenter, the power 

law exponent m varies in the range of 1.2 ~ 1.6, with an exception when m equals 1 for flat 

punch. Another exception occurs when m equals 2 for Berkovich indenter of which the 

axisymmetric equivalent is a cone. Moreover, the indenter behaves like a paraboloid when m 

equals 1.5 [82].  

Figure 3.13 gives one example of a cross section of an indentation in terms of the surface profile 

of a material. The total or maximum displacement hmax is expressed as: 

ℎ𝑚𝑎𝑥 = ℎ𝑐 + ℎ𝑠 (3.11) 

ℎ𝑠 = 𝜖
𝑃𝑚𝑎𝑥
𝑠

 (3.12) 

where hc is the contact displacement that is the vertical depth along which the contact is made, 

hs is the displacement of the surface at the perimeter of the contact. 𝜖 is a constant that is 

dependent on the geometry shape of the indenter. Some common values of 𝜖 are represented 

in Table 3.5. 

Table 3.5 Punch parameter in indentation data analysis [77]. 

Parameter Value Indentation shape 

 1 Flat cylinder 

𝜖 0.75 Paraboloid  

 0.72 Cones 

 

Based on the Equations (3.11) and (3.12), hs could be expressed as: 

ℎ𝑠 = ℎ𝑚𝑎𝑥 − 𝜖
𝑃𝑚𝑎𝑥
𝑠

 (3.13) 

where Pmax is the maximum load. 

A method was proposed to determine the area function, which is based on the assumption that 

the elastic modulus is independent on the indentation depth. This method is followed by the 

modelling of the load frame and the sample [77], 

𝐶 = 𝐶𝑠 + 𝐶𝑓 (3.14) 
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where C is the total measured compliance, Cs is the sample compliance, Cf is the load frame 

compliance. Since there is a reciprocal relationship between the sample compliance and the 

contact stiffness, the Equation (3.14) could be transferred into: 

𝐶 =
√𝜋

2𝐸𝑟

1

√𝐴
+ 𝐶𝑓 (3.15) 

It is observed that there is a linear relationship between the total compliance and the value of 

A-1/2 if the reduced modulus is constant. The intercept of the linear curve is exactly the value 

of the load frame compliance.  

 

Figure 3.13 Schematic illustration of a cross section of an indentation [77]. 

 

To figure out the load frame compliance and the area function, aluminium is chosen as the 

sample due to its low hardness and large indentations made in indentation testing. Through the 

experiments with aluminium, it is found that the area function for a perfect Berkovich indenter 

can be defined as: 

𝐴 = 𝐴(ℎ𝑐) = 24.5ℎ𝑐
2 (3.16) 

The initial assumption at the area function is made and expressed as: 

𝐴 = 𝐴(ℎ𝑐) = 24.5ℎ𝑐
2 + 𝐶1ℎ𝑐

1 + 𝐶2ℎ𝑐
1/2 + 𝐶3ℎ𝑐

1/4 +⋯ +  𝐶8ℎ𝑐
1/128 (3.17) 

The area function, that is the indenter shape function, should be carefully calibrated by 

independent experiments and the deviations from non-ideal geometric shapes of indenters 

should be also considered seriously.  

Once the contact area is determined, the hardness H is estimated as follows: 
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𝐻 =
𝑃𝑚𝑎𝑥
𝐴

 (3.18) 

3.3.3 Creep from nose phenomenon 

The values of hardness, Young’s modulus and stiffness of polymers can be obtained from the 

load-displacement behaviour carried out by applying the increasing load and decreasing load 

to the surface with a shaped indenter. Measurements on mechanical properties of polymer 

surface can provide improved understanding of molecular structure of the material itself, 

manufacturing and polymerization processes. When nanoindenter contacts the polymeric 

surface and penetrates into the polymer, additional difficulties for the indenter to go inside the 

polymer are caused by the complicated viscoelastic-plastic response that is typical 

characterization of such kind of material. Polymer has highly strain-dependent and strain rate-

dependent properties and shows substantially different behaviours when the indentations are 

proceeded under different contact conditions. The viscoelastic-plastic response of such material, 

therefore, can provide the values of hardness and elastic modulus, which are usually a function 

of the imposed contact conditions, such as the geometry of the contact and the penetration 

depth (i.e. the strain), the loading rate (or strain rate) [92, 93] and the ambient temperature [94, 

95]. 

There is a key limitation of normal indentation technique applied in polymers, which is the 

nose phenomenon with a round shape of data at the load-unloading peak, as shown in Figure 

3.14 [94]. If the loading rate control has the higher priority than the displacement rate control, 

at the initial stage of unloading period, the polymer that is in contact with the indenter might 

response the creep effect, which means, when the unloading begins, the indenter intends to go 

further slightly other than go back immediately. 

 

Figure 3.14 Nose problem and a holding segment at the peak load of load-displacement 

data of PMMA [94]. 

 

This nose phenomenon, which may be found in view of the highly time-dependent deformation 

nature of polymers, may be caused by the complex viscoelastic-plastic response of such 
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materials and influence the evaluation of contact displacement of the surface markedly, 

resulting in effects on the evaluation of indentation hardness and modulus.  

Briscoe and Sebastian studied the elastoplastic response of PMMA by indentation method with 

rigid conical and spherical indenters [96]. The associated intrinsic error in experimental data 

was described and partially solved with an estimation of the tip defect. 

Briscoe analyzed the influences of the nose phenomenon of four polymeric systems [94]. The 

results reflect that there is no elastic or viscoelastic recovery observed at the incipient unloading, 

the power law assumption is thus infeasible. A method was thus proposed to eliminate the nose 

effect. An enough period of time is considered at the peak load, in order to let the materials 

reach a mechanical equilibrium before the unloading starts, as shown in Figure 3.14. 

3.3.4 Strain rate 

The strain rate 𝜀̇ is normally defined as the imposed rate of indentation deformation, which is 

related to the displacement rate or the loading rate of indenter. Generally speaking, the direction 

of deformation depth is perpendicular to the surface of sample, that is to say, the strain rate 

changes perpendicularly to the sample surface. The equation of strain rate is expressed as [94]: 

𝜀̇ = 𝑘2 (
ℎ̇

ℎ
) (3.19) 

where k2 is a material constant, usually equals 1 [94], h is the indentation displacement, ℎ̇ is 

the nominal indentation displacement rate.  

Ma et al. investigated the loading rate sensitivity of nanoindentation creep of films and the 

strain rate was discussed with Equation (3.19) [97]. The nominal displacement rate ℎ̇ is the 

first derivation of indentation displacement h versus time t, as shown in Equation (3.20). The 

indentation displacement is obtained by the empirical fitting formula in Equation (3.21) [92, 

94, 97], 

ℎ̇ =
𝑑ℎ

𝑑𝑡
 (3.20) 

ℎ = 𝑎 ∙ (𝑡 − 𝑡𝑖)
𝑚 + 𝑘𝑡 + ℎ𝑖 

(3.21) 

where a, m, k and hi are fitting constants, ti is the time when the creep displacement occurs 

initially in real experiments.  

They also analyzed the value of stress exponent n which is defined as the slope of the curve of 

log(strain rate) versus log(stress): 

𝑛 =
𝜕(log (𝜀̇))

𝜕(log (𝜎)) 
(3.22) 
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σ ∼ 𝑃 ℎ2⁄  (3.23) 

where σ is the stress acting nominally in a direction perpendicular to the sample surface in 

depth-sensing indentation technique. 

3.3.5 Applications in interphase properties 

With the development of instrument technique, the load-displacement indentation method 

could be applied in nanometer-scale displacement and smaller load range, which refers to the 

nanoindentation technique. At present, nanoindentation is widely used to measure the 

mechanical properties of materials than other testing methods, e.g. dynamic mechanical 

analysis (DMA) and Instron. One popular application is the investigation of interphase 

properties of composites. 

The interphase properties between matrix (metal, clay or polymers) and reinforcement (fibers 

or fabrics) could be estimated based on various depths and spacings of indentations in a line 

from matrix to reinforcement. The differences of hardness and modulus of points indicate the 

interphase width between matrix and reinforcement. The width of nanoindentation on 

specimens w is dependent on the nanoindentation depth h due to the geometry of Berkovich 

indenter [98],  

𝑤 = 2ℎ
tan65.3°

tan30°
= 7.532 ℎ  (3.24) 

𝑠 = 2𝑤 (3.25) 

where 65.3° and 30° are the constant parameters of Berkovich indenter. s is the safe spacing 

that the adjacent plastic deformation zones will not be overlapped by each other. For instant, 

when the nanoindentation depth is 80 nm, the calculated nanoindentation width is 0.603 μm, 

the spacing is 1.205 μm, which means 1.3 μm is enough to avoid the overlapping of the plastic 

deformation zones. 

Hodzic et al. studied the polymer-glass interphase of polymer/glass composite materials by 

nanoindentation and reported that the plastic deformation zone resulted from the stress forms 

when the indenter goes inside the specimens, and it is reliable to measure the interphase width 

by nanoindentation technique, in the conjunction with the nano-scratch technique [99]. 

Lee et al. investigated the interphase properties between cellulose fiber and PP matrix in a 

cellulose fiber-reinforced PP composite by nanoindentation technique [100]. The gradient of 

hardness or modulus is supposed to associate with the width of the transition zone. However, 

the results from three-dimensional (3D) finite element analysis indicate that the interphase 

width of even a perfect interface without any property transition is almost the same as 

experimental value. They assumed that the nanoindentation could not measure the exact 
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interphase properties in the case that the distance between two adjacent indentations is at least 

8 times larger than the indentation size. 

Even though there are some limitations of nanoindentation technique in the measurement of 

the interphase properties of composites, nanoindentation testing is still an active method in this 

field. 

3.4 Fatigue properties of single fiber 

3.4.1 Introduction of fiber fatigue 

The flexibility and versatility are also the factors of ultimate failure of textile materials. Failure, 

related to the durability of material, has been the subject for decades. During the usage of 

materials, more than 80 ~ 90% of all structural fracture is resulted from fatigue failure. Fatigue 

performance of fiber determines the effect of aging in order to predict the long term behaviour 

of fiber with respect to the mechanical properties in applied fields. Not only the fiber 

manufacturers investigate the fiber fatigue performance, there is also an interest to perform the 

fiber properties in textile field. During the manufacturing processes of fabrics, the strength loss 

of fiber occurs due to the repeated stresses, which increases the fiber fracture in manufacturing, 

packing or using period. For better in-depth understanding of the fracture and failure of textile 

based products, the fatigue property of fiber is particularly vital [101].  

The term “fatigue” has a lot of definitions in practical uses. Fatigue, in material science, is 

defined as the weakening of a material due to the repeated application of stresses and strains, 

which leads to the progressive and localized structural damage like cracking and failure [67].  

Generally, the fatigue failure of material is either caused by the small cyclic forces and occurs 

within the elastic or fully reversible region in stress versus strain curve. The first study of 

fatigue is related to the material-metal by Albert in the 1940s [102]. While, the concept of fiber 

fatigue is far complex than metal fatigue. The major difference between them is that the fiber 

tends to buckle under compression and the metal could not. That is why the fiber can display 

good flexibility and drapability. Due to the flexibility of fibers, on the other hand, the ultimate 

failure is usually resulted from mixed failure modes such as tensile, torsional and flexural 

failures. Furthermore, all polymer fibers represent the visco-elastic behaviour in tensile testing. 

The elastic region corresponds to the strain reversibility and the plastic region is related to the 

bond breakage. Both regions are not well defined in fibrous materials [101]. Thus, the confused 

and complex fiber fatigue could be considered as a very simple situation and might be 

misunderstood. 

The general knowledge of fatigue behaviour of single fibers could be explained by tension 

fatigue. However, POF is very sensitive to bend. The diameter of textile fibers is usually in the 

range of 5 ~ 40 µm and the diameter of technical fibers varies from 10 µm to 25 µm [103]. The 

POF diameter in POF fabrics is generally more than 0.1 mm. Compared with the traditional 

textile fibers, POF in fabrics is less flexible. The fiber failure and optical loss of POF induced 
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by bends should be not neglected. Thereby, both tension fatigue and flex fatigue of POF are 

required to be investigated.  

3.4.2 Theory of fatigue 

There are two kinds of fatigue for fibers: static fatigue and dynamic fatigue. Static fatigue 

happens to a fiber under small constant external force. The fiber stretches gradually and breaks 

at the weakest point. Dynamic fatigue is a phenomenon of a fiber under cyclic loading and 

unloading processes. The deformation is accumulated gradually, leading to the fiber fracture 

finally. In the method of dynamic fatigue, there are two categories. If the external force is 

constant, the deformation accumulates, this is recognized as creep. If the deformation is 

constant, the external force decreases, this is relaxation. 

In the investigation of dynamic fatigue with the constant applied load, the stress versus time 

curve can be described in Figure 3.15, which is considered as the classical fatigue testing based 

on the constant amplitude experiments. Stress cycle is characterized by stress range Δσ that is 

equal to the difference between the maximum stress σmax and the minimum stress σmin. The 

stress ratio R, the mean stress level σm and the stress amplitude σs can be expressed as follows 

[104],  

𝑅 =
𝜎𝑚𝑖𝑛
𝜎𝑚𝑎𝑥 (3.26) 

𝜎𝑚 =
(𝜎𝑚𝑖𝑛 + 𝜎𝑚𝑎𝑥)

2  
(3.27) 

𝜎𝑠 =
(𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛)

2
 (3.28) 

 

Figure 3.15 Cyclic variation of stress in fatigue test. 

 

The stress life method is one of the classical fatigue methods, the basis of this method is S-N curve 

(stress versus cycle curve, Wöhler curve or fatigue life curve) which is dependence of σs (for σm = 0) or 

(σs + σm) on the number of fatigue cycles N to failure. The fatigue testing may be carried out with one 

kind load (such as compressing, bending, twisting, torque or tension) during one cycle, or different 

kinds of loads during one cycle. Three significant tensions, therefore, are distinguished [105]. One-side 
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tension means that σmax has the same sign as σmin. Two-side tension indicates that σmax has different value 

as well as different sign from σmin. While pulsing tension or zero suppressed tension is the case that σmax 

has different sign but the same absolute value from σmin, that is, the mean stress level σm = 0 and the 

stress ratio R = -1. 

3.4.3 Fatigue testing methodology 

Tension fatigue testing 

There are a multitude of categories about fatigue testing of single fiber. Tension fatigue and 

flex fatigue are most discussed. Generally, the tension fatigue is conducted by the instruments 

of tensile testing. In the early tensile technique, Krause proposed a method of static tension 

fatigue of optical fiber [106], as shown in Figure 3.16. A single fiber is held at both ends with 

two capstans which are also used to give tension to fiber. The fiber is threaded through an 

environmental chamber and the testing condition is controlled by a constant temperature bath. 

It is worth noting that the ends of environmental chamber should be well sealed with rubber, 

in order to avoid the coating layer to strip or damage from the whole optical fiber. At present, 

the most common instrument for tension fatigue is Instron. 

 

Figure 3.16 Schematic diagram of apparatus for tension fatigue testing of optical fiber [106, 

107]. 

 

Bunsell firstly revealed that there is a fatigue mechanism in synthetic polymer fiber-nylon fiber 

in 1971 [108]. When the nylon fiber is loaded cyclically under the steady condition, the fiber 

fracture could not occur. The fiber fracture happens with the cyclic load from zero minimum 

load to 50% of break load. The images of fiber fracture show that one end of the fracture fiber 

has a tail in length of about five times of fiber diameter, as observed in Figures 3.17a and 3.17b. 

Moreover, a transverse crack is visible, which indicates that a small traverse crack develops 

and expands along the fiber at an angle of 5º to the fiber axis, as shown in Figure 3.17c. When 
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the transverse crack propagates half of the fiber, the left part of fiber cross section undertakes 

all the stress, which results in the ultimate ductile fracture, as described in Figure 3.17d [109]. 

Bunsell investigated the fatigue mechanism of other polymer fibers such as polyamide, 

polyester, and polyacrylonitrile fibers in 1974 [110]. Very similar findings are obtained in the 

investigation and the fatigue fracture of these fibers occurs with a cyclic load from zero to 60% 

of tensile strength. 

The static fatigue of optical fibers was presented by Olshansky in 1976 [111]. The theory of 

crack growth is applied to analyze the fiber failure of optical fibers subjecting to the long-term 

loading at a constant stress in a corrosive environment. According to the knowledge that the 

stress intensity factor at the crack tip is dependent on the flaw size and a geometric factor, the 

stress corrosion failure distribution is assumed based on the original flaw distribution. 

 

Figure 3.17 Tensile fatigue fracture of nylon fibers [108]: (a-b) fracture tails; (c) small 

transverse crack; (d) final structure of fracture. 

 

Kurkjian systematically reviewed the investigation of fatigue of silica optical fibers in 1989 

[112]. The fatigue behaviour of optical fiber is related to the environmental conditions. In 

general terms, the flaws in fibers are considered as sharp flaws. The failure strain of optical 

fiber could be predicted as a function of temperature and absolute humidity. It is summarized 

the fatigue “knee” of log(stress) versus log(time) curve for optical fibers in the conditions of 

various temperature, relative humidity, pH value, as well as the existence of coating. The 

fatigue limit of optical fiber is also discussed, since below the stress limit, the strengthening is 

possible to occur even though there is no degradation. At last, it is generalized that the time 

dependence of fatigue and aging are not clear for optical fibers in lightguide applications. 

Flex fatigue testing 

The flex fatigue could be carried out with different apparatus, and the static bending fatigue 

apparatus used in mandrel bending technique are shown in Figure 3.18. 

In the mandrel bending technique [107], the fiber is wound around a precision-ground mandrel. 

The bending stress is related to the bending radius. In order to minimize the damage of fiber 
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by touching the mandrel and adjacent windings, the optical fiber should be coated with a 

protective layer. Another fatal shortcoming of this technique is the holding part of fiber ends. 

Some methods are chosen to hold both fiber ends. The fiber ends could be either fixed with 

glue/tapes or gripped mechanically. However, these methods might lead to the premature 

failure due to the stress concentration or other reasons. 

 

Figure 3.18 Schematic diagram of apparatus for bending fatigue testing of optical fiber 

[107]. 

 

In the two-point bend technique [113], several fibers are bent and inserted into a glass tube. 

The bending stress is determined by the internal diameter of glass tube. The fiber insertion is 

finished with the aid of fiber insertion tool, without any influence of fiber loops, as shown in 

the bottom of Figure 3.18. The fiber fracture is under the acoustic surveillance, when the 

transducer output crosses a limit, the trigger circuit will launch a pulse which is recorded by a 

chart recorder. 

Compared with mandrel bending technique, the two-bend point technique is more useful due 

to its advantages. First of all, it is more convenient to test many fiber at once, which saves a lot 

of time for failure estimation in bending state. At the same time, there is no gripping problem 

and the glass tube could protect the fibers from accidental damage. Both naked fibers and 

coated fibers can be investigated by two-bend point technique. Furthermore, the dynamic 

strength test is obtained directly in this technique [114]. However, there is also some 

disadvantages which make this technique improper in some cases. For example, the fiber length 

is short and not suitable to predict the fatigue lifetime of long fibers. The internal diameter of 

glass tube determines the applied stress and the measured fiber length, resulting in the unclear 

influence on fatigue lifetime. Moreover, it is inappropriate when the fiber fatigue takes place 

during fiber mounting and environmental equilibration [107]. Last but not the least, this 
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technique requires the fibers to be loaded in a bend state, which means, weak fibers are not 

suitable in this method. 

 

Figure 3.19 Bending fatigue testing: (A) 3-point; (B) 4-point [115]. 

 

In the investigation of bending fatigue, there are some other techniques for single fibers. The 

three-point bending technique and the four-point bending technique are shown in Figure 3.19. 

In both techniques, the upper rollers are moved downwards at a constant speed to apply the 

load to samples that are supported by the outer rollers. The former is more common for 

polymers, the latter is more popular in wood and composite. There are still some disadvantages 

of these conventional apparatuses, some modified ones are introduced. Nelson proposed a 

novel four-point bend test for weak fiber samples [116], as shown in Figure 3.20. In this system, 

the fiber is in touch with four pins: two inner pins on the compressive surface, two outer pins 

on the tensile surface. The two loading (outer) pins are mounted on a translation stage which 

is driven by a computer controlled stepper motor. The fiber failure is monitored by using 

acoustic detection. This modification offers several advantages such as no gripping problem 

and premature failure, inexpensive manufacturing of this apparatus and so on. However, the 

high friction between fiber and pins in the case of high deflection might cause the fiber failure 

during loading, the tested fiber length is short even though it is longer than a two-point sample, 

and the linear beam bending theory might be not appropriate due to the nonlinear relationship 

between fiber stress and applied load or displacement. 

 

Figure 3.20 Schematic diagram of a modified four-point bending apparatus for fatigue 

testing of optical fiber [116]. 
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In the practical experiments, the fatigue testing methodology is selected due to different fiber 

materials. For example, for Kevlar and wool fibers, the surface wear is dominant, the flex 

testing in terms of non-pin contact should be chosen. For nylon and polyester fibers, the 

situation is more complex. The failure forms are associated with the bending forces [109].  

3.4.4 Analysis of fatigue testing 

In general, the results of fatigue testing are analyzed based on fatigue modelling. Fatigue 

modelling is classified in various ways. One classification of fatigue modelling is introduced 

here based on the existing fatigue models [117]. 

Fatigue life models 

The fatigue life models are applied for the estimation of fatigue lifetime based on the 

dependence of stress or strain on fatigue cycles in fatigue life curve (S-N curve, rather than the 

analysis of degradation mechanism of samples. The prediction of fatigue life based on S-N 

curve is quite simple. Once the constant amplitude loading is analyzed, the fatigue life then 

could be predicted.  

The S-N curve based approach in fatigue life prediction is employed to investigate the fatigue 

behaviour of single fiber and composites. Qian used this method to compare the fatigue 

behaviour between glass fiber and fiber bundles, and found that the glass fiber has longer 

fatigue life than fiber bundles at low strain rate [118]. Sendeckyj investigated the fatigue 

characterizations of composite materials and proposed three assumptions [119]:  

(1) S-N curves can be expressed by equations. One example is given in Figure 3.21;  

 

Figure 3.21 Schematic illustration of S-N curve for wool yarns [120]. 

 

(2) The static strength is associated with the fatigue life and residual strength at runout 

termination in fatigue cyclic testing;  

(3) The static strength data can be evaluated by two-parameter Weibull distribution. 
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At present, it is widely recognized and accepted that the fiber strength can be described by 

Weibull distribution. The fiber strength distribution can be generally derived from these 

assumptions [121, 122]: fiber facture happens to some specific place with catastrophic flaw 

and fracture probabilities at individual places are mutually independent; the fracture 

mechanism can be characterized by Weibull distribution function P(x). 

The function of three-parameter Weibull distribution is expressed as: 

𝑃(𝑥) = 1 − exp [−
𝑙

𝑙0
(
𝑥 −𝑊1

𝑊2
)
𝑊3

]
 

(3.29) 

where W1 is the shift parameter, W2 is the scale parameter and W3 is the shape parameter, l is 

the gauge length, l0 is the reference length. 

If W1 = 0, Equation (3.29) turns into two-parameter Weibull distribution: 

𝑃(𝑥) = 1 − 𝑒𝑥𝑝 [−
𝑙

𝑙0
(
𝑥

𝑊2
)
𝑊3

] (3.30) 

The mean fiber strength E(x) is estimated by: 

𝐸(𝑥) = 𝑊1 +𝑊2 ∙ (
𝑙

𝑙0
)
−1/𝑊3

∙ Γ (1 +
1

𝑤3
)
 

(3.31) 

When l = l0, Equation (3.29) and Equation (3.30) are transferred as: 

𝑃(𝑥) = 1 − exp [−(
𝑥 −𝑊1

𝑊2
)
𝑊3

]
 

(3.32) 

𝑃(𝑥) = 1 − exp [− (
𝑥

𝑊2
)
𝑊3

]
 

(3.33) 

And the mean fiber strength E(x) is written as: 

𝐸(𝑥) = 𝑊1 +𝑊2 ∙ Γ(1 + 1/𝑊3) 
(3.34) 

The suitable selection of moments [123] was carried out and three nonlinear equations were 

created to calculate the three Weibull parameters. Cran used this technique for estimation of 

the three parameters of Weibull distribution [124]. Parameters W1, W2, W3 can be estimated 

from the following equations: 

𝑊3 =
ln (2)

ln(𝑚1 −𝑚2) − ln (𝑚2 −𝑚4) 
(3.35) 

𝑊1 =
𝑚1 ∙ 𝑚4 −𝑚2

2

𝑚1 +𝑚4 − 2𝑚2
 

(3.36) 
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𝑊2 =
𝑚1 −𝑊1

Γ(1 + 1/𝑊3) 
(3.37) 

where Γ(x) is the Gamma function. mr is the so-called Weibull sample moment that is: 

𝑚𝑟 = ∑ (1 −
𝑖

𝑁𝑚
)
𝑟

(𝑥(𝑖+1) − 𝑥(𝑖))

𝑁−1

𝑖=0
 

(3.38) 

where x(0) = 0 when i = 0.  

For two-parameter Weibull distribution: 

𝑊3 =
ln (2)

ln(𝑚1) − ln (𝑚2) 
(3.39) 

The quantile-quantile (Q-Q) plot and Weibull distribution based on Equation (3.32) could be 

combined to estimate the distribution of number of fatigue cycles to break [125]. Classical Q-

Q plot is based on comparison of empirical quantile function Q(Pi) ≈ x(i) with chosen theoretical 

quantile function QT(Pi). The probability estimator: 

𝑃𝑖 =
𝑖

𝑁𝑚 + 1 
(3.40) 

where Pi is the probability of fiber failure, Nm is the number of measurements. The values of 

fiber tensile strength are arranged in a rising order and so-called increasing order statistics are 

as follows: 

𝑥(1)  <  𝑥(2)  < . . . <  𝑥(𝑛) (3.41) 

Corrected Weibull three Q-Q plot is obtained with the linear fitting function y = ax+b. Here: 

𝑦 = 𝑙𝑛[−ln (1 − 𝑃𝑖)] 
(3.42) 

𝑥 = ln (𝑥(𝑖) −𝑊1) (3.43) 

𝑎 = 𝑊3 (3.44) 

𝑏 = −𝑊3ln(𝑊2) (3.45) 

There are some other methods to calculate the Weibull shift parameter W1. W1 is generally 

estimated with following equations: 

𝑊1̂0 = 𝑥(1) (3.46) 

𝑊1̂0 = 0.5 𝑥(1) (3.47) 
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where x(1) is the lowest value or the first value in order statistics. 

Then the Weibull scale parameter is calculated by: 

𝑊2̂0 =
2.989

ln [(𝑥̃0.97 − 𝑥(1))/(𝑥̃0.17 − 𝑥(1))]
 (3.48) 

where 𝑥̃0.97 and 𝑥̃0.17 are the quantile values. 

Wyckoff described another method that is related to the scale parameter described in Equation 

(3.48) [126], 

𝑊1̂1 = 𝑥̅ −
(𝑥(1) − 𝑥̅)

𝑁−1/𝑊2̂0 − 1
 (3.49) 

Zenbil deducted that the shift parameter could be expressed with the first two values in order 

statistics [127], 

𝑊1̂2 = 𝑥̅ −
𝑥(2) − 𝑥(1)
𝐶(𝑊2)

 (3.50) 

𝐶(𝑊2) = 𝑁𝑚 [(
𝑁𝑚

𝑁𝑚 + 1
)
1/𝑊2

− 1] (3.51) 

where W2 is calculated from Equation (3.48) as well. 

Zanakis proposed a new calculation method based on x(i) only [128], 

𝑊1̂3 =
𝑥(1)𝑥(𝑁𝑚) − 𝑥(2)

2

𝑥(1)+𝑥(𝑁𝑚) − 2𝑥(2)
 (3.52) 

where x(2) is the second lowest value in order statistics, x(Nm) is the highest value in order 

statistics. 

Another simple estimate is a combination of all order statistics [129, 130]: 

𝑊1̂4 = 2𝑥(1) − (1 − 𝑒)∑𝑥(𝑖)/𝑒
𝑖

𝑁

𝐼=1

 (3.53) 

where e is a mathematical constant and equals 2.71828 approximately. More calculation 

methods for Weibull parameters are summarized in [131]. 

Phenomenological models for residual stiffness or strength 

In residual strength or stiffness models, the degradation of strength or stiffness of materials is 

discussed. There is an inherent failure criterion in residual strength models, which reveals that 

the failure takes place if the applied stress is the same as the residual strength [60, 132]. In 

residual stiffness models, it is assumed that the failure happens if the modulus declines to a 

critical value. For instant, Hahn [133] and O’Brien [134] elaborated that when the fatigue 

secant modulus is equal to the secant modulus in a static test, the fatigue failure happens. 
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Progressive damage models 

In this category, progressive damage models describe the fatigue failure of material with 

specific defects like the transverse matrix cracks. In the crack growth study, the crack generally 

grows when the material is under a constant stress in a corrosive environment, e.g. water or 

water vapour.  

The crack with critical size grows at a critical velocity when the product of the applied stress 

and the crack size is the same as the fracture roughness; in addition, the crack grows at a 

subcritical velocity when the applied stress is less than the critical value. The fatigue behaviour 

is influenced by both temperature and relative humidity [112, 135]. 
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Chapter 4 Experimental Materials and Methods 

4.1 Materials 

The materials employed in this thesis were naked POFs, prepared by Grace POF Co., Ltd., 

Taiwan. Table 4.1 shows the basic characterization of POFs. All POFs display the same 

structure that possess core and cladding layers. All cores have the same polymer that is PMMA, 

all claddings have the same composition which is blended by PMMA and 

polytetrafluoroethylene (PTFE/Teflon), and the corresponding refractive indices are 1.49 and 

1.42, respectively. There are five diameters in total, the minimal bending radii of all POFs are 

the same and eight times of fiber diameter. 

Table 4.1 Technical data of all POFs. 

Basic properties Grace POF 

Core material PMMA 

Cladding material PMMA/Teflon 

Jacket material no 

Fiber diameter [mm] 0.25/0.4/0.5/0.75/1.0  

Core refraction index 1.49 

Cladding refraction index 1.42 

Numerical aperture 0.44 

Wavelength [nm] 400 ~ 780  

Limit of bending radius 8 × fiber diameter 

 

4.2 Methods 

4.2.1 Tensile testing 

The basic mechanical properties of single fiber regarding the tensile properties were 

investigated at first. The stress-strain experiments for all POFs were carried out on Instron at 

20 ˚C and 65% relative humidity. The testing speed was set as 300 mm/min. The gauge length 

was 100 mm. 50 times were averaged for each. 

4.2.2 Strength distribution 

The relationship of fiber strength and gauge length of 0.75 mm POF was investigated by Instron 

at 20 ̊ C and 65% relative humidity. The testing speed was designed as 100 mm/min. The gauge 

lengths were chosen as 30, 50, 75, 100, 150 and 200 mm. 50 times were averaged for each.  

The tensile fiber strength distribution was estimated by Weibull distributions described in 

Equation (3.29) and Equation (3.30). The most direct and simple experimental method to obtain 

Weibull parameters is the single fiber test with large number. The failure probability Pi is obtain 

as follows [136], 
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𝑃𝑖 =
𝑖 − 0.3

𝑁𝑚 + 0.4
 (4.1) 

where Nm is the number of measurements. The values of fiber tensile strength are arranged in 

a rising order. 

The dependence of fiber strength on gauge length was estimated by Equation (3.31). 

4.2.3 Nanoindentation testing 

The nanoindentation testing in terms of hardness property, creep deformation and interphase 

property between core and cladding of 0.5 mm POF were proceeded by Hysitron with a three-

side pyramidal Berkovich diamond indenter. The typical load-displacement curve of POF is 

presented in Figure 4.1. The effects of fiber dimeter and cross section direction on hardness 

property were also discussed. 
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Figure 4.1 Typical load-displacement curve of POFs. 

 

The preparation of latitudinal and longitudinal cross sections of 0.5 mm POF for 

nanoindentation testing is described below: 

(1) For preparation of latitudinal cross sections, a bundle of fibers were put into suitable 

cables which were inserted into appropriate holes of button for normal clothes. Super 

glue was used to fix all parts as an unmovable unit. The cable with fibers inside was cut 

in both sides of the button.  

(2) For preparation of longitudinal cross sections, the fibers were arranged straightly one 

by one on the glass slides (1 cm × 1 cm) by using the super glue. 

(3) Both fibers in buttons and on glass slides were polished by polishing papers with 

different sizes. The smallest particle diameter of polishing papers used was 1 micro. 

Then the samples were fine-polished with W0.5 water-based diamond polishing paste 

until the surface roughness was small enough for nanoindentation testing. All samples 
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were polished in the clockwise direction manually with the speed of 50 ~ 60 times per 

minute. The samples in latitudinal cross section and longitudinal cross section were 

prepared at last. 
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Figure 4.2 Experimental design of nanoindentation creep testing of 0.5 mm POF under 0.3 

mN maximum load: (a) loading rate sensitivity; (b) holding time sensitivity. 

 

The nanoindentation testing for 0.5 mm POF was conducted in two ways: when the holding 

time tH was 10 s, the loading time tL varied from 5 s to 30 s (Figure 4.2a); when the loading 

time was 10 s, the holding time shifted from 5 s to 30 s (Figure 4.2b). For both ways, the 

unloading time was the same as the loading time and the maximum load was set as 0.3 mN.  

The interphase properties between core and cladding in POF was also investigated by 

nanoindentation technique. The maximum nanoindentation depths were 120, 80, 40 nm and 

relevant spacings of 1900, 1300, 700 were used to avoid overlapping of plastic deformation 

zones between adjacent indents, one example is given in Figure 4.3. POFs were tested from 

cladding to core in the line through the center of cross section. 
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Figure 4.3 Experimental data for interphase properties of POF under 40 nm maximum depth 

and 400 nm spacing: (a) load-depth curve; (b) depth-time curve. 

 

4.2.4 Tension fatigue testing 

In this investigation, the tension fatigue testing of selected POFs was proceeded by Instron at 

20 ˚C and 65% relative humidity. Due to the comparatively visible strain response during the 

stress-strain testing, the force was uncontrollable during tension fatigue testing even though the 

sensitive force sensor was utilized. For thin POFs, the strain responses under tension fatigue 

testing corresponding to creep were totally unexpected. Therefore, only the results of POFs 

with diameters of 0.5 mm, 0.75 mm and 1.0 mm were discussed here. 

Each sample was measured with constant applied load that was relevant to its ultimate tensile 

strength. The loading time was the same as unloading time, which was 2.5 s. The initial gauge 

length was 100 mm. 20 times were averaged for each. 
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Figure 4.4 Testing design for tension fatigue of 0.5 mm POF under 5 fatigue cycles. 

 

In the program of tension fatigue testing, the maximum applied load was 60% of maximum 

tensile strength and the minimum applied load was 10% of the maximum applied load (the 

stress ratio was 0.1), as shown in Figure 4.4. Tensile testing after tension fatigue testing was 

also conducted under the same experimental conditions described in section 4.2.1. The practical 

stress-strain curve combined with tension fatigue testing and tensile testing after that of 0.5 mm 

POF under 5 fatigue cycles is illustrated in Figure 4.5. 
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Figure 4.5 Practical stress-strain curve of 0.5 mm POF in tension fatigue testing under 5 

fatigue cycles and subsequent tensile testing. 

 

4.2.5 Flex fatigue testing 

The flex fatigue properties of all POFs were carried out on Flexometer described in Figure 4.6 

at 20 ˚C and 65% relative humidity. The testing was aimed to evaluate the flex fatigue lifetime 

of POF based on the number of bending cycles to failure. 
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This testing was with zero suppressed tension which means the stress level is zero, the 

maximum stress exhibits the different sign and the same value as the minimum stress. The 

POFs with 300 mm length were clamped to the upper jaw that provided an adjustable pre-swing 

radius for measurements, and inserted into the lower jaw which makes fibers move in the 

vertical direction rather than horizontal direction. The measurements can be performed 

manually after disconnection of transmission system, which is suitable for very brittle 

materials. The swing angle in this work was designed in the range of 20 ~ 160º, and the drive 

motor connected to the upper jaw was set as 100 which was related to the swing speed of 116 

times per minute. Figure 4.6 shows the fiber under both straight state (solid lines) and bending 

state (dash lines). The movement of fiber is repeatable and starts from the middle place to the 

right side first, then to the left side. The testing could stop manually when the fiber failure 

happens. When the fiber is in the left part, left bending occurs; when the fiber is in the right 

part, right bending occurs. The fiber is only bent during the bending zone that is 8 cm, as 

described in Figure 4.6, from the edge of the upper jaw to the edge of the lower jaw. The weight 

m could be applied to the free end of POFs. 10 samples can be tested at the same time. 50 times 

were averaged for each type of POFs. 

   

Figure 4.6 Prototype device to measure resistance to bending (left) and corresponding 

schematic diagram of side view (right). 

 

In this work, the Q-Q plot and Weibull distribution based on Equation (3.32) were combined 

as the exploratory data analysis method to estimate the proper distribution of number of 

bending cycles N. The relations among fiber diameter, number of bending cycles and flexibility 

were also estimated based on the double logarithmic curves. 

The flexibility Fl of single fiber is given as follows: 

𝐹𝑙 =
64

𝐸𝜋𝑑4 
(4.2) 

where d is the fiber diameter, E is the initial modulus. 
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The flex fatigue behavior of 0.25 mm POF was investigated by Flexometer as well. The 

pretension σ related to the external force from the weight m was calculated based on ultimate 

tensile strength σuts, 

𝜎 =
𝑚𝑔

𝜋(𝑑/2)2
= 𝑎𝑐 ∙ 𝜎𝑢𝑡𝑠 (4.3) 

where g is the earth acceleration (9.80665 m/s²), αc is the ratio of elaborated fatigue strength to 

ultimate tensile strength based on the experience. Generally speaking, the empirical value of 

αc is in the range of 50 ~ 98% for tensile testing and bending technique. 

The fatigue sensitivity coefficient could be calculated according to Equation (4.4) from the 

normalized S-N curve, 

𝜎𝑎
𝜎𝑢𝑡𝑠

= 1 − 𝑏 ∙ log (𝑁)
 (4.4) 

where σa is the peak of applied pretension, the constant b related to the slope of the normalized 

S-N curve is considered as the fatigue sensitivity coefficient. The value of b is remarkably close 

to 0.1 for chopped E-glass strand composites [105].  

4.2.6 Scanning electron microscopy 

The surface morphology of fiber fracture after tensile testing and flex fatigue testing was 

observed by scanning electron microscopy (SEM) at 20 kV acceleration voltage, after gold 

coating. 

4.2.7 Fourier transform infrared spectroscopy 

The Fourier transform infrared spectroscopy (FTIR) spectra was applied to investigate the 

material of POF cladding, which was recorded with FTIR spectrometer that was continuously 

purged with pure nitrogen gas (40 mL/min), in order to eliminate the spectral contributions 

caused by the atmospheric water vapor. 
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Chapter 5 Results and Discussion 

5.1 Tensile properties 

The results from tensile testing of all POFs are illustrated in Figure 5.1. It is observed from the 

figure that the fiber diameter has an evident influence on tensile property. Both tensile strength 

and strain change in the same manner for all POFs, which drop as the fiber diameter rises. 

There is an opposite relation between tensile strength or strain value and fiber diameter.  

   

 

Figure 5.1 POFs with different diameters: (a) tensile strength and modulus; (b) strain. 

 

The phenomenon in tensile strength might be explained by the weakest-link theory. The surface 

flaws that occur with a statistical nature increase with large surface area, which leads to small 

tensile strength. The crosshead speed for all POFs keeps constant, that is to say, the extension 

rate of crosshead for each POF is the same. The thin fiber is generally less stiff than the thick 

fiber. The ability of deformation for thin fiber is higher and the corresponding extension is 
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larger. Thereby, the thick fiber initiates lower strain rate as expected. Beside, POF has two 

layers, which are made of different materials, representing different mechanical properties. The 

thicker the POF diameter, the larger the interface area, the more uneven the adhesion force 

between layers. Therefore, the thick POF is estimated to fracture with small values of tensile 

strength and strain. 

The results of modulus are surprising because it is contrary to the widely accepted assumption 

that the material modulus is an intrinsic property and should be constant. In present 

investigation, it points out that the thicker the fiber diameter, the higher the fiber modulus of 

POF. The similar phenomenon of modulus has been found in [137]. It might reveal that the 

increases in both strength and strain with small fiber diameter are attributed to the accumulation 

of each point in fiber, or distributed over the whole mass of fiber. The value of modulus is thus 

changed as a result of dissimilar increases in strength and strain. The reason for such behavior 

might be related to the non-linear ductile properties (bi-linear curve with an obvious “knee” 

shown in Figure 5.2) and the visco-elastic behavior of POF. 
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Figure 5.2 Practical stress-strain curve of 0.5 mm POF. 

 

As a new material introduced in textile applications, POF has different fracture mechanism in 

tensile testing from textile fibers. In the tensile fracture mechanism of textile fiber, when an 

external force is applied on a fiber, at the initial stretching state, the main deformation of fiber 

comes from the deformation of bond length and bond angle of macromolecular chains. The 

stress-strain curve is nearly straight, in accordance with Hook’s law. In the simple spring and 

dashpot model, the elastic part is assumed as the spring which stores as much energy as possible, 

the plastic part is considered as the dashpot which resists as much energy as possible. When 

the external force is applied, the perfectly elastic material can return to the original shape, the 

same as the visco-elastic material, even though it will take time to do so due to the viscous 

components. While, the plastic material cannot return to its original shape. 
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If the external force keeps on increasing, the macromolecular chains in the amorphous region 

deform further in order to overcome the secondary bond force between molecular chains. At 

this moment, a part of macromolecular chains are straight, and intense chains could break or 

pull out from the irregular crystalline region. The breakage of secondary bond force results in 

the dislocation and slippage of macromolecular chains in amorphous regions. Accordingly, the 

fiber deformation is significant and the modulus decreases. It is considered that the fiber steps 

into the yield zone [138]. 

When the dislocated macromolecular chains are basically straight and parallel to each other, 

the distance of macromolecular chains is close, the new secondary bond force might form 

between macromolecular chains. If the fiber is still under stretch, the deformation of fiber is 

mainly resulted from the changes of bond length and bond angle of molecular chains, as well 

as the breakage of secondary bond force between molecular chains. It is considered that the 

fiber goes into the strengthening zone. The fiber modulus increases further until the breakage 

of fiber macromolecular chains, and most of the secondary bond force occurs. Thereby, the 

fiber fracture takes place [138]. 

The situation in PMMA based POF is more complicated. First of all, the material of PMMA 

presents its own characterizations during tensile testing. At room temperature, there are two 

kinds of molecular bonds in fiber networks in PMMA: stretching and non-stretching. The 3D 

network, formed by curled molecular chains with non-stretching molecular bonds, is filled with 

molecular chains with stretching molecular bonds. Before PMMA reaches its yield limit, both 

two fiber networks are under rigid glassy state, the external force is shared by both networks. 

Therefore, below the yield limit, the material is elastic. When PMMA exceeds its yield limit, 

the stretching curled molecular chains could change conformation, and are stretched along the 

direction of external force, finally, PMMA deforms, and the force is fully applied to the fiber 

network with non-stretching curled molecular chains. Even if the force is unloaded, the 

stretching curled molecular chains cannot recover to its original length since they are straight 

already. Meanwhile, they restrict the movement of fiber network with deformed non-stretching 

curled molecular chains. That means, the non-stretching fiber network is consolidated in 

PMMA, which results in a permanent plastic deformation [139]. Secondly, the core/skin 

structure of POF requires more consideration in the differences between core characterization 

and cladding characterization, the interphase property between core and cladding, the fiber 

evenness in length and so on.  

5.2 Strength distribution 

Figure 5.3 shows the values of tensile strength, modulus and strain from the tensile experiments 

of 0.75 mm POF with different gauge lengths. The results indicate that the gauge length plays 

an important role in tensile properties. With the increment of gauge length, the value of tensile 

strength drops slightly, the strain value decreases markedly and the modulus increases visibly.  
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The phenomenon in tensile strength might be explained by the weakest-link theory, as 

discussed in section 5.1. The crosshead speed for all fibers with six lengths is the same, which 

means the extension rate of crosshead for each fiber keeps the same, as a result, the longer fiber 

initiates lower strain rate. The modulus value increases with increasing gauge length. The 

reason behind it could be attributed to the modulus calculation method mentioned previously 

which is dependent on the different changes in strength and strain. 

20 40 60 80 100 120 140 160 180 200 220

50

60

70

80

90

100

110

120

 

 tensile strength

 y=321.18x-0.32, R2=0.88

 modulus

 y=0.10x0.57, R2=0.60

Fiber length (mm)

T
e

n
s

il
e

 s
tr

e
n

g
th

 (
M

p
a

)

0.5

1.0

1.5

2.0

2.5

3.0

3.5

(a)

M
o

d
u

lu
s

 (
G

p
a

)

 

20 40 60 80 100 120 140 160 180 200 220
84

86

88

90

92

94

96

98

100

102

 

 

 strain

 y=123.35x
-0.06

, R
2

=0.91

S
tr

a
in

 (
%

)

Fiber length (mm)

(b)

 

Figure 5.3 0.75 mm POF with different gauge lengths: (a) tensile strength and modulus; (b) 

strain. 

 

Figures 5.4-5.5 present the experimental and theoretical results of probability of fiber failure 

of 0.75 mm POF with six gauge lengths. It is observed from these figures that it is almost 

coherent between experimental and theoretical results by using both two-parameter and three-

parameter Weibull strength distributions when the gauge length is assumed to be the same as 

the reference length, even though some fitting results are not perfect enough, e.g. the fitting 

curve of two-parameter Weibull distribution for 30 mm gauge length, as shown in Figure 5.6. 
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Moreover, there is no obvious difference between results based on two-parameter and three-

parameter Weibull strength distributions. It implies that both two-parameter and three-

parameter Weibull strength distributions could be good models for estimation of strength 

distribution of 0.75 mm POF when the gauge length equals the reference length. 
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Figure 5.4 Two-parameter Weibull strength distribution of 0.75 mm POF with different 

gauge lengths (l = l0). 
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Figure 5.5 Three-parameter Weibull strength distribution of 0.75 mm POF with different 

gauge lengths (l = l0). 

 

However, when the gauge length is assumed to be 1 mm, the two-parameter Weibull strength 

distribution gives an inconsistent fit, as shown in Figure 5.6. There is an evident shift between 

experimental data and fitting data. 
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It is summarized that, therefore, the three-parameter Weibull strength distribution is more 

preferred to be the model of estimation of strength distribution of 0.75 mm POF in terms of 

various gauge lengths. 
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Figure 5.6 Plots of ln(-ln(1-P)) versus ln(σ) of 0.75 mm POF with different gauge lengths (l 

= l0). 
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Figure 5.7 Two-parameter Weibull strength distribution of 0.75 mm POF with different 

gauge lengths (l0 = 1 mm). 

 

The three-parameter Weibull distribution can be used to not only estimate the strength scatter, 

but also predict the dependence of strength on gauge length. The Weibull shift parameter W1 is 

the lower limit of strength and equals to 70.7716 MPa from Figures 5.4-5.5, the scale and shape 

parameters can be obtained from the fitting equation of Weibull distribution based on 1 mm 

reference length, as shown in Equation (5.1),  
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𝑦 = −33.04 + 9𝑥
 

(5.1) 

Here, W3 = 9 and W2 = 39.38. 

The variance of mean fiber strength is predicted and described in Equation (5.2), and the 

relationship between mean fiber strength and gauge length is shown in Figure 5.8, 

y = 70.77 + 37.29𝑥−0.11
 

(5.2) 
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Figure 5.8 Relation between mean fiber strength and gauge length of 0.75 mm POF. 

 

5.3 Nanoindentation properties 

5.3.1 Surface roughness 

In the measurement of topography of samples, the scan size of all images was set as 5 μm. One 

example is shown in Figure 5.9 and the relevant image statistics are given in Table 5.1.  

  

Figure 5.9 Latitudinal cross section of 0.5 mm POF: (a) 2D height image; (b) 3D height 

image. 
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The POF cladding in Figure 5.9 is on the left-hand side in 2D image, which is in the right part 

of 3D image. The left part represents the POF core. It is observed that the sample surface is not 

absolutely smooth, there are some small peaks and valleys in both images, which could be 

attributed to the manual polishing processes. 

The value of nanoindentation depth should be larger than the root mean square (RMS) surface 

roughness in order to minimize the influence of surface roughness on testing results [140]. The 

value of root mean square surface roughness for each sample is less than 40 nm in this 

investigation. 

Table 5.1 Whole image statistics of latitudinal cross section of 0.5 mm POF. 

Parameters Values 

Project area [μm2] 25 

RMS roughness (Rq) [nm] 33.415 

Average roughness (Ra) [nm] 21.694 

Mean height [nm] 29.053 

Max height [nm] 94.181 

Min height [nm] -392.754 

Peak-to-valley [nm] 486.934 

 

5.3.2 Loading rate effect on nanoindentation creep 

The nanoindentation creep displacements of core and cladding of 0.5 mm POF latitudinal cross 

section with different loading times are shown in Figure 5.10, the corresponding fitting 

parameters based on Equation (3.21) is listed in Table 5.2. 

 

Figure 5.10 Creep displacement of 0.5 mm POF with different loading rates. 

 

First of all, the fitting equation gives a good fit to all experimental data with high values of 

coefficient of determination R2 and small values of reduced chi-square χ𝑟𝑒𝑑
2 , as seen in Table 

0 2 4 6 8 10 12
0

5

10

15

20

25

30

35

40

 

 

 core, 5 s loading time

 core, 10 s loading time

 core, 15 s loading time

 core, 20 s loading time

 core, 30 s loading time

 cladding, 5 s loading time

 cladding, 10 s loading time

 cladding, 15 s loading time

 cladding, 20 s loading time

 cladding, 30 s loading time

D
is

p
la

c
e
m

e
n

t 
(n

m
)

Holding time (s)



Chapter 5 Results and Discussion 

 

 55 

5.2. Secondly, all the curves in Figure 5.10 change in the similar manner. The creep 

displacement goes up distinctively at the beginning stage of holding period corresponding to 

the transient creep, and then raises at a relatively gentle increasing rate at the followed steady-

state stage [141]. Moreover, the higher the loading rate (the lower the loading time), the bigger 

the creep displacement. It could be ascribed to the lower strain rate with smaller loading rate, 

therefore, the longer time is required to reach the maximum load, resulting in the creep 

deformation during the loading time [142]. It could be also explained by the dislocation 

substructure that is formed beneath the indenter due to different indentation stresses with 

various strain rates, and this substructure might play a significant role in the subsequent creep 

behavior [143]. 

Table 5.2 Parameters of fitting curves of creep displacement versus holding time of 0.5 mm 

POF (ti = 0 s). 

tL  

[s] 

0.5 mm 

POF 

Values  Statistics 

hi a m k  χ𝑟𝑒𝑑
2  R2 

5 
cladding 294.487  15.483  0.587  -2.740   0.023  0.9996  

core 185.857  13.054  0.628  -2.741   0.016  0.9996  

10 
cladding 323.429  14.535  0.813  -6.828   0.011  0.9997  

core 260.459  11.424  0.815  -5.334   0.007  0.9998  

15 
cladding 361.729  11.921  0.802  -5.283   0.013  0.9996  

core 270.930  10.139  0.803  -4.481   0.013  0.9995  

20 
cladding -895.480  -45.385  1.020  49.249   0.007  0.9997  

core 4291.454  177.633  0.995  -173.936   0.005  0.9997  

30 
cladding 733.988  17.448  0.939  -13.538   0.013  0.9993  

core 5876.499  172.532  0.995  -169.042   0.014  0.9992  

 

Figure 5.11 (a) gives one example with the sample under the condition of 10 s loading time 

and 10 s holding time, the results show a good fitting match with experimental data by Equation 

(3.21) based on the coefficient of determination R2 = 0.9998. The corresponding strain rate is 

calculated by Equation (3.19), as illustrated in Figure 5.11 (a). It is observed that, at the very 

early beginning of holding period, the displacement increases markedly at a high strain rate 

from 0.05 ~ 0.025 s-1, representing the transient creep. With the increment of holding time, the 

displacement increases at a gradually saturated strain rate at 0.005 s-1 with respect to a steady-

state strain [141]. Figure 5.11 (b) shows the related stress exponent.  

The variation of stress exponent of 0.5 mm POF at different loading times is displayed in Figure 

5.12. It is discovered from this figure that the loading time or loading rate plays a significant 

role in stress exponent value. The stress exponent decreases gradually with increasing loading 

time. In this investigation, the maximum indentation depth is approximately 300 nm that is still 

less than 10% of the sample thickness (1 ~ 1.5 cm), in another word, the influence of substrate 

is the least [144]. It is convincing that the stress exponent can be calculated from the curve of 
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log(strain rate) versus log(stress), as illustrated in Figure 5.11 (b). It is concluded that the stress 

exponent is sensitive to the loading time or loading rate, and 0.5 mm POF has a very strong 

loading rate sensitivity (LRS) in stress exponent. 
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Figure 5.11 0.5 mm POF core with 10 s holding time and 10 s loading time: (a) curves of 

displacement and strain rate versus holding time; (b) corresponding curve of log(strain rate) 

versus log(stress). 

 

To understand the creep mechanism of 0.5 mm POF in depth, both values of hardness and 

elastic modulus are investigated at various loading times, as shown in Figure 5.13. For all 

samples, both hardness and elastic modulus increase with decreasing loading time or increasing 

loading rate. When the loading time is lower, the loading rate is higher, the shorter time is 

allowed to creep, and the smaller indent is created in the end of holding period, which leads to 

greater hardness due to the smaller contact area according to Equation (3.18). The higher elastic 

modulus at higher loading rate implies that, with higher loading rate, the less creep occurs 

during the loading period, and the creep phenomenon could remain in the subsequent unloading 

time when the elastic modulus is measured. 
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Figure 5.12 Dependence of stress exponent on loading time of 0.5 mm POF. 
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Figure 5.13 0.5 mm POF with 10 s holding time: (a) elastic modulus; (b) hardness. 
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Based on the theory of Oliver and Pharr method, the contact between indenter tip and sample 

surface is assumed to be purely elastic during the unloading process. In fact, the contact is far 

from purely elastic. The creep phenomenon during unloading period could result in the 

overestimated value of contact stiffness [145-147]. 

The creep phenomenon in 0.5 mm POF might be induced by plasticity or micro-structure. 

Given that the fiber is constituted by core and cladding, the interphase between two parts is not 

clear. The variation of micro-structure in each part may influence its creep phenomenon 

unexpectedly. It is urgent to figure out the interphase property of 0.5 mm POF. Furthermore, 

the intrinsic creep mechanism of POF requires more investigation in future. 

5.3.3 Holding time effect on nanoindentation creep 

The holding time effect on nanoindentation creep of 0.5 mm POF latitudinal cross section is 

discussed here. There is no doubt that the displacement increases as the holding time goes up, 

as shown in Figure 5.14. For both core and cladding, the values of hardness and elastic modulus 

decrease with the increase in holding time, as shown in Figure 5.15. The longer holding time 

could provide the indenter to create a larger contact area, leading to the higher value of hardness. 

At the same time, the longer holding time could also provide enough time for sample to creep, 

which means the less creep phenomenon could be observed during the unloading period when 

the modulus is calculated. 

 

Figure 5.14 Displacement of 0.5 mm POF with different holding times. 

 

On the other hand, the changes of hardness and elastic modulus are visibly smaller in the testing 

at various holding times than in the testing at various loading times. It indicates that holding 

time sensitivity (HTS) of 0.5 mm POF in nanoindentation creep might be less evident than 

LRS. 

Furthermore, the results of cladding at 10 s holding time are imperfect, which might be caused 

by the manual polishing processes. The surfaces of fiber samples are not absolutely smooth, 
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which might affect the contact areas. Generally, it is more difficult to polish soft materials than 

hard ones (like metal). In present work, it is relatively easy for core to produce a smooth surface 

with less time during which the cladding is uneven. It would lead to the unexpected data in 

final results. Moreover, the limited number of measurements for each condition may also 

influence the results.  
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Figure 5.15 0.5 mm POF with 10 s loading time: (a) elastic modulus; (b) hardness. 

 

5.3.4 Fiber diameter effect on hardness property 

Figure 5.16 illustrates the effects of fiber diameter and cross section direction on the values of 

hardness and elastic modulus. It is observed that the results are different with different fiber 

diameters. The values of hardness and modulus are higher with thicker fiber diameter. The 

results of investigation of effect of cross section direction indicate that the higher values of 

hardness and modulus could be obtained in the longitudinal cross section of POF during 

nanoindentation testing.  
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Figure 5.16 POFs with different diameters and different cross sections: (a) elastic modulus; 

(b) hardness. 

 

It is widely accepted that the properties should be the same with the same materials. However, 

the experimental results vary evidently. The reason behind it could be due to the different 

surface roughness caused by the manual polishing processes for sample preparation. The 

surfaces of samples are not absolutely smooth and could not possess the same surface 

roughness, as shown in Figure 5.17, which might affect the contact areas during 

nanoindentation testing, leading to various results. It might be also attributed to the unknown 

intrinsic properties of POFs in different cross sections or with different diameters, and the 

limited number of measurements. 
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Figure 5.17 Indent images of longitudinal cross section of 0.5 mm POF: (a) cladding; (b) 

core. 

 

5.3.5 Interphase property 

According to the RMS surface roughness in Table 5.3, 120 nm nanoindentation depth 

(approximately 3 times of the value of RMS) is totally sufficient to investigate the relatively 

constant elastic modulus and hardness of 0.5 mm POF. Based on the Equation (3.24) and 

Equation (3.25), the spacing between adjacent indents is designed as 1900 nm. The results in 

Figure 5.18 indicate that the interphase thickness between core and cladding is less than 1900 

nm due to no point existing in transition zone (considered as interphase region) between two 

groups of values. 

 

Figure 5.18 Hardness and elastic modulus of 0.5 mm POF with 120 nm depth and 1900 nm 

spacing. 

 

There is only one apparent point in the transition zone in Figure 5.19 when the nanoindentation 

depth reduces to 80 nm (approximately 2 times of the value of RMS). 1300 nm spacing is 

chosen as the interval between any two adjacent indenters, which means, there are two 

possibilities of nanoindentation in the interphase region. Either the only one point is located in 
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the middle area of interphase region with the width of 0 ~ 2600 nm, or the point is very close 

to the border lines of interphase region with the width of 0 ~ 1300 nm, as shown in Figure 5.20. 

However, it is still hard to predict the exact interphase width with only one indent. When the 

nanoindentation is near to the core, the plastic zone would be restricted due to the greater elastic 

modulus and hardness of core than those of cladding. To obtain more effective interphase 

width, the nanoindentation depth should be smaller. 

 

Figure 5.19 Hardness and elastic modulus of 0.5 mm POF with 80 nm depth and 1300 nm 

spacing. 

 

  

Figure 5.20 Possibilities of one indent with 80 nm depth and 1300 nm spacing in the 

interphase region. 

 

When the nanoindentation depth declines to 40 nm (close to the value of RMS), the spacing 

between each two adjacent indentations is around 700 nm, two indents in the transition zone 

could be observed in both values of hardness and elastic modulus, as shown in Figure 5.21. 

Apparently, there are three possibilities of indent locations, as given in Figure 5.22. 

Accordingly, it is estimated that the interphase width could be in the range of 700 ~ 1900 nm, 

which is still a wide range and not satisfied enough with the minimum nanoindentation depth. 

When the nanoindentation depth is 40 nm, the nanoindentation width is calculated as 302 nm, 

which means, the minimum safe spacing to avoid the overlapping of the plastic zones between 

each two adjacent indents is 608 nm. If the spacing is 302 nm, each two adjacent indents would 

be connected rather than overlapped, while the plastic zones would be definitely overlapped. 

0 2 4 6 8 10 12 14 16

0.10

0.15

0.20

0.25

0.30

2

3

4

5

 

 Test 1

 Test 2

H
 (

G
P

a
)

Position of nanoindentation

E
r

E
r (

G
P

a
)

 Test 1

 Test 2

H



Chapter 5 Results and Discussion 

 

 63 

In this case, the overlapped plastic zones would affect the following results, whereas it is still 

meaningful to estimate relatively effective interphase width with minimum nanoindentation 

depth and more sensitive spacing. 

 

Figure 5.21 Hardness and elastic modulus of 0.5 mm POF with 40 nm depth and 700 nm 

spacing. 

 

   

Figure 5.22 Possibilities of two indents with 40 nm depth and 700 nm spacing in the 

interphase region. 

 

 

Figure 5.23 Hardness and elastic modulus of 0.5 mm POF with 40 nm depth and 400 nm 

spacing. 
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Figure 5.24 Possibilities of three indents with 40 nm depth and 400 nm spacing in the 

interphase region. 

 

The corresponding results are summarized in Figures 5.23-5.24. There are three indents during 

the transition zone and two possibilities of indent locations in the interphase region. Based on 

the above results, the interphase width could be estimated as 800 ~ 1600 nm. 

5.4 Tension fatigue properties 

5.4.1 Extension response under constant stress amplitude 

Figure 5.25 depicts the variations of total extension and cyclic extension of selected POFs 

during tension fatigue testing. It is observed that, under the same alternating external stress, 

both total extension and cyclic extension go up evidently with the increment of total fatigue 

cycles. Moreover, both corresponding increasing rates decline gradually with increasing fatigue 

cycles.  

During the dynamic fatigue testing, the applied strength is generally less than the yield strength. 

The fundamental reason resulting in the fatigue of plastic material is caused by the visco-

elasticity. Under the alternating external stress, the deformation of molecular chains in plastic 

material always lags behind the stress, which could produce the internal friction, leading to a 

large amount of heat. This part of heat might accumulate due to the poor thermal conductivity, 

consequently, the temperature of material itself increases, resulting in the partial softening and 

melting. The fatigue failure is affected by a lot of factors, such as the internal defects, internal 

shrinkage, surface scratches, nicks, and roughness of plastic material.  

Under the same alternating external stress, the plastic material might have two kinds of 

deformations, one is reversible and another is not. When the deformation is caused by the 

changes of bond length and bond angle in molecular chains, it is instantaneous and small; when 

the deformation is caused by the change of conformation of molecular chains, it is large. Both 

changes are elastic deformation and reversible, while the latter one needs time to relax. Thus, 

it is observed that the extension of POF is recoverable visibly when the applied load is 

minimum, as shown in Figure 5.26. When the deformation is caused by the relative slippage of 

molecular chains, it is irreversible and needs longer time to accumulate. This kind of 

deformation in dynamic fatigue testing is recognized as viscous deformation.  
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Figure 5.25 POFs in tension fatigue testing: (a) total extension; (b) cyclic extension. 

 

During dynamic tension fatigue testing, if the unloading time is not sufficient for elastic 

deformation to recover completely or a part of deformation is resulted from the viscous 

deformation, the extension at the point of maximum applied load for each cycle would 

accumulate gradually and the total extension thus goes up with increasing fatigue cycles, as 

shown in Figure 5.26. 

Moreover, it is visible from Figure 5.25 that the fiber diameter has different influences on 

values of total extension and cyclic extension. POF with 0.5 mm diameter displays higher total 

extension value and lower cyclic extension value than POFs with 0.75 mm and 1.0 mm 

diameters. According to the results from tensile testing, the fiber diameter also plays a role in 

strain value. However, the reason behind it is more complex. The initial gauge lengths and the 

loading times for three POFs are the same, while the maximum applied loads are different, that 

is to say, the crosshead speeds are different. The thinner the fiber diameter, the lower the 

breaking load in tensile testing, the slower the crosshead speed in tension fatigue testing, and 
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the lower the extension rate of fiber. Relatively speaking, the thinner POF has more time to 

deform during tension fatigue testing. In this case, it is more possible for bond lengths and bond 

angles to extend, and molecular chains to go straight and slip. Therefore, the total extension 

should be higher for thinner POF. 
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Figure 5.26 Extension versus time curve of 0.5 mm POF in tension fatigue testing with 15 

fatigue cycles. 

 

The reason for low cyclic extension for 0.5 mm POF could be due to the high value of extension 

at the point of minimum applied load in each fatigue cycle shown in Figure 5.26. The recovered 

elastic deformation is the difference between the extension at the point of maximum applied 

load and the extension at the point of minimum applied load during the same loading cycle, 

which is considered as the cyclic extension. Given that the unloading time is relatively 

sufficient for elastic deformation of thinner fiber to recover, it is assumed that a large proportion 

of viscous deformation might exist during each fatigue cycle and accumulate gradually in 

thinner fiber.  

5.4.2 Tensile property after tension fatigue testing 

Figures 5.27-5.29 exhibit the changes of tensile properties of POFs after tension fatigue testing 

before fiber fracture. 

The number of fatigue cycles has an evident effect on the tensile properties. With the increase 

in fatigue cycles, the values of tensile strength, modulus and strain decrease markedly with 1 

and 5 fatigue cycles, and decline slightly after 5 fatigue cycles. It is observed that the decreasing 

rates of all values vary with various fiber diameters. The thicker the POF, the higher the 

decreasing rate. The similar phenomena could be also found in Figure 5.30, which presents the 

relationship between the area under stress-strain curve and the fatigue cycles for three POFs. It 

indicates that the thicker fiber is more sensitive to tension fatigue cycles during dynamic 

tension fatigue testing. It might be explained by the large interphase area between core and 
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cladding in thick POF, which could result in the high possibility of uniformity problem of 

interphase adhesion. Another reason could be attributed to the various proportion of core or 

cladding in all POFs. The ratio of core to cladding is variable in different fibers according to 

the results in Table 5.3 and Figure 5.31. That means, the respective contributions of core and 

cladding to the mechanical properties of the whole fiber are not the same in each POF. In 

addition, the cladding is not perfectly even in thickness. The results of measures diameters and 

corresponding standard deviations SD and variation coefficients CV of all fibers by image 

analysis are shown in Table 5.3. Even though the cladding is a relatively thin layer in POF, 

while its role in fiber properties could not be ignored due to its different material composition. 
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Figure 5.27 Tensile strength of POFs after tension fatigue testing. 
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Figure 5.28 Modulus of POFs after tension fatigue testing. 
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Figure 5.29 Strain of POFs after tension fatigue testing. 

 

0 5 10 15 20

100

200

300

400

500

600

700

 

 

 0.5 mm POF

 0.75 mm POF

 1.0 mm POF

A
re

a
 u

n
d

re
 s

tr
e

s
s

-s
tr

a
in

 c
u

rv
e

 (
N

*m
m

))

Cycles (N)

 

Figure 5.30 Comparison of areas under stress-strain curves of POFs after tension fatigue 

testing. 

 

 

Figure 5.31 SEM image of latitudinal cross section of 0.25 mm POF. 
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Table 5.3 Measured diameters of fiber and core of all POFs by image analysis. 

d  Measured d SD CV 

[mm]  [µm] [µm] [%] 

0.25 
fiber 239.63 12.70 5.13 

core 225.49 11.59 4.97 

0.4 
fiber 398.67 2.25 0.56 

core 376.73 2.12 0.56 

0.5 
fiber 510.50 3.78 0.74 

core 483.03 3.98 0.83 

0.75 
fiber 742.48 4.20 0.56 

core 703.45 3.98 0.56 

1.0 
fiber 934.45 4.38 0.47 

core 888.31 4.48 0.50 

 

As given in Table 4.1, the material of cladding is composed of PMMA and PTFE. Figure 5.32 

gives one example of the FTIR analysis. It describes the peaks of infrared absorption for 

cladding material of 1.0 mm POF.  
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Figure 5.32 FTIR of cladding material of 1.0 mm POF. 

 

It is observed from the figure that the there is a board absorption band at 3446 cm-1, which is 

ascribed to the –OH group stretching. The four bands at the wavenumber from 2855 cm-1 to 

2996 cm-1 could be attributed to the C–H bond stretching vibrations of the –CH3 and –CH2– 

groups. The sharp and strong absorption band at 1736 cm-1 is due to the existence of the acrylate 

carboxyl group. The two continuous bands at 1460 and 1390 cm-1 are both assigned to the α-

methyl group vibrations, which have another absorption band at 753 cm-1. The next two peaks 

at 1246 cm-1 and 1198 cm-1 are ascribed to the presence of C–F bond. The following weak 
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absorption band at 1074 cm-1 is attributed to the C–O bond. The visible absorption bands at the 

wavelengths of 881 cm-1 and 987 cm-1 belong to the –O–CH3 group. The absorption bands at 

842 cm-1 and 492 cm-1 are resulted from the –CH2– groups. There is an evident absorption at 

2365 cm-1, which might be caused by the addition of carbon dioxide during the processes of 

sample preparation. It is confirmed that the cladding is made of PMMA and PTFE.  

The mixture of PTFE into PMMA can change the properties of material. PTFE is a kind of soft 

polymers, its modulus is only 0.5 GPa but its strain reaches to 250 ~ 350 % [147]. The different 

ratio between core and cladding in POFs could lead to the unexpected results of mechanical 

properties. In a word, it is not easy to investigate the tension fatigue properties of POF with 

respect to the effect of fiber diameter on extension response. 

 

Figure 5.33 Fracture surfaces of 1.0 mm POF from tensile testing: (A) side view; (B) end 

view. 

 

Moreover, it is noticed that the strain value decreases markedly to a balance state than the 

values of tensile strength and modulus for all POFs. The strain value is higher than metals but 

lower than a lot of polymers. POFs applied in this work are relatively brittle, as proved by the 

fracture images in SEM pictures in Figure 5.33, it is observed that 1.0 mm POF with 

comparatively smooth and flat fracture surfaces suffers less degradation in tensile properties 

and fails with less relaxation of damage progression. It implies that POFs present a high strain 

sensitivity in tensile testing after dynamic tension fatigue testing. 

5.5 Flex fatigue properties 

5.5.1 Bending resistance 

The mean values of repeated bending cycles N to break of all POFs and the values of 

corresponding 95% confidence interval CI of mean, SD and CV are given in Table 5.4. It is 

observed that the fiber diameter plays a significant role in bending resistance of POF. The 

number of bending cycles to break of 0.25 mm POF is approximately 5 times higher than that 

of 0.5 mm POF and almost 22 times higher than that of 1.0 mm POF. The smaller the fiber 

diameter, the higher the bending cycles to break. The similar phenomenon could be also 
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discovered in other four parameters. It indicates that the thinner POF could display higher 

bending resistance under the same situation.  

Table 5.4 Statistics description of number of bending cycles to break of all POFs. 

d 

[mm] 

N  

[cycles] 

Lower 95% CI 

[cycles] 

Higher 95% CI 

[cycles] 

SD  

[cycles] 

CV  

[%] 

0.25 1699.46 1507.33 

850.64749 

248.04516 

111.36353 

67.23249 

 

1507.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

1507.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

1507.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

1507.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

1507.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

1891.59 676.04 39.78 

0.4 1062.84 850.65 

.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

1507.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

1507.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

1507.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

1507.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

1507.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

1275.03 746.64 70.25 

0.5 301.47 248.05 

248.04516 

111.36353 

67.23249 

 

1507.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

1507.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

1507.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

1507.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

1507.33108 

850.64749 

248.04516 

111.36353 

67.23249 

 

354.89 181.95 60.36 

0.75 124.15 111.36 

111.36353 

67.23249 
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850.64749 
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136.93 44.02 35.46 

1.0 73.46 67.23 
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67.23249 

 

1507.33108 

850.64749 
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67.23249 

 

79.68 20.96 28.53 

 

Figures 5.34-5.43 illustrate the results in regard to the typical Q-Q plots and Weibull 

probability plots. It is visible that the combination of Q-Q plot and Weibull distribution can 

give a good fit to most of experimental data.  

    

   Figure 5.34 Q-Q plot of 0.25 mm POF. 

 

 

Figure 5.35 Weibull probability plot of 0.25 mm POF. 
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   Figure 5.36 Q-Q plot of 0.4 mm POF. 

 

  

Figure 5.37 Weibull probability plot of 0.4 mm POF. 

 

    

   Figure 5.38 Q-Q plot of 0.5 mm POF. 

 

4.5 5 5.5 6 6.5 7 7.5 8
-4

-3

-2

-1

0

1

2
Corrected Weibull 3 QQ plot

 

 

 

y = 1.3*x - 9.1

10
2

10
3

0.01

0.02

0.05

0.10

0.25

0.50

0.75

0.90

0.96

0.99

Data

P
ro

b
a
b
il
it
y

Weibull Probability Plot

3 3.5 4 4.5 5 5.5 6 6.5 7
-4

-3

-2

-1

0

1

2
Corrected Weibull 3 QQ plot

 

 

 

y = 1.3*x - 7.3



Chapter 5 Results and Discussion 

 

 73 

 

Figure 5.39 Weibull probability plot of 0.5 mm POF. 

 

    

   Figure 5.40 Q-Q plot of 0.75 mm POF. 

 

 

Figure 5.41 Weibull probability plot of 0.75 mm POF. 
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   Figure 5.42 Q-Q plot of 1.0 mm POF. 

 

  

Figure 5.43 Weibull probability plot of 1.0 mm POF. 

 

The three parameters of Weibull distribution are given in Table 5.5. Both W1 and W2 decrease 

dramatically with increasing fiber diameter, and W3 changes in an opposite manner. W1 is the 

shift parameter, which directly reflects the bending resistance of sample. In probability density 

function, W2 represents the lateral data distribution and W3 expresses the vertical data 

distribution. It implies that there is a relatively centralized distribution of experimental data for 

thick fiber. The variation in experimental data of number of bending cycles to break is smaller 

for thicker fiber. The reason behind it could be explained by the large variation of thickness of 

thin fiber, as given in Table 5.3. It indicates that it is much easier to control the uniformity of 

fiber with thicker diameter. 

Based on the various evaluation methods of Weibull parameters introduced in section 3.44, the 

results of shift parameter are shown in Table 5.6. It is observed that there are evident differences 

among different methods. The values obtained from Equation (3.53), which are expressed as 

𝑊14
, are extremely high. The values obtained from other methods are quite similar to each 
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other. The method based on the calculation with moments gives a slightly lower values with 

an exception with 1.0 mm POF. It indicates that the calculation results of Weibull parameters 

shown in Table 5.5 are feasible. Other methods except the last one could be also applied to 

estimate the Weibull parameters. 

Table 5.5 Three parameters of Weibull distribution. 

d 

[mm] 

Weibull shift W1  

[cycles] 

Weibull scale W2  

[cycles] 

Weibull shape W3 

[-] 

0.25 588.80 1244.64 1.69 

0.4 93.01 1047.22 1.28 

0.5 58.91 264.32 1.34 

0.75 52.45 80.34 1.69 

1.0 31.28 47.62 2.17 

 

Table 5.6 Comparison of Weibull shift parameter according to various evaluation methods. 

d  W1 𝑊10
 𝑊11

 𝑊12
 𝑊13

 𝑊14
 

[mm] [cycles] [cycles] [cycles] [cycles] [cycles] [cycles] 

0.25 588.80 698 622.56 765.33 697.21 2132.38 

0.4 93.01 193 171.08 230.67 192.53 607.27 

0.5 58.91 79 70.94 94.22 78.77 244.26 

0.75 52.45 64 61.03 65.29 63.99 193.05 

1 31.28 29 15.28 53.21 27.99 92.82 

 

Table 5.7 Logarithmic values of number of bending cycles to break and flexibility of POFs. 

d E N Fl 
log(d) log(N) log(Fl) 

[mm] [GPa] [cycles] [N-1mm-2] 

0.25 2.425 1699.46 2.150 -0.602 3.230 0.332 

0.4 2.500 1062.84 0.318 -0.398 3.026 -0.498 

0.5 3.116 301.47 0.105 -0.301 2.479 -0.979 

0.75 3.140 124.15 0.021 -0.125 2.094 -1.678 

1 3.185 73.46 0.006 0 1.866 -2.221 

 

Table 5.7 shows the values of number of bending cycles to break and flexibility which is 

calculated with the modulus from tensile testing according to Equation (4.2) and the 

corresponding logarithmic values. When the diameter increases, the number of bending cycles 

to break and the flexibility decrease markedly, especially the value of flexibility with a descent 

from 2.150 to 0.006 N-1mm-2. Figure 5.44 illustrates the relation between fiber diameter and 
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flexibility, as well as the relation between number of bending cycles to break and flexibility. 

The two linear fitting curves in this figure match well with the experimental data, and are 

expressed as: 

log(𝑑) = 0.24 × log (𝐹𝑙) 
(5.3) 

log(𝑁) = 0.57 × log(𝐹𝑙) + 3.12 
(5.4) 

Which indicates the positive relationship between number of bending cycles to fiber failure 

and flexibility of POF. 
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Figure 5.44 Dependences of log(d) and log(N) on log(Fl). 

 

5.5.2 Flex fatigue behavior 

Flex fatigue life curve 

According to Equation (4.3), the pretension that is applied on the free end of POF is dependent 

on the ultimate tensile strength. The mean stress-strain curve of 0.25 POF based on the tensile 

results from section 5.1 is shown in Figure 5.45. The black solid line represents the mean values 

of experimental data. This line terminates at the fist breakage of fiber. The black dash line is a 

straight line that connects the terminated point and the point in terms of mean values of both 

tensile strength and strain on the right side. Two red solid lines illustrate the borders of lower 

and higher 95% CI of mean. 

The mean values of number of bending cycles at break of 0.25 mm POF with different 

pretensions are calculated in Table 5.8, as well as the values of SD and CV. Based on the data 

in Table 5.8, the fatigue life curve of 0.25 mm POF is drawn in Figure 5.46. 
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Figure 5.45 Mean curve of stress versus strain of 0.25 mm POF. 

 

Table 5.8 Number of bending cycles at break of 0.25 mm POF. 

ac  

[%] 

Applied stress σ 

[MPa] 

N  

[cycles] 

SD  

[cycles] 

CV  

[%] 

93.33 83.84 2.36 1.21 51.19 

88.89 79.85 62.14 4.41 36.34 

77.78 69.87 132.58 13.81 42.39 

66.67 59.86 224.18 22.15 29.86 

55.56 49.9 359.38 75.56 47.41 

44.44 39.92 571.32 115.38 35.91 

33.33 29.94 1077.96 437.21 40.56 

22.22 19.96 1363.54 575.45 42.20 

11.11 9.98 1648.08 701.61 42.57 

5.55 4.99 1859.46 733.45 39.44 

2.22 2 9843.21 2314.78 38.56 

1.11 1 16165.7 6153.4 38.14 

0.44 0.4 23452.11 8342.32 39.67 

 

There is a significant difference between the mean values of number of bending cycles when 

the values of ac are 2.22% and 5.55%. The phenomenon might be explained by the movements 

of molecular chains. It is well known that, under certain load, the molecular chains are firstly 

orientated and rearranged; during this period the fiber is stretched straight without any 

extension. Then the short chains are drawn out from amorphous region. The applied force is 

undertaken on the long chains until they are broken. Below the value of ac at 5.55%, 0.25 mm 

POF might be oriented, resulting in the high flex fatigue resistance to small temporary load. 

Above this critical value, there is an obvious reduced flex fatigue resistance to larger temporary 
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load. The similar phenomena are found with the value of 88.89%. Especially when ac is 93.33%, 

the bending cycle is only 2.36 with relatively weak flex fatigue resistance. 

Usually, the ratio of elaborated fatigue strength to ultimate tensile strength for textile materials 

varies from 50% to 98%. While in this investigation, the ratio range is boarder. One major 

reason is attributed to the properties of POF itself. On the other hand, the testing conditions 

especially the bending angle and the bending speed might affect the results as well. The POFs 

produced for efficient data transmission generally have the limitation of flexibility, and the 

bending radius is only eight times of fiber diameter, as shown in Table 4.1. The large bending 

angle and fast bending speed could initiate easy destruction of POF due to the limited resistance 

to flex fatigue. 
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Figure 5.46 S-N curve for 0.25 mm POF. 

 

It is visible form the fatigue life curve of 0.25 mm POF that there is a negative relationship 

between flex fatigue characteristic and applied stress or ac. The empirical equation of S-N curve 

based on the corresponding exponential fitting is given as follows, 

y = 81.66 × exp (−
x

813.29
) + 5.44

 
(5.5) 

The SEM images in Figure 5.47 represent the morphology of bending fracture of 0.25 mm POF 

in flex fatigue texting. It is observed that there is an obvious plastic deformation on the fracture 

surface, which is uneven and sloping down from the stretched side (left side) to the compressed 

side (right side). 
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Figure 5.47 Bending fracture of 0.25 mm POF under the pretension of 10% of ultimate 

tensile strength. 

 

Fatigue sensitivity coefficient 

The experimental result of fatigue sensitivity coefficient in this work is markedly different, b 

equals 0.297 for 0.25 mm POF, as shown in Figure 5.48. It could be explained by the high 

bending angle or bend speed. The number of bending cycles to break is higher with smaller 

bending angle or bend speed. Therefore, POF is assumed to be more sensitive to flex fatigue 

with large bending angle or fast bending speed. The core/cladding structure of POF, the 

variance of core/cladding thickness ratio and the evenness of cladding could also influence the 

experimental results unexpectedly. In order to understand better, the tensile testing of samples 

after flex fatigue testing before fiber fracture was also investigated. 
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Figure 5.48 Normalized S-N curve for 0.25 mm POF. 
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Stiffness after flex fatigue testing 

Some samples were taken out from the Flexometer device during the flex fatigue experiments 

without fiber fracture, in order to investigate the stiffness of 0.25 mm POF. It is evident from 

Figure 5.49 that, when the pretension is below the upper limit of transition zone which is around 

22.22% of ultimate tensile strength, these is no significant modulus degradation with the 

increase in bending cycles from 10 up to 1000. However, the modulus after flex fatigue testing 

with 10 bending cycles is less than 5% of the modulus calculated in section 5.1, which means 

there is an evident loss of modulus during 10 bending cycles. It implies that 0.25 mm POF is 

very sensitive to flex fatigue. 
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Figure 5.49 Modulus of 0.25 mm POF after flex fatigue testing. 

 

This phenomenon is quite distinct from that of hemp fiber or glass fiber reinforced composites 

[148]. The bending conditions (bending angle and bending speed) might have an unpredicted 

influence on POF stiffness, or have a greater impact on POF stiffness than bending cycles in 

present work. The bending angle and bending speed should be taken into account and studied 

further. 
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Chapter 6 Conclusion and Outlook 

6.1 Conclusion from experiments 

It is summarized from the tensile testing that the widely accepted concept about the inverse 

relation between diameter and tensile strength of single fiber, the weakest-link theory, also 

conforms to the results of POFs. The strain value of POF decreases with increase in fiber 

diameter due to the same crosshead speed and high deformation ability of thin fiber. The 

modulus rises as the fiber diameter goes up, which is not constant as an intrinsic property. It is 

attributed to the calculation method of modulus dependent on the dissimilar changes of strength 

and strain. 

From the investigation of strength distribution of POF, it is concluded that the value of tensile 

strength declines with the increment of gauge length, which could be also explained by the 

weakest-link theory. The similar phenomenon is also found in the strain value since the same 

crosshead speed and various gauge lengths result in the different extension rates. The value of 

modulus is dependent on both strength and strain and varies in the similar manner as fiber 

diameter. The effect of gauge length on tensile properties might be influenced by the probably 

visco-plastic properties and interphase properties between core and cladding. In addition, the 

results also imply that three-parameter Weibull distribution could be a good model not only for 

investigation of statistical distribution of fiber strength, but also for estimation of the relation 

between mean fiber strength and gauge length. 

The application of nanoindentation technique in the investigation of local mechanical 

properties of POF core and POF cladding indicates that there are normal tendencies of the 

relations between loading/holding condition and nanoindentation creep properties. With the 

increase in loading rate or holding time, the nanoindentation creep deformation goes up 

accordingly. On the other hand, 0.5 mm POF has a stronger loading time sensitivity in 

nanoindentation than holding time sensitivity. Meanwhile, it is observed that POF cladding is 

softer than POF core, which is particularly obvious in the results at various loading time. It is 

surprising to find that both fiber diameter and cross section direction have influences on 

hardness properties even though the harness is assumed to be constant with the same material. 

The reason behind it could be mainly attributed to the different surface roughness of each 

sample and the limited number of measurement. The investigation of interphase properties of 

0.5 mm POF by nanoindentation method implies that the small nanoindentation depth is 

expected to give a relatively effective interphase width and the interphase width is estimated 

to be in the range of 800 ~ 1600 nm roughly, which is still a wide range. To obtain effective 

interphase properties, the method to obtain finer surface should be developed. Other techniques 

such as nanoscrach testing might be also employed to figure out the local mechanical properties 

and interphase properties of POF [99, 149].  
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The durability of POF is investigated based on tension fatigue testing and flex fatigue testing. 

The results from tension fatigue testing indicate that the values of total extension and cyclic 

extension respond to fatigue cycles in the similar way. Both values go up with increasing 

fatigue cycles. During tension fatigue testing with the same external stress amplitude, if the 

unloading time is not sufficient for elastic deformation to recover completely or the viscous 

deformation occurs, the total extension at each stress peak and the cyclic extension in each 

loading period would accumulate gradually. In addition, both values are affected by the fiber 

diameter. It is observed that 0.5 mm POF has higher total extension but lower cyclic extension 

than thicker POFs. The loading/unloading time for all POFs is the same, while the applied 

stress is different, therefore, the loading/unloading rate for each POF is various. There is longer 

time for thin POF to deform, leading to the larger total extension consequently. Due to the 

presence of probably greater proportion of viscous deformation in the whole deformation, the 

thinner POF induces lower cyclic value. Furthermore, the tensile testing after tension fatigue 

testing indicates that POFs present significant losses in tensile properties in terms of values of 

tensile strength, modulus and strain. The thicker the fiber, the larger the losses. 

The flex fatigue properties of POF can be characterized with the mean number of bending 

cycles to break by Flexometer. Based on the results from flex fatigue testing, it is found that 

the combination of Q-Q plot and three-parameter Weibull distribution is effective for 

estimation of number of bending cycles to break with different POF diameters. Additionally, 

there is a positive relationship between number of bending cycles to break and flexibility of 

POF.  

The flex fatigue life curve illustrates the decay exponential relation between applied pretension 

and flex fatigue life time, which are expressed by the percentage of ultimate tensile strength of 

POF and the number of bending cycles at break, respectively. The flex fatigue resistance of 

POF increases with decreasing pretension. In the meantime, the ratio of pretension to ultimate 

tensile strength of POF varies in a broader range than the common value (50% ~ 90%) of textile 

materials, and the fatigue sensitivity coefficient of POF is higher than the common value (0.1) 

of other materials. It is explained mainly by the POF properties and the extensive bending angle 

or fast bending speed. Compared with the modulus before flex fatigue testing, there is an 

evident degradation in modulus after flex fatigue testing even though the pretension is below 

the transition zone in the fatigue life curve. However, the modulus decreases slightly after 10 

bending cycles. The variance of modulus after flex fatigue testing indicates that POF is 

sensitive to bend. 

In sum up, POF, as a new material introduced in textile applications, is relatively thick, stiff, 

brittle and sensitive to bend. Besides, POF consists of a core/cladding structure. Due to these 

aspects, it is difficult to integrate POFs into fabrics. The basic research on mechanical 

properties of POF needs more attention and contributions. 

6.2 Other findings 
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POF was initially developed for application in data communication. The present applications 

extend to a lot of fields. In textile field, the side illumination of luminous fabrics could be 

accomplished by macro bends of POF in structure design and the surface modification of POF. 

Another two methods are introduced here to enhance the side illumination of POF fabrics. 

6.2.1 Fluorescent fabrics 

The side illuminating effect of POF is improved by using the woven fluorescent polyester (PET) 

fabrics which are wrapped on the surface of naked POF, as shown in Figure 6.1. The left part 

is the integration of POF and fabric, the right part is only fabric which can be stitched/sewn 

into textiles like clothes and carpets.  

 

Figure 6.1 Sample of 3 mm POF wrapped with fluorescent PET fabrics. 

 

This idea is based on the emission principle of phosphors. The fluorescent fabric first stores 

the energy from the light source and then releases slowly. When POF wrapped with fluorescent 

fabric is connected to the light source continuously, the measured side illumination intensity 

from the surface of sample increases accordingly, as illustrated in Figure 6.2. Moreover, this 

method could be also applied to even the light diffusion on the surface of sample. 
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Figure 6.2 Comparison of side illumination intensity of POFs with and without fluorescent 

PET fabric. 
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6.2.2 Lensed POF 

The side illumination intensity of POF could be also enhanced by the lensed end shape, which 

could be created by the method of CO2 laser cutting, as shown in Figure 6.3. Based on the 

adjustment of the mark speed of laser treatment and the rotation speed of holding device of 

POF, different lens shapes could be obtained accordingly.  

 

Figure 6.3 Scheme of CO2 laser cutting. 

 

The perfect ball lens in the end of POF could be achieved, as shown in Figure 6.4. The lensed 

POF can be used as an convex to receive light for light gathering purpose, or applied as an 

concave to release light for light distribution purpose. 

 

Figure 6.4 Lensed POF: (a) light gathering; (b) light distribution. 

 

6.3 Future work 

In the research of POF fabrics, a lot efforts have been made to obtain luminous fabrics with 

various pattern design. There are two major contributions, one is to improve the side 

illumination of POF fabrics, and another is to develop the manufacturing techniques of 

luminous fabric with certain patterns. Less research work focuses on the basic investigations 

about how POFs behave in POF fabrics with respect to flexibility, drapability and durability. 

This thesis work provides some basic understanding about POF itself, but there are still some 

confusions left.  
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In the near future, we will go further with the mechanical properties of POF, mainly regarding 

the diameter effect on the mechanical properties, the interphase behavior between core and 

cladding and the fracture mechanism. Additionally, the POF fabrics with dynamic patterns will 

be developed, and the corresponding mechanical properties in terms of flexibility, drapability 

and durability will be taken into account on the whole.  
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